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Abstract

Soil salinity is a major abiotic stress, limiting plant growth and development
worldwide. Plants grown under saline soil condition experiences a significant
amount of high osmotic stress, ion toxicities and nutritional disorder, and
these are responsible for poor soil physical condition as well as lead to re-
duced plant productivity. Plants exhibit a number of responses under salt
stress by affecting morphological, physiological and biochemical process. A
complete understanding of how plants respond to soil salinity and compre-
hensive management approaches of combining physiological and biochemical
attributes with molecular tools are essential for mitigating the adverse effects
of salinity on plant growth and productivity. Recent reports on the plant res-
ponses due to soil salinity highlighted the importance of integration of dif-
ferent advanced strategies to address the problem of soil salinity. This review
will focus on morphological and physiological changes of plants under saline
soil and an overview of suitable strategies to regulate plant adaptation and to-
lerance to salinity stress.
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1. Introduction

Saline soil is one of the major environmental threats that limit plant growth due
to high salt concentration and the process of increasing salt content is known as
salinization [1]. Soil salinization is a global land degradation issue [2] and mostly
affects the coastal areas by developing soil salinity. Approximately 7% of the to-
tal world’s land, 20% of the world’s cultivated land and nearly half of the irri-
gated land are affected by soil salinity [1]. Furthermore, the salt-affected areas

are increasing annually by 10% each year and if the problem is not addressed
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now, more than 50% of the arable land would be salinized by the year 2050 [3].

Soil salinity imposes a significant number of negative impacts on plants growth
and productivity. Reduced plant growth and productivity may result from an un-
balanced supply of photosynthetic assimilates or hormones to the growing tissues
[4]. In addition, ionic toxicity in saline soil can also contribute to limiting plant
growth due to the replacement of K" by Na' in biochemical reactions, and Na" and
CI” induced conformational changes in proteins [5]. Ionic toxicities may also cause
metabolic imbalance and protein synthesis [6]. The adverse effects of salinity on
plant development are more profound during the reproductive phase and lead to
cell cycle imbalance and differentiation. Hence, the adverse effects of salinity may
be attributed to the salt-stress effect on the cell cycle and differentiation. Salt tress
restricts cell cycle transiently by interfering with cyclins and kinase activities with-
in the plant system, and thereby results in fewer cells in the meristem, thus limit-
ing growth [1]. Salt stress may also affect plant growth by interfering in seed ger-
mination, enzymatic activity and unbalancing mitosis [7].

Soil salinity is a prevalent abiotic stress that alters geographical distribution of
plants. The impact of salinity is most serious in countries where all or most of
agricultural production is based on irrigation [8]. As irrigated agriculture ex-
pands, more salinity problems will develop because there are millions of hectares
of potentially irrigable land that could become saline. A lot of research has been
conducted on this issue and it is found that it has many detrimental effects on
plant growth and development [9]. There are many factors that influence plant
responses to salinity by affecting plant growth and production. The effects of
osmotic stress can also be observed in different physiological and biochemical
parameters of plants. Researchers have identified a number of plant responses
due to soil salinity and also recommended different approaches to address the
problem. But there is a lack of coordination between the plants physiological as
well as biochemical responses with a possible selection of management strate-
gies. Therefore, the objective of this review is to explore the effects of salinity on
plant growth and how management practices can prevent soil and water salini-
zation and mitigate the adverse effects of salinity. The design of framework has

been presented in Figure 1.

2. How Plants Respond to Soil Salinity?

Plants show differential responses to salinity which is efficiently expressed into
physiological attributes adopting or alleviating the shock from salt stress [10].
Figure 2 represents the whole plant responses under salt stress.

The earliest response of plants exposed to elevated soil salinity level is the slow
growth rate of leaves. Under low soil salinity level, root growth is almost always
less affected than shoot growth, so the root: shoot ratio increases [11], but root
growth also decreases when they are exposed to higher soil salinity level [12]
[13]. Plant experiences a significant decrease in dry biomass accumulation due

to decrease in shoot and root growth under elevated salt-stressed condition [14].
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Figure 1. Design of framework for this review (Source: authors).
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Figure 2. Plant responses subjected to salt stress (Source: authors).

Decreasing rates of new cell production may cause the inhibition of growth as
reported by Shabala, Babourina and Newman [15]. The reduction in dry weight
accumulation could be attributed to increasing stiffness of the cell wall due to
altered cell wall structure induced by salinity. Salt stress in the root zone causes
the development of osmotic stress, which disrupts cell ion homeostasis by in-
ducing both the inhibition in uptake of essential nutrients such as K* and in-
creased accumulation of Na* and CI” [16]. Higher uptake of Na* competes with
the uptake of other nutrient ions, especially K*, and causes K* deficiency which
leads to lower K*/Na" ratio in plants under salt stress [10]. Salt-stressed plants
also show significant changes in physiological and biochemical parameters of
plants such as lower level of leaf chlorophyll content, decrease in protein synthe-
sis, increased ROS accumulation, enhanced accumulation of compatible solutes
such as proline, changes in antioxidant enzymatic activities. Thus all the mor-
phological, physiological and biochemical changes of plants exposed to salt stress

are combinedly responsible for overall changes in plant growth and productivity.
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3. Effects of Salinity on Physiological
and Biochemical Attributes of Plants

Salinity stress involves changes in various biochemical and metabolic processes,
depending on severity and duration of the stress, and ultimately inhibits crop
growth and productivity. Excessive soluble salt concentrations affect biochemical
attributes of plants by increasing the osmotic potential of the soil solution as well
as specific ion toxicities in soil. Different biochemical attributes like chlorophyll
content and intercellular proline accumulation are greatly influenced under salt

stress.

3.1. Leaf Chlorophyll Contents under Salt Stress

Chlorophyll is the most important component in the photosynthesis process and
the rate of photosynthesis depends on the level of chlorophyll content in plant
leaves. The decline in productivity has been observed in many plant species sub-
jected to salt stress is often associated with a reduction in leaf photosynthetic
capacity [10] [17]. Decrease in leaf chlorophyll content is the first visible symp-
tom of plants subjected to salt stress [14]. Changes in leaf chlorophyll content
vary depending on the level of salt tolerance of plants and salt-tolerant genotypes
showed less loss of chlorophyll than relatively sensitive genotypes [8]. Plant ex-
periences lower chlorophyll content in plant leaves probably due to inhibition of
chlorophyll pigment formation through the accumulation of Na* under salt
stress [18] or cell membrane deterioration [19]. Usually there is dominance of
chlorophyll-a over chlorophyll-b in plants but their values become closer with
the increasing salinity level [20]. The decrease in leaf chlorophyll contents (a &
b) of salt-stressed plants is a result of either slow synthesis or fast breakdown,
indicated that there was a photoprotection mechanism through reducing light

absorbance by decreasing chlorophyll contents [21].

3.2. Compatible Solute Accumulation and Osmotic Protection

Compatible solutes are the group of chemically diverse organic compounds gen-
erated in plants and they do not interfere with the cellular metabolism even at
high concentration [2]. These compatible solutes include amino acid proline
[22], glycinebetaine [23], sugar [24], etc. As the accumulation of these com-
pounds is proportional to the external osmolarity, they protect cellular struc-
tures by maintaining osmotic balance within the cell via continuous water influx
[25]. Accumulation of compatible solutes is one of the adaptive mechanisms of
plants to withstand salt stress [26]. Enhanced salt stress causes a significant de-
crease in number of amino acids such as cysteine, arginine, and methionine
(around 55% of total free amino acids in plant), but proline, proteinogenic ami-
no acid concentration increases [27]. Proline accumulation under abiotic stress
occurs in taxonomically diverse sets of plants [28], and increased proline accu-
mulation in plants is correlated with enhanced salt tolerance [29]. Increased pro-

line accumulation in plants under salt stress showed higher salt tolerance in a
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number of plant species such as rice [10], barley [30], pea [17] and soybean [31].
Therefore, it is evident that leaf proline index shows a strong positive relation-
ship with plant yield potential [32] and is thus a promising index for deploying
in breeding programs for evolving salt tolerant cultivars [33].

Glycinebetaine, a nontoxic cellular osmolyte, raises the osmolarity of plant cell
during stress period [2] and protects cells by osmotic adjustment, protein stabi-
lization [34] and scavenging reactive oxygen species (ROS) in plants [26]. When
rice plants are exposed to enhanced salt stress, accumulated glycinebetaine posi-
tively protects the ultrastructure of seedlings [35]. Even foliar application of this
amino acid showed a positive correlation with plant growth under salt stress by
stabilizing photosynthetic pigments and scavenging ROS [36]. Other than amino
acids, accumulation of carbohydrates such as sugar and starch is a common fea-
ture of salt-stressed plants [37]. The accumulated carbohydrates in plants under
salt stress play important roles in stress mitigation involves osmoprotection,
carbon storage, and scavenging of reactive oxygen species [2]. Salt stress in-
creases the level of reducing sugars (sucrose and fructans) in plants and protects

plants from osmotic damages by abiotic stresses such as soil salinity.

3.3. Increased ROS Accumulation in Plants under Salt Stress

One of the biochemical changes occurring when plants are subjected to biotic or
abiotic stresses is the production of reactive oxygen species [38]. Reactive oxygen
species (ROS) are highly reactive and in the absence of any protective mechan-
ism they can seriously disrupt normal metabolism through oxidative damage to
lipids, protein and nucleic acids [39]. In salt-stressed plants, molecular oxygen
(O,) acts as an electron acceptor, giving rise to the accumulation of ROS [2].
Reactive oxygen species include singlet oxygen, hydroxyl radical (OH"), supe-
roxide radical, and hydrogen peroxide (H,0O,) are all strongly oxidizing com-
pounds and therefore potentially harmful for cell integrity [40].

As cell membranes are the first targets of many plant stresses, reactive oxygen
species (ROS) may destroy normal metabolism through peroxidation of mem-
brane lipids [39]. Lipid peroxidation of biological membranes might lead to
structural alterations such as denaturalization of proteins and nucleic acids in
salt-stressed plants. Experimental evidences suggest that lipid peroxidation reac-
tion of cellular membranes may play an important role in radical mediated cell
injury [41]. Therefore, activity of antioxidant enzymes may act as efficient de-
terminant criteria in the toxicity degree to salt stressed plants. Crucial changes in
soil salinity can lead to osmotic stress, which are primary effects of salt stress.
Such free radicals and other active derivatives of oxygen may produce inevitably
as by-products of physiological redox reactions. It has been reported that when
ROS exceeded the capacity of scavenging system of plants [42], it results in oxid-
ative damage [17]. The increased levels of ROS can inactivate enzymes, damage
important cellular components, which induced plant growth arrest, and even
death finally [39].
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3.4. Changes in Antioxidant Enzymatic Activities (CAT, POX, APX)
of Plants

To mitigate the deleterious effects of salinity on regular metabolism, plants have
evolved various strategies to contend with this problem [38]. Plants possess an
array of enzymatic and non-enzymatic antioxidant defense systems to protect
their cells against the damaging effects of ROS [43]. Superoxide dismutase
(SOD) is a major scavenger of superoxide and its enzymatic action results in the
formation of H,0O, and O, [44]. The hydrogen peroxide produced is then sca-
venged by different antioxidant enzymes including catalase (CAT), a variety of
peroxidase such as guaiacol peroxidase (POX) and ascorbate peroxidase (APX).
Catalase converts H,O, into water and molecular oxygen [45], whereas perox-
idase decomposes H,O, by oxidation of co-substrates such as phenolic com-
pounds or antioxidants [46]. These antioxidant enzymes show differential res-
ponses varying in the level of salt tolerance.

Generally, plants exhibit an increase in CAT activity with the increasing mag-
nitude of NaCl concentration in soil [47], but this increased accumulation is not
similar for all the plant genotypes. Plants show differential responses on CAT
activity under salt stress depending on their levels of salt tolerance. For example,
in salt-sensitive soybean genotypes, CAT activity decreases with increasing salt
stress [48]. But increased CAT activity was observed in salt-tolerant soybean
genotypes [31]. A linear and significant increase in CAT activity is observed in
response to increased salt concentration after exposure to salt stress in barley
[30] and green bean [49]. Among the root crops, potato is comparatively more
salt-tolerant and also exhibits a significant increase in CAT activity with the in-
creasing salinity level [50]. Pea plants are normally sensitive to salt stress and
CAT activity shows a declining trend with increasing the magnitude of NaCl
stress accordingly [17]. From the research findings on different crops, it can be
assumed that CAT activities were higher in the salt-tolerant one than the
salt-sensitive cultivar and this increase in CAT activity helps plant to mitigate
osmotic stress due to soil salinity [10].

Among the peroxidase enzymes, guaiacol peroxidase (POX) is considered as
one of the most important enzymes for protecting plants from the oxidative
damage of ROS [51]. Salt stress significantly increases the activity of antioxidant
enzyme Ze. peroxidase (POX) in case of salt-sensitive rice varieties but tolerant
varieties exhibit the declining trends of activity of POX enzyme activity with the
increasing salt concentration [22]. In case of soybean, POX activity increases as a
result of increasing salt concentration [31]. Salt stress significantly increases the
POX activities in potato [50] and pea [17], which may help plants to mitigate
osmotic damages by ROS. Other than POX, ascorbate peroxidase (APX) enzyme
helps to protect plants from osmotic stress by neutralizing the ROS, evident in
rice [22] and soybean [31]. Over expression of the APX gene in plants has been
reported to improve protection against oxidative stress. APX activities increased

with increasing salt stress in both salt-sensitive and salt-tolerant varieties and the
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activities were higher in the salt-tolerant one than the salt-sensitive cultivar [49].
These enzymes (CAT, POX and APX) were also reported to be important in salt
tolerance mechanisms in some other crops such as mulberry [52], cotton [53]

and maize [51].

3.5. Changes in Potassium (K) and Sodium (Na) Ratio of Plants

Salinity imposes both ionic toxicity and osmotic stress to plants [25], leading to
nutritional disorder [54]. In saline soil, the concentration and availability of Na*
are comparatively higher than the concentration of K* in soil solution [55]. Salt
stress disturbs cytoplasmic K*/Na*" homeostasis, causing an increase in Na* to K*
ratio in the cytosol [56]. Salt tolerance is directly associated with K* contents be-
cause of its involvement in osmotic regulation and competition with Na®. Salt
tolerance mechanism of plants requires not only the adaptation to Na* toxicity
but also the acquisition of abundant K* whose uptake by the plant cell is affected
by high external Na* concentrations [57].

The salt-sensitive and salt-tolerant plants show differential responses in the
aspect of K*/Na" ratio in both root and shoot under salt stress [58]. The tolerant
genotypes can control the uptake of Na*, resulting in a higher K'/Na* ratio with
greater dry biomass accumulation, which helps to dilute the absorbed Na* within
plant system. Whereas, the sensitive genotypes had higher Na" and lower K*
contents, resulting in lower K'/Na" ratio in plants [59]. There is a significant
negative correlation between leaf Na" and K*/Na* ratio in different rice varieties
differing in salt tolerance under salt stress [60]. Other than rice, soybean also
experiences decrease in K'/Na" ratio with the increasing salinity level [48]. Root
crops like potato also show the decrease in K*/Na* ratio under salt stress [50].
This decrease in K'/Na' ratio under salt stress causes Na" toxicity in plants and
leads to cellular damage and deficiency in potassium in plant, which ultimately

decreases crop growth and productivity.

4. Approaches to Mitigate the Adverse Effects of Soil Salinity
on Crop Production

Worldwide, extensive research is being carried out, to develop strategies to cope
with abiotic stresses, through development of salt-tolerant cultivars, shifting the
crop calendars, resource management practices, etc. Possible soil salinity ameli-
oration strategies are summarized in Table 1 with few references.

Among the soil salinity management strategies, use of salt-tolerant plant ge-
notypes showed better performance compared to others. Advanced plant breed-
ing and molecular biology techniques suggest to use salt-tolerant genotypes with
effective management strategies to mitigate the adverse effects of soil salinity. In
alignment with this, exogenous application of compatible solutes shows significant
increase in growth and productivity. Regulation of gene expression in salinity
stress includes a wide array of mechanisms that are used by plants to up-regulate

or down-regulate the production of specific gene to mitigate the adverse effect of
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Table 1. Strategies to mitigate soil salinity problem.

Serial no. Strategies or management practices References

1 Development and use of salt-tolerant genotypes Kumar, Beena, Awana and Singh [9]

Kibria, Hossain, Murata and Hoque [10]

2 Exogenous application of compatible solutes such as Sabagh, Sorour, Ragab, Saneoka and Islam [61]

proline, glycine-betaine

Okuma, Murakami, Shimoishi, Tada and Murata [29]

3 Use of fresh water as a safe source of irrigation for Panagea, Daliakopoulos, Tsanis and Schwilch [62]

agricultural purposes in coastal belt

4 Organic amendment with proper K and Zn fertilization Kibria, Farhad and Hoque [63]
Rady [64]
5 Hormone regulation to improve the antioxidant defense Caverzan, Casassola and Brammer [65]

mechanism of plants

Kim, Mun, Khan, Wagqas, Kim, Shahzad, Imran, Yun and Lee [66]

6 Use of plant growth-promoting bacteria (PGPB) Shrivastava and Kumar [1]

Numan, Bashir, Khan, Mumtaz, Shinwari, Khan, Khan and Al-Harrasi [67]

7 Remote sensing and GIS in salinity mapping Asfaw, Suryabhagavan and Argaw [68]

8 Genetic engineering, modifying gene expression and Gupta and Huang [2]

transcriptional regulation

soil salinity. Transcriptomic analysis provides detailed knowledge to screen can-
didate genes involved in stress responses. This is the baseline to start with mole-
cular approaches to develop salt-tolerant genotypes from indigenous species.
Recently, use of plant growth-promoting bacteria (e.g. Pseudomonas) and rhi-
zospheric bacteria showed a positive relationship with plant growth and produc-
tivity under salt stress. Furthermore, saline soil survey through advanced tech-
nologies such as GIS may help to plan accordingly based on salinity level in a
specific area. Soil salinity management includes a complex interaction between
all the management strategies and no parameter can ameliorate this problem
solely. Therefore, it is essential to interact with all the management strategies to

mitigate the adverse effects of soil salinity on crop production.

5. Conclusion and Recommendation

Soil salinity is prevalent abiotic stress that limits plant growth and productivi-
ty. Salinity tolerance mechanism of plants requires a complex interaction of
genetic, cellular, metabolic and physiological responses. However, a lack of
coordination of plant physiological and molecular responses is essential for
sustainable and effective plant salinity tolerance. This review has highlighted
that no single parameter could be suggested as sole possible way for salinity
stress tolerance plants. A combination of all suitable management strategies
can contribute to salt tolerance of plants. The future focus should be on the
study of intercellular and intracellular molecular interaction involved in salin-

ity stress responses.
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