CAPITAL UNIVERSITY OF SCIENCE AND
TECHNOLOGY, ISLAMABAD

ou(13D

Pagistas

Morpho Physiological Response
of Canola (Brassica napus)
Genotypes to Salt Stress
by
Iqra Khalid

A thesis submitted in partial fulfillment for the

degree of Master of Science

in the
Faculty of Health and Life Sciences

Department of Bioinformatics and Biosciences

2024


www.cust.edu.pk
www.cust.edu.pk
Faculty Web Site URL Here (include http://)
Department or School Web Site URL Here (include http://)

Copyright () 2024 by Iqra Khalid

All rights reserved. No part of this thesis may be reproduced, distributed, or
transmitted in any form or by any means, including photocopying, recording, or
other electronic or mechanical methods, by any information storage and retrieval

system without the prior written permission of the author.



1

I would like to dedicate this work to my parents and teachers



64‘;\@“‘“ m’”}"ﬂf.
%o

2%,

CERTIFICATE OF APPROVAL

Morpho Physiological Response of Canola (Brassica
napus) Genotypes to Salt Stress

by
Igra Khalid

(MBS221027)

THESIS EXAMINING COMMITTEE

S. No. Examiner Name Organization
(a) External Examiner Dr. Sayed Afzal Shah NUMS, Rawalpindi
(b) Internal Examiner Dr. Sami Ullah Jan CUST, Islamabad
(c) Supervisor Dr. Sohail Ahmad Jan CUST, Islamabad
Dr. (Sﬁ;%i:;mad Jan
Thesis Supervisor
May, 2024
N er A
Dr. Syeﬁ\ﬁ mriam Bakhtiar Dr. Sahar Fazal‘
Head Dean
Dept. of Bioinfo. and Biosciences Faculty of Health and Life Sciences

May, 2024 May, 2024




v

Author’s Declaration

I, Igra Khalid hereby state that my MS thesis titled “Morpho Physiological
Response of Canola (Brassica napus) Genotypes to Salt Stress” is my
own work and has not been submitted previously by me for taking any degree
from Capital University of Science and Technology, Islamabad or anywhere else in

the country/abroad.

At any time if my statement is found to be incorrect even after my graduation,

the University has the right to withdraw my MS Degree.

(Igra Khalid)
Registration No: MBS221027



Plagiarism Undertaking

I solemnly declare that research work presented in this thesis titled “Morpho
Physiological Response of Canola (Brassica napus) Genotypes to Salt
Stress” is solely my research work with no significant contribution from any other
person. Small contribution/help wherever taken has been duly acknowledged and

that complete thesis has been written by me.

I understand the zero tolerance policy of the HEC and Capital University of Science
and Technology towards plagiarism. Therefore, I as an author of the above titled
thesis declare that no portion of my thesis has been plagiarized and any material

used as reference is properly referred/cited.

I undertake that if I am found guilty of any formal plagiarism in the above titled
thesis even after award of MS Degree, the University reserves the right to with-
draw /revoke my MS degree and that HEC and the University have the right to
publish my name on the HEC/University website on which names of students are

placed who submitted plagiarized work.

(Igra Khalid)
Registration No: MBS221027



vi

Acknowledgement

I humbly thanks Allah Almighty, the Merciful and most Beneficent who best owed
his innumerable blessings upon mankind, one of which is knowledge a distinction
for mankind. I offer my gratitude to the Holy Prophet Muhammad (PBUH) who
preached us to seek knowledge for the betterment of mankind in particular and
other creatures in general. I am deeply indebted to my supervisor Dr. Sohail
Ahmad Jan, Assistant Professor, Department of Biosciences and Bioinformatics,
Faculty of Health and Life Sciences, Capital University of Science and Technology
[slamabad (CUST), Pakistan, deserves the utmost gratitude. His advice, ongoing
support, and constructive criticism throughout my research helped me to finish
my thesis. I am appreciative of the research facilities provided by Dr Sahar Fazal.
I want to express my gratitude to the academic colleagues that supported me in
whatever way possible when I was earning my MS. I want to thanks my friends
Rafia Jabeen, Sadaf Saeed, Dr. Nudrat Fatima, Shahid Hussain and M. Aqeel. In
my life my family is most important, who have always been there to support me,
come last. I am very grateful to my cherished mother who gave me my dreams,
my cherished father who gave me my goals, and my cherished brothers & Sisters

who have always stood by my side.

Thanks to all

(Igra Khalid)



Vil

Abstract

Salt stress reduces crop production by affecting the morpho-physiological and
metabolic systems. Canola (Brassica napus L.), grown worldwide for edible oils
and biodiesel, confronts this difficulty while becoming ”salt-tolerant.” With salt
stress, yield and growth fall more. Numerous studies have helped us understand
plant salt-response processes, but developing salt-tolerant crops has to be quicker.
We know little about how cells and molecules react to salinity, making salt-tolerant
canola engineering difficult. Genetic engineering may work, but it’s important to
understand canola’s salt stress response. Bridging these information gaps will en-
able more focused and effective genetic treatments to improve canola’s salt stress

tolerance and preserve crop yield.

This research examined the effects of salt stress on five canola genotypes—HC022-
B, Gobi, C-777, Desi, and Barani—at four NaCl levels (Omm, 50mm, 100 mm,
and 150mm). The purpose was to evaluate these genotypes’ morpho-physiological

and biochemical responses to salt concentrations.

Among the parameters examined were Proline Content, leaf relative water content
(RWC), shoot length, root length, shoot fresh weight, shoot dry weight, root fresh
weight, root dry weight, and chlorophyll content (a, b, a+b). All genotypes showed

substantial effects from high salt stress on various morphological parameters.

In a study testing five canola genotypes under different salt concentrations (0, 50,
100, and 150 mmol), a consistent pattern of decreased growth parameters with
increasing salt levels was observed. The top-performing genotypes, Desi Canola
and Gobi Canola, showed superior characteristics at 150 mmol. such as high shoot
length (8.9 cm and 7.3 c¢cm), root length (7.5 cm and 6.8 cm), shoot fresh weight
(7.5 gm and 6.8 gm), shoot dry weight (1.32 gm and 1.91 gm), root fresh weight
(0.67 gm and 0.86 gm), and root dry weight (0.4 gm and 0.43 gm). As salt levels
increased, there was a decrease in chlorophyll content and relative water content,
while proline content tended to rise. Desi Canola and Gobi Canola demonstrated

elevated proline values (9.1 mol g-1 and 8.6 mol g-1), suggesting an adaptive
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response to salt stress. The resulting salt tolerance in local canola genotypes is

recommended for further crop improvement.
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Chapter 1

Introduction

1.1 Background

In plant biology and agriculture, the term ”salt stress” describes the harmful effect
of high concentration of salt, mainly sodium chloride (NaCl), on plant growth
and development when it comes to soil or irrigation water [1]. The heightened
salt levels can impede the plant’s hydraulic conductance, restricting water uptake
and nutrient absorption. This disturbance in osmotic balance leads to cellular

dehydration, impacting turgor pressure and overall cell function [1, 2].

The salinity-induced disruption extends to ion homeostasis, resulting in an ac-
cumulation of toxic ions, particularly sodium ions (Na't), within plant tissues.
This perturbation adversely affects cellular processes, including enzymatic activi-
ties and metabolic pathways. The subsequent imbalance in ion distribution con-
tributes to physiological disorders and compromises plant health. Moreover, salt
stress triggers oxidative stress responses in plants, manifested by the enhanced
production of reactive oxygen species (ROS) such as hydrogen peroxide and su-
peroxide radicals. The accumulation of ROS leads to the oxidative damage to
cellular macromolecules, including proteins, lipids, and nucleic acids. This ox-
idative stress exacerbates, cellular dysfunction and amplifies the detrimental im-
pact of slat stress on plant growth and development [1]. In agricultural contexts,

1
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where optimal plant performance is critical for achieving high yields and ensur-
ing sustainable food production, addressing the challenges posed by salt stress
necessitates strategic interventions. Approaches include cultivating salt-tolerant
plant varieties, implementing precision irrigation practices, and incorporating soil
amendments to enhance soil structure and salinity tolerance. These strategies
align with the imperative of sustaining agricultural productivity in the face of
salinity-induced constraints [1]. Salinity is a common environmental stressor that
significantly hinders the growth and development of canola. First, plants subjected
to salt stress, sometimes called osmotic stress, absorbed less water, which stunts
their development. Then, too many salty ions are in plant’s transpiration stream.
In that case, they will harm the cells by interfering with photosynthesis, disrupting
the equilibrium of ions, and oxidizing the lipids in the membranes. This would
further slowdown the development of the plant and cause ion toxicity. Gaining
more knowledge about the physiological mechanisms by which plants respond to
salt stress and yield potential decreases is necessary to increase plant tolerance
to salt. As a result, salt stress impacts agricultural sustainability and global food
security by reducing plant production systems’ productivity and efficiency. Plants’
ability to absorb water is reduced by increased salt in the soil or irrigation wa-
ter, while their absorption of Nat and Cl~ is increased [2]. An investigation using
three replications of hydroponics at the seedling stage was conducted to assess how
different Canola genotypes responded to NaCl salinity [3]. The average growth,
development, and other physiological activities of plants are retarded by excessive
accumulation of Na™ and CI~ in the soil, as well as by nutritional deficiency caused

by an excess of salt [4].

1.2 TImpact of Soil Salinity on Canola (Brassica
napus)
Agriculture is essential to solving the world’s food security problems, but abi-

otic stressors significantly impact agricultural output. Soil salinity is an element

that endangers arable land and inhibits the growth and production of essential
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crop species. Salt stress can negatively affect Canola (Brassica napus), an essen-
tial oilseed crop with various uses. Ensuring sustainable agricultural output and
food security requires a thorough understanding of the processes influencing the
resilience of canola genotypes that are resistant to salt. Providing the growing
global population with access to sufficient, wholesome, and sustainable food is one
of humanity’s most challenging problems [5]. Plants are stressed by salt in two
ways. High salt concentrations within plants can be harmful and make it more
difficult for roots to get water from the soil. Salts outside of roots affect cell de-
velopment and related metabolism; harmful salt concentrations take time to build

up inside plants, and they have an impact on plant health [1].

Extreme salinity in the soil may lead to problems such as osmotic stress, oxidative
damage, and ion toxicity, all of which can impair plant health and development.
Plants have evolved chemical, genetic, and physical defense mechanisms against
these impacts. These tactics include controlling the flow of ions and water, turning
on enzymes that prevent oxidative stress, and eliminating dangerous compounds
connected to oxygen. A variety of genes regulate a plant’s capacity to tolerate salt.
One major environmental problem that has an adverse effect on plant growth and
productivity is salt stress [6]. Poor agricultural practices and climate change are
predicted to cause a 50% loss of arable land by the middle of the twenty-first
century due to the continuous rise in salinity. Salinity is a significant agricul-
tural hazard since it has significantly impacted around 1,125 million hectares of

agricultural land [7].

1.3 Salt Stress Causes Osmotic Stress in Plants

Elevated salinity levels within the soil may upset the ion balance and put plants
under osmotic strain. Plant development, form, and metabolism are all affected
by this stress, which may cause the plant injury or even death. The sodium-to-
potassium (Na®/K™) ratio rises as the plants absorb greater amounts of sodium
(Na™) and chloride (C17) ions from salted soil. The regular ion processes in the

plants are disrupted by this alteration [8]. Many plant species adopted different
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strategies to overcome these obstacles. The first involves osmotic adjustment to
maintain homeostasis by transporting excess Na't ions to the vacuoles, and the
second involves osmolyte production to address this condition [9]. It is essential
for plants to keep a high potassium to sodium ratio in order to regulate the turgor
and osmotic pressure and to preserve their membrane potential. Enzyme activation
and development of plants patterns depend on this equilibrium as well. In order to
shield cells from the damaging impacts of salt stress, plants create osmolytes such
as proline and soluble carbohydrates. Increases in these compounds may improve

a plant’s tolerance to salt through enhancing the osmotic equilibrium [10].

1.4 Regulation of Oxidative Stress Responses

A key component in cells’ ability to deal with salt stress is protein. They improve
the ability of plants to adapt to salinity and contribute to the regulation of the
production of reactive oxygen species (ROS) levels. According to earlier studies,
proteins have a variety of functions in lessening the harmful effects of salt on plant
cells. One notable aspect is their involvement in osmotic adjustment, a mechanism
essential for maintaining cellular turgor and preventing water loss under salt-stress
conditions [11]. Furthermore, antioxidant molecules, such as glutathione (GSH),
collaborate with proteins in the intricate network of defense mechanisms against
ROS. Elevated ROS levels, including hydrogen peroxide (HyO2) and superoxide
radicals (Oy), are expected consequences of salt stress. Additionally, tiny amounts
of transition metals can further contribute to the generation of hydroxide ions
(OH). In response to these challenges, plants activate a detoxification process
to counteract oxidative damage, with antioxidant enzymes playing a pivotal role
in this adaptive response. Antioxidant enzymes work together to neutralize and
scavenge ROS, stopping them from damaging cell parts during the detoxification
process. Notably, the concentration of OH is regulated through this detoxification
process. The upregulation of antioxidant enzymes becomes essential in enhancing

plant resilience to drought and salt stress [12].
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1.5 Physiological Responses and Adaptations of

Plants to Salinity

Plants that are subjected to salt stress may have a number of adverse impacts,
including decreased development in both dry and fresh forms and other structural
and functional alterations. A large quantity of salt in the soil may cause osmotic
stress, which can be harmful to plants and make it difficult for them to absorb
water. In order to deal with this, plants create particular compounds, such as
proline. Proline facilitates water uptake by plants, maintains the proper osmotic
balance inside the cells, and shields them from toxic substances called reactive
oxygen species (ROS). When exposed to even low to average quantities of salt,
plants that are susceptible to salt have stunted growth, decreased survival rates,
and impaired development. In contrast, plants that can withstand salt well may
thrive in environments as salinized as the sea. Using ecologically safe and clean
methods, such as salt-tolerant plants, is the only option to tackle salinization issues

and preserve the sustainability of agricultural and landscape areas [13].

Osmotic stress, ionic stress, and oxidative stress are the two primary factors that
might hinder plant development. Reduced leaf area, increased leaf thickness and
succulence, abscission of leaves, necrosis of shoots and roots, and shorter internode
lengths are just a few of the symptoms that accompany the detrimental effects of
salinity on plants’ physiological and metabolic processes. The plant takes in a lot
of salt, which increases the osmotic stress in the cytosol. In these conditions, a
mechanism of osmotic adjustment, including organic osmolytes and the sequestra-
tion of large amounts of salt ions in the vacuole, maintains cell homeostasis [14].
Compatible osmoprotectants, including soluble sugars and proline, are created in
many animals to shield their cells from the damaging effects of salt stress. High

proline accumulation is linked to stress tolerance [10].

Canola oil is the third most significant source of edible oil, behind soybeans and
palm seed oil. Salt and other environmental stresses, however, drastically reduce
its production [13]. Early in the vegetative development stage, canola is suscepti-

ble to salt. Moreover, the juvenile stage is categorized as somewhat susceptible to



Introduction 6

salty environments. Nonetheless, there has been significant documented interspe-
cific variation in salt tolerance. In many parts of the globe, limits on groundwater
usage, salt buildup on soil, and saltwater intrusion into groundwater make salt-
tolerant crop types more necessary. Plants tolerant to salt can reduce these adverse
effects through various physiological, biochemical, and morphological mechanisms.
Studies on plant tolerance to salt stress address morphological, physiological, and
molecular alterations, among other elements of how salinity impacts a plant’s re-
sponse. Therefore, the current study aims to examine how salinity affects the
physiological and morphological characteristics of canola [13]. Salt stress damages
plants by impeding blooming and fruiting, growth and development, and seed ger-
mination. The plant’s capacity for absorbing nutrients and water is limited by the
high amounts of salt found in salty soil. Primary stressors such as osmotic and
ionic stress are brought on by dietary imbalance and water shortage. These initial
forces have the potential to cause oxidative stress as well as a series of subsequent
stressors. Altogether, salt stress causes several physiological and molecular alter-
ations and reduces the resources available to plants by suppressing photosynthesis,
which limits cell division and development. Salt stress regulates the change in the
state of photosynthesis and affects the formation of light-harvesting complexes. As
sessile organisms, plants face the challenge of adapting to salinized environments,
necessitating a diverse array of strategies for survival. These strategies encompass
intricate signaling transduction pathways that orchestrate ion transport, maintain
osmotic balance, and facilitate detoxification processes within plant cells. Fur-
thermore, plants use complex regulatory systems to control the activity of genes
susceptible to salt stress, guaranteeing the synchronization of physiological reac-

tions necessary for adapting to high salinity environments [14].

1.6 Challenge of Salt Contamination in Agricul-

ture

Over 800,000,000 hectares of land are damaged by salt contamination globally.

Typical physiological state. This quantity makes up over six percent of the entire
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land area capable of operating. The vast majority of this area damaged by salt
is a result of natural processes, namely the long-term deposition of salts in semi-
arid and dry regions. As parent rocks weather, various soluble salts are released,
mainly calcium, sodium, magnesium chlorides, and smaller amounts of sulfates
and carbonates. The most permeable and absorbent salt that has been released
is NaCl. The accumulation of sea salts carried by rainfall and wind is the second
cause of buildup. Rainwater contains somewhere between 6 and 50 mg/kg of
sodium chloride. The level decreases with distance from the coast. For every 100
mm of precipitation in a year, 10 kilograms of salt would be deposited per hectare
in rainwater, having 10 milligrams per kilogram of sodium chloride [1]. Canola oil,
derived from seeds, is highly nutritious with a well-balanced amino acid profile and
desirable functional and technical attributes, making it the second most widely
produced oil worldwide. These attributes make it a prospective source of new
protein. Rapeseed can also be a viable option in the plant-based protein industry
dominated by soy protein. In addition to its high yields, rapeseed adapts well to

various farming environments [5].

Salt negatively impacts agricultural plants’ growth, development, and production.
It is mostly brought on by excessive salt chloride concentrations. It disrupts the
delicate balance of ions and water uptake in plant cells, reducing crop productivity
[1]. Saline soils and irrigation water sources are increasingly prevalent, posing
challenges to agricultural production in various regions. This phenomenon affects
numerous crops, from cereals to oilseeds [6]. In several regions of the world, crops
must have higher salinity tolerance to continue producing food. Improving a crop’s
salt resistance may reduce nutrient loss in irrigation-dependent farming settings.
Since less fresh water and saltwater disposal are required, this increases the cost-
effectiveness of irrigation systems. Farmers suffer decreased agricultural yields
and profitability due to salinity stress, which causes significant financial losses in
the industry. The financial strain on rural populations is further increased by
crop failures brought on by salt stress [7]. The rising salinity of soils and water
sources can harm the environment, including reduced biodiversity in saline-affected
regions. This aspect highlights the broader ecological implications of salt stress

12].
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1.7 Salt Stress Reduces Water Uptake

Saline environments cause plants’ water potential to decrease, which can result in
water shortages. Plant organelles and the soil solution have unequal solute concen-
trations caused by salinity, which causes osmotic stress and the loss of turgidity
in plant cells. Under severe salt stress, plant cells’ ability to express tonoplast
aquaporin is impeded, interfering with physiological and metabolic activities, in-
cluding cell elongation and meristematic activity. Since RWC in plants indicates
the amount of water required for artificial complete saturation, it is an essential
indicator of a plant’s water balance. Plants have a reduction in cell turgidity due
to RWC decreasing in salt stress [15]. Different oilseed cultivars of Brassica sp.
showed varying decreases in RWC in the leaves when subjected to varying saline
stress levels. Mahmud et al. demonstrated in one experiment that salinity neg-
atively impacted the water’s condition of Brassica napus seedlings, resulting in a
drop in leaf RWC. In comparison to unstressed plants, leaf RWC dropped by 6%
and 11% at two distinct salinity levels (100 and 150 mM NaCl) [16, 17].

1.8 Problem Statement

The salinity of the soil has emerged as a significant obstacle to the productivity of
agriculture worldwide, resulting in considerable financial losses and compromising
food security. Despite extensive reports on the effects of salinity on crop species,
there is a need for a thorough analysis of the unique reactions of Canola genotypes
to salt stress. There is a paucity of research on the detrimental effects of salt stress

on significant canola genotypes.

1.9 Scope

The study contributes to our knowledge of how plants react to salt stress at the

morphological, physiological, and molecular levels, which benefits the fields of
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plant biology and agriculture more broadly. Finding genotypes that are resistant

to salt may enhance production, which will improve the economy.

1.10 Aim and Objectives

Aim:

The aim of this study is to characterize the local canola genotypes against salt

stress.

Objective:

e To study the effect of different concentrations of salt on the morpho physio-

logical traits of economically important locally grown canola genotypes.

e To identify promising salt tolerant canola genotypes for further crop im-

provement.



Chapter 2

Literature Review

2.1 Salt Resistance

Salt resistance is an intricate tool. Numerous genetic, physiological, and biochem-
ical cycles are involved, from germination to the vegetative stage and then into
the trim development. It varies between kinds of the same genus, within harvests,

and genotypes of related species [18].

2.2 Understanding the Impact of Salinity Stress

on Plants

As environmental conditions vary, plants are exposed to a broad variety of stres-
sors that are both abiotic and biotic. Salinity begins from salty areas at differ-
ent elevations and severely threatens moderate and tropical agriculture systems.
Although potassium and nitrates are naturally occurring elements of soil, agricul-
tural irrigation, and other human activities accelerate soil salinization by adding
large amounts of salt [19]. According to Munns [20], there are around 800 mil-
lion hectares of salinity affected land worldwide Chatrath et al [19] estimated that
6 million hectares of this land exist in Pakistan alone. In Pakistan, an arid or

10
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semi-arid environment, salinity problems are caused by excessive evapotranspira-
tion, which causes salt to build up on the soil’s surface. Salt stress significantly
hinders food production by restricting crop yield and limiting the cultivable land,

especially in the canal-irrigated areas of Punjab province [19].

Irrigation and inadequate drainage exacerbate salinity-related issues, leading to
a build-up of excessive salinity that includes calcium, magnesium, and sodium.
Sodium ions become more prevalent in the soil due to water evaporation, which
disrupts nutrient-ion interactions and causes imbalances in the ratio of Na™ to
Ca?* or Nat to K*. High cation concentrations prevent water from entering the
roots, causing a water shortage like during a drought. Inadequate salt management
has the potential to exacerbate soil salinity by weakening the structure of the soil,

increasing bulk density, compressing the soil, and lowering total porosity [21].

The USDA Salty Soil Laboratory states that salty soils have an extractable soil
electrical conductivity of 4 dS m1 or more, which is detrimental to crop devel-
opment. Salt tolerance is further influenced by environmental variables such as
soil type, temperature, radiation, and vapor pressure deficit. Salt concentrations
vary seasonally and geographically in the field depending on conditions unique
to each plant [19]. Salinity stress has far-reaching effects beyond decreased crop
yields; it also affects soil conditions and ecological balance. The consequences
include reduced crop yields, financial gains, and increased soil erosion, resulting
from complex interactions between physical, physiological, and biological systems.
Critical developmental phases, such as nutrient intake, plant growth, and seed

germination, are strongly impacted [22].

The core of adversity brought on by salinity is a series of interrelated physiological
processes. Complex processes involved in seed germination are hampered, pre-
venting solid plant populations’ growth. Later, plant development is restricted,
characterized by reduced biomass accumulation and weakened structural integrity.
A cycle of physiological stress is maintained concurrently by inhibiting the absorp-

tion of vital nutrients necessary for metabolic activities [22].
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The physicochemical properties of the soil matrix regarding soil health are altered
by salinity stress. Elevated levels of salt make the soil more prone to erosion
and less able to hold onto water. Complex interactions among these variables
reduce soil fertility overall, increasing the difficulties encountered by plants trying
to survive in salinized settings [22]. From an economic standpoint, the effects show
up as lower crop yields and consequent losses for farmers. A decrease in yield has
an immediate effect on profitability, but it also ripples across the supply chain
for agriculture and affects more general economic dynamics. The need for extra
inputs and treatments to ameliorate salinity-related difficulties exacerbates this

economic pressure and further constrains financial returns [22].

Numerous issues with the toxicity of ions, osmotic strains, and nutritional defi-
ciencies (Sodium, Calcium, Potassium, Phosphorus, Iron, and Zinc) that impede
water intake are among the many consequences of salinity on plant development.
Toxic sodium, chlorine, and boron accumulations bring cell death and osmotic
stress. Plant health is further disrupted by nutrient imbalances and interference

with nutrient absorption [23].

Salinity hurts photosynthesis, lowering stomatal conductance, chlorophyll con-
centration, and leaf area. Ovule abortion, stamen filament elongation, and mi-
crosporogenesis are all negatively impacted by this impaired reproductive devel-
opment. Plant development is hampered by adverse impacts that appear at the
physiological, biochemical, and molecular levels [23]. Measuring growth or sur-
vival is one way to evaluate a plant’s ability to withstand salt; these metrics reveal
complex physiological processes. In saline settings, osmotic equilibrium is essential
for plants to avoid cell dehydration and death. Protein conformational changes re-
sult from the replacement of Na™ for K* in metabolic processes, which causes ion
toxicity. Growth is impeded, and meristem cell division is reduced when salinity
stress is on the cell cycle. Adverse impacts on seed germination, seedling devel-
opment, enzyme function, and basic cellular activities are highlighted in recent

investigations [24].
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2.3 Salt Affects Photosynthesis

Salt stress curtails growth by reducing resource availability due to decreased pho-
tosynthetic activity. This is followed by resource reallocation for osmotic correc-
tion. Although there is some healing effect, increasing the carbon dioxide (CO,)
concentration only slightly restores the photosynthetic rate since stomatal closure
also reduces the amount of CO, that can be fixed. This investigation suggests
that, in addition to stomatal closure, there could be an ionic element or, at the
very least, a salt-induced influence on photosynthesis. The enzyme activity of car-
bon dioxide-fixing enzymes decreases under salt stress, and interestingly, in vitro
settings reveal species-specific differences in these enzymes’ tolerance to sodium
ions (Na™). It is unclear, therefore, how these discoveries will translate to plants’
capacity for photosynthetic processes. Precise pH and electro-potential synchro-
nization are required for efficient proton-motive force generation in chloroplasts,
which is essential for energy production. The intricate relationships between these
components show how salt stress affects the photosynthetic system in numerous
ways, including stomata regulation and enzyme activity. It is crucial to under-
stand these intricacies to fully comprehend and deal with how salt stress affects

plant photosynthesis [25].

2.4 Salt Tolerance Mechanism in Plants

Plants have three challenges when exposed to high salt levels: ionic, osmotic, and
oxidative stress. Plants respond by using a complex combination of chemical and
physical tactics to keep their internal environment in balance. This entails regu-
lating reactive oxygen species (ROS), preserving the proper osmotic pressure, and
guaranteeing steady ion levels. Ionic stress is a condition that may arise from an
excess of sodium ions (Na¥). This stress interferes with the regular functions of
cells and jeopardizes the delicate balance of necessary ions. Plants have evolved
sophisticated strategies for controlling the flow of ions to address this problem.

To maintain a steady internal ionic environment, they carefully control which ions
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enter and exit. The plant needs these mechanisms to survive in hostile environ-
ments. Plants are able to maintain the integrity of their cellular structures and
the efficiency of their metabolic activities by managing the quantities of ions in
their environment. In addition, controlling osmotic pressure enables plants to ef-
fectively absorb water even under adverse environmental circumstances. Last but
not least, maintaining a balance in ROS levels shields plant cells against harm
that might cause cell death. Plants possess a highly robust and adaptable mecha-
nism. This mechanism enables plants to flourish in situations with high amounts
of salt, showcasing their amazing capacity to adapt to and overcome environmen-
tal stress. Elevated levels of solutes in the soil may cause osmotic stress, which can
result in a water imbalance in plant cells. Plants use osmoregulatory processes,
such as the build-up of suitable solutes like proline and carbohydrates, to Osmotic
stress is a situation in which plants struggle to keep the proper quantity of water
in their cells due to an excess of solute in the soil. Plants respond to this by
triggering certain processes that maintain equilibrium. They begin to accumulate
certain solutes, such as proline and carbohydrates, which aid in maintaining the
integrity and firmness of their cells by allowing them to respond to the osmotic
pressure. The plant’s ability to survive under stressful circumstances depends on
this mechanism. A plant experiences oxidative stress when its defense against ox-
idation isn’t working right and dangerous chemicals called reactive oxygen species
(ROS), which include hydrogen peroxide and superoxide radicals, are being made.
This circumstance can harm the plant’s cells. Plants boost their antioxidant de-
fences, which include enzymes like catalase and superoxide dismutase, to stop this
damage. These antioxidants are essential for neutralizing ROS and shielding the
plant’s cells from the damaging effects of oxidation. Plants use two strategies to
guarantee their life and development that are osmoregulation and the enhance-
ment of antioxidant defense systems. This shows how plants cleverly regulate
and reduce stress for their survival and growth. All of these adaptive reactions
highlight the complex ways that plants deal with the difficulties of excessive salt.
Knowledge of the complexities of these biochemical and physiological processes
may help us design salt-tolerant crops, advance sustainable agriculture in salty

areas, and improve our knowledge of plant stress responses [26].
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2.5 Plant Responses to Salt Stress: Decoding

Ionic Stress Signaling

Plants experience ionic stress when they are exposed to excessive amounts of
salt, particularly sodium ions (Na™). Because of this stress, a complex response
mechanism is required to identify and control the presence of salt. The Salt Overly
Sensitive (SOS) genes, which are essential, are at the centre of this reaction. These
genes play a crucial role in controlling the intricate responses that high Na* levels
trigger. A signal involving calcium ions (Ca?") inside the cell initiates the pro-
cess. This signal can be picked up by SOS3 and SCaBP8/CBL10, two proteins
that can bind calcium because they have special shapes called EF-hand motifs.
These proteins recognise the calcium signal and go on to activate another protein
called SOS2, which is a member of the serine/threonine protein kinase family. An
essential first step is the activation of SOS2, which triggers the activation of the
SOS1 protein, a plasma membrane-based Nat /H™ antiporter. Because it makes
it easier for sodium ions to get from within the cell to the apoplast-the area inside
the plant structure that is outside the cell membrane-activating SOS1 is essential.
This action is necessary to keep the ions in the plant cell in equilibrium so the plant
can withstand the stress that comes with excessive salinity levels. This complex
system demonstrates the nuanced ways in which plants respond to environmental

stressors and preserve internal stability in the face of opposition [27].

Plants experience ionic stress when they are exposed to excessive amounts of
salt, particularly sodium ions (Na®). Because of this stress, a complex response
mechanism is required to identify and control the presence of salt. The Salt Overly
Sensitive (SOS) genes, which are essential, are at the centre of this reaction. These
genes play a crucial role in controlling the intricate responses that high Na* levels
trigger. A signal involving calcium ions (Ca?") inside the cell initiates the pro-
cess. This signal can be picked up by SOS3 and SCaBP8/CBL10, two proteins
that can bind calcium because they have special shapes called EF-hand motifs.
These proteins recognise the calcium signal and go on to activate another protein

called SOS2, which is a member of the serine/threonine protein kinase family. An



Literature Review 16

essential first step is the activation of SOS2, which triggers the activation of the
SOSI protein, a plasma membrane-based Na™/H* antiporter. Because it makes
it easier for sodium ions to get from within the cell to the apoplast-the area inside
the plant structure that is outside the cell membrane-activating SOS1 is essential.
This action is necessary to keep the ions in the plant cell in equilibrium so the plant
can withstand the stress that comes with excessive salinity levels. This complex
system demonstrates the nuanced ways in which plants respond to environmental
stressors and preserve internal stability in the face of opposition [28]. Plants’ sig-
naling pathways to react to ionic stress are complex networks of molecular actors
that coordinate reactions to high salinities. In order to improve crop salt tolerance
and eventually support sustainable agriculture, it is essential to comprehend these

processes [28].

2.6 Osmotic Stress Signaling in Plants: Navigat-

ing Cellular Equilibrium

Plants that experience salt stress also experience osmotic stress, which calls for
a signaling system to bring the environment back into balance. Recent research
has highlighted essential proteins involved in osmotic stress sensing [28]. One is
OSCAL1, a protein found in the plasma membrane (PM) that forms a hyperosmolal-
ity -gated Ca?"-permeable channel and has been suggested as a hyperosmotic stress
sensor [29]. The oscal mutant’s impaired Ca?' signalling in response to osmotic
stress draws attention to OSCA1’s potential role in osmosensing. The mechanosen-
sitive ion channel MSLS, found in the PM of Arabidopsis pollen, serves as a sensor
of membrane tension caused by hyperosmotic stress during pollen hydration and
germination [30]. KEA1/2 and KEA3, plasmid K™ exchange antiporters, are in-
volved in the hyperosmotic-induced Ca?* responses brought on by osmotic stress

28].

MAPK cascades, namely MKK4-MPK3 and MKKK20-MPKG6, influence salt sen-

sitivity and water loss rates in Arabidopsis via mediating osmotic stress responses.
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To find the upstream sensors and downstream effectors in these pathways, further
research is required [28]. Osmotic stress mainly activates SnRK2 isoforms, except
SnRK2.9, through an ABA-dependent signalling pathway [27]. This activation
triggers the transcriptional control of downstream effectors, upon which osmotic
stress tolerance depends [31]. ABA-dependent SnRK2-AREB/ABF-BAM1/AMY3
signalling is a key part of osmotic stress adaptation because it controls the break-
down of leaf starch [32]. To combat osmotic stress, plants produce compatible os-
molytes, such as proline, glycine betaine, mannitol, and sugars. These osmolytes
support cellular stability and osmotic control under salt-induced osmotic stress

[28].

2.7 Pathways of Detoxification Signaling

When plants are stressed by salt, they release reactive oxygen species rapidly. The
increase in ROS levels is a sign that several redox sensors, which monitor and reg-
ulate redox homeostasis, have sprung into action. Heat-stress transcription factors
(HSF's) are thought to behave as redox sensors that are reliant on reactive oxygen
species (ROS), interpreting ROS signals to activate defence mechanisms. The ac-
cumulation of ROS in conditions of salt stress exacerbates oxidative stress, which
may be detrimental to plant health. However, ROS are vital signalling molecules
that let plants respond to external stimuli in concert. Plant cells must maintain
ROS at the right concentrations to balance the harmful effects of ROS with their
signalling functions. Because they have evolved sophisticated defence mechanisms
to withstand shifting environmental conditions, plants are able to effectively adapt
to and manage stressful situations. Reactive oxygen species in cells are important
for maintaining cellular homeostasis and reducing potential damage from stress.
Detoxification signalling pathways are essential for controlling ROS levels in cells
under different stress scenarios. The plant’s reaction to salt stress is modulated
by a series of signals that are detected by certain sensors or receptors inside the

plant’s cells. These signals affect the plant’s growth and developmental processes
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when ROS levels rise. The mitogen-activated protein kinase (MAPKKK-MAPKK-
MAPK) cascades are particularly important channels for ROS signal transduction
among these signalling pathways. These cascades play a critical role in regulat-
ing plant growth and development, preserving ROS homeostasis, and modifying
ionic balance. This complex signalling network highlights the sophisticated and
highly honed systems that plants use to navigate and adapt to their constantly
shifting environment, guaranteeing survival and continuous development in spite
of the difficulties presented by stressful situations [28]. Plants actively regulate
ROS homeostasis to resist oxidative stress caused by salt exposure and transduce

stress signals [26].

2.8 Salinity Soil Remediation

By adding calcium ions (Ca?") to salt-affected soils, gypsum supplements provide
divalent cations that may take the place of sodium ions (Na™) and facilitate the
leaching of salts. Moreover, the addition of organic matter to the soil increases
the availability of exchange sites, facilitating the capture of Ca?* ions. Compared
to the weaker interactions with sodium ions, these calcium ions are more likely
to form durable organo-mineral bridges with organic materials. Several academic
researchers have conducted studies showing that adding organic matter can re-
mediate mildly salinized soils. This tactic highlights the value of using gypsum
and organic amendments together as a long-term solution to reduce soil salinity,
enhance soil health, and increase agricultural output [33]. The addition of gypsum
to three distinct types of organic matter caused the pH of the moderately salinized
soil to decrease. This modification is advantageous for salinity-affected soils since
they usually have high pH values, which are not appropriate for crop production.
This discovery is consistent with past studies that have shown that adding organic
amendments might cause the pH of the soil to drop. These kinds of treatments
are important because they lessen the alkaline conditions that are often linked to
salt stress, which in turn helps to create a more favourable soil environment for

plant development. In addition to promoting better plant growth, this increase in
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soil chemistry also makes agricultural methods in salt-stressed areas more sustain-
able [34]. The pH of the soil will probably decrease as a result of organic inputs
because they increase microbial activity, produce organic acids, and dissolve salts
that are then leached down the soil layers. One possible explanation for the pH
drop in salt-impacted soils might be the increased concentration of basic-cationic

compounds in the additional organic inputs [35].

Chen et al. [36] found that adding peat, fertilizer, and biochar decreased the soil’s
pH. Organic additions assist in the binding of particles of soil into aggregates
by deprotonating fulvic and humic acids. Treating saline-sodic soils with chicken
dung increased their CEC and concentrations of exchangeable K™ ions, as shown
in [37]. Exchangeable K ions compete with Na™ ions to prevent their entry
into the soil environment [18]. Adding green manure lowers soil pH and increases
CaCOg solubility due to the increasing partial pressure of carbon dioxide in the

soil, enhancing microbiological respiration and breakdown [38].

2.9 Salt Resistance Component

A popular measure for assessing salt tolerance is the decrease in biomass out-
put in salty circumstances compared to non-saline control conditions over a given
time period. The degree of this tolerance varies across species and even between
genotypes within the same species. For example, at 200 mM of sodium chloride,
salt-sensitive species like soybeans may completely stop growing, but salt-tolerant
species like sugarbeet may only exhibit a little 20% reduction in dry weight under
the same salinity circumstances. Conversely, crops that are somewhat resistant,
such as cotton, might show a more marked reduction in biomass accumulation-
roughly 60%-when subjected to similar saline levels. This characteristic is essential
for comprehending how different crops react to salt stress and for creating plans to
increase agricultural output in places impacted by salinity [39]. From a physiologi-
cal perspective, salt resistance refers to a plant’s ability to regulate and move toxic
particles through its internal structures without compromising its overall physio-

logical and biochemical functions. Compared to salt-delicate plants, salt-tolerant
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plants may absorb lower concentrations of sodium and chlorine and transfer them
to their leaves. Enclosing these particles in vacuoles also prevents their growth in
the cytoplasm and avoids salt toxicity as a result. The accumulating viable solutes

outside the vacuole achieve the osmotic equilibrium [37].

One category of plants restricts the amount of salt that can enter them, while the
other category limits the amount of salt that can centralise in their cytoplasm.
Both are present in halophytes, which 'prohibit’ salts and segregate them into
vacuoles that mysteriously penetrate the plants. As such, they are actually capable
of developing well in salinized environments. In glycophytes, such a mechanism
is not genuinely feasible. Some glycophytes also inhibit salts, but the mechanism
remains the same. Since most glycophytes cannot forbid salt, the concentration
of salts in young, coming-to-pass leaves might reach toxic levels. [40]. Plants
primarily depend on their ability to regulate the salt medium in five different
locations: Two categories are also included in the specific salts that root cells

absorb.

1. The plant restricts the amount of salt that enters and groups salts together
in the cytoplasm. Plant cells specifically uptake potassium over sodium

through a process called xylem stacking.
2. The stem, roots, or leaves extrude salt from their top portion.

3. There is little sodium and chloride retraction in the phloem, especially in
more salt-tolerant plants where phloem stacking occurs. By doing this, it
ensures that no salts are discharged into the developing tissues. Certain cell

types, such as bladders or salt organs, constantly release salts.

Only halophytes contain this specific kind of cells [41].

The roots are a crucial component of the plant’s growth and development as
they are the first part to experience salt. The roots are where the salts take
up and grow into the occurring stream. Attaches must withstand two types of

pressure: osmotic and salt toxicity. These two loads result in reduced water uptake,
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root growth inhibition, and oxidative pressure activation [1]. The majority of the
chloride and broken-down sodium ions present in the soil composition should be
rejected by roots, and they should keep the concentrations of sodium ions in the
cytosol within a reasonable range. Failure to do so might eventually lead to a
continuous build-up of salts in toxic shoots. Salt resistance in completely depleted
saline environments differs from that of soil when salinity is associated with water
logging [37]. In comparison to non-waterlogged saline conditions, salt intake rises
significantly when root area salinity is linked to water logging [42]. Anaerobic
conditions that lead to failures in dynamic vehicle and root avoidance procedures

might cause this [43].

2.10 Mechanisms of Salt Adaptation in Plants

It is very important to stop the plant from taking in sodium. This includes re-
absorption from the xylem sap, sequestration of Na™ by xylem parenchyma cells,
and efflux of Na™ from the root epidermal and cortical cells’ plasma membranes.
Plants with enhanced salt tolerance restrict Na™ ion infiltration and regulate their
accumulation within the foliar tissues. In order to lessen the harmful consequences
of excess Na™, plants use intricate physiological systems to redistribute and com-
partmentalise Na™ inside vacuoles, avoiding sensitive regions. These tactics, which
include partitioning and selective ion transport, are crucial for preserving ionic
balance in saline environments and help explain why plants are generally more
resilient in them [44]. Reduced salt absorption by plant tissues is the process by
which plants reject salt. Under favourable climatic circumstances, plants transpire
much more water into the atmosphere (30-70 times the water content needed) than
is essential for cellular development. As a consequence of this process, the concen-
tration of solutes within the soil is much greater than the concentration outside
by the same amount. Plants use selective ion transport systems across their root
membranes to prevent excessive salt build up. This successfully filters out un-
wanted salts. For example, if the soil has 20% salt content (assumed to be fatal at

98% salt content), plants will control their internal salt concentration so as to keep
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it below a critical threshold, allowing them to survive and grow under saline soil
conditions. But there are certain restrictions on how the plant regulates its salt
content. The occurrence where salts are left behind after water evaporates and
eventually accumulate in the leaves is known as salt deposition. The long-term
sustainability of this build up is questionable; older leaves have an especially high
concentration of salt, which causes them to senesce earlier than younger foliage.
The plant uses this method to partition and sequester salts away from younger,
more important tissues, which allows the older leaves to wither first and extend

the plant’s overall viability in salty circumstances [37].

2.11 Ion Transport & Homeostasis Mechanisms

in Response to Salinity Stress

Transport mechanisms include dynamically moving particles across the tonoplast
and into the vacuole, which removes dangerous particles from the cell. These
particles serve as osmolytes in the vacuole, allowing water to enter the cell more
easily. Na/H antiports attached to plasma films may also be the mechanism by
which sodium leaves the cell [45]. Furthermore, it has been demonstrated that
the main purpose of Na®/H antiporters is to promote the growth of hydrogen ion
particles within the cell along their electrochemical slope in order to prevent Na*
from eroding against the electrochemical inclination. A potential Na/H plasma
layer antiport is also known [46] to represent SOS in Arabidopsis thaliana. The
plasma film H*-ATPase acts as an instrument for this Na* expulsion by produc-
ing a protonmotive power for Na® expulsion. The Ht-ATPase extracts HT from
the cell by using the energy of ATP hydrolysis, resulting in an electrochemical
H* inclination. Cells in the root stele, vascular packs in leaf petioles, or stems
exchange potassium for sodium particles, leading to the storage of sodium in the

lower shoot and higher root sections of various species [47].
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2.12 Salinity Tolerance Studies in Canola Species

Several studies have evaluated the salt tolerance of Brassica species, classifying
them as crops with a moderate tolerance [48]. According to these investigations,
Brassica species show exceptional endurance to salt, with threshold values as high
as 11.5 dSm~!. However, the cultivar Shirallee exhibits noticeably poorer perfor-
mance when this threshold is exceeded, with tolerance limits reaching as high as 20
dSm™!. Researchers have focused on understanding the salt tolerance of numerous
allopolyploid Brassica species, including nigra, oleracea, campestris, and juncea,

as well as their diploid progenitors, under controlled glasshouse circumstances.

These 51-day experimental investigations were carried out using sand culture tech-
nology. The plants, which were a few days old, were exposed to three different
treatment regimens during this time: two experimental groups received 100 and
200 mol m-3 NaCl, respectively, as part of a modified Hoagland solution to simu-
late saline conditions, and a control group received no salt at all. The aim of this
study was to determine the salt threshold that each species could tolerate without
experiencing a notable reduction in yield, as well as to clarify the physiological and
biochemical reactions of these Brassica species to rising salinity levels. All three
amphidiploid species exhibited significantly greater shoot and root loads and seed
output in salinized environments than diploid species. Amphidiploids also ac-
cumulated more potassium and sodium than diploids because they acquired less
sodium but more potassium from their roots and branches. There was no con-
sistent CI™ collecting architecture in either diploid or amphidiploid species, and
there was no discernible variation in Ca?' aggregation between the two types of
organisms. They postulated that amphidiploids have adopted greater K/Na, dif-
ferentiating quality from the A, B, and C genomes, and have gained salt resistance
from the A and C genomes. Additionally, they surmised that these characteristics
were responsible for the amphidiploids’ superior K/Na separation and superior

resilience to salt in comparison to their diploid family members [49].

When subjecting five genotypes of Brassica juncea to a 100 mM NaCl saltiness
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treatment using a water system for four weeks, a relative reduction in shoot devel-
opment ranged from 28% to 72% [50]. In several canola genotypes, salt resistance
affects the weight of saltiness in terms of germination, development, ionic uptake,
and proline collection. Salinity had a major impact on the length of the shoots and
roots, as well as the rate and speed of germination. Additionally noteworthy were
the effects of salinity on proline accumulation, ionic content, plant height, leaf area,
seed production, and dry matter components. Except for sodium, chloride, and
proline levels, all parameters decreased as the degree of salinity increased. During
the germination and vegetative growth phases, canola genotypes exhibited various
responses. At germination, researchers discovered that genotype Licord exhibited
the highest tolerance among cultivars, while they considered genotype Tiptop the
most sensitive. The exhibitions 'SLM046’ and ’Okcapi’ in the pot analysis were

comparatively greater than Licord [50].

Assessing salt tolerance in canola varieties during the germination or early seedling
stages may not be predictive due to the significant diversity in responses across
various developmental periods [18]. Genotypes of canola exposed to salinity and

1 or higher are unable to grow suitable

electrical conductivity levels of 16 dSm™
crops. According to another study, Brassica napus is the canola species that is
most salt-tolerant, whereas Brassica compestris and Brassica nigra are the least
salt-tolerant. Furthermore, Brassica napus, Brassica carinata, and Brassica juncea
demonstrate a relatively higher ability to tolerate saline and alkaline environments
compared to their corresponding diploid ancestors, Brassica compestris, Brassica
oleracea, and Brassica nigra [51]. Among the four kinds of Brassica species stud-
ied for salt tolerance, B. napus (canola) and B. carinata demonstrated significant
resistance to salinity. These species are excellent candidates for rigorous selec-
tion and breeding programmes targeted at improving salt resistance since they
have shown the ability to tolerate moderate levels of saline in the impacted ar-
eas. When exposed to salty conditions, B. napus accumulated more potassium
than the more salt-sensitive B. compestris, which suggests a possible way that it
can handle salt [52]. Furthermore, various Brassica species, including canola, B.

cauliflower, and cabbage, underwent scientific assessments to determine their salt

tolerance. In order to ascertain the capacity of these organisms to withstand salt
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stress, these assessments concentrated on crucial developmental phases, such as
germination and early seedling growth [53]. Four salt treatments were applied:
0 dS m™! (control), 4.7, 9.4, and 14.1 dS m~!. Salt had a significant impact on
seed germination, germination rate, shoot length (SL) and root length (RL), shoot
fresh weight (SFW) and root fresh weight (RFW), leaf area, and number of leaves
in canola, cabbage, and caulifiower. All three Brassica species showed a marked
decrease in germination (%) with increasing salt levels. Cabbage and canola were
less affected by salt compared to cauliflower. Salt also delayed germination. Salt
treatments inhibited seedling growth in all three species, with the most significant
reduction in root and shoot length observed at the 14.1 dSm~—! NaCl level. Salt
affected Shoot growth more than root growth in all three plant species. Salt also
reduced shoot and root fresh weights, number of leaves, and leaf area at all salt

treatments [53].

Researchers looked at whether species of field pea, common vetch, and canola
were the most salt-tolerant [54]. Over a 45-day period, we exposed seedlings to
four distinct concentrations of NaCl (50, 100, and 150 mM) in a gradient of saline
environments to assess how salinity affects their ionic composition and growth
dynamics. Using ratios of potassium to sodium (K/Na) and calcium to sodium
(Ca/Na), the research sought to evaluate the effects of salinity on seedling devel-
opment and ion buildup in the shoots. For every examined species, there was a
discernible rise in sodium (Na) deposition in the root and shoot tissues as salt
levels increased. On the other hand, the amounts of the essential elements, cal-
cium (Ca) and potassium (K), in the plant tissues were much lower. The Pisum
sativum cv. Kirazli variety outperformed the others in terms of resistance to saline
stress. Its resistance to salinity was greatest in conditions where the salinity was
less than 100 mM NaCl, making it a good option for farming methods in soils
that are prone to salt.Six cultivars of Brassica campestris were treated with vari-
ous NaCl concentrations to investigate the effect of salt on their germination [55].
The researchers increased the salt concentrations, which reduced the germination
rate. Germination and seedling growth significantly improved at lower salt levels.
These findings suggest Brassica campestris germinates and grows better at lower

salt treatments (50 mM NaCl) than in control [55].
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According to the findings of research carried out by Akhtar et al. [21], the growth
and yield of four different species of Brassica (B. juncea, B. compestris, B. na-
pus, and B. carinata) were investigated at different salinity levels. The electrical
conductivity of the extract (ECe) was used to determine the salinity levels, and
the results showed that the salinity levels varied from 3.0 to 9.50 dS m™! [21].
Across the investigated species, the growth measurements showed significant vari-
ations in response to the saline environment. These growth measures included
plant height, stem girth, number of siliquae per plant, yield per hectare, weight
of 1000 grains, and percentage of oil content. These parameters experienced the
most substantial declines when the salinity concentration reached its highest level
of 9.50 dS m~!. B. napus and B. carinata exhibited a higher level of resistance to
salt compared to the other investigated species, as indicated by the growth indices
[56]. Francois et al. [57] further highlighted that there is heterogeneity within a
species in terms of its ability to tolerate salt. Furthermore, this research observed
an amazing capacity of the Brassica napus species to rebound from harsh situa-
tions. Researchers conducted numerous field tests to examine how salinity affects
the growth, productivity, and oil content of various genotypes of Brassica napus
and Brassica compestris trees. These findings demonstrated that B. compestris
Toblin and Brassica napus Wester genotypes exhibited a substantial degree of
salt tolerance, making them ideal candidates for cultivation in salty soils [57]. The
findings of the study demonstrated that these genotypes displayed adequate levels

of tolerance to salt.

In addition, Qasim et al. [58] found that there were variations in the genotypes
of Brassica napus that were present throughout the first stages of seedling devel-
opment at various times. Under the influence of sodium chloride, the researchers
discovered that there were significant changes between two genotypes of Brassica
napus L., namely Dunkled and Cyclon. More shoot mass, dry mass, and seeds
were produced by the salt-resistant Dunkled genotype than by the salt-sensitive

Cyclon genotype in low, medium, and high salinity conditions [58].

A recently published study [59] evaluated the growth-related factors of eight dif-

ferent Brassica napus lines. When there was an increase in the amount of salt
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present in the growth medium, there was a corresponding decrease in the height
of the plant as well as the beginning of blooming. The CVs Dunkeld, Cyclon,
and Rainbow varieties had the most significant reductions in stem diameter and
plant height amongst the three kinds. In addition, increasing salt levels in the
growth medium extended the flowering phase of canola for a longer duration. The
reduction in salinity significantly impacted the canola plant’s growth rate and also

resulted in a delay in its flowering [59].

Research was carried out by Bybordi et al. [18] to investigate the significant vari-
ations in Brassica napus variants that were brought about by the presence of
salt. They put five distinct genotypes of Brassica napus through their paces un-
der a variety of salinity conditions [18]. The Brassica napus cultivar SLM046 has
shown remarkable performance, particularly in regard to the number of days it
takes for the plant to reach maturity and the amount of yield it produces per
plant. Analysis of the growth characteristics of the genotypes SLM046 and Okapi
revealed their typical resistance to varying degrees of salinity. The genetic varia-
tion in twelve distinct genotypes of Brassica napus rapeseed was the subject of a
study that was conducted by Murat et al. [60]. Murat et al. [60] demonstrated
that salt reduced the weight of the green components in all cultivars harvested 45
days after planting. This was determined through the process of experimentation.
When compared to the shoots and roots, the leaves exhibited higher quantities
of potassium and calcium. On the other hand, the leaves and shoots exhibited
the highest levels of sodium and chloride. The Official and Lira genotypes had
the highest levels of potassium and calcium in their leaves when exposed to saline

conditions [61].

Siddique and colleagues [61] investigated the physiological responses of certain
genotypes of Brassica napus to the combined presence of salt stress and drought.
A number of physiological parameters, including growth, osmotic potential, ion
concentration, and stomatal conductance, were significantly altered as a result of
the combined stress. All of the genotypes had a decrease in both their fresh weight
and their dry weight as a consequence of this. In comparison to the control group,

the stress treatment increased the concentration of sodium while decreasing the
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concentrations of calcium and potassium in the stressed plants. All of the geno-
types had a reduction in stomatal conductance as a consequence of the combined
effects of salt stress and drought. We evaluated the germination, growth, and
solute concentrations of canola seeds in various genotypes exposed to environmen-
tal conditions, including salt [62]. The presence of salt significantly influenced
the rate of seed germination, as well as the length of shoots and roots, overall
growth, and the quantity of product collected, among the various levels of salinity.
Different canola genotypes displayed varying responses depending on the stage of
development. For example, the First Class genotype had more resilience during
the germination process, while the Licord genotype exhibited the lowest amount
of resilience. Compared to the Licord cultivar, the SLM046 and Okapi cultivars

exhibited much higher levels of growth and manufacturing [62].

2.13 Impact of Salinity on Crop Yield and Com-

ponents

Numerous studies have shown that abiotic stresses, such as salt, lead to significant
decreases in agricultural yields for essential crops throughout the reproductive
phase of their life cycle [63]. When it comes to potassium ions (K*), the class has
a significant affinity to them. The HKT transporter family regulates the entrance
of Na™ ions into leaf blades, affecting the homeostasis of sodium ions during the
reproductive stage when the plant is subjected to salt stress [64]. Grain dry mat-
ter showed a significant association with the ratio of K™ to Na™, as well as with
grain filling rate and length, under conditions of salt stress [65]. Changes in water
relations, evapotranspiration, nutritional imbalances, stomatal conductance, and
oxidative damage can all lead to a drop in yield when plants are under salt stress
[66]. Salinity alters morphophysiological and biochemical processes, ultimately re-
ducing agricultural production and productivity [66]. The following things can go
wrong with the yield response: reproductive organs breaking down faster, photo-
synthetic activity going down, biomass accumulation going down, and source-sink

activity getting worse [67]. Physiological and biochemical changes affect the leaf
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area, turgidity, assimilation synthesis, and potential yield [68]. Changes in these
areas include mesophyll cells getting smaller, cells getting longer, fewer epidermal
cells, and a general loss of thickness in the flag leaf and vascular tissue [69]. These
changes are linked to yield quality. For instance, salt stress reduces wheat grain
production by 39.1%, 24.3%, and 13.4% during anthesis, early booting, and mid-
grain filling, respectively [70]. In addition to having a negative effect on the yield
of wheat crops, salinity also has a negative influence on the nutritional quality fea-
tures and mineral element content [71]. The presence of saltwater has a significant
influence on the characteristics that contribute to yield as well as the reproductive
responses, which eventually results in a reduction in yield [72]. When exposed
to salt stress, a number of crop species, including tomato, Brassica oleracea var.
capitata, and Brassica oleracea var. italica, display a reduction in the components

of their production as well as their total yield [71].

2.14 Impact of Salinity on Rice

Researchers have conducted a number of mapping investigations on the resistance
of rice to salt. Researchers place a higher priority on the seedling stage because
of the immediate influence it has on the quantitative trait loci (QTL) study. This
is despite the fact that they acknowledge the relevance of the reproductive stage
in connection to grain production. Researchers use this strategy to reduce the
amount of time spent on the tedious process of phenotyping. There have been
a number of research organisations that have conducted considerable studies and
identified the Quantitative Trait Loci (QTL) known as Saltol. This QTL is present
in rice throughout the seedling stage. Researchers discovered six distinct sections
of the genome, referred to as Quantitative Trait Loci (QTL), during the process of
mapping a collection of Recombinant Inbred Lines (RILs). These QTLs are asso-
ciated with specific characteristics observed during the early development stages
of the plants [73]. Researchers discovered these QTLs on chromosomes 1 and 4
of the genome. Researchers used a group of introduced lines (IL) made from the

parent plant ”"Nona Bokra” to find 18 quantitative trait loci (QTLs) linked to salt
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tolerance indices. According to the findings of this study, there are three possible
routes that might be responsible for salt tolerance in the ”Nona Bokra” variety:
Na™ compartmentalization, shoot Nat exclusion, and Na™:K* homeostasis. In
another piece of study, sixteen quantitative Trait Loci (QTL) were shown to be
related to salt stress. These QTL were isolated from four different linkage groups.
The researchers accomplished this by using the method of mapping the QTL on
an F2 population during the reproduction phase [74].

2.14.1 Genome Wide Association Study in Rice for Salt

Tolerance

Genome-wide SSR markers were used to genotype 180 different accessions of rice
during the reproductive stage of the genome-wide association study (GWAS). The
researchers evaluated thirteen morpho-physiological variables. These character-
istics included ion concentrations in the stem and leaves, grain production, and
salt damage rating. Researchers [75] discovered one hundred and nineteen of the
twenty-eight significant connections between markers and characteristics related
to the equilibrium of ions in stems and leaves. Researchers carried out a Genome-
Wide Association Study (GWAS) on 155 different rice cultivars during the early
vegetative stage of rice cultivation. The results of this study revealed 151 signif-
icant connections between genetic markers and characteristics. The researchers
discovered that these linkages were present across ten distinct chromosomes [76].
The researchers measured a variety of agronomic metrics, including shoot and
root length, above-ground and below-ground biomass, and relative water content
(RWC), to describe the heterogeneous panel. The researchers discovered a ge-
nomic region of 11.26 megabase pairs on chromosome 1, which coincided with the
SalToll copy number variation region. After searching through a large number
of chromosomes, the researchers discovered numerous potential genes connected
with ion transport and encoding transcription factors. The researchers described
the phenotypes of 533 rice accessions. Of them, 297 were of the indica variety,
and 257 were of the aus variety. The projected shoot area (PSA), rate of tran-

spiration (TR), and transpiration utilisation rate (TUE) of the accessions were all
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quantified with the use of RGB imaging. According to [77], the purpose of this
research was to investigate how early rice reacts to salt in the soil. Together with
this phenotyping data, genome-wide association studies (GWAS) uncovered addi-
tional genes on chromosome 11 that have an effect on TUE. A recent genome-wide
association study (GWAS) efficiently detected single nucleotide polymorphisms
(SNPs) linked with 12 unique features related to salt tolerance in rice during the
reproductive phase under field-grown conditions [78]. It was established by the
researchers that there is a connection between the ion balance that occurs during
the reproductive phase and Saltol, which is a quantitative trait locus (QTL) that
is often mentioned and is situated on the first chromosome. Saltol is an important
factor in the development of seedlings. In addition, they presented evidence that
showed the existence of possible quantitative trait loci (QTL) on chromosomes 4,

6, and 7 [18].

2.14.2 Application of Whole Genome Sequencing to Search
for Structural Variations Associated with Tolerance

for Salinity

In a study, researchers looked at two distinct varieties of rice plants and found
that they reacted differently to the presence of salt. Using a method known as
whole-genome resequencing (WGR), they were able to identify a total of 57,656 in-
sertions/deletions (InDels) and 401,683 single nucleotide polymorphisms (SNPs).
A total of 614 genes exhibited a higher concentration of nonsynonymous SNPs,
while 1247 genes contained 576 large-effect SNPs. Researchers have discovered 266
candidate genes [79] that might be verified and utilised to increase salt tolerance
in rice. These genes can improve salt tolerance in rice types that exhibit differ-
ent responses to stress. Scientists uncovered rice genotypes with various degrees
of salt tolerance in a separate experiment. These genotypes had a total of 2,347
nonsynonymous single nucleotide polymorphisms (SNPs) and 51 frameshift muta-

tions. In addition, they found that 396 genes possessing large genetic variants in
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their coding regions and displaying variable expression are connected with several

processes related with salt tolerance [80].

Researchers found 401,683 single nucleotide polymorphisms (SNPs) and 57,656
indels using whole-genome resequencing (WGR) to investigate two rice cultivars
with distinct responses to salt stress. The researchers discovered 614 genes that
had a greater density of nonsynonymous SNPs and found 576 large-effect SNPs
in 1247 genes with a higher density. Different rice cultivars may show a variety of
stress responses. Furthermore, the researchers have identified 266 putative genes
[79] with the potential to verify and utilize for enhancing salt tolerance. Another
study by the same group of researchers found that rice genotypes with varying
salt tolerances had 2,347 nonsynonymous SNPs and 51 frameshift mutations. In
addition, they demonstrated that 396 genes that have large-effect polymorphisms
in their coding areas and variable expression are associated with a number of

processes that are associated with salt tolerance [80].

2.15 Effect of Salt Stress on Wheat

Wheat, which is known to be an important agricultural crop on a worldwide
scale, is quite susceptible to the negative effects that salt stress may have. An
excessive amount of salt in the soil disrupts the germination of wheat seeds and
impedes the development of seedlings. When wheat plants are subjected to salt
stress, it causes osmotic stress and ion toxicity, which ultimately results in the
impairment of various fundamental physiological processes. The research that
Munns and Tester carried out in 2008 offers a comprehensive grasp of the effects
that salt stress has on wheat. Munns and Tester’s research in 2008 comprehensively
grasps the detrimental impacts of salt stress on wheat, including decreased crop
output, changes in nutritional content, and an overall loss in plant well-being [1].
The article highlights all of these negative effects. Wheat, which is known to be
an important agricultural crop on a worldwide scale, is quite susceptible to the
negative effects that salt stress may have. The presence of an excessive amount of

salt in the soil causes it to be difficult for wheat seeds to germinate and hinders
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the development of seedlings. Salt stress induces osmotic stress and ion toxicity,
ultimately impairing a number of physiological functions in wheat plants. The
research that Munns and Tester carried out in 2008 offers a comprehensive grasp
of the effects that salt stress has on wheat. Therefore, it is crucial to emphasize the
detrimental effects of saltwater exposure, including reduced crop yield, alterations

in nutritional composition, and overall decline in plant health [1].

The existence of 90 stable quantitative trait loci (QTL) related with 15 distinct
phenotypes was discovered by QTL mapping on a population consisting of 350
recombinant inbred lines (RILs). QTL mapping revealed that these QTLs were
dispersed throughout the entire genome, except for chromosomes 4D, 6B, and 7D.
A total of eight significant QTLs were verified in a natural population sampled from
the four QTL clusters found on chromosomes 2D, 3D, 4B, and 6A. One of these
QTLs was discovered to be connected to a gene known as Rht-B1 (Rht-Reduced
height), which is responsible for a reduction in the height of the plant as well as an
increase in the number of seeds produced. Three Kompetitive Allele-Specific PCR
(KASP) markers efficiently targeted three qualitative trait loci (QTL) clusters cre-
ated from SNPs [81]. An additional research was conducted on a population of 254
people who were referred to as RIL. The results of this inquiry revealed 158 consis-
tent additive QTL (quantitative trait loci) for 27 morphophysiological variables.
Except for chromosomes 3A and 4D, we discovered these QTL patterns throughout
the entire wheat genome. Out of the 158 QTL, 78 were among the QTL clusters
after successful mapping into 9 clusters. In order to evaluate the dependability of
these QTL and determine whether or not they may be used in Marker-Assisted
Selection (MAS), seven QTL were evaluated in two distinct populations. As a
result, KASP indicators established a notably strong connection to stable QTL.
Over the course of the germination and early-seedling phases of a study that in-
cluded 186 F10 RILs, a total of 61 significant impacts QTL were found to be
dispersed over fifteen chromosomes. Two major quantitative trait loci (QTLs)
were responsible for the weights of the primary leaves and coleoptiles on chromo-
somes 5 and 2 [82]. During an investigation on a population of wheat created
by mating the Excalibur and Kukri types, researchers discovered six quantitative

trait loci (QTL) associated with salt tolerance. Characteristics such as the ability
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to maintain shoot growth in the presence of salt, the accumulation of sodium, the
formation of chloride, and the proportion of potassium ions to sodium ions were
linked to these quantitative trait loci. Researchers connected the GBS data of
the mapping population to both destructive and non-destructive high-throughput
imaging data. Some of these data were destructive, like the amount of Na®, K¥,
and Cl~ ions in the leaves [83], as well as projected shoot area (PSA) and relative

rate of growth (calculated from PSA).

2.15.1 Genome Wide Association Study in Wheat

A recent genome-wide association study was carried out in 289 elite lines of the
Wheat Association Mapping Initiative (WAMI) population under both low and
high salt conditions. The analysis used 15,737 SNP markers across the whole
plant development cycle. Examination of seven yield-related qualities revealed
120 significant marker-trait associations at high salinity and 118 at low salinity
[84]. This was established after examination of seven yield-related features. During
the vegetative stage, unique genetic regions for salt tolerance were discovered in
135 distinct wheat lines, as shown by a multi-locus genome-wide association study
and published in [85]. Of the 220 quantitative trait nucleotides (QTNs) found for
12 salt tolerance-associated traits, 42 had a significant impact on 10 salt tolerance
characteristics. After doing more study, a total of fifty-eight candidate genes for

the associated genomic domains were discovered [86].

2.16 Effect of Salt Stress on Maize

During the investigation into salt tolerance, we discovered that out of the 61 quan-
titative trait loci (QTL) connected with salt tolerance for biomass-related metrics,
41 were present in the 209 doubled haploid (DH) lines. On the chromosomes 1,
3, 7, and 9, quantitative trait loci (QTL) that are unique to salt tolerance have
been found. Among these, thirteen main impacts QTLs on chromosome 1 were

shown to have the most significant impact on the phenotypic characteristics [87].
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A further examination of 240 completely formed individuals in a group with dou-
bled haploid (DH) chromosomes led to the discovery of a substantial genetic area
responsible for a quantifiable property known as a quantitative trait locus (QTL).
This characteristic is responsible for the height of plants. Researchers discovered
this quantitative trait locus on Chromosome 1, which had a significant impact in
the presence of salt. The specific location on Chromosome 1 was also home to
the most important quantitative trait locus (QTL), which is responsible for de-
termining the salt tolerance index based on the average height of the plant. Two
putative genes involved with ion homeostasis were found within the confidence in-
terval of the quantitative trait locus (QTL) [87]. The researchers found that these
genes were located within the confidence interval of the QTL. A QTL analysis
was conducted using 161 F2:5 RILs during an experiment conducted both inside
and outdoors. A total of twenty-nine quantitative trait loci (QTL) were identified,
with the majority located on chromosomes 1, 3, and 5. In the whole group of
people tested, 14 had important quantitative trait loci (QTL) because of the way
the treatment affected the QTL (Q x T) [88].

2.16.1 Genome Wide Association Study in Maize for Salt

Tolerance

Transport coefficients and Ca?* concentrations in both above-ground and below-
ground regions of maize were measured and analysed using a panel consisting of
305 inbred lines of maize. In addition, Single Nucleotide Polymorphisms (SNPs)
were used in order to ascertain the genetic composition of the sample in order to
conduct a Genome-Wide Association Study (GWAS), which is a thorough analysis
of relationships across the whole genome. Fifty-three significant single nucleotide
polymorphisms (SNPs) were found to be genetically associated with five hun-
dred related genes in the investigated areas. Researchers attempted to formulate
this particular finding about salt treatment. The gene-based association research
findings indicate a significant connection between Ca?* transport and the tetratri-

copeptide repeat protein encoded by the GRMZM2G123314 gene. This suggests
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that genetic diversity has an effect on the expression of genes. Researchers inves-
tigated the survivability of 445 different kinds of maize plants when exposed to
high levels of saline during the first stages of their development. The Genome-
Wide Association Study (GWAS) discovered a total of fifty-seven genetic loci that
significantly associate with salt tolerance. A total of forty-nine candidate genes

were found to be present at these particular loci [88].

Luo et al. [89] conducted a genome-wide association study on maize, identifying
genetic markers linked to salt tolerance. They found 57 loci and 49 candidate
genes associated with the trait, highlighting mechanisms like stress response and
ABA signaling. Two genes, SAG4 and SAG6, were specifically noted for their

positive roles in enhancing maize’s salt tolerance.

2.17 Effect of Salt Stress in Sorghum

Researchers investigated a mapping population consisting of 181 Recombinant
Inbred Lines (RILs) produced from two parents. We concentrated our inquiry
on three characteristics that were present during the germination stage, and nine
characteristics that were present throughout the seedling stage. We found twelve
quantitative trait loci (QTLs) that explain a range of phenotypic variation (PVE)
for the germination characteristics, ranging from 5.4% to 6.0%. In addition, we
have discovered 29 QTLs that explain a PVE range that extends from 5.3% to
21.9% for the characteristics of the seedlings. A total of six notable quantitative
trait loci (QTL) were discovered at the seedling stage. The analysis revealed that
the maternal parent exerted the predominant beneficial impacts. The results of
this research, which included all stages of plant development, were analysed in
great detail, and the results showed that there were a total of 53 quantitative trait
loci (QTL) for six different attributes in both the salt and control situations. There
were a total of six Quantitative Trait Loci (QTL) that were identified and classified
as being very important in terms of statistical significance [90]. The construction
of a comprehensive genomic map was accomplished by a recent research that used

a population consisting of 177 F3:5 interspecific recombinant inbred lines (RILs).
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The map provided a significant amount of accuracy, including all ten chromosomes
of Sorghum and composed of markers from 1991. Through the use of the genetic
map, the researchers were able to successfully discover ten quantitative trait loci
(QTL) that are especially associated with salt stress. In terms of both the growth
of plants and their overall health, these QTLs have a substantial influence. Four
factors co-localizing on chromosome 4 affect the height of the plant, total biomass,
and root biomass. Some genes linked to tolerance to osmotic and ionic stress, as
well as a number of aquaporins [91], were found in quantitative trait loci (QTL)

that were affected by salt.

2.18 Effect of Salt Salt Stress in Chickpea

In a recent research that was conducted in both controlled glasshouse and out-
door situations, 42 quantitative trait loci (QTL) were shown to have an effect on a
number of different growth metrics. Researchers created two hundred recombinant
inbred lines (RILs) by breeding two different kinds of Cicer arietinum for this study.
These varieties were Rupali, which is sensitive, and Genesis836, which is tolerant.
On the fourth, fifth, and sixth chromosomes, researchers discovered six significant
quantitative trait loci (QTL) that are associated with salt tolerance. There were
a total of 21 Quantitative Trait Loci (QTL) that were successfully found and as-
signed to two different places on the chromosome [92]. Two genetically different
parental lines were crossed in the field: ICCV 10 (which can handle salt) and DCP
92-3 (which can’t handle salt). This created a population of 201 Recombinant In-
bred Lines (RILs) that were in the reproductive stage. It was discovered that
there are 28 Quantitative Trait Loci (QTLs) in the population after conducting
an investigation of the genetic makeup of the population as well as the observable
attributes. A specific Quantitative Trait Locus (QTL) that is located on chro-
mosome 6 was shown to have the highest effect on the overall variability in yield,
accounting for 28.4% of the phenotypic variance that was observed. Researchers
discovered that the chromosomes CalLG03 and Cal.GO7 are the primary locations

for significant genetic areas associated with agricultural production and related
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variables, particularly under salt stress. Studies have shown that genes such as
histidine kinase, Ca-dependent protein kinases, antiporter genes, and transcription

factors like WRKY and MYB are associated with salt tolerance [93].

2.19 Effect of Salt Stress in Soybean

We evaluated a total of 174 individuals from the F9 generation for their ability to
tolerate salt during the vegetative phase [94]. A salt-sensitive cultivar known as
Cheongja 3 was crossed with a salt-tolerant landrace known as IT162669 to create
this set of individuals. We included a significant number of physiological features
that serve as indicators of stress in the phenotypic data collected after subjecting
the plants to two weeks of salt stress. These characteristics included vegetative
damage as well as the concentrations of Nat and K™ ions. On chromosomes 6 and
10, researchers discovered two quantitative trait loci (QTL) that are both unique

and rather significant.

These QTLs, connected to ionic stress and other important physiological charac-
teristics, are associated with the presence of salt in the environment. Functional
annotation and an analysis of the changes in gene expression between the parents
revealed that qST6 has two prospective candidate genes, while qST10 contains
six. A phosphoenolpyruvate carboxylase and an ethylene response factor are the
components that make up these products. Do et al. (2018) produced a group of
132 individuals classified as F2:3 by mating the cultivar Williams 82, which has
intermediate sensitivity, with the tolerant Fiskeby III (PI 438471). In the next
steps, they discovered significant chromosomal areas that were associated with
salt tolerance. The plants were examined for their vegetative characteristics and
ion concentrations in relation to the presence of salt-induced stress after a time
of two weeks had passed. A recent study found a strong link between leaf scorch,
chlorophyll content ratio, and sodium and chloride ion levels with a substantial
quantitative trait locus (QTL) developed from Fiskeby III and placed on chro-
mosome 03. Furthermore, researchers discovered that Chromosome 13 harbors a

supplemental allele linked to the salt content in leaves [8].
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2.19.1 Genome Wide Association Study in Soybean for

Salt Tolerance

Researchers conducted a genome-wide association study (GWAS) on a broad va-
riety of soybean accessions during the initial phase of plant development [8]. The
purpose of this research was to identify and confirm specific genomic areas that
are associated with salt tolerance in plants. A comprehensive area on chromosome
3 that demonstrates salt tolerance was validated by the examination of single
nucleotide polymorphisms (SNPs) obtained from 305 accessions through the use
of SoySNP50K and Whole Genome Resequencing (WGR) of a subset of 234 ac-
cessions [95]. The three SNP markers, Glyma03g32900, Salt-20, Salt14056, and
Salt11655, which are based on genes, were consistently demonstrated to be con-
nected at the greatest degree of significance in both studies [8]. This was the case in
all of the studies. Researchers carried out a subsequent Genome-Wide Association
Study (GWAS) on 281 genetically diverse soybean accessions during the germina-
tion phase. According to the findings of this research, there are 22 quantitative
trait loci (QTL) that are linked to salt tolerance. The researchers examined ger-
mination and biomass using four different salt tolerance criteria [96]. Researchers
also performed phenotyping. On chromosomes 5 and 16, researchers discovered
two quantitative trait loci (QTL) that are particularly noteworthy. Over the course
of 121 wild soybean accessions, research was conducted to evaluate the seed germi-
nation capacity of these accessions under the influence of salt stress. Our research
has led us to discover twenty-one single nucleotide polymorphisms (SNPs) that
show significant relationships with salt tolerance characteristics. Our research has
led us to discover that these single nucleotide polymorphisms are located on chro-
mosomes 2, 3, 10, 18, and 19. According to Zhang et. al., [97], the Y chromosome

10 showed the greatest significant associations

2.20 Effect of Salt Stress on Cotton

The presence of high amounts of salt in the soil poses a significant threat to cot-
ton crops because it disrupts the physiological and biochemical processes that are

taking place. It is possible that excessive salts in the soil might impede the ability
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of cotton plants to absorb water, which would lead to water stress and a reduction
in the plants’ overall growth. Furthermore, increased salt levels cause disruptions
in the process of nutrient absorption, which ultimately results in nutritional de-
ficiencies that further damage the overall health of the cotton plants. Research,
such as the one that was carried out by Khan et al. (2019), has highlighted the
negative effects that salt stress has on the productivity of cotton, the quality of

its fibres, and the efficiency of photosynthesis [98].

We found 66 quantitative trait loci (QTL) in these studies with the help of single
nucleotide polymorphism (SNP)-based QTL mapping. An F2-derived F3 popula-
tion was used for this investigation. This population included a cotton line known
as CCRI35, which is tolerant, and a cotton line known as Nan Dan (NH), which is
sensitive. We assessed the morpho-physiological features of plants at the seedling
stage under three different salt concentrations. Only fourteen of the found QTL
displayed stability across three salt environments for six traits. These fourteen
QTLs, which ranged from 2.72 to 9.87% of the phenotypic variation explained
(PVE), were inherited from the male father and four from the female parent,
respectively. In the A sub-genome, there were found to be five QTL identities.
Additionally, the Dt subgenome contained nine QTLs, and further analysis identi-
fied eight clusters connected to twelve potential key genes associated with salinity

[99).

2.21 Salt Stress & Genes Involved in Nutrient
Uptake

The osmotic stress that was caused by salt during the salt stress circumstances
led to a reduction in plant growth as well as the absorption of nutrients. The
capacity of the roots to absorb nutrients and the efficiency with which the leaves
carry out photosynthesis are two factors that determine the development and
maturity of plants. In addition to inhibiting the process of photosynthesis, the

buildup of sodium (Na™) and chloride (C17) ions in plant cells as a result of soil
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that has been influenced by salt causes the absorption of nitrogen (N), phospho-
rus (P), and potassium (K) minerals to be significantly reduced. Several plant
organelles, including as hydrogen peroxide (HyO3) and hydroxyl radical (OH) su-
peroxide (O?7), produce a greater number of reactive oxygen species (ROS) when
they are subjected to increasing levels of salt stress. The mitochondria, chloro-
plasts, and peroxisomes are all examples of types of organelles that fall within this
category. A large amount of damage was caused to proteins, lipids, nucleic acids,
and cellular membranes in plants as a result of the increased buildup of reactive
oxygen species (ROS). Catalase, ascorbate peroxidase, and superoxide dismutase
are examples of antioxidant enzymes that plants produce in order to defend them-
selves against reactive oxygen species (ROS). The use of extra mineral nutrients
and organic amendments has been widespread in recent years [100]. This is done
with the intention of improving the capacity of different crop species to tolerate
salt and to absorb nutrients. Nitrogen (N), phosphorus (P), and potassium (K)
are three nutrients that are completely necessary for plants to have since they are
involved in a wide variety of physiological and biochemical processes that have an
effect on the development and production of plants. Previous research has shown
that macronutrients play an essential part in a number of cellular activities that
occur in plants. These processes include photosynthesis, osmoregulation in re-
sponse to salt stress, energy transfer, and regulation of stomatal aperture, protein

synthesis, and enzyme activation [69].

When subjected to salt stress, potassium (K) is believed to be more efficient
in controlling osmotic flow compared to nitrogen (N) and phosphorus (P). The
greater absorption of potassium compared to sodium is a crucial determinant in the
resistance of plants to salt. Research has shown that the application of potassium
(K) in combination with humic acid (HA) improves a range of physiological and
biochemical processes, including stomatal conductance, water relations, nutrient
absorption, and enzyme activation. This helps to offset the detrimental effects of
reactive oxygen species (ROS). Humic acids (HAs) are vital organic compounds
that play a crucial role in promoting plant growth and improving soil properties.
At this point, we don’t really understand how adding HA to soil along with N and

P or other molecules, like fulvic acid (FA), improves its properties and helps plants
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grow in a range of varieties when they are stressed by salt. Identifying important

genes may enhance plant yield and nutrient utilisation efficiency [17].

The NRT and NPF gene families have been shown to have a role in the uptake
and movement of nitrate inside the plant. The process of NO3- absorption is
facilitated by two distinct types of transportation systems: high-affinity trans-
port systems (HATS) and low-affinity transport systems (LATS). While NPF is
often considered the primary component of the LATS for NO3- at high concen-
trations, many NRT family genes have shown significant affinity as well. Studies
have shown a connection between certain RNT and NPF family genes and the
dual-transport system. In Arabidopsis, genes such as RNT and NPF, specifically
NPF6.3, NRT1.1, and CHL1, have been associated with the absorption of nitrate
at both high and low affinities. The NPF6.3 gene facilitates the transfer of several
substrates such as protein concentration, dipeptides, chloride, glucosinolates, and
plant hormones including gibberellins (GAs), jasmonates (JAs), indole-3-acetic
acid (IAA), and abscisic acid (ABA). The gene families NRT and NPF played a
crucial role in the absorption and delivery of nitrate to various plant regions in
Arabidopsis. The discovery of genes with low-to-high affinities for NRT and NPF
in other plant species, together with the remarkable performance of the NPF6.3

gene under salt stress, remains unclear [101].
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Material and Methods
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3.2 Materials and Chemicals

3.2.1 Seed Acquisition

Seeds of Brassica napus genotypes (HC022-B, Gobi Canola, Barani Canola, Desi
Canola, and C-777) obtained from the gene bank of National Agricultural Research
Centre (NARC), Islamabad, Pakistan and from Barani Agricultural Research In-
stitute in Chakwal, Punjab.

3.2.2 Chemicals

Clorox bleach solution (10% concentration), Acetone (80% v/v), Arnon’s [102]
methodology for chlorophyll estimation, Bates et al. [9] methodology for pro-
line determination, Sulfosalicylic Acid (SSA), Acid Ninhydrin Reagent, Standard
Proline Solution, Ethanol, Chloroform, Trichloroacetic Acid (TCA), Hydrochloric
Acid (HC1), Potassium Hydroxide (KOH), Barrs and Weatherly [10] methodology
for RWC determination.

3.2.3 Experimental Setup

The experiment was conducted in the Department of Bioinformatics and Bio-
sciences, at Capital University of Science and Technology (CUST), Islamabad,
Pakistan. The experiment utilized sterilized glass jars, autoclaved filter papers,
Petri dishes, forceps, an incubator, in a sterile environment within Wet Lab 1.

The list of canola genotypes are mentioned below in Table 3.1.

TABLE 3.1: List of Brassica napus genotypes

Sr. No. Genotypes Origin Source
1 HC022-B Chakwal, Punjab, Pakistan BARI, Chakwal
2 Gobi Canola  Chakwal, Punjab, Pakistan BARI, Chakwal
3 Barani Canola Chakwal, Punjab, Pakistan BARI, Chakwal
4 Desi Canola  Chakwal, Punjab, Pakistan BARI, Chakwal
5 C-777 Chakwal, Punjab, Pakistan NARC, Islamabad
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3.3 Sterilization of Seeds

The seeds were surface sterilized by rinsing them for ten minutes with double-
distilled water to remove external contaminants. Following this, they underwent
agitation for ten to fifteen minutes while being subjected to a 10% Clorox bleach
solution. This step aimed to eradicate potential microbial contaminants on the

seed surface.

To ensure the effectiveness of the sterilization process, the seeds were subsequently
rinsed again for ten minutes with double-distilled water, facilitating the removal
of any residual bleach solution. This dual rinsing procedure aims to minimize the
chemical impact on the seeds. The final stage involved drying the sterilized seeds
in Petri dishes, utilizing autoclave filter paper. This method ensures a controlled
and sterile environment for the seeds during drying, preventing post-sterilization

contamination.

3.4 Seed Germination and Salt Trials

Sterilized glass jars, equipped with autoclave filter papers, were the vessels for
conducting seed germination experiments under varying salinity levels. This con-
trolled environment was essential to elucidate the impact of sodium chloride (NaCl)
concentrations on the germination process. The glass jars, pre-sterilized to elim-
inate potential contaminants, provided a sterile and standardized substrate for

seed germination studies.

This experimental design employed four distinct NaCl concentrations: 0 mmol
(control), 50 mmol, 100 mmol, and 150 mmol. Each glass jar was meticulously
filled with 2 ml of the respective salt concentration, ensuring precise and uniform
exposure to the salinity treatments. The inclusion of varying NaCl concentrations
aimed to create a gradient of salinity stress, allowing for the systematic observation

of germination responses under different physiological conditions.
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Sterilized seeds were carefully introduced into each jar using forceps to initiate
germination. This step ensured the controlled placement of seeds within the salted
environment, minimizing external influences on the experimental setup. The use
of forceps maintained sterility and facilitated precision in seed placement, a critical

factor in obtaining reliable germination data.

Subsequently, the prepared glass jars with seeds were placed in an incubator at
28 4+ 3°C. This controlled temperature provided an optimal and consistent germi-
nation environment, and the incubation period adhered to a light/dark cycle of
16/8 hours, simulating natural day-night conditions. The provision of a regulated
photoperiod is crucial for observing the influence of light on seed germination, a
key aspect in understanding the physiological responses of the seeds to salinity

stress.

Control plants, used for baseline comparison, were regenerated under the same ex-
perimental conditions but received distilled water instead of NaCl solutions. This
allowed for a comparative analysis, isolating the effects of salinity on seed germi-
nation from other potential environmental factors. Including control groups is a
standard practice in scientific research, providing a reference point for evaluating

the specific impact of the variable under investigation.

3.5 Salt Treatment on Different Genotypes of

Canola

In a controlled experiment, seeds from five distinct genotypes of canola were sub-
jected to a rigorous salt treatment regimen. The seeds were placed in glass jars for
+28 days, creating a conducive environment for pre-germination growth. Subse-
quently, the salt treatment was initiated, involving the application of 2 mmol NaCl
concentrations at varying levels: 0 mmol (control), 50 mmol, 100 mmol, and 150
mmol. This systematic treatment occurred every three days, ensuring a dynamic
exposure to salt stress. The experiment was conducted at a constant temperature

of 25°C, maintaining a stable and controlled environment for the plants.
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The examined morphophysiological parameters included shoot length, root length,
shoot fresh weight, shoot dry weight, root dry weight, and root fresh weight as
well. These parameters served as indicators of the plant’s response to salt stress,
capturing the visible growth and physiological changes occurring within the plant
tissues. The assessment was carried out using established scientific protocols and

instruments to ensure precision and accuracy in the measurements.

Additionally, biochemical tests were conducted to delve into the molecular re-
sponses of the plants to the salt treatment. This encompassed the analysis of var-
ious biochemical constituents such as enzymatic activity, chlorophyll content, and
antioxidant levels. These biochemical markers provided insights into the underly-
ing physiological mechanisms activated by the plants to counteract the detrimental

effects of salinity stress.

3.6 Measurement of Chlorophyll & Proline Con-

tents

A systematic approach was employed in the biochemical analysis of fresh leaves
from salt-treated and control plants to extract crucial information regarding chloro-
phyll content and proline levels. By the methodology outlined by Arnon [102],
chlorophyll quantification in canola leaf samples was conducted using a meticu-
lous procedure. Fresh leaves of canola were meticulously prepared by chopping
them into small segments. The subsequent chlorophyll extraction involved the
immersion of leaf samples in 80% v/v acetone, followed by an incubation period

in an environment set at -10°C overnight (24 hours).

Following the incubation, the extract, enriched with chlorophyll pigments, under-
went centrifugation at 5000 rpm. The resulting supernatant was then subjected
to spectrophotometric analysis at 645 nm and 663 nm wavelengths to estimate the

concentrations of chlorophyll-a, chlorophyll-b, and Chlorophyll a+b.
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This rigorous methodology ensures precise quantification of chlorophyll pigments,
providing valuable insights into the photosynthetic activity of Brassica plants un-
der investigation. For measuring proline levels, the methodology established by
Bates et al. was employed with minor adjustments to suit the experimental con-

ditions [9].

Proline, a well-known osmoprotectant, is a crucial indicator of plant stress re-
sponse. The chlorophyll analysis and proline quantification, provides a compre-
hensive understanding of the biochemical responses of plants to salt stress. The
choice of well-established methods, Arnon’s [102] for chlorophyll estimation and
Bates et al. [9] for proline determination, ensures the results’ reliability and com-

parability.

3.7 Relative Water Content Measurement

The determination of Relative Water Content (RWC) in leaves, following the Barrs
and Weatherly [10] procedure, involves a meticulous series of steps designed to

assess the water status of plant tissues.

3.7.1 Leaf Disk Collection and Water Soaking

Leaf disks were carefully collected, and to achieve full hydration, they are soaked

in distilled water in the absence of light for eight hours

3.7.2 Calculation of Fresh Weight (FW)

Following the duration of immersion, the leaf discs were measured to ascertain
their fresh weight (FW). This measurement represents the overall moisture content

inside the leaf tissues.
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3.7.3 Determination of Turgid Weight (TW)

To eliminate excess water and calculate turgor pressure, the leaf disks were dried,
yielding the turgid weight (TW). This step involves removing the surface moisture

without affecting the cell turgor.

3.7.4 Drying to Obtain Dry Mass (DW)

The leaf disks were then dried at 80°C for two days to obtain their dry mass (DW).

This process ensures the removal of all water content from the leaves.

3.7.5 Calculation of Relative Water Content (RWC)

The RWC is calculated using the formula:

Where:

e F'W is the fresh weight of the leaf disks.
e TW is the turgid weight of the leaf disks.

e DW is the dry mass of the leaf disks.

3.8 Data Analysis

The biochemical and morph-physiological data were analyzed using ‘Stastistica

version 7.0’ software.



Chapter 4

Results and Discussion

The presence of an excessive amount of salt in the soil has the effect of significantly
disrupting the normal morphological, physiological, and biochemical processes that
occur in plants. In the current investigation, the impact of salt stress was system-
atically examined across five distinct Canola genotypes, namely HC022-B, Gobi
Canola, Barani Canola, Desi Canola, and C-777. Each of these genotypes exhib-
ited distinct morphophysiological and biochemical responses when subjected to

varying salinity levels, ranging from 0 to 150 mmol.

Across the diverse genotypes, a spectrum of morpho-physiological and biochemi-
cal traits unfolded in response to the gradient of salinity levels. The investigation
focused on key characters, encompassing morphological features, physiological re-
sponses, and biochemical indicators, at the designated salinity tiers (0, 50, 100,
and 150 mmol). These observations aimed to unravel the nuanced variations in
the adaptive strategies employed by the canola genotypes to contend with the
challenges imposed by elevated salt concentrations. The multifaceted nature of
the responses underscores the intricacy of plant interactions with salinity stress
and paves the way for a more comprehensive understanding of salt tolerance mech-

anisms within the canola species.

50
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4.1 Salinity Effects on Shoot Length of Canola

Genotypes

Whether the amount of NaCl is low or high, it influences the shoot length of canola
genotypes. The shoot length response of these genotypes changes depending on the
severity of salt stress. Under the control condition (0 mmol), all genotypes had the
highest shoot length compared to other salt stress levels, except for Barani Canola,
which displayed a shoot length of 7.4 cm at a concentration of 50 mmol, indicating
it had the largest shoot length at that level. During the 50 mmol salt experiment,
the genotype Gobi Canola had a maximum shoot length of 10.5 ¢m, whereas the
genotype Desi Canola had a shoot length of 10.4 cm. The genotypes HCO22-B,
Barani canola, and C-777 exhibited excellent shoot length at this concentration. At
a salt concentration of 100 mmol, the genotype Gobi Canola had a maximum shoot
length of 10.3 cm, whereas the genotype Desi Canola had a shoot length of 10.2
cm. The Desi Canola genotype exhibited a significant increase in shoot length with
a very high salt concentration (150 mmol), surpassing other genotypes, including
C-777, as shown in Fig. 4.6. The results indicated that Gobi Canola, Desi Canola,
and C-777 exhibited superior tolerance to varying degrees of salt in comparison to
HCO22-B and Barani Canola. The Gobi Canola and Desi Canola exhibited greater
salt stress resistance, maintaining their green and healthy appearance across all
degrees of salt stress. The Barani Canola genotype exhibited a low germination

rate and reduced growth under a salt stress of 150 mmol (Fig. 4.1 - 4.5).

4.2 Salinity Effects on Root Length of Canola

Genotypes

The root length of canola genotypes is affected by the different amounts of sodium
chloride, regardless of whether they are low or high. There is a variance in the root
length response across these genotypes when subjected to varying degrees of salt

stress. With the exception of Desi Canola, which had a length of 7.2 centimetres,
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and HCO22-B, which had a length of 6 centimetres, all genotypes displayed the
longest root lengths when compared to other salt stress levels when the control
condition was equal to zero millimoles. Under the conditions of the 50 mmol
salt experiment, the maximum shoot length of the Desi Canola genotype was 8.3
centimetres. At the concentration in question, the genotypes HCO22-B, Barani
canola, and C-777 had a satisfactory length of shoots overall. In Fig. 4.7, it can
be shown that Desi Canola had a maximum shoot length of 9 centimetres when

exposed to a high quantity of salt (100 mmol).

When compared to other genotypes, the Gobi Canola genotype had a considerably
longer shoot length of 8.5 centimetres when subjected to circumstances with a very
high salt concentration (150 mmol). According to the findings, Gobi Canola, Desi
Canola, and C-777 demonstrated a higher level of tolerance to different concentra-
tions of salt when compared to HCO22-B and Barani Canola. Both Gobi Canola
and Desi Canola had a higher resilience to salt stress, as seen by their ability to
keep their green and healthy looks regardless of the level of salt stress they were
subjected to. A poor germination rate and limited growth were seen in the Barani
Canola and HCO22-B genotypes when subjected to conditions of salt stress of 150
mmol (Fig. 4.1 - 4.5).

4.3 Salinity Effects on Shoot Fresh Weight of

Canola Genotypes

When the effect of salt on shoot fresh weight was carefully examined, different
genotype variations of canola exhibited distinct responses. All five genotypes have
shown significant variances in their response patterns at varying degrees of salt
stress. The Desi Canola and Gobi Canola genotypes recorded the highest shoot
fresh weights, measuring 8.9 gm and 8.6 gm, respectively. In contrast, the Barani
Canola genotype had the lowest shoot fresh weight, measured at 3.1 gm, when

subjected to a significant salt stress of 150 mmol Fig. 4.8.
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The results highlight the contrasting degrees of salt tolerance present in different
varieties of canola plants. Gobi Canola and Desi Canola have greater capacity to
adapt to a range of salt concentrations compared to HCO22-B, C-777, and Barani
Canola. Significantly, Gobi Canola and Desi Canola have shown strong resilience
as genotypes, exhibiting a high degree of resistance to salt stress. This was evident
from their continuously healthy condition at all levels of salinity stress, as shown

in Fig. 4.8.

On the other hand, the genotypes Barani Canola, C-777, and HCO22-B exhibited
impaired physiological responses, characterised by reduced germination rates and
stunted development, which were especially noticeable at the highest salinity level
of 150 mmol. This empirical research demonstrates that salt stress affects different
canola genotypes to varying degrees. The aforementioned trio of genotypes, in
particular, show a significantly decreased ability to adapt to the high salinity
conditions (Fig. 4.8).

4.4 Salinity Effect on Shoot Dry Weight (SDW)

of Canola Genotypes

Canola genotypes displayed varied patterns in the evaluation of shoot dry weights
when subjected to a variety of salt-stress situations. Barani Canola, Desi Canola,
and genotype C-777 exhibited the highest shoot dry weights under salt stress
conditions with a salt concentration of 0 mmol. C-777 performed the best in
terms of dry weight yield among all. Genotype C-777 exhibited the lowest shoot
dry weight of 0.79 grams under enhanced salt stress of 150 millimoles (Fig. 4.9).

The data suggests that Barani Canola and Desi Canola genotypes outperform
HCO22-B and C-777 genotypes in terms of dry weight performance. These data
indicate that the investigated genotypes exhibited a variety of responses to salt
stress. As shown in Figure 4.9, the shoot dry weights of Barani Canola and Desi

Canola were much higher than those of HCO22-B and C-777.



Results and Discussion H4

4.5 Effect of Salinity on Root Fresh Weight (RFW)

Using fresh weight measurements of the roots under varying salt stress conditions,
distinct patterns among the canola genotypes were found. Notably, at the 0 mmol
salt stress level, genotypes Desi Canola, Barani Canola, and C-777 showed the
greatest root fresh weights. In contrast, when exposed to a salt stress level of 150
mmol, genotype HCO22-B showed the lowest root fresh weight of 0.48 gm. This
suggests that there is a direct inverse link between the severity of salt stress and
the fresh weight of the roots, with the fresh weight of the roots decreasing as the
salt stress increased (Fig. 4.10).

Moreover, genotypes HCO22-B, Barani Canola, and C-777 showed either very low
or insignificant root fresh weights at the maximum salt stress level of 150 mmol,
highlighting the detrimental effects of increased salt stress on root growth in these

genotypes (Fig. 4.10).

The root dry weight data showed consistent patterns, with genotypes Gobi Canola
and Desi Canola responding better than the other genotypes at all salt stress
levels. This highlights the potential of Gobi Canola and Desi Canola to withstand
stress caused by salt, as seen by their increased root dry weights under difficult

circumstances.

4.6 Salinity Effects on Root Dry Weight (RDW)

of Canola Genotypes

The analysis of root dry weights (RDW) across different genotypes of canola re-
vealed unique reactions to different salt concentrations. Notably, genotypes Desi
Canola, Barani Canola, and C-777 showed better root dry weights at baseline salt
level of 0 mmol; they registered values of 0.46 gm, 0.43 gm, and 0.35 gm, respec-
tively. At this stress level, however, genotype HCO22-B showed a somewhat lower
root dry weight of 0.37 gm, indicating variation in the initial response among the

genotypes under study (Fig. 4.11).
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For every genotype, a tendency of declining root dry weights was seen as salt
concentrations rose. Genotypes HCO22-B, Barani Canola, and C-777 showed sig-
nificantly lower root dry weights at the increased salt concentration of 150 mmol;
their values were 0.31 gm, 0.33 gm, and 0.30 gm, respectively. Interestingly, under
these demanding salt stress circumstances, Desi Canola retained a comparatively
greater root dry weight of 0.40 gm, suggesting a degree of resistance compared to

other genotypes (Fig. 4.11).

Examining the genotypes’ relative performance, root dry weight responses for Gobi
Canola and Desi Canola were consistently higher than those of HCO22-B, Barani
Canola, and C-777 at all salt stress levels. This implies that the genotypes under
study exhibit a complex range of adaptation and tolerance to salt stress. Notably,
Desi Canola and Gobi Canola demonstrated increased resistance, especially when
it came to maintaining root dry weights in unfavorable salinity circumstances (Fig.

4.11).

4.7 Relative Water Content of Leaf (RWC)

Different salt concentrations (mmol) were used to examine how salt stress affected
the relative water content (RWC) of different genotypes of canola. Notably, the
findings showed that genotype Desi Canola had the maximum RWC (82.5%) under
0 mmol salt stress, followed by Barani Canola (55.5%) and C-777 (61.5%). In
contrast, the RWC for genotype HC022-B was 65.5% (Fig. 4.12).

All genotypes showed a steady decrease in RWC with increasing salt stress levels.
The RWC for HC022-B dropped to 55.5%, Gobi Canola to 68.5%, Barani Canola
to 51.2%, Desi Canola to 71.5%, and C-777 to 50.2% at the maximum salt con-
centration of 150 mmol. These results show a negative relationship between the
relative water content and the degree of salt stress, with greater salt concentrations
causing the plant tissues’ ability to store water to decrease. Notably, at all salt

stress levels, Gobi Canola and Desi Canola showed comparatively greater RWC
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values than the other genotypes, indicating a superior capacity to retain water

content in salinized environments (Fig. 4.12).

4.8 Effect of Salinity on Relative Proline Con-
tent

When several genotypes of canola were examined to see how salt stress affected
proline levels, the findings showed varied tendencies related to varying salt concen-
trations. Desi Canola genotype had the greatest Proline content at the baseline
salt concentration of 0 mmol, followed by Barani Canola and C-777. At this stress
level, genotype HCO22-B had the lowest proline concentration (5.2 mol g-1) (Fig.
4.13).

All genotypes showed a general tendency of increasing Proline content as the
concentration of salt rose. Gobi Canola had the greatest Proline level at 50 mmol,
exceeding the values of the other genotypes. At 100 mmol and 150 mmol, this
increasing trend persisted, and Gobi Canola continuously showed the greatest

Proline concentration in all salt stress levels as shown in (Fig. 9).

Notably, different genotypes responded differently to salt stress, and each genotype
showed a distinct profile of Proline concentration. On the whole, nonetheless, the
pattern suggested that Proline content rose as salt concentrations increased. These
results highlight the function of proline as a putative marker for Brassica napus
genotypes’ responses to stress generated by salt, with Gobi Canola exhibiting an

especially strong reaction in terms of proline accumulation.

4.9 Chlorophyll Content

The results shows differential reactions to varying salt concentrations when an-
alyzing the effect of salt stress on chlorophyll content in different genotypes of

canola.
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4.9.1 Chlorophyll a

The genotypes D. Canola (0.86 mg g-1), G. Canola (0.82 mg g-1), C-777 (0.73 mg
g-1), B. Canola (0.71 mg g-1), and HCO22-B (0.75 mg g-1) showed the greatest
amounts of chlorophyll an at 0 mmol salt stress (Fig. 4.14).

All genotypes showed a steady decrease in chlorophyll a concentration as salt stress

rose (to 50, 100, and 150 mmol).

4.9.2 Chlorophyll b

Genotypes D. Canola, G. Canola, and C-777 showed the greatest amounts of
chlorophyll b under 0 mmol salt stress (0.84, 0.78, and 0.72 mg g-1, respectively)
(Fig. 4.15).

All genotypes showed an overall decrease in chlorophyll b concentration as salt

stress increased.

4.9.3 Chlorophyll a+b

In D. canola (1.7 mg g-1), G. canola (1.6 mg g-1), C-777 (1.45 mg g-1), B. canola
(1.4 mg g-1), and HCO22-B (1.46 mg g-1) had the greatest total chlorophyll (a+b)

concentration under 0 mmol salt stress.

All genotypes showed a steady reduction in total chlorophyll content as salt stress

levels increased (Fig. 4.16).

All things considered, the findings show that there is a negative relationship be-
tween chlorophyll concentration and salt stress in Brassica napus genotypes, with
D. Canola often displaying greater chlorophyll preservation than other genotypes

under salt stress circumstances.
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FIGURE 4.1: The effect of salt stress on HC022-B genotype, poor morphogenic
response of genotype HCO22-B at 100 mmol and 150 mmol

FIGURE 4.2: The effect of salt stress on G. Canola genotype, excellent mor-
phogenic response is shown by G. Canola to different salinity levels
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FIGURE 4.3: The effect of salt stress on B. Canola, Better morphogenic response
of Barani Canola at 50 and 100 mmol but shows poor response at 150 mmol

FIGURE 4.4: The effect of salt stress on D. Canola genotype excellent mor-
phogenic response of genotype Desi Canola to different salinity levels
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FIGURE 4.5: The effect of salt stress on C-777 genotype better morphogenic
response of genotype C-777 to different salinity levels
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Discussion

Salinity is a significant element that negatively impacts the development and
metabolism of plants. Complex and varying processes linked to distinct metabolic
pathways of different organs are involved in salinity stress. A number of metrics
have been created in this research to assess the two pistachio cultivars’ resistance
to salt stress. Growth has been attributed to a variety of physiological processes,
and several studies have extensively shown its decrease after salt therapy [1]. The
current research examined the effects of salinity on the morphology, physiology,
and metabolic processes of five significant B. napus genotypes. Four different de-
grees of salt stress (0, 50, 100, and 150 mmol) were applied to the canola genotypes
HCO22-B, G. Canola, B. Canola, D. Canola, and C-777. Each genotype had a
unique response at different salt concentrations. At elevated salt concentrations,
all genotypes exhibited a substantial decrease in both growth and development.
The study investigated the fundamental morphological and physiological changes
in five important canola genotypes (HCO22-B, G. Canola, B. Canola, D. Canola,
and C-777) under varying amounts of salt, ranging from low to moderate and even
high. Figure 4.6 - 4.16 illustrates the impact of salinity on the lengths of shoots
and roots in five different genotypes of canola during the first stage of germina-
tion. The results showed that genotype D. Canola had the highest shoot and root
length, as well as root fresh and dry weight, at salt levels of 50, 100, and 150
66
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mmol, 28 days after planting. Genotype G. Canola had the second highest value

in these parameters.

Performance for the HCO22-B genotype was very subpar under all stress con-
ditions. Compared to HCO22-B and Barani Canola, the brown D. Canola, G.
Canola, and C-777 varieties of B. napus exhibit greater salt tolerance and main-
tain their green coloration under varying salinity conditions. The findings of this
research align with the studies conducted by Jan et al. [4] and Shahbazi et al.
[103], which demonstrated that elevated salt levels (50, 100, and 150 mmol) hin-
der the initial germination of seeds in all examined genotypes of Brassica napus
and Brassica rapa. The findings of this research align with the studies conducted
by Jan et al. [4] and Shahbazi et al. [103], which demonstrated that elevated
salt levels (50, 100, and 150 mmol) hinder the initial germination of seeds in all

examined genotypes of Brassica napus and Brassica rapa.

Jamil et al. [53] suggest that salinity may affect plant growth via many mecha-
nisms, such as disrupting the normal ion exchange process, decreasing the avail-
ability of essential nutrients, and promoting the accumulation of detrimental chem-
icals. Also investigating the impact of salt in Brassica campestris was Bilgili et al.
[54]. Every genotype that was analyzed exhibited inhibited growth when exposed
to a high salt concentration of 180 mmol. The results we obtained align with the
studies conducted by Munns & Tester [1] and Wang et al. [90]. These studies
found that higher salt concentrations led to a decrease in the dry mass of leaves,
shoots, and the whole plant compared to lower salt levels. Normal photosynthetic
and other biological functions are inhibited by high salt levels (Munns et al. [20].
The impact of salinity on B. napus physiological processes was investigated in
the current investigation. The percentage of relative water contents (%RWC) was
considerably reduced by the high salt concentration, often by several orders of
magnitude. In comparison to other genotypes, the genotypes G. and D. Canola
exhibited the highest percentage of RWC at a low salt concentration of 50 mmol.
However, the amount was decreased in all the genotypes analyzed at high levels
of salt (50 and 100 mmol) (Fig. 4.12). Alam et al. [74] found that under drought

stress, B. napus, B. campestris, and B. juncea had low RWC values.
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Gupta et al. [99] also reported results that were similar. Plant water status is
immediately reflected by RWC, and a decrease in RWC suggests that salt caused
a water deficit in the plants. An increase in soluble salts had the detrimental im-
pact on plant water relations because they slow down the absorption of nutrients
and water, leading to osmotic effects and toxicity.Frost stress reduced the tomato
genotypes Riogrande, Roma, and Money Maker’s %RWC value by many orders of
magnitude. Shah et al. [104]. According to Bates et al. [9], proline is essential for
maintaining normal osmotic potential, signal transduction, and antioxidant char-
acteristics. All examined B. rapa genotypes in this investigation had significant
amounts of proline contents at high salt stress levels. Proline values rose multiple
times at high salt levels as compared to plants under control (Fig. 4.13). Alam
et al. [74] reported that B. campestris had a high proline concentration during a
drought. Our results concur with those of earlier research Ali et al [104]. Bates
et al. [9] also observed a significant proline concentration in the leaves of brassica
species. The impact of salinity on chlorophyll contents was investigated in the
current research. The findings demonstrate that salt stress dramatically reduced
the amounts of chlorophyll a, b, and (a+b) in five of the B. napus subspecies
(HCO22-B, G. Canola, B. Canola, D. Canola, and C-777) (Fig. 4.8). All five
kinds’ responses, however, differ from low to severe salt stress. In all genotypes,
there were no overt signs of salt damage during the early stages of stress. The most
significant pigments produced by plants via photosynthesis, chlorophyll a, chloro-
phyll b, and chlorophyll a+b, were found in lower concentrations in the leaves of
the various treatments as the stress duration increased. This resulted in yellow-
ing, withering, curling, and shedding of the leaves. D. Canola has the highest
total chlorophyll (a+b) content of all five genotypes when compared to the other
four. According to many studies Siddiqui et al. [61] Elsayed et al. [2], damage
to significant photosynthetic pigments is the cause of the decline in photosyn-
thetic rate). Chlorophyll concentration has been proposed in a number of studies
as a biological indicator of plant salt tolerance. It is well known that although
salt-sensitive plants experience a loss in chlorophyll contents, salt-tolerant plants
exhibit increasing or stable chlorophyll levels under salinity conditions. Generally

speaking, it is thought that either rapid or sluggish cellular pigment production



Discussion 69

is the cause of these pigments’ decline under salt stress [50]. Chlorophyll, the
primary pigment responsible for photosynthesis in plants, plays a crucial role in
absorbing, transmitting, and converting light energy. The concentration of chloro-
phyll within a plant’s tissues serves as a fundamental indicator of photosynthetic
efficiency. However, under conditions of salt stress and prolonged stress durations,
the levels of chlorophyll a (Chl a), chlorophyll b (Chl b), and total chlorophyll (Chl
a-+b) exhibit a consistent decreasing trend.This decline in chlorophyll content can
be attributed to the detrimental effects of salt stress on the structural integrity
of chloroplasts. Salt stress disrupts the organization and function of chloroplasts,
leading to damage in their structure and membranes. Additionally, the increase in
enzyme activity within chloroplasts, possibly triggered by stress response mecha-
nisms, accelerates the breakdown of photosynthetic pigments. As a consequence
of reduced chlorophyll levels, plants experience a significant decrease in the rate of
CO; absorption during photosynthesis. This reduction in CO4 uptake is not solely
attributed to stomatal closure (non-stomatal limitation), but also to the impaired
functioning of chloroplasts due to oxidative damage caused by salt stress. The
findings corroborated those of Akbarimoghaddam et al [23], who found that when
NaCl concentrations rose, chlorophyll decreased. Many significant plant species
experience a direct reduction in chlorophyll concentration as a result of abiotic
stressors like salt and drought. Robinson et al. [51], Zhu et al. [78]. Alam et al.
[74] observed that during drought stress, there was a low concentration of chloro-
phyll a, b, and a+b. additionally, our results are consistent with those of Sintaha
et al. [87].



Chapter 6

Conclusion and Future Work

In conclusion, the comprehensive investigation on the impact of salt stress across
five distinct Canola genotypes elucidates the intricate dynamics of plant responses
to varying salinity levels. The study unveiled diverse morphophysiological and
biochemical adaptations employed by the genotypes to cope with elevated salt
concentrations, showcasing nuanced variations in salt tolerance mechanisms. The
differential responses observed in shoot and root growth, shoot fresh and dry
weights, relative water content, proline accumulation, and chlorophyll content
underscore the genotype-specific resilience to salt stress. Gobi Canola and Desi
Canola emerged as promising candidates with superior adaptability to salinity gra-
dients, while HCO22-B, C-777, and Barani Canola exhibited compromised physio-
logical responses under high salt stress. These findings underscore the importance
of understanding genotype-specific responses to salt stress for developing targeted
breeding strategies aimed at enhancing salt tolerance in Brassica napus cultivars,

thus contributing to sustainable crop production in saline environments.

6.1 Future Recommendations

To enhance our understanding and tackle the challenges posed by salt stress in
Brassica napus cultivation, several future recommendations emerge from extensive
findings on various morphophysiological and biochemical parameters in different
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genotypes. Firstly, comprehensive genetic diversity studies across a broader range
of Brassica napus genotypes are crucial. This would help identify novel genetic
loci associated with salt tolerance traits using advanced genomic tools like GWAS
and NGS. Furthermore, implementing marker-assisted breeding approaches is es-
sential to introgress salt tolerance traits from tolerant genotypes like Gobi Canola
and Desi Canola into elite cultivars. Molecular markers linked to key genes and
QTLs associated with salt tolerance can expedite the development of salt-tolerant
varieties. Conducting transcriptomic and proteomic analyses will elucidate molec-
ular mechanisms underlying salt tolerance, identifying potential targets for genetic

manipulation and crop improvement.

Metabolic profiling can characterize metabolic responses to salt stress, provid-
ing insights into biochemical mechanisms of adaptation. Detailed physiological
studies focusing on ion transport, water relations, and photosynthesis will reveal
mechanisms conferring salt tolerance in different genotypes. Field evaluations of
salt-tolerant genotypes under real-world conditions are essential to assess agro-
nomic performance and adaptability. Integrated management strategies, includ-
ing soil amendments and irrigation management, can mitigate salt stress effects
and enhance productivity. Investing in capacity building initiatives to train stake-
holders on best practices for salt-affected agriculture is crucial. Lastly, fostering
collaborative research between institutions, academia, industry, and government
agencies will facilitate knowledge exchange and technology transfer, addressing the

challenges of salt stress in Brassica napus cultivation.

By implementing these recommendations, we can advance our understanding of
salt tolerance mechanisms and develop sustainable strategies to mitigate adverse
effects on crop productivity, ensuring food security and agricultural sustainability

in salt-affected regions.
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