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Preface

The concept of plant stress physiology has been well-established over the past

60 years due to the increasing trends of extreme environmental events. Any
significant unfavorable condition that interrupts or alters the metabolic process

of plants and ultimately hinders the growth and development of plants is called
plant stress. It is established that plant stress is linked to the physiological process
of plants. Plant physiology perceptions contribute to analyzing past achievements
of plant breeding in increasing potential and stability of crop yield and also
resource use efficiency and productivity through recognizing mechanisms that
have been indirectly exaggerated by the selection process of desirable crop plants.
Crop physiology has been found to have a strategic association among phenotypic
traits and crop performance as it pursues to elucidate and forecast the multifaceted
connections between appropriate traits and/or the environment for effective crop
production in the modern era of climate change. Researchers found that crop stress
physiology has an association with two main areas of research, one is concerned
with agronomic research, the other is concerned with plant breeding. Therefore,

to meet the food demand of the increasing population, the contents of the current
book highlight the integration of both breeding and agronomy strategies to ensure
agricultural productivity and environmental safety under changing climate.

As an academic editor of the book, I want to thank all the authors for their
wonderful contributions, as well as the speed and efficiency in the delivery of their
chapters. Special gratitude should be mentioned to the excellent team from the
Editorial Board of IntechOpen, particularly to Ms. Sandra Maljavac, Author Service
Manager, for their continued support and final condition of this book.

AKkbar Hossain, PhD

Senior Agronomist,

Bangladesh Wheat and Maize Research Institute,
Dinajpur, Bangladesh
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Chapter1

Heat and Drought Stresses in
Wheat (Triticum aestivum L.):
Substantial Yield Losses, Practical
Achievements, Improvement
Approaches, and Adaptive
Mechanisms

Muhammad Zulkiffal, Aneela Ahsan, Javed Ahmed,
Muhammad Musa, Amna Kanwal, Muhammad Saleem,
Javed Anwar, Aziz ur Rehman, Sadia Ajmal,

Saima Gulnaz and Muhammad Makky Javaid

Abstract

The major wheat-producing countries have heterogeneous and fragile agro
climatic surroundings but frequently restraining wheat yield and quality losses
are predominant under heat and drought prone agriculture exclusively when both
stresses occur in blend, which looms the food security globally. However, many
suggested examples are available in these countries for the mitigation of these two
stresses by using different conventional and modern improvement and agronomic
approaches. In addition to these approaches, morphological, physiological, ana-
tomical, biochemical, phenological, and physiochemical vicissitudes, which trigged
during these stresses, have also been elucidated. There complete deliberation in
combination for wheat improvement is still a contest, but a win-win option is a
holistic attitude in future.

Keywords: heat, drought, yield losses, achievements, improvement, mechanisms,
major countries, wheat

1. Introduction

The global inhabitants expansion proportions have been projected to upsurge
and the domain people will grasp 8 billion by 2025 and strength be a slight greater
than 9 billion by 2050 Hence, to encounter the ever-growing hassles of the popula-
tion world sustenance fabrication desires to be doubled by the year 2050 [1].

The aftermath of a universal climate alteration has brought about the enlarge-
ment of extreme events. Among these events heat and drought are most multidi-
mensional, vibrant, and shoddier stresses whose occurrences are unpredictable at

3 IntechOpen



Plant Stress Physiology

any stage affecting wheat productivity. Today, wheat is an essential staple food for
more than 2 billion people and is grown on more terrestrial zone than any other
marketable produce. The major wheat-producing countries have sundry and flimsy
agro climatic circumstances, typologies, wheat production schemes and thereby
having an erratic consequence of heat and drought stresses. To combat these resil-
ient, formulations of short- and long-term strategies are dire need for these coun-
tries. Heat stress occur when air and soil temperature become beyond a threshold
level while drought stress takes place when ambient air temperature is high, soil and
atmospheric humidity is low.

This review intended at revealing some of the foremost features and some
probable heat and drought tolerance pointers of wheat related to heat and
drought robust, which are relevant for agronomic and genetic improvement in
wheat. Nevertheless, general triumph of wheat management and improvement
depends on the intensive exertions of molecular biologists, physiologists, and
modelers in addition to agronomist, geneticist, and breeder since these improve-
ments are incremental in nature due to compound genomes and polygenic traits
in wheat.

55

® Heat stress | ® Drought stress

50 1
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40
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Figure 1.
Estimated yield losses (%) of foremost wheat-producing countries due to heat and drought stresses.
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2. Substantial wheat yield losses

Wheat throughput is vanished predominant exclusively or jointly due to abiotic
stresses primarily heat and drought with a large portion of potential in major wheat-
producing nations and at the same time, globally. Mostly curtailing losses are prevalent
due to sensitivity at reproductive phase under heat and drought prone agriculture,
which threatens the food security worldwide. Therefore, this urges that these harms
should be curtailed in major area of distress for all nations. Yield is an endpoint inclined
by stressor therefore it is used as a yard stick for measuring these stresses. A middling
appraisal of 50% yield losses in agricultural crops is caused by abiotic dynamics, heat
in low latitude zones and drought stress common in most arid and semi-arid zones.
Together heat and drought have persuasive effect in Mediterranean climate [2].

The internationally wheat losses due to heat and drought stresses encompasses,
5.5 and 12%, respectively. The actual losses however, varied substantially by region in
the foremost wheat-producing countries viz; China [3], India [4], Russia [5], the USA
[6], Canada [7], Pakistan [8], Australia [9], Turkey [10], and World [3] (Figure1).
The appearance of heat stress accredited to the extraordinary yield loss in Australia
and Pakistan followed by India and China while stemming effect for Canada, Russia,
USA, and Turkey are visible. Likewise, Canada, Russia, and USA extremely hit by
drought followed by Turkey, India, and China while Pakistan and Australia remained
at par. The frequency and magnitude of these losses may increase in future because
the projections advocate that global temperatures may upsurge by 0.6-2.5°C by 2050
and 1.4-5.8°C by 2100 escort by increased severity of drought condition [11].

3. Practical achievements

Wheat yield increased under productive conditions, but in the regions where
heat and drought condition prevail practical, achievements are less prolific due

Countries  Heat resistant Drought resistant References
China Xifeng 9, Qingxuan 15, Changle 5, Bonong 7023, Zhangchun 9, Xinchun 2, [12-17]

Xinchun 3, and Changchun 2

Gaoyou 9415, Hemai 13, Keyi26, Nongda 36, Nongda 183, Shijiazhuang

Jimai 22, Kexin 9, Shannong 407, Huabei 187, Taigu 49, Yulin3, Mazhamai,

8355, Taishan 23, Yannong Xuzhou 14, Jinmai 33, Jinmai 2148, Hezuo

5286, Zimai 7, and Nongda 2, Hezuo 4, Hezuo 7, Minn 2761, Kefeng 2,

Heng Kefeng3, Gaoyuan 602, Xindong 7, Lunkan6,

Lunkan 7, Lumai 14, Heimangchunmai,
Datouchunmai, Xindong 2, Jinmai 33, Kehan
9, Xinkehan 9, Inmai 47, Shijiazhuang 8, Cang
6001, Cangmai 02, Cangmai 6005, JM-262,
Xihan No. 2, Longchun 23, Luhan7, Luhan 2,
and Yannong 19.

India CPAN 4079 and Nepal 38, Arnej, Ajanta, and Gomti [4,18-23]

HD 4502 (Malvika), AKW Shekhar, WH 1142, HD1467, Harshita, N59,
1071, Purna, Parnhani-51, and BRW 3723

K9644, Atal, K 7903 Halna,

DDK 1029, Ventnor, HS-240,

K-0-307 and Raj 3765

Russia Dustlik, H-104, Sanzar-8, Sarrubra, Sarrosa, Saratovskaya 29, Svetlana, [24-26]
Sanzar4, Hasan-Orif, Milturum, and Cesium
Bayaut1, Oasis, and Gul DU
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Countries  Heatresistant Drought resistant References

USA Long Branch [27, 28]

Greer, Joe, Plains Gold Avery, SY Monument,
Tatanka, WB-Grain field, TAM112, White
Sonora LCS Chrome, LCS Mint, and T158

Canada Pelissier Stettler, Lillian, AC Barrie, and Strongfield [29-31]
Pakistan Gold-16, Punjab-11, Chakwal50, NARC 2009, Tijaban-10, [6, 32-45]
Fakhar-e-Bhakkar Dharabi-11, NRL 2017, Pakistan-13,

Pakistan-13, Shahkar-13 and NIFA-Lalma,
Shahkar-13, NIFA-Lalma, Hashim-8,
Ghanemat-2015, BARS-09, Tatara, AZRC-1,
Siran-2007, Raj, Chakwal-87, Rawal-97,
Pothwar-93, Kohsar-95, Chakwal-97, GA-2002,
Ehsan-16, Barani-17, Fateh Jang-16

Australia Longsword [46-51]
Suntop, Spitfire, GBA 1:71712, 12:71712, 56:21712, 134:ZWB12,
Hunter, Livingstone and Allora Spring, Farmer’s Friend, King’s
EGA Gregory Jubilee, Steinwedel, Kord CL Plus, drysdale,

Wyalkatchem, and Estoc

Turkey Bayraktar 2000 Karahan-99, Gerek-79 and Alka quality, [52-54]
Saricanak-98, Altay-2000, Dagdas-94, Katea-1,
and Kirac-66

Table1.
Development of few heat- and drought-resistant wheat varieties by foremost wheat-producing countries.

to tired inconsistency, large genomic decoration with multigenic trait, and mul-
tifaceted environmental dealings to these hassles. Even then, in the global milieu,
copious efforts to mitigate heat and drought through breeding wheat-resilient
varieties are under way and much remarkable advancement has been reported. The
most sustainable, encouraging, economically effective, and communally adequate
approach is the developing of wheat varieties with in-built heat and drought
tolerance. To alleviate these two stresses, the Table 1 demonstrates most evoked
examples of the triumph stories in chief wheat-producing countries.

4. Improvement strategies
4.1 Conventional breeding

Conventional breeding approaches have been tremendously effectual in the
development of heat and drought tolerant wheat cultivars on the globe. Conventional
plant breeding typically trusts upon fortuitous by hybridization, the succeeding
phenotypically selection for loftier desirable traits using Mendelian and quantita-
tive genetics approaches in filial generations and final multi-locational trials
valuation. The nitty-gritties of wheat improvement by conventional approaches
for these two stresses rely on the varied scale usage of biodiversity, which include
wild relatives, landraces, exotic material, advanced lines, isogenic lines, mapping
population, and cytogenetic stocks. Among all sources, wild relative and landrace
of wheat are potentially most significance for traits of stress adoptive due to the
accretion of genes for tolerance to stresses. Therefore, this narrow wheat genetic
diversity for higher tolerance to heat and drought stresses can be boost by the use
of wild relatives and local land races. Among wild relatives, Aegilops squarrosa is
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more heat, while Aegilops tauschii and Triticum dicoccoides are more drought toler-
ant. Conventional plant breeding has had discriminatory conquest in dying both
stresses instantaneously, which may be due to the hurdle linked with traits stressed
by polygenic inheritance, masking effect, and environmental interaction. As a
magnitude of these confines of conventional breeding, additional genetic advances
for developing tolerance against given wheat resilient are becoming progressively
problematic (Figure 2).

4.2 Mutation breeding

Mutation breeding does not stance any moral matters regarding human health
and sustainability as it become an customary tool in improvement of genepool
have momentous impression. In nature, variation occurs chiefly as a consequence
of mutations; that is swhy mutation-based breeding increases desirable variability,
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which is not found in nature especially with the help of various physical (X rays,
gamma rays, UV light, proton, neutron, alpha and beta particles) and chemical
mutagens (alkylating agents, nitrous acid, acridine, base analogue, azide, and
antibiotics). By the use of mutation breeding, 254 superior bread wheat varieties
including abiotic stress tolerant (26 resistant to drought) have been released glob-
ally. Three significant economic impact wheat varieties (Jauhar-78, Soghat-90 and
Kiran-95) released through induced mutagenesis in Pakistan [55]. Al-Naggar and
Shehab-El-Deen [56] endeavored to induce (gamma rays and EMS) drought-toler-
ant mutants in six Egyptian bread wheat varieties. These mutants surpassed 20%
grain yield over parents under drought condition. Laghari et al. [57] developed and
gaged two wheat mutants capable of earlier maturity and higher grain yield than
the checks. The mutation wheat varieties (Kievsky and Novosibivskaya 67) were
characterized by upright productivity and resistant to lodging in Ukrain [58]. This
exhilarated further work on mutation breeding, leading to the release of mutant
wheat cultivars expressly the traits linked to heat and drought tolerance. Mutant
byzantine screening, difficulty in regulatory the direction and nature of varia-
tion, low beneficial mutant occurrence and mutagenic efficacy, mutation breeding
approaches have curb and are facing challenges. Owing to this bottleneck, induced
mutations have also evidenced valuable in the preparation of genetic maps that will
ease molecular marker-assisted plant breeding for developing heat- and drought-
tolerant wheat varieties in the upcoming.

4.3 Double haploid

Double haploid counterpart the conventional breeding programs to hasten the
release of new varieties tolerant to heat and drought stresses by rapid generation
advancement. Therefore, double haploid approach should be unified with conven-
tion approaches perceptively for food security. From heterozygous individual
haploids are made and converted to diploid, which create instant homozygous
lines, which evade fertility obstacles inherent to wide crosses as it is genotypes
sovereign. For heat and drought tolerance improvement double haploid have been
broadly used to judge allelic variation as it deliver great level of polymorphism by
using limited quantity of tested lines through molecular mapping as targets for
transformations. Two drought-resistant wheat varieties (Jinghua 1 and Jinghua 764)
in China, one in France (Florin), one in Hungary (Gk Delibab), one in Morocco
(Malika) were developed and released with the help of doubled haploid technique
[30, 59-61]. Moreover, double haploid genotypes (DH1 and 2) under drought
and (DH132 and 133) under heat and (DH136, 210, 236, 248, 257 and 263) under
both conditions found superior than checks in Egypt, Iran, and USA respectively
[62-64]. The high production cost, know-how, restriction on number of crosses and
low haploid generation facilities restricted the use of double haploid.

4.4 Integrated genetic engineering and biotechnology approaches

Additional consideration need to be paid now to develop high-yielding wheat
varieties by integrated genetic engineering and biotechnology approaches under
heat and drought stresses. This will open new opportunities for enhancing existence
of narrow genetic base and help for understanding the genetic mechanisms for
theses stresses. But this requires the identification of key tolerance genetic determi-
nants underlying these two stresses and introducing into wheat. This introduction
includes transgenesis, which holds artificial regulatory order, sexually incompat-
ibility with no barrier but may be safe while cisgenesis and intragenesis are sexually
compatibility, contain natural regulatory order and new combination of regulatory
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order (hybrid genes), respectively with barrier but are safe. Due to large wheat
genome size (17,000 Mb) the complete sequencing is challenging. However, there
are few examples for introduction of several stress-inducible genes into wheat,
which increased tolerance to heat and drought stresses but due risk of other unde-
sirable traits transfer and reproductive barrier, strategy for tolerance is not much
successful yet. Khurana et al. [65] identified and characterized large number of
high temperature-responsive genes aiming to functionally validate them in wheat
transgenic. Zang et al. [66] identified heat stress-responsive gene (TaPEPKR?2),
transformed into another wheat cultivar, observed that the transgenic lines exhib-
ited enhanced heat and drought stresses tolerance and suggested that it could be
utilized as a candidate gene in transgenic breeding. Karolina et al. [67] analyzed
wheat gene (P5CS and P5SCR) expression in response to drought stress and found
that they have a significant function in controlling tolerance to water deficits. Hua
et al. [68] identified target genes in response to drought stress in wheat (Triticum
aestivum L.) and suggested that these could be exploited via genetic engineering

to improve drought tolerance in wheat. Overexpressing of TANAC69, HVA1, CAT
TaDREB2, and TaDREB3 genes the transgenic wheat produced more shoot biomass,
yield, and improved water use efficiency drought conditions, which suggested that
these have potential for wheat engineering for drought tolerance [69].

Concerning quality, [70] recognized 26 genes to gauge their function and
transcript levels for starch synthesis in wheat. Rooke et al. [71] produced and then
confirm wheat transgenicline (B73-6-1), which holds additional genes (Glu-1D-1)
for high-molecular weight gluten sub units (HMW-GS). Similarly, [72] investi-
gate interactive effects between the transgenically wheat line (B102-1-2/1) with
HMW-GS and suggested that by using transgenic wheat lines expressing HMW-
GScan improve dough properties. Parallel interpretations are described in trans-
genic wheat lines (B72-8-11b and B102-1-2) for HMW-Gs by [73]. Ashraf et al. [74]
transforms and detects HMW-gene (Dy10) in Egyptian wheat and scrutinized that
transgenic grain own higher levels of glutenin compared to control. Alvarez et al.
[75] transformed the HMW-GS genes (1Ax1 and 1Dx5) into wheat and revealed
that overexpression of 1Dx5 gene upsurges overall protein content.

Genomic assistance breeding (GAB) established on the application of marker
assistance selection, which discriminate genetically sundry phenotypes elucidated
by the markers were scrutinized. The wheat breeding understanding for abiotic
stress tolerance is restricted due to their complex inheritance and wide range of
environmental interaction with respect to rate, intensity, timing, duration, and
increased genetic gain at early phenological phases of wheat. This issue bounds all
conventional breeding efforts. In this situation genomic assistance breeding is very
prompt, cost effective, and accurate in harsh unpredictable and unapproachable
environmental situation in which individual targeted wheat plants can be selected
on phenotypic basis. Furthermore, genomic approaches are welcome for condem-
nation from social sectors hesitant to the use of transgenic breeding expressly on
wheat crop. In amalgamation with the conventional breeding, this unlocked up
tangible forecasts for new schemes in wheat breeding for injurious stress tolerance
as it bounce greater genetic reply for QTL inveterate in multi-environments because
it resulted in the development of next generation sequencing methods. A wide
range of population structures can be used for QTL mapping, backcrossing, recom-
binant inbred, double haploid and F, selfing or heterozygous inter crossing of major
genes is repeatedly used to lessen the association around the target gene and to
recuperate the recurrent parent by using less number of filial generations. Similarly
recombinant inbred lines and double haploid, which can be sustained and produced
permanently have been extensively used to judge allelic variation as it provide high
level of polymorphism by using limited number of tested lines through molecular
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mapping for heat and drought tolerance improvement. MAS for target traits relied
on finding markers linked to quantitative traits loci (QTL). A large number of
quantitative trait loci (QTLs) mapping studies have been magnificently applied asa
tool for genetic analysis for wheat under heat and drought tolerance. These abolish
perplexing effects of the environment throughout selection, permits for unintended
selection of traits governing these buoyant and provide footprints of domestication
construction on early victories.

Although numerous reports are obtainable for the use of association mapping
approaches to categorize the QTLs, linked markers associated with co-localization
in wheat for heat (heat stability index, canopy temperature, membrane thermosta-
bility, stay green, grain filling duration etc.) and drought (relative water contents,
stomatal conductance, grain weight etc.) yet their prosperous placement in the
development of superior cultivar has had only limited success (Table 2). As the
efficiency of MAS is effected by population size with broader genetic base, loci
numbers, complexity of traits, and selection approaches, the breeder must evalu-
ate before applying it especially for quantitative traits regarding resilient stressors
under single environment because it analyzed one trait and less efficient to deter-
mine the effect of each QTL. Therefore, there is an immense need to develop more
effective markers associated with the agronomic traits under these stresses for MAS.

4.5 Agronomic approaches

Promotion of agronomic practices can increased wheat productivity and farm
income by sustaining and/or defending the production system against heat and
drought resilient along with genetic approaches joined with breeding procedures. To
overcome the hostile effect of climate change the notion of climate smart agriculture
has been anticipated, which embraces many of the agronomic practices based on
sustainable crop production and field management. Some of the winning agronomic
approaches that alleviate heat and drought in wheat have been presented in Table 3.

Among these, water conservation techniques increase water use efficiency and
time saving; residual and nutrients management; moderates soil temperature,
reduces evaporation losses, reduce pollution by reducing greenhouse gases and CH,
and N,O emission; chemical and biological control protect the wheat from damage
that resulted due to high temperature and drought stress; pick up of least perilous
growing period; adaptation mechanisms are effective for right time by operational
management by translating weather information.

5. Adaptive mechanisms

The heat and drought stresses in wheat crop triggers a wide variety of responses,
which cause morphological, physiological, anatomical, biochemical, phenologi-
cal, and physiochemical vicissitudes changes individually or in combination due
to direct or indirect injury that leads to significant loss in yield potential. General
elucidation of the all discussed mechanisms by wheat reply to heat and drought are
deliberated, but there complete consideration in combination for wheat improve-
ment is still a contest.

5.1 Morphological vicissitudes
Under heat and drought stresses most morphological traits (leaf size, plant

height, grain size and weight, root length, shoot length, root shoot length ratio,,
number of tiller plant™, spike length, spikelet spike 'and biomass) show decreasing
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trends. The first and prime effect harshly diminish sprouting and seedling. After
seedling emerged, cell division, cell enlargement, and differentiation are badly
affected due to these stresses, which afterward affect the leaf size and plant height.
The retrieval does not take place at the advanced periods but may take place at
initial phase of both stresses. Remarkably, the decline in leaf size can oblige as heat
and drought avoidance mechanism because it abridged transpiration.

Under serious water shortage, cell elongation is subdued by interruption of
water drift from the xylem to the development cells resulted in reduced growth due
to decrease in mitosis course. This reduction leads to thwart the development of
flower production, grain development, and filling due to a attenuation in the activi-
ties of sucrose and starch synthesis enzymes.

Core cause of grain size and weight is the expansion of maternal cells throughout
the grain filling phase, which is major parameter upsetting grain size and weight and
it rest on the ear and flag leaf and stem reserves as they deliver the pivotal element
(carbon). Heat and drought stresses, causes the reduction of spike length, spikelet
spike™" and biomass and positively correlated with each other and also with grain
yield. Jaiswal et al. and Hafiz et al. [97, 98] observed a reducing drift in root length
ranged from 7.2 to 23.0 cm (normal) and from 5.3 to 17.7 cm (drought) and shoot
length from 13.2 to 29.2 cm (normal) and from 11.0 to 25.2 cm (drought) while the
root/shoot length ratio ranged from 0.27 to 0.94 (normal) and from 0.29 to 0.92
(drought) among all tested genotypes. Hasan et al. [99] observed root and shoot
length under different temperature regimes, the lowest values (2.8 and 1.14 cm) was
attained at 15°C, optimum (11.5 and 9.03 cm) at 25°C and thereafter decreased trend
(6.41 and 7.53 cm) at 35°C, respectively in all tested wheat genotypes. The increase in
temperature, the shoot-to-root ratio was also increased because the adverse effect of
higher temperature (35°C) on root length was more than that on shoot length.

5.2 Physiological vicissitudes

Normalized vegetation index (NDVI) and canopy temperature (CT) are good
physiological pointer of a genotype’s suitability against heat and drought stress
environment and these traits may be used as morphological selection tools for
developing heat and drought stress-tolerant genotypes. For appraisal of physi-
ological diversity in wheat genotypes under heat and drought environments, [100]
revealed the positive correlation of yield with NDVI at booting and anthesis and
negative correlation with CT at same stages. A positive association of NDVI advo-
cated the existence of stay-green while negative array of CT at both stages sup-
ported cooler canopies genotypes. Likewise, [101] clarified same results for these
physiological traits while working on wheat local land races for consecutive 3 years
as genetic resources for yield potential and heat tolerance.

Under heat and drought stress conditions, wheat plants improve canopy tem-
perature by closing their stomata swiftly, which resulted in reduced transpiration
and water loss. This reduction in stomatal opening causes low amount of CO,
fixation that lead to reduction in photosynthesis and ultimately chlorophyll content.
This reduction resulted due to structural and then adjacent changes in chloroplasts,
which ultimately disrupt chlorophyll synthesis and photosynthesis. As compared
to 100% control, heat, drought, and combine stress reduces photosynthesis rate by
19, 11, and 79%. Relative water content, membrane stability, and osmotic potential
are maintained by osmoregulation physiological mechanism, which losses their
viability under both stresses. As an indicator of water status, relative water content
is the meaningful determinant of heat and drought tolerance because it signifying
the membrane stability and balance between water supply and evapotranspiration.
The relative water content was reduced by 55, 26, and 61% under drought, heat, and
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combined stress, respectively. Membrane stability index was affected most by com-
bination of drought and heat stress (60%) than by heat stress (55%) and finally by
drought stress (43%). Transpiration rate under high temperature stress compared
to control slightly increased. However, drought stress decreased transpiration rate
while under combine effect the reduction rate is 60-63% [102, 103]. Photosynthesis
is also extremely sensitive under heat and drought prone conditions as the reduction
in the ratio and quantity of chlorophyll (a and b) and carotenoid occurred upon
increasing intensity of heat and drought.

5.3 Anatomical vicissitudes

Anatomical changes like reduced leaf anatomy, cell size, damage in mesophyll,
cell membrane stability, plasma membrane permeability, chloroplast, nuclei,
changes in xylem and phloem are vital reflection under both stresses. Cell membrane
stability shields the plant from ROS that causes significantly decrease in membrane
stability under both stresses. Tolerant and susceptible genotypes retain more than
70% and less than 50%, cell membrane stability values, correspondingly. Leaf
anatomy under heat stress causes development of higher leaf area with thinner leaves
while leaves that develop under drought generally have smaller cells with higher
stomatal density. Under heat stress chloroplasts become round and stretched from
ellipse-shaped with destroyed wrappers and fully developed grana lamella become
loosely organized with abundant layer on it. The appearance of more osmiophilic
particles occurred, thylakoids also become inflated and resultantly chloroplasts
swelled to altered extents and some of their external membranes vanished entirely
at advanced periods of pressure. While in the drought stress there was decrease in
the number of granal thylakoids of chloroplasts. No starch granules in chloroplast
stroma were found under combine stress. Concerning mitochondria, a few multi
vesicular body’s lipids are formed due to appearance of spoiled double membranes
mitochondria, which signposted the process of mitochondria degradation. These
discrete membrane variations also befell in nuclei, representing augmented
senescence process under heat stress. Under drought, leaf mitochondria were less
preserved than normal conditions. But in combine stresses large size mitochondria,
devoid of cristae and similar to vacuoles were observed than individual stress.

5.4 Biochemical vicissitudes

Biochemical traits are another important constituent for developing heat-and
drought-tolerant genotypes with higher yield and disease resistant. But the mecha-
nisms of these mutually stresses on a biochemical basis is not relatively well-
understood, research on this voyage in wheat is desirable in future. Temperature
stress causes membrane injury to wheat due to of reactive oxygen species (ROS).
To cope with ROS under heat stress, wheat plant own sequence of detoxification
systems to limit oxidative damage by breaking toxic with the help of antioxidant
enzymes (peroxidase, superoxide dismutase, catalase, and glutathione reductase),
metabolites (glutathione, carotenoids, and ascorbic acid), and biochemical solutes
(proline, glycine betaine, salicylic acid, starch, potassium, and abscisic acid). The
buildup of these shields the damage caused by oxidative stress. Moaed et al. [104]
estimated antioxidant enzymes and metabolites at three stages of wheat. The
varieties that showed significant increase in the activity of these during vegetative
and anthesis phase (in the late and very late planting) showed minimum reduction
in membrane injury index. Likewise under heat and drought stresses, superoxide
dismutase, peroxidase enzymes protect the cellular systems of plants from cytotoxic
effects of the active oxygen species. A significant increase effect of superoxide
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dismutase (12-52% and 28%) and peroxidase (40-44% and 21%) enzymes was
renowned under heat and drought stresses, respectively [105, 106]. Likewise,
biochemical solutes are accumulated that gives advantage to wheat plant against
under heat and drought stresses. Among all, proline, glycine betaine, and salicylic
acid are key biochemicals that are significantly accumulated in plants including
wheat when exposed to heat and drought. The higher accumulation of three forages
reactive oxygen species conveys strong antioxidant defense system, increased
relative water content, reduces the rate of transpiration and membrane injury.

That is why, to reduce the effect of heat and drought stress, exogenous application
of glycine betaine and salicylic acid has been found [107]. Amarshettiwar and
Berad [108] revealed that biochemical and yield traits of wheat were significantly
influenced by heat stress with regard to values of increase in proline contents and
decrease in starch contents albumins, globulins, and yield contributing traits. ABA
is a naturally occurring compound that helps to regulate plant growth and develop-
ment. The ABA level increased during heat and especially drought stresses and is
therefore an essential arbitrator as it refunded the plant to pre stress condition.
Quarrie and Jones [109] exogenously applied ABA to investigate its effects on the
changing penalties of water under stress and found that ABA application decreased
the mean cell size, increased the production of trichomes, and reduced the number
of stomata. These changes reduce the transpiration rate and ultimately bound the
water losses. Likewise under heat stress, little is known about ABA accumulation in
wheat regardless of the fact that its level is increased however, enhanced levels of
ABA in leaves increased leaf resistance under high (38°C) air temperature, which
play an important role in thermo-tolerance. Zhao et al. [110] six heat-induced MYB
genes in wheat and studies their gene regulation by exogenous abscisic acid under
heat stress scenario. By heat stress (40°C), the expression of the two MYB out of six
was not vividly up delimited by application of exogenous ABA levels.

In addition, internal and external signals were the chief basis of transit surge in
the calcium concentrations inside the cytosol in supporting the normal level of Ca**
under heat stress This sustainability resulted in transduction of heat shocks proteins
(calmodulin, calcineurin, and annexin), which induces the thermos tolerance defen-
sive ability in wheat. A total of 39 heat shock proteins and 33 drought stress-respon-
sive proteins are identified in different wheat cultivars, which trigger, maintain, and
recover stresses [111]. The heat shock proteins are further classified in to five groups
(Hsp100, Hsp90, Hsp70, Hsp60, and small Hsps) on the bases of their molecular
masses. Late embryogenesis abundant protein represent a wide range adaptation to
water deficit involved in desiccation tolerance and slow down the rate of water losses
under drought condition These are accumulated at later stages and are classified
in to seven groups on the basis of specific domain. Transgenic approaches showed
that over expression of these proteins improve abiotic stresses especially drought in
wheat. However, their exact and precise molecular function is not clear yet.

5.5 Phenological vicissitudes

To stirring heat and drought stresses multi-modeling collaborative phenological
approaches were experienced. The acquaintance of the duration, timing, and sequence
of growing changes in wheat is vital for effective management else it has generous
errors. Many models can predict phenology accurately built on the main driver of tem-
perature and/or directly spoke these retorts to drought and appropriate photoperiod.
Under heat and drought conditions, phenological vicissitudes are utmost significant
attribute intricate in adaptation and final yield because these stresses effects are appar-
ent at all development stages of wheat. Wheat threshold temperature at germination
(10-30°C), vegetative, reproductive (15°C), and post anthesis (35°C) phases cause
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irrevocable hurt to plant growth and development. During the first week of growth,
under heat stress (45°C), hang-up of germination leads to cell death and embryo
damage. At vegetative phase sizzling, sun-burning, senescence and abscission of leaves,
twigs, stems, stunted plant height and less tillers and finally reduced biomass results.
During reproductive phase of terminal heat stress intense discount occur in fertiliza-
tion efficiency due to pollen grains damage, reduced number and weight of grains
spike™" due to less anthesis, reduces the grain filling period and early maturity which
finally resulted in reduced harvest index [112]. Akbar et al. [5] found cutback in grain
yield from 7.7 to 15.7% for every 1°C ascend in mean air temperature during booting

to maturity phasic development. Similarly under drought stress condition, water-use
efficiency increased at early stage of stress. At vegetative stage causes multiple effects
are visible such as stomatal closure, reduced swelling, loss of leaves, reduction in tiller-
ing and sheath and prevention of some tillers from producing spikes. At reproductive
phase, flowering occurs starting in the apical part of the spike chiefly on the main stem
and decline in transpiration due to relative evapotranspiration deficit and the period of
maturation eventually resulted in reduced number, weight of grains spike " and yield.
Oviedo et al. [113] estimated the grain production was reduced 23, 42, and 9% at water
stress tillering, booting, and grain filling phenological stages.

The correlation of growing degree days with the phenology of wheat plant is a
best climate impact indicator. High temperature attached with increase magnitude
dry spell causes sweeping changes on wheat phenology reliant upon stage, time,
duration, and rate of stresses occurrence. Heat shocks and early monsoon shifted
the wheat sowing as compared to past scenario. For instances, under both heat and
drought shortening the length of vegetative and reproductive phases allow the crop
to escape the stresses. Therefore, early flowering, long grain filling period and late
maturity period should be taking into account while selecting under these stresses
on phenological bases.

5.6 Physiochemical quality vicissitudes

Heat and drought are determinant factors on wheat end-use quality. Under
amplified temperature protein quantity, which persisted high due to intensity of
essential amino acids, sedimentation index, and condense effect. Dough strength
however is reduced due to early maturity, which resulted in shortened duration of
glutenin synthesis [114]. Similarly, under drought condition, valorimetric value,
protein, and starch are negatively affected, which ultimately effect dough proper-
ties for bread making [115]. Balla et al. [116] found that both drought and heat in
combination or drought alone have a much greater influence on a better protein
ratio than heat alone. In case of drought alone a noteworthy negative correlation
was pragmatic between granule sizes of starch and relative protein content telltale
that this parameter contributes significantly for the baking quality of the flour
because heat stress can reduce grain set and combined with abscisic acid build up
can increase the response compared to just one stress. All this suggest that effects
of heat and drought stresses are beneficial for some quality traits like ash and
protein but on the outlay of seed yield because quality and quantity have inversely
proportional with each other. Therefore, evaluation, selection, and development
under these three environments should be done with average good quality traits to
meet end user requirement. Among protein components (glutenin, gliadin, and
albumins-globulins), albumins-globulins have only a trivial impact on the dough
quality but glutenin and gliadin are responsible for the flexibility and extensibility
of the dough. They reported reduction in the glutenin and gliadin proportion of the
flour while the ratio of albumins and globulins did not increase proportionately in
response to heat, drought, and in combination after anthesis.
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6. Conclusions

1. The best step forward and future predominant ultimate approaches are im-

perative to develop new wheat varieties for more tolerant against these two
robust episodes. The identification, characterization, and screening of broad
based genetic resources through conventional breeding along with the use of
modern genetics protocols and agronomic management will pave the way for
efficient and accurate screening at each phonological stage of wheat. Control-
ling patterns for accountabilities of risk management and valuation must be
framed regarding transgenic wheat development for these two stress factors.

2. Crop modeling system testing (in natural and artificial buoyant environments)

for susceptible zones are still a big room for understanding the genetic and
environmental interactions and improvement of all the mechanisms which
bloom in these syndromes.

3.Heat and drought are major drivers of climate variability, can last much longer
than other weather events and cannot be detect easily especially in combina-

tion. For understanding their vigilance, a reliable decision-support system and

forecasting should be used.

4. For exploiting reliability and genetic stability for wheat yield both stresses
should be contemplated together for traits having the main influence on yield.
Therefore, a win-win possibility is a holistic attitude in future. In more prone
areas however, if the problem does not resolve, relocating to new areas and
growing different crops are the alternative range of options.
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Abstract

Rice is a staple food of more than half of the world’s population. The successful
cultivation of rice depends on a variety of climatic and soil conditions. There are
lot of factors both biotic and abiotic, which affect the growth and yield of crops.
Drought is one of the major abiotic stresses, which leads to drastic decline in the
production of rice worldwide. In the present situation of severe climatic change,
the scarcity of fresh water is diminishing at an alarming rate. Due to the sensitivity
of rice crop and the enormous requirement for optimum yield, drought affects rice
when compared to other food crops. Rice germplasm is endowed with scores of
varieties and landraces that are reservoirs of genes which is capable of withstanding
various abiotic stresses. These landraces can be used to tackle this abiotic stress and
can fulfill the increasing demand of food.

Keywords: abiotic stress, drought, heat shock protein, landraces, proline

1. Introduction

Human population is exploding day by day. By 2050, the world population is
expected to reach the mark of nine billion, and to feed this enormous population,
the food production needs to be increased by more than 50% [1]. Rice is agronomi-
cal and nutritional, one among the most important staple food satisfying the need
of the calorie intake of approximately half of the population. To meet the future
demand for food, anticipated from the projected world population increase, there
is an urgent need to take all necessary steps to enhance the productivity of rice. The
in-depth understanding of plant responses to abiotic stress needs to be achieved
as the climate prediction models have demonstrated the increased rate of abiotic
factors like drought, floods, salinity, and soaring temperature during the crop
growing periods [2, 3]. Of the 470 Mts of worldwide production of rice, 90% is
contributed from the Asian countries. The uneven pattern of rainfall hasled to a
marked decrease in the yield of upland cultivation. The reduction in the amount of
fresh water causes serious stress to the crop production since nearly 5000 L/kg of
water is required [4].

The staple food for almost two-third of the world’s population, the rice is both
nutritional and has medicinal values. Rice is a major source of carbohydrates, which
are broken down into glucose upon digestion. Thus, it becomes a rich source of
energy. The presence of resistant starch adds to its nutritive value. Since, rice lacks
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sodium and cholesterol; it is greatly preferred as the staple food. Rice is gluten free
and rich in vitamins like thiamine, niacin, iron, and riboflavin. The absence of
preservatives and gluten makes it a preferable choice. In addition to the nutritional
properties, there are some notable medicinal values for rice. The resistance starch
encourages the growth of beneficial bacteria, which helps in keeping the bowel
healthy. The high amount of insoluble fiber present in the whole grain is believed to
be protective against many varieties of cancer. In addition to being the best food in
dysenteric problems, it is also considered to be tonic, fattening, and aphrodisiac [5].

The IRRI 2010 have projected that rice requirement of 496 Mt in 2020 will
increase up to 555 Mt in 2035 and will see an overall increase in the future. Global
rice production in 2019 has been capped at 512 million tones [6]. Global rice
consumption is recorded 494.5 million tons in 2019/20 [7]. Demand for rice is
estimated to be 2000 million metric tons by 2030 [8], which has to be answered by
immediate promising improvement in rice production in this era of drastic climate
change and drought [9]. Of the total worldwide, rice production more than 50%
of the area is rainfed and which accounts one quarter of total rice production [10].
World rice production is geographically concentrated in Western and Eastern Asia.
Asia is the biggest rice producer, accounting for 90% of the world’s production and
consumption of rice. Asian farmers still account for 92% of the world’s total rice
production. Around 280 major rice varieties have been reported from India. There
are thousands of strains of rice today, including those grown in wild and those-
which are cultivated as crop.

Rice is grown under diverse conditions such as irrigated, rainfed lowland and
flood prone ecosystems. It is the only crop that is grown in most fragile ecosystems
and cultivated in all the agro-climatic zones below sea levels to the hilly areas.

In rainfed ecosystems, drought is the major obstacle for rice production. As it is
evident, drought seems to be the major obstacle in the rainfed ecosystem and causes
severe loss in grain production. Pandey et al. have cited the example of various
Indian states like Jharkhand, Orissa, and Chhattisgarh, which faces severe drought
that had recorded a yield loss of 40% valued more than $650 million [11]. Rice
production in Kerala is tapering down, yielding just 6.3 lakh tone last year. The state
produced only about 15% of its requirement in 2008 compared to 45% in 1956. The
work undertaken by the Kerala Agricultural University focusing on the landraces
pointed out the fact that Palakkad District contributes around one-third of the total
state production [12].

2. Drought, the severe abiotic factor affecting rice production

There are various factors affecting the growth development and yield of agri-
culture crops which can be classified as biotic and abiotic factors. According to the
International Rice Research Institute (IRRI, 1998) projection, over the next two
decades, India, Pakistan, the Philippines, and Vietnam will suffer, due to the sharp
decrease in per capita water availability. Drought will be the most important abiotic
factor which will lead to inter sectorial competition drastically affecting the need
of agricultural water [13]. In Asia, approximately 34 million ha of shallow rain-fed
lowland rice and 8 million ha of upland rice, totaling approximately one-third of
the total Asian rice area are subjected to occasional or frequent drought stress [14].
Continuous drought and fresh-water scarcity has led to the increase of salinity level
again giving rise to a new abiotic stress [15]. As paddy crop suffers from water stress
at soil water contents even above field capacity drought affects the yield output.
Farmers in most rainfed ecosystems, therefore, use the less risky traditional varieties
and small amounts of fertilizers which often cause low production.
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Drought is the stress situation that lowers plant water potential and turgor
pressure and alters the execution of normal physiological process. The challenge of
drought is even greater for crops such as rice when compared with other crops such
as maize and wheat due to its relatively higher water needs [16]. Around 4000 L of
water is required for the production of 1k of rice which is about double the amount
needed for other crops [17]. Since rice cultivars have been grown since time memo-
rable under flood irrigation conditions, rice is very sensitive to deficiency in soil
water level as compared to many other field crops; the production systems of rice
are more sensitive to drought and possess relatively weak resistances [18]. The water
deficit arising with the drought can be classified as the — severe water deficit: avail-
able soil moisture 40-50%; moderate water deficit: available soil moisture 50-60%;
mild water deficit: available soil moisture 60-70%.

Sarvestani et al. has reported that as a result of reduced water level in the soil,
the plant root stem uptakes reduced water leading to the yellowing of leaves due to
the reduction in chlorophyll content [19]. The first noticeable response in respect to
drought is the rolling of leaves which can help in reducing the internal water level
[20]. Henderson et al. has also reported that leaf tip drying is also observed in drought
affected plants [21]. The rice genotypes that possess high leaf rolling ability can pro-
duce high yield in comparison to other genotypes [22]. Bosco et al. have sustained the
fact that the decrease in yield is a result of decrease in plant height, reduction in leaf
area, and tillering ability [23]. Root characteristics, leaf temperature, flowering time,
panicle exertion, maturity time, and spikelet fertility also affect the crop production
[24]. An additional factor occurring due to drought stress resulting in yield reduction
is the closure of stomata causing a sharp decrease in carbon dioxide intake directly
reducing the photosynthesis rate [25]. The duration and severity of water scarcity
determines the rate of reduction of life cycle and the extent of grain filling [26].

3. Drought tolerance in rice landraces

Erratic rainfall distribution is the most limiting factor of growing upland rice in
India. Identification of relevant physiological stress tolerance mechanism and the
genetic improvement of drought tolerance in crop plants need great attention [27].
Traditional varieties, wild relatives, native species, and modern cultivars together
represent the wide genetic resources of the agriculture cops which form the basis
of global food security. Genetic diversity provided farmers, plant physiologists,
plant breeders, and biotechnologists with options to develop, through the natural
selection, breeding and genetic manipulation, new crops, that are resistant to pests,
diseases, and adapted to changing environments (abiotic stress) [10].

Landraces are generally called as the native varieties. They harbor a great genetic
potential for crop improvement. As these are not subjected to subtle selection over
many decades, they are endowed with tremendous genetic variability. This hetero-
zygosity aids in the adaptation of landraces to wide agro-ecological niches and also
possess unmatched qualitative traits and medicinal properties. This rich variability
of complex quantitative traits still remains unexploited. Rice cultivation in the
Kerala state of India situated in the southern Western Ghats dates back to 3000 B.C.
[28]. There is immense genetic diversity in the germplasm of both wild and culti-
vated rice. The landraces present in the state are named according to morphological
features, seed color, specific uses, growing conditions, etc. South Asian region is
considered as the primary center [29], and Jeypore tract of Orissa is considered
as the secondary center of rice and its wild relatives [30] in addition to the humid
tropical coastal and mid-lands of Kerala with innumerable wild relative together
with more than 600 landraces [31].
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Landraces are also important genetic resources for resistant to pest and fungal
diseases. “Velluthachira,” “Bengle,” and “Bhumanasam” are resistant to Rice gall
midge; “Thadakan” is resistant to blast,’Buhjan” and “Laka” are resistant to brown
plant hopper [32]. Owing to their specific domination in geographical niches, land-
races have gene of resistance to abiotic stresses, which have not been widely used or
incorporated into modern varieties. The South Indian Landraces “Norungan” and
“Noortripathu” are now used as donors for drought tolerance [33].

The present scenario of predicted global food security needs to be tacked with
the better understanding of natural selection, germplasm, responses of plant to
abiotic stress, and improved yield under stress conditions. The identification of a
traditional race, which can thrive well in stress prone area and genetic manipula-
tion of plants that can maintain higher photosynthetic rates, better foliage growth
and improved yield under stress conditions requires to be attended [34, 35]. There
are a number of comprehensive reviews on drought response in plants [36-38].
Kamoshita et al. have reviewed the drought responses in upland rice [39]. Drought
tolerance studies of the under-utilized heterozygous landraces which are bestowed
with numerous beneficial properties are the need of the hour.

4. Screening of drought tolerance in rice

One of the major phenomena encountered in almost all rice growing environ-
ments is drought. The methods to mitigate are to cultivate either the genotypes which
have the capability to strive in the water scarcity or to develop new cultivars which
can withstand the drought stress. The factors, which might have operated to create
intra-varietal differences in the cultivated rice of Kerala can be attributed to the
diverse climatic and ecological conditions which would have led to selection of variet-
ies. The investigation was carried out to find out the best landrace with yield in both
stressed and non-stressed environment which can be suggested as the best cultivar
for upland cultivation. The recent approaches by functional genomics and genomics
assisted breeding of abiotic stress tolerance are helpful in generating valuable infor-
mation for engineering stress tolerant plants for their use in sustainable agriculture.

Exploration and collection of different accessions of landraces from different
districts of Kerala were carried out. After primary screening, the following germ-
plasm were selected to study the effect of drought and the ability of landraces to
withstand it (Tables1 and 2).

The seeds of selected landraces varieties were kept for germination. The
approximate period for germination was recorded to be 7 days. After all the seeds
were germinated, they were transferred to drought condition by withholding the
water supply. The withholding resulted in the appearance of wilting signs. These
seedlings were screened for their regaining capacities after re-watering. After
completion of 7 days of germination, the seedlings were transferred to drought by
withholding the input of water. Neither of them could survive 4 days in drought
and they wilted and died. In the second phase, drought period was reduced to
3 days. After 72 hours of drought, the seedlings did show signs of wilting but once
re-watered, they started to regain. The regaining capacity of the landraces showed
district variation. After normal growth for 7 days the seedlings were transferred to
drought condition. The areas of the leaves were recorded prior to their transfer into
drought with the help of a graph paper and recorded as L1. After 3 days of drought,
the leaves showed signs of wilting and started to roll. At that time, the leaf area was
again calculated with the help of a graph paper and recorded, L2. Induction of heat
shock proteins was done and quantified together with the total carbohydrates and
proline. The healthy grains of the selected landraces along with check varieties were
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SN Name of landraces
1 Navara punja
2. Navara
3. Oarkazhama
4. Vadakan
5. Vellaryan
6. Malakkaran
7. Mundakan
8. Kuthiru
9. Kazhama
Table 1.
Landraces selected.
SN Landraces Plumule Radicle
1 Navara punja 9425 11.27
2 Navara 9.275 119
3 Orkazhama 9.675 156
4 Vadakan 9.65 10.02
5 Vellaryan 9.7 10.85
6 Malakaran 10.975 15.02
7 Mundakan 9.75 14.27
8 Kuthiru 9.77 12.27
9 Kazhama 8.82 13.27
Table 2.

Plumule and radicle length (cm).

germinated under controlled condition by soaking in double distilled water 72 h,
after germination and 50 seeds were exposed to a temperature of 42°C at uniform
time intervals. The amount of protein accumulated was correlated with the level of
drought tolerance of different landraces and the control and was estimated by the
method of Lowry et al. [40]. Accumulation of proline is seen under stress condi-
tions which is used as an energy source for survival and growth [41]. Proline is an
osmoregulatory molecule which allows the cell to balance the osmotic strength of
its cytoplasm with that of its surroundings to prevent a net loss of water. In addition
to functioning as osmotic balancing agents, proline interacts with crucial macro-
molecules of the cell to maintain their biological activity during stress. It has been
suggested that proline may also function as a sink of energy and reducing power,
hydroxyl radical scavenger, a compatible solute that protects enzymes and also as a
means of reducing acidity. The proline content of the drought treated samples and
control seeds were analyzed according to the procedure of Bates et al. [42].

4.1 Screening of root architecture
The root and shoot lengths of all the accessions studied before and after sub-

jection to drought were recorded. From the data obtained its seen that with the
induction of drought, there is a remarkable increase in the length of radicle, and
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SN Landraces Plumule length Radicle length

1 Orkazhama >10 Replaced by fibrous roots

2 Malakaran >9 >78.

3 Mundakan >8.7 >7.5

4 Kazhama >11 Replaced by fibrous roots

5 Kuthiru >14 Replaced by fibrous roots
Table 3.

Root performance under drought (cm).

numerous root hairs make their appearance. This might be for the increasing of the
absorption area. Kuthiru has the longest shoot while Kazhama has the shortest. With
respect to roots, Oarkazhama has the longest roots followed by Malakkaran and
Kuthiru. Vaddakan has the smallest, and deteriorated radicle was shown by Navara.
After a period of 3 days, the seedlings were watered and their regaining capacity
and performance is depicted in Table 3. Root system architecture is one of the most
important contributors to drought resistance in crops [26]. A well-developed root
system is a key to ensuring stable and high yields under drought [43], and the greater
root length in deeper soil layers has been shown to increase yield by allowing more
water extraction [44]. Supporting to this, the current investigation also revealed the
formation of dense root system on subjection to drought. Since rice is characterized
by a shallower and more fibrous root system, it has limited water extraction below
60 cm [45]. The lateral root of rice showed greater development under drought [46],
which would accelerate drought stress in 20 cm deep soil adverse to rice production.

Since the landraces Njavara, Njavara punja Vadakan and Vellaryan did not show
any marked drought tolerance and could not withstand the initial drought stress;
they were not subjected to further studies.

4.2 Estimation of leaf area

The leaf area index that reduces due to the subjective stress was compared
with normal ones grown under optimum conditions. All the accessions showed
decrease in leaf area, and the maximum reduction was shown by the accession,
“Malakkaran” and minimum by “Kazhama.” There was a clear indication that the
accessions tend to reduce the leaf area during drought condition (Table 4).

4.3 Estimation of heat shock proteins (HSPS)
The concentration of heat shock accumulated is then found out by the method

of Lowry et al. The amount of heat shock protein accumulated by induction
together with the amount induced by drought is summarized in Table 5.

SN Landraces Normal Drought induced % Reduction

1 Oarkazhama 17.0 12.5 26

2 Malakaran 189 11.7 38

3 Mundakan 194 12.3 36

4 Kuthiru 169 11.0 34

5 Kazhama 20.7 179 14
Table 4.

Leaf area index of drought induction (in cm).
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SN Landraces Raw Control Drought induced

1 Orkazhama 13941 16941 181.17

2 Malakaran 116.47 110.0 19941

3 Mundakan 104.7 173.5 194.70

4 Kuthiru 113.52 169.38 193.53

5 Kazhama 1247 165.49 181.76
Table 5.

Heat shock proteins in rice.

The concentration of the heat shock protein increases when the seeds are
subjected to drought. And the amount is the lowest in Oarkazhama and highest in
Malakkaran in the case of raw seeds. Once drought is induced, it is seen that there
is an increase in the Hsp’s. These may help them to tolerate the advent of water
stress. Plant growth regulators modulate plant response to unfavorable environ-
ment. Heat shock proteins (HSPs) are expressed at a very high rate when the cells
are exposed to increased temperature, and its activity and expressions are co
regulated.

The increasing global temperature and the reduction in the available water
content for the crops subject them to survive in elevated temperatures. Park et al.
reported that the hsp 90 genes and hsp 90 proteins are found in rice [47]. They are
induced by elevated temperature stress but their levels are reasonably large even at
low temperatures. These hsps provide the temperature affected rice to combat the
degradative effect of heat. Yeh et al. reported that a recombinant rice of 16.9 kda
heat shock protein can provide thermo protection in vitro [48]. Hsp 100 family has
been directly implicated in the induction of thermo tolerance in microbial and ani-
mal cells. Jie Zou showed that rice small Hsp gene, shsps 17.7, the product which acts
as molecular chaperons aid to determine the mechanism of acquisition of tolerance
to drought stress by heat shock [49].

4.4 Estimation of proline

Following the procedure of Bates et al., the concentration of the basic amino
acid proline, which has to play a great role in stress condition was determined. The
results obtained are summarized below (Table 6).

The amount of proline in raw seeds is very less. The value increases only negligi-
bly once the seedlings germinated. But the induction of drought stress remarkably
contributes toward the increase of proline content which helps the seedlings to
survive in stress period. The landraces Malakkaran showed the highest amount of
proline in both raw seeds and also after introduction of drought. While Kuthiru and
Kazhama were the landraces possessing the least amount. The landraces which had
thrived well in the drought condition showed increase in the proline content.

Proline, a compatible solute and an amino acid, is involved in osmotic adjust-
ment (OA) and protection of cells during dehydration [50]. Cell turgor is main-
tained due to osmotic adjustments, which allows cell enlargement and plant growth
during water stress. It also enables stomata to remain partially open and CO,
assimilation to continue at water potentials that would be otherwise inhibitory for
CO, assimilation [51]. Proline can scavenge free radicals and reduce damage due to
free radicles during drought stress. Growing body of evidence indicated that proline
content increases during drought stress and proline accumulation is associated with
improvement in drought tolerance in plants [50, 52].
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SN Landraces Raw Control Drought induced

1 Orkazhama 0.23 0.56 0.86

2 Malakaran 0.28 0.65 0.92

3 Mundakan 013 0.49 0.81

6 Kuthiru 0.14 0.38 0.83

5 Kazhama 0.07 041 0.80
Table 6.

Proline content in rice.

From the physiological and biochemical results, it is quite clear that the increased
higher accumulation of the stress amino acid proline renders Malakkaran followed by
Kuthiru the ability to withstand the drought conditions. These two landraces showed
more adaptability to drought stress. And if the particular seeds can withstand the
severe drought condition, then they can be successfully used for cultivation purposes.
From the study undertaken, it is obvious that the two landraces, Malakkaran and
Kuthiru can be used for even the upland cultivation even in severe drought periods.

Drought contributes directly to an increase in the incidence and severity of pov-
erty. It is therefore critical that we establish effective strategies to mitigate the effects
of drought in order to ensure agricultural productivity and environmental sustain-
ability. The use of landraces which can thrive well in the drastic water scarcity can
result in optimum yield which would help in fulfilling the adequate food availability
of the increasing human population. As the pressure on land and its resources are
increasing with the population growth, there is a noticeable decrease in the low land
areas suitable for rice cultivation. The practice of cultivating cultivars which have
promising characteristics to tolerate the abiotic stress is the need of the hour.

5. Conclusion

The increased frequency of drought in arable region threatens rice production
and demands the development of rice genotype capable of producing more from
diminishing water resources. The development of rice cultivars with improved
drought tolerance is thus an important element in reducing risk, increasing produc-
tivity, and alleviating poverty in communities dependent on rain-fed production.
These landraces with the potential to withstand drought condition should be culti-
vated to harness their potential. The repository of hidden treasures of tolerant genes
in the underutilized landraces present in the state of Kerala with maximum water
use efficiency mitigate can prove to be the best in alleviating the drought stress.
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Abstract

Maize is a cross-pollinated, polymorphic plant in nature. It is commonly a
moderately salt-sensitive crop. Salinity stress is the main abiotic factor that arrests
the physiological characteristics and plant growth of a maize plant. It causes the
osmotic effect, associated with an increase in phytotoxic ions, oxidative stress by
increased reactive oxygen species (ROS) production, and ionic effect in the cytosol.
These salinity effects hinder the maize plant’s physiological processes such as respi-
ration, photosynthesis, transpiration, stomatal functioning, hormone regulation,
and functioning, seed germination, and dormancy and water relation with plants
and ultimately reduce the plant growth and yield. However, the physiology of
maize subjected to salinity shows various responses that depend on the genetic
responses and growth stages. Maize plant undergoes many physiological changes
and adapts some mechanism internally to cope with salinity stress. Numerous
mitigating strategies such as application of chemicals, application of plant growth-
promoting rhizobacteria (PGPR), application of hormones, and use of genetic and
molecular techniques are used to handle salinity. This chapter will cover the effect
of salinity on maize growth, its physiology, and physiological adaptations of maize
plants with management strategies.

Keywords: Zea mays L., salinity, physiology, genetic and molecular techniques,
antioxidants

1. Introduction

Soils with an excessive amount of soluble salts or exchangeable sodium in the
root zone are termed salt-affected soils. Owing to limited rainfall and high evapo-
transpiration demand, coupled with poor soil and water management practices, salt
stress has become a serious threat to crop production in arid and semi-arid regions
of the world [1, 2]. Although the general perception is that salinization only occurs
in arid and semi-arid regions, no climatic zone is free from this problem [3].

More than 800 million hectares of land worldwide is affected by either salinity
(397 million hectares) or sodicity (434 million hectares) [4-6].

Maize (Zea mays L.) is the third most important cereal crop after rice and wheat
and is grown under a wide spectrum of soil and climatic conditions. It is an impor-
tant C4 plant from the Poaceae family and is moderately sensitive to salt stress;
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nonetheless, wide intraspecific genetic variation for salt resistance exists in maize.
According to the biphasic model of salinity-induced growth reduction [7], osmotic
stress during the first phase and ion toxicity during the second phase are responsible
for reduced growth in cereals, specifically wheat. The same model for salinity-
induced growth reduction in maize was confirmed by [8], but ion toxicity and the
associated growth reduction can occur, to a small extent, in the first phase in maize.
The sensitivity of maize to salinity is associated with higher accretion of Na* in the
leaves. A saline level of more than 0.25 M NaCl damages maize plants and may stunt
growth and cause severe wilting [9].

2. Salinity stress

Sodium is the main toxic ion interfering with potassium uptake and thus dis-
turbs stomatal undulations causing severe water loss and necrosis in maize; a
reduction in potassium content in the leaf symplast of maize has been reported
under saline conditions. High osmotic stress due to low external water potential, ion
toxicity by sodium and/or chloride, and imbalanced nutrition due to interference
with the uptake and transport of essential nutrients are three potential effects of salt
stress on crop growth. The latter may not have an immediate effect because plants
have some nutrient reserves which can be remobilized [10, 11]. Osmotic stress is
linked to ion accumulation in the soil solution, whereas nutritional imbalance and
specific ion effects are connected to ion buildup, mainly sodium and chloride, to
toxic levels which interferes with the availability of other essential elements such as
calcium and potassium [12]. Toxic levels of sodium in plant organs damage biolog-
ical membranes and subcellular organelles, reducing growth and causing abnormal
development before plant mortality [13, 14]. Several physiological processes such as
photosynthesis, respiration, starch metabolism, and nitrogen fixation are also
affected under saline conditions, leading to losses in crop productivity.

Moreover, salt stress also induces oxidative damage to plant cells with
overproduction of reactive oxygen species in maize [15]. The ability of plants to
survive and produce harvestable yields under salt stress is called salt resistance. Salt
resistance is a complex phenomenon, and plants manifest a variety of adaptations at
subcellular, cellular, and organ levels such as stomatal regulation, ion homeostasis,
hormonal balance, activation of the antioxidant defense system, osmotic adjust-
ment, and maintenance of tissue water status to grow successfully under salinity
[16-20]. An integrated approach encompassing conventional breeding together
with marker-assisted selection, biotechnology, exogenous use of growth regulators/
osmoprotectants, and nutrient management may be needed for successful maize
cultivation on salt-affected soils [21-23].

3. The response of salinity stress on maize plant physiology

Salt stress affects the growth and development of maize; however, the response
of plants varies with the degree of stress and crop growth stage. Short-term expo-
sure of maize plants to salt stress influences plant growth, owing to osmotic stress in
the first phase of salt stress without reaching toxic sodium concentrations.

3.1 Salinity stress response on seed germination

Seed germination is the most critical stage in a seedling establishment which
determines the success of crop production on salt-affected soils. Generally, salt
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stress during germination delays the start, reduces the rate, and enhances the
dispersion of germination events [23-25]. It is important to note that germination
and early seedling growth are more sensitive to salinity than later developmental
stages [26]. Salt stress influences seed germination primarily by sufficiently lower-
ing the osmotic potential of the soil solution to retard water absorption by seeds, by
causing sodium and/or chloride toxicity to the embryo or by altering protein syn-
thesis. Hyper-osmotic stress and toxic effects of sodium and chloride ions on ger-
minating seeds in a saline environment may delay or inhibit germination [25, 27].
However, in maize, it is sodium toxicity and not chloride toxicity that is the major
problem in the second phase of salt stress.

3.2 Salinity stress response on vegetative, reproductive growth and grain yield

Although the root is the first organ exposed to salt stress, shoots are more
sensitive to salt stress than roots [7]. Salinity promotes the suberization of the
hypodermis and endodermis, and the Casparian strip develops closer to the root tip
than in non-saline roots [28]. Salinity reduces shoot growth by suppressing leaf
initiation and expansion, as well as internode growth, and by accelerating leaf
abscission [29-31]. Salt stress rapidly reduces the leaf growth rate due to a reduction
in the number of elongating cells and/or the rate of cell elongation. As a salt-
sensitive crop, shoot growth in maize is strongly inhibited in the first phase of salt
stress [32-34].

Salt stress may also displace calcium from plasma membrane binding sites, thus
causing membrane leakiness as a primary cellular response to salt stress [35]. How-
ever, it is interesting to note that if salt stress influences the integrity of the plasma
membrane, then the cell wall acidification process, which is partially dependent on
adenosine triphosphate-driven outward pumping of protons across the intact
plasma membrane, may also be affected [36]. Acidification of the apoplast is the
major requirement for increasing cell wall extensibility, which controls extension
growth [37]. In this regard, cell wall proteins such as expansions are of great
interest. Expansions, wall-loosening enzymes located within the apoplast of the
elongation zone of leaves [38], regulate cell elongation. The assimilate supply to
growing tissues is not limited during the first phase of salt stress [39], suggesting
that photosynthesis is not responsible for any growth reduction in maize during this
phase. Salinity-induced growth reduction in maize is caused by suppressed leaf
initiation, expansion, and internode growth and by increased leaf abscission. In
maize, suppression of expansion growth by salinity is principally caused by reduced
apoplastic acidification and activity of wall-loosening enzymes.

In salt-affected soils, excessive buildup of sodium and chloride ions in the
rhizosphere leads to severe nutritional imbalances in maize due to strong interfer-
ence of these ions with other essential mineral elements such as potassium, calcium,
nitrogen, phosphorus, magnesium, iron, manganese, copper, and zinc [40, 41].
Generally, salt stress reduces the uptake of nitrogen, potassium, calcium, magne-
sium, and iron [42]. For maize, sodium is the principal toxic ion interfering with
potassium uptake and transport, leading to disturbance in stomatal modulations
and causing water loss and necrosis. Competition between potassium and sodium
under salt stress severely reduces potassium content in both leaves and roots of
maize [19] and reduces potassium content by up to 64% in the symplast of
expanding tissues under salt stress. Moreover, salt stress not only reduces potassium
uptake rates but, to a greater extent, disturbs potassium translocation from root to
shoot tissues in maize, leading to lower potassium shoot contents than root con-
tents. Reduced leaf expansion with reduced calcium contents in expanding shoot
tissues in maize is due to reduced transport in a saline environment; some calcium is
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required to uphold cell membrane integrity for proper functioning [43]. The high
values for sodium/potassium, sodium/calcium, and sodium/magnesium ratios in the
total plant and apoplast and symplast of expanding tissues in maize confirm that
impaired transport of potassium, calcium, and magnesium by sodium might upset
plant metabolism, leading to reduced growth under saline conditions. Besides
potassium and calcium, nitrogen uptake and translocation are severely inhibited
under salt stress, leading to reduced nitrogen contents in different maize tissues
[41, 44]. Higher buildup of sodium and chloride concentrations in different plant
tissues is the principal reason for nutritional imbalances. Accumulation of high
sodium and chloride ions, due to salinity, in the rhizosphere decreases plant uptake
of nitrogen, potassium, calcium, magnesium, and iron and thus causes severe
nutritional imbalances in maize.

Carbon fixation in maize is very sensitive to salt stress [45]. Reduced stomatal
conductance, impaired activities of carbon fixation enzymes, reduced photosyn-
thetic pigments, and destruction of photosynthetic apparatus are among the key
factors limiting carbon fixation capacity of maize plants under salt stress [31, 46].
Total photosynthesis decreases due to inhibited leaf development and expansion as
well as early leaf abscission, and as salt stress is prolonged, ion toxicity, membrane
disruption, and complete stomatal closure become the prime factors responsible for
photosynthetic inhibition. Salt stress affects stomatal conductance immediately due
to perturbed water relations and shortly afterward due to the local synthesis of
abscisic acid. Gas exchange analysis confirmed that reductions in net photosyn-
thetic rates are connected with the limited availability of intercellular carbon diox-
ide due to reduced rates of transpiration and stomatal conductance in salt-treated
maize plants.

Salt stress in maize, during the reproductive phase, decreases grain weight and
number, resulting in substantial reductions in grain yield [47, 48]. Salinity-induced
reductions in photosynthesis and sink limitations are the major causes of poor
kernel settings and reduced grain number [49]. Salinity-induced reductions in
assimilate translocation, from source to developing grains, are also responsible for
poor grain setting and filling and ultimately grain yield [50].

4, Mechanisms of salt tolerance in maize

Maize plants undergo a variety of adaptations at subcellular, cellular, and organ
levels to grow successfully under salinity. Salt tolerance is a complex phenomenon;
maize plants manifest several adaptations such as stomatal regulation, changes in
hormonal balance, activation of the antioxidant defense system, osmotic adjust-
ment, maintenance of tissue water contents, and various mechanisms of toxic ion
exclusion under salt stress.

Osmotic adjustment or osmoregulation is the key adaptation of plants at the
cellular level to minimize the effects of salinity-induced drought stress, especially
during the first phase of salt stress. Osmoregulation is primarily met with the
accretion of organic and inorganic solutes under salinity and/or drought to lower
water potential without lessening actual water contents [51]. Soluble sugars, sugar
alcohols, proline, glycine betaine, organic acids, and trehalose are among the major
osmolytes. Proline and glycine betaine are the major osmolytes responsible for
osmoregulation in maize under salt stress. Physiologically, the exclusion of exces-
sive salt is an adaptive trait of plants to acquire salt resistance. Accumulation of
sodium in excessive amounts is highly toxic for maize growth due to its strong
interference with potassium, leading to disturbed stomatal regulation. Therefore,
the exclusion of excessive sodium or its compartmentation into vacuoles through
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tonoplast hydrogen/sodium antiporters driven by the proton gradient is an impor-
tant adaptive strategy for plants under salt stress. Through this strategy, maize
plants not only evade the cytosol from the toxic effects of excessive sodium and gain
tissue resistance for sodium but also significantly lower the osmotic potential which
contributes to osmoregulation. In root cells of maize, shifting sodium into vacuoles
through the tonoplast appears to be a viable strategy to minimize sodium transport
to developing shoots [16]. Absorption of excessive sodium from xylem by paren-
chyma cells in the xylem to limit sodium translocation to shoots is also reported in
maize [52]. However, salt tolerance in maize is not linked to sodium content in
shoots, but rather the ability of cells to shift excessive sodium in vacuoles to main-
tain low sodium concentrations in the cytoplasm seemed more important [53].

Salt tolerance in maize is also linked with higher potassium and lower sodium
and chloride fluxes and cytoplasmic contents and their ability to rule out sodium
and chloride from leaves to sustain a higher potassium/sodium ratio. Moreover,
shifting sodium and chloride in the stems and/or leaf sheaths to lessen the buildup
of toxic ions in more sensitive leaf blades is another adaptive strategy of maize
plants in a saline environment [54].

Salinity-induced osmotic effects alter general metabolic processes and enzy-
matic activities, leading to over-generation of reactive oxygen species which causes
oxidative stress in maize. Overproduction of reactive oxygen species is highly toxic
and damages proteins, lipids, carbohydrates, and deoxyribonucleic acid. Photosys-
tems I and IT in chloroplasts and complex I, ubiquinone, and complex III of the
electron transport chain in mitochondria are key sites for reactive oxygen species
synthesis [55]. Plants have multigenic responses against salt stress that involve both
osmotic and ionic homeostasis, as well as cell detoxification, which is primarily met
by antioxidant defense mechanisms [56, 57]. The better leaf growth, leaf water
content, and membrane stability index observed in salt-tolerant maize were associ-
ated with higher antioxidant activity with greater accumulation of polyphenols
under saline conditions [19]. Catalase, ascorbate peroxidase, and guaiacol peroxi-
dase enzymes in combination with superoxide dismutase have the greatest hydro-
gen peroxide scavenger activity in both leaves and roots of salt-stressed maize
plants [15].

Plant growth and development is governed by the synthesis of hormones with
small amounts sufficient to regulate plant growth. Auxins, gibberellins, cytokinins,
ethylene, and abscisic acid are the most important phytohormones; among them,
the first three are growth promoters, while the other two are growth retardants.
Maize plants under salt stress make certain modifications to the synthesis of these
growth substances. In a saline environment, root tips are the first to sense impaired
water availability due to the osmotic effect, sending a signal to shoots to adjust
whole plant metabolism [18]. Higher abscisic acid levels in salt-tolerant maize help
to minimize water loss and may even regulate growth promotion. Leaf growth
sensitivity decreases as abscisic acid levels increase under such conditions.

Maize plants facing salt stress undergo a variety of adaptive mechanisms at the
molecular level to counteract the damaging effects of salinity stress. Of these,
accumulation or inhibition of several proteins and the upregulation and
downregulation of many gene transcripts are important [58]. Expression of antiox-
idant defense genes is triggered in maize to protect the cells from salinity-induced
oxidative damage. In photosynthesizing shoots of maize, catalase activity increased
due to the induction of mRNA accumulation in response to higher reactive oxygen
species levels under salt stress. Likewise, the buildup of superoxide dismutase
transcripts increased without any notable change in total superoxide dismutase
enzymatic activity or isozyme profiles [9]. The alteration/adaptation in cell wall
chemical composition may also contribute to salt resistance in maize, as a low
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accumulation of non-methylated uronic acid in leaf cell walls may contribute to salt
resistance in the first phase of salt stress [59].

5. Management strategies

Remediation of salt affected areas with low cost, efficient, and adaptable
methods is a challenging goal for scientists [11]. Different practices are used to
improve growth and tolerance of crops in salt-affected areas.

5.1 Agronomic approaches (soil amendments)

For saline soil management, many chemicals and organic amendments are
applied to combat the adverse effect of salinity in maize crops. Chemicals mostly
applied to soil for maize crops include silicon, salicylic acid, potassium, phosphorus,
gypsum, biochar, and boron, and many organic amendments are also applied.
Silicon application and an increase in their availability reduce the changes caused by
salinity in plants by altering the plant and soil factors [60]. Silicon application
increases the photosynthetic apparatus efficiency of maize plants under salinity
stress by improving and maintaining the continuity of the electron transport chain
[61] Silicon is recognized as a resistance improver against salinity in the maize crop.
Silicon application lessened both oxidative and osmotic stress in maize crops by
improving the defensive machinery performance under salinity stress. Silicon also
improved water-use efficiency. Silicon-treated maize plants showed better survival
under saline conditions, and their biochemical and photosynthetic apparatus was
better working than silicon non-treated plants [62]. The application of brackish
water is also reported in maize plants to reclaim salt effects. Brackish water irriga-
tion boosted K uptake and retarded Na uptake in some maize genotypes. Selection
of tolerant genotypes for growing in salt affected areas would be a better reclama-
tion method [63]. Boron is an important element for many biochemical and physi-
ological reactions of plants [64]. Boron application alleviated the negative effect of
sodium chloride-induced salinity in sweet corn. Boron improved potassium con-
centration and maintained membrane integrity [65]. Combined application of sili-
con and boron also proved effective in alleviating the salinity effect on maize crops.
They both in combination enhanced maize plant physical and biological parameters
and also increased total soluble sugars and proline content [66]. In saline conditions,
sodium concentration increased that caused an imbalance in sodium to potassium
ratio. Application of potassium maintained or lowered this ratio and alleviates the
deleterious effects of sodium. Potassium application to maize crop grown in saline
soil decreased sodium percentage and enhanced potassium percentage in maize
grain and stalk as well as distinctly boosted the maize salt tolerance by decreasing
the sodium to potassium ratio. The most significant effect was observed at higher
potassium fertilizer application rates [67].

Combined application of potassium sulfate and diammonium phosphate on
maize in saline soil for maize (Zea mays L.) showed that maize responded well to
potassium and phosphorus fertilization. Salinity effects were amended by potas-
sium and phosphorus fertilizer application and improved yield. The influence of
potassium was great on grain yield compared to phosphorus. K affected yield-
related parameters, and phosphorus showed substantial effects on sodium, potas-
sium, magnesium, and sodium to potassium ratio. Potassium application decreased
sodium concentration and ultimately decreased sodium to potassium ratio [68].
Foliar application of potassium chloride, boron, and thidiazuron was done on maize
crops in saline stress. Thidiazuron and potassium application improved the
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physiological parameters of the crop. Thidiazuron proved more efficient in allevi-
ating the adverse effects of salinity than potassium and boron. Potassium content,
chlorophyll content, total carbohydrate protein percentage, and total soluble salt
percentage were substantially improved by foliar application of thidiazuron; how-
ever, transpiration rate and proline content were decreased [69].

Flue gas desulfurization gypsum (FGDG) application can reduce sodium toxicity
by replacing it with calcium at the cation exchange site and results in increased clay
particle flocculation near the surface of the soil [70]. Furfural residue is rich in
organic carbon and can increase the SOC content, reduce soil bulk density, and
lower soil pH [71]. Flue gas desulfurization gypsum and furfural residue combined
application reduced the yield gap of maize and recovered soil properties. Flue gas
desulfurization gypsum and furfural residue increased the organic carbon (SOC)
and calcium contents and decreased the upper soil layer pH and sodium content.
Mineral nutrients like phosphorus, nitrogen, potassium, magnesium, and calcium
accumulations in maize increased significantly, and sodium accumulation decreased
in the flue gas desulfurization gypsum and furfural residue treatment compared
with control [72].

Hydrogen peroxide as foliar spray effectively curtailed the effects induced by
salinity because of increased antioxidant enzyme activities: ascorbate peroxidase,
guaiacol peroxidase, superoxide dismutase, and the most responsive catalase [73].

Salicylic acid is an imperative secondary metabolite that is used in salinity man-
agement as it induces resistance against salinity in plants by regulating physiological
processes through signaling. Maize plants exposed to sodium chloride induced salin-
ity, reduced plant dry biomass, increased membrane permeability, and reduced
nutrient availability, while those plants supplied with exogenous salicylic acid
increased dry biomass, decreased membrane permeability and lipid peroxidation, and
increased iron, zinc, copper, and manganese contents. Salicylic acid application fur-
ther improved nutrient uptake by maize plants except for zinc in the saline condition.
Salicylic acid reduced chloride and sodium accumulation considerably [22].

In another study, a maize crop dry weight and leaf area decreased by 51.43 and
53.18%, respectively, when irrigated with saline water, while salicylic acid foliar
application at the rate of 200 ppm remedied the harmful salinity effects and
improved whole plant dry weights and leaf area and improved proline and amino
acid contents such as lysine, arginine, glutamic acid, and serine accumulation under
saline stress conditions [74].

Organic amendments proved as an effective strategy for saline soil amelioration.
Organic amendments improve soil chemical and physical properties. Solid waste,
vermicompost, and cow dung influence soil salinity and alleviate its adverse effects
on the growth of plants by changing the physico-chemical properties of soil. Solid
waste, vermicompost, and cow dung reduced soil electrical conductivity as well as
improved shoot and root length [75].

Compost and vermicompost application increased maize plant dry matter and
plant height and reduced soil pH and electrical conductivity. Extractable phospho-
rus, total nitrogen, soil organic carbon, cation exchange capacity, and potassium,
calcium, and magnesium concentrations were improved by the application of
vermicompost and compost. Sodium concentration decreased because of its
replacement by calcium ions and then leaching. This results in a decrease in soil
salinity levels [76].

Biochar also improved physico-chemical properties of soil, including soil cation
exchange capacity, pH, water holding capacity, surface area, and soil structure
under abiotic stresses [77]. Biochar application improved potassium availability
uptake and decreased sodium availability and uptake under salt stress [78, 79].
Biochar made by cow manure is a rich source of many plant nutrients which
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significantly increased nutrient uptake in maize crop. Cow manure biochar appli-
cation improved net WUE, field-saturated hydraulic conductivity, and significantly
increased Oslen-P, total N, pH, total C, exchangeable cations, and cation exchange
capacity [80]. Compost manure and crop straw biochar and pyroligneous solution
can improve maize productivity and combat salinity stress. Compost manure and
crop straw biochar both increased nutrient statuses and decreased salinity by
reducing chloride and sodium accumulation and increasing potassium concentra-
tion. Manures also increased plant performance, maize grain yield, and leaf area
index, with a decrease in electrolyte leakage. Leaf bioactivity associated with
osmotic stress was improved significantly [81]. It is concluded that exogenously
applied organic matters such as plant residues, manure, a by-product of municipal
or farming activities, etc. are an efficient and feasible way to mitigate the effects of
salinity on plant growth and soil health. Organic amendments at optimal rates (>50
tons per hectare) can improve soil chemical like cation exchangeable capacity, pH,
etc. and physical properties like permeability, soil structure, water holding capacity,
etc., approving maize plant growth [82].

5.2 Application of hormones

Hormones govern many processes inside plants that regulate plant growth:
auxins, gibberellins, and cytokinins are growth promoter hormones, while abscisic
acid and ethylene are the growth retardants. Under salt stress conditions, growth-
promoting hormones are applied exogenously to overcome the adverse effects of
salinity on maize plant growth and development.

Cytokinin is a plant growth regulator that plays a vital role in cytokinin-
dependent processes that regulate plant adaptation, growth, and development pro-
cesses [83]. It is reported in recent research that cytokinins of developing maize
seeds may come from both transport and local synthesis. Cytokinin fertilization at
higher rates suggested parental control on plant metabolism [84]. Cytokinin and
auxin application alone or in combination with maize plants reduced the deleterious
effect of salinity on plant growth and increased physical parameters like stem
diameter, plant height, ear length, row number per ear, and biological yield like
grain yield and number at different concentrations. A single application of cytoki-
nin played a role in improving kernel number per row, while a single application of
auxin increased grain weight and better harvest index in saline condition [85].

Kinetin is one form of cytokinins and is known to boost the crop plant growth
grown under saline conditions [86]. Kinetin and indoleacetic acid (auxin) applica-
tions as foliar spray overcame to adversative effects of sodium chloride induced
stress on physiological parameters at the earlier stages of maize plants at a variable
extent. Foliar combined application of both kinetin and indoleacetic acid substan-
tially increased K* and Ca”* concentration and reduced those of Na*. Their applica-
tion also increased essential inorganic nutrients and maintained membrane
permeability and in result thwarted some salt-persuaded adversative effects [19].
Exogenous combined application of inorganic nutrients and indoleacetic acid
improved phosphorus, calcium, and magnesium contents and decreased sodium
concentration in maize plants grown in saline condition. Improvement in growth by
indoleacetic acid and organic nutrient application is linked with an improved con-
centration of photosynthetic pigment, more leaf sodium to potassium ratio, reha-
bilitated activities of some antioxidant enzymes such as CAT and SOD, and reduced
membrane permeability under salinity. Exogenous foliar application of indoleacetic
acid additionally improved the CAT and SOD activities in salt-stressed maize
plants, while increasing effect was not detected in activities of POX or PPO [87].
Previously, foliar application of indoleacetic acid enhanced the essential nutrient
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uptake along with a noteworthy decrease in sodium uptake that resulted in better
growth and yield of maize plant under salt stress condition [88].

The combined application of sodium chloride-induced salinity and gibberellic
acid on maize plant growth and nutritional status was studied. Salinity decreased
chlorophyll content, total dry matter, and relative water content, whereas increased
enzyme activities peroxidase polyphenol oxidase superoxide dismutase and proline
accumulation. Gibberellic acid overcame the deleterious effects of sodium chloride-
induced salinity stress on the above physiological characteristics to a variable
extent. Gibberellic acid decreased enzyme activities and increased physiological
parameters and macro- and micronutrient concentration. Foliar application of
gibberellic acid counteracted some salinity adverse effects by the buildup of proline
concentration which sustained membrane permeability [89]. A comparison
between gibberellic acid and salicylic acid under the saline condition in maize plant
showed that gibberellic acid was more efficient in resisting salinity effect on leaves
than salicylic acid. Gibberellic acid also improved the nutrient status of plant except
for copper and manganese [90].

5.3 Application of PGPR

Soil has an enormous microbial versatility that belongs to different groups of
fungi, Archaea, and bacteria [91]. Microorganisms are used in agricultural fields,
and they can lessen many abiotic stresses [92, 93]. Usually, bacteria are used for
promoting plant growth and alleviating many abiotic stresses. These bacteria are
usually termed as plant growth-promoting rhizobacteria (PGPR). PGPR is
rhizospheric or endophytic bacteria that colonize the root either interiorly or exte-
riorly. Bacterial genera such as Achromobacter, Azospirillum, Bacillus, Burkholderia,
Enterobacter, Methylobacterium, Microbacterium, Paenibacillus, Pantoea, Pseudomo-
nas, Rhizobium, Variovorax, etc. provide tolerance to host plants against abiotic
stresses [94, 95]. Stress tolerance is boosted by microbes by various mechanisms
and production of indoleacetic acid, gibberellins, and many other elements. These
elements improved the root growth and enhance nutrient content, thus improving
the plant health under salt stress [95]. Bacteria that help plants in alleviating salt
stress are called halotolerant or salt-tolerant or salt-loving bacteria. These
halotolerant microbes have vital importance in the field of agriculture. In arid and
semi-arid regions, they improve crop productivity [91]. Specific PGPR inoculations
help to boost salt stress tolerance in plants by induced systemic tolerance (IST).
Induced systemic tolerance changes many biochemical and functional characteris-
tics. The PGPR improves salinity tolerance by either direct mechanism (indoleacetic
acid (IAA) synthesis phosphate solubilization, nitrogen fixation, etc.) or indirect
mechanism (exopolysaccharides (EPS), antioxidant defense, osmotic balance, and
volatile organic compounds (VOCs)) and improves plant growth [96] (Table 1).

5.3.1 Osmotic adjustment

Osmotic adjustment is the maintenance of cell turgidity by increasing compati-
ble solutes, vital for regular cell functioning. Compatible solutes decrease osmotic
stress caused by salts [55]. PGPR produce and secrete compatible osmolytes to
mitigate the harmful effect of salts and help plants improve their growth. Proline is
the main osmolytes in reducing osmotic stress and produced by the hydrolysis of
proteins in the plant. Under salt stress, glycine betaine and proline are usually
produced and accumulated in plants. There is a dearth of organic osmolytes pro-
duction such as trehalose in plants [112]. Under salinity, proline plays a
multifunctional role like regulating cytosolic acidity, protein maintenance, ROS
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PGPR strain Mechanism Improvement in crop  References

Pseudomonas ACC deaminase Improved plant [97-100]

syringae, growth

P. fluorescens

Pseudomonas spp. EPS [101]

P. aeruginosa IAA production, ACC deaminase, phosphate [102]
solubilization, and biofilm formation

Pseudomonas spp. Osmotic regulation [103]

Proteus penneri EPS [101]

Pantoea agglomerans, Upregulation of aquaporin genes [94, 104,

Staphylococcus sciuri, 105]

Arthrobacter pascens

Gracilibacillus, Antioxidant enzyme phosphate solubilization, [102]

Staphylococcus, osmotic regulation and antioxidant enzymes

Virgibacillus, IAA production, ACC deaminase, phosphate

Salinicoccus, solubilization, and biofilm formation

Zhihengliuella,

Brevibacterium,

Oceanobacillus,

Exiguobacterium,

Arthrobacter, and

Halomonas spp.

Serratia liquefaciens  Facilitated gas exchange, osmoregulation, [106]

KM4 antioxidant enzymes, nutrient uptake, and
downregulation of ABA biosynthesis

Enterobacter ACC deaminase Reduced ethylene [97, 98]

aerogenes, production

Enterobacter spp.

Azospirillum Ion toxicity, NOR, and nitrogenase activity Improved chlorophyll [100]

brasilense content

’ . . Improved nutrition

A. faecalis, EPS, antioxidant enzymes, and proline contents [101, 107]

A. brasilense strains

Ab-V5 and Ab-V6

Azotobacter Improved K/Na ratio, polyphenol content, and [108]

chroococcum proline concentration

B. amyloliquefaciens  Soluble sugar content and antioxidant enzymes Improved plant growth  [109]

and photosynthetic rate

Bacillus spp. Phosphate solubilization, osmotic regulation, and [104]
antioxidant enzymes

Bacillus aquimaris Chlorophyll content, osmotic regulation, and [110]
antioxidant enzymes

Bacillus IAA production, ACC deaminase, phosphate [102]
solubilization, and biofilm formation

Geobacillus sp. Increased proline content [111]

Rhizobium Osmotic regulation Increased chlorophyll [103]

and photosynthesis rate
Rhizobium tropici Antioxidant enzymes and proline contents [107]
strain CIAT 899
Table 1.

PGPR and their mechanisms for salt tolerance.

scavenging decrease in peroxidation of lipids, etc. PGPR inoculation in plants
showed improved proline levels under salt stress. Arthrobacter pascens inoculation
produces more proline in corn plants [104]. Pseudomonas spp. improved growth of
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maize plant by production of proline that helps in osmotic adjustments [103].
Azotobacter chroococcum improved nutrition [108], Geobacillus sp. increased photo-
synthetic rate [111], and Rhigobium spp., Rhizobium tropici strain CIAT, A. brasilense
strains Ab-V5 and Ab-V6 [107], and A. faecalis [101] enhanced chlorophyll content
and photosynthetic rate by increased accumulation of proline and osmotic adjust-
ments in maize plants.

5.3.2 Antioxidants

Plants normally produce reactive oxygen species during cellular metabolism in
less quantity. However, under salinity stress conditions, increased production of
reactive oxygen species occurs, which alters redox state, denatures membrane
bound proteins, reduces fluidity of membrane, causes DNA damage, destroys
enzymatic actions, changes formation of protein, and destroys cell homeostasis,
which can damage the cell and finally cause cell death [113]. PGPR excrete many
enzymatic antioxidants (ascorbate peroxidase (APX), catalase (CAT) dehydro-
ascorbate reductase, glutathione reductase (GR), superoxide dismutase (SOD),
non-enzymatic antioxidants, ascorbate, tocopherols, glutathione, and cysteine)
[114]. Staphylococcus sciuri induction induces more antioxidant production in maize
plants that helped in the degradation of reactive oxygen species and improved plant
growth [94]. A. faecalis [101], Serratia liquefaciens KM4 [106], and Bacillus sp. [104]
are reported to increased maize growth, nutrition, and photosynthetic rate by
producing more antioxidative enzymes. Azotobacter vinelandii, Pseudomonas
fluorescens, and Pseudomonas putida restored lipids and antioxidant enzymes perox-
idase and catalase to semi-normal levels under saline condition [115].

5.3.3 Exopolysaccharides

PGPR produce exopolysaccharides (EPS), which are either homo- or heteropoly-
saccharides. These EPS bind to the cell surface like a capsule and make a biofilm [116].
Different microbes produce different types of polysaccharides, but some common
monomers comprise glucose, galactose, and mannose. Uronic acids (fucose and
rhamnose), amino sugars (N-acetylamino sugars), neutral sugars (galacturonic),
pyruvate ketals, and ester-linked substituents are EPS constituents [117]. PGPR pro-
duce EPS and form hydrophilic biofilms under saline conditions and improve plant
growth significantly [118]. EPS producing PGPR makes rhizosheaths around roots
that help fight against salt stress by attaching Na* ions with EPS. Attachment of Na*
ions to EPS decreases the toxicity of Na* and makes it inaccessible for plants [119]. P.
aeruginosa improved plant growth because of more EPS content production. Pseudo-
monas spp. produced more EPS and increased root growth and nutrition in maize
plants [101]. Many other PGPRs such as Gracilibacillus, Salinicoccus, Staphylococcus,
Zhihengliuella, Bacillus, Brevibacterium, Virgibacillus, Oceanobacillus, Arthrobacter,
Exiguobacterium, and Halomonas spp. are reported to improve maize growth by the
formation of biofilm [102]. B. amyloliquefaciens improved plant growth by the accu-
mulation of soluble sugar content [109].

5.3.4 Volatile organic carbons

Rhizobacteria that produce lipophilic fluids with high vapor pressures are called
volatile organic compounds. They communicate by cell signaling between organ-
isms to improve growth. The VOCs are species-specific and promote the biosyn-
thesis of glycine betaine and choline. These osmolytes improve plant tolerance
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against osmotic stress. A high level of VOCs in plants is a sign of activated self-
protective response against salt stress [120].

The VOCs produced by Bacillus subtilis triggered the gene of HKT1/K* transporter
and inhibited sodium ion influx through roots and eliminated salt stress. It also
encouraged the glycine betaine synthesis that decreased the uptake of Na* through
roots and transported more nutrients toward shoot than during salt stress [120].

5.4 Seed priming

Poor crop stands because of low seed germination rate in salt-affected areas are a
challenge for the lucrative production of a crop. Maize seed germination rate is
affected by toxic effects of chloride and sodium ions [25]. Seed priming helps to
recover maize germination rate in salt-affected areas. Seed priming is a pre-sowing
treatment either with water or any chemical of interest that boosts seed performance
with a quicker and harmonized germination under sub-optimal and optimal condi-
tions [121]. This is a physiological treatment under salinity in which seeds are moder-
ately hydrated and radicle does not emerge [122]. Priming treatments include
hydropriming with water, osmopriming with salts or osmolytes, and hormonal prim-
ing with hormones. Partial hydration is enough for the physiological process occur-
rence that is typical of the first stages of imbibition (pre-germinative metabolism)
[123]. Under saline conditions germination rate improved by soaking maize seeds in
water priming with water under salinity-enhanced maize seedling vigor index, ger-
mination index, final germination percentage, and seedling length, showing its poten-
tial as a seed invigoration technique under salinity for better maize performance [23].

Priming of seeds with salt solution enables them to break their dormancy and
escape from disease-causing agents and competent seeds of weeds [124]. Priming
seeds with NaCl significantly enhanced maize plant growth. Fresh and dry weights
of roots and shoots were increased. Under salt stress, seed priming lessened the
inhibitory effect of salt stress on maize seedling growth [125]. Priming with NaCl
also increased plant height and yield and induced early emergence, more germina-
tion rate, more shoot length and dry weight, and more leaf chlorophyll, area, and
number [126]. Seed halopriming with calcium chloride, sodium chloride, and
potassium chloride was effective in mitigating the salt adversities on maize seed
germination. Calcium chloride priming was most operative. Calcium, sodium, and
potassium concentrations improved significantly in all parts of germinating seed.
Most of the calcium was reserved in mesocotyl and seed, thus limiting its transfer-
ence to radicles and plumules.

Seed priming with NaCl and CaCl, had significant effects on germination rate,
earlier growth, number of branches, cobs number, and yield. This increase in
growth traits likely helps to reduce the competition for water and nutrients with
associated improvements in seed yield. Sodium chloride seed priming increased
shoot length, and calcium chloride seed priming increased root length. In vertisol
soil, seed priming is preferred for improved crop yield and stand establishment,
while in lithosol soils, seed priming is preferred for well germination of seed and
increased cob number [124].

Other priming agents include thiamin, pyridoxine, and ascorbic acid, which not
only improved the germination of pretreated seed but also improved seed growth
and yield under salinity. Enhanced maize seedling biomass under saline conditions
is reported by hormonal priming with chloro-ethyl-phosphonic acid, an ethylene
releaser [127]. Salicylic acid application under saline conditions at the rate of
0.1 mM enhanced growth and development of plants [128]. Priming with
28-homo-brassinolide improved the antioxidative enzyme activities and lowered
lipid peroxidation and increased concentration of protein, thus signifying that
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28-homo-brassinolide can lessen oxidative stress in salt-affected maize plants [129].
Priming with hydrogen peroxide improved activities of catalase ascorbate peroxi-
dase and guaiacol peroxidase and increased seed germination percentage, under salt
stress condition in maize plants [73].

Seeds of maize hybrid FH-810 were soaked in water (hydropriming), calcium
chloride (2.2%, osmopriming), Moringa leaf extracts (MLE 3.3%, osmopriming),
and salicylic acid (SA, 50 mg L%, hormonal priming), each for 18 h. Plant length,
biological yield, 1000-grain weight, and harvest index were improved by seed
priming. However, osmopriming with MLE and hormonal priming were more
effective in these parameters. Hormonal priming at seedling stage increased the leaf
chlorophyll contents and decreased the electrical conductivity followed by
osmopriming with CaCl2. Hormonal or osmopriming with MLE improved the yield
performance at early planting primarily by increased crop growth, net assimilation
rates, a leaf area index, and maintenance of green leaf area at maturity. Hormonal
priming with SA and osmopriming with MLE were the most economical methods in
enlightening early planted spring maize productivity by early seedling growth
stimulation at low temperature [130].

5.5 Application of molecular and genetic approaches such as MAS, selection,
and breeding approaches

Maize is a polymorphic plant because of its cross-pollinated nature and genetic
variations for salinity resistance. It is commonly a moderately salt-sensitive crop,
but some salinity tolerant genotypes also exist. Tolerance in these genotypes occurs
because of higher potassium and lower chloride and sodium cytoplasmic contents.
Mass screening of maize genotypes is done to identify and isolate salt-tolerant
germplasm for breeding purposes and to develop better performing genotypes.
Screenings for salt tolerance or resistance are usually done at the early growth stages
of maize plants [21]. Many plant characteristics are identified as salt-tolerant traits.
Acidification of cell wall because of better H*-ATPase activity in the plasma mem-
brane in salt-tolerant maize hybrid (SR 03) appeared as an important tolerance/
resistance trait. Turgor, cell wall acidification, and osmotic adjustment, in newly
established salt-resistant maize hybrids, are a salt-resistant trait [48]. More abscisic
acid accumulation in salt-resistant genotypes plays a role in osmotic adjustments
under saline condition [39]. Salt-tolerant genotypes usually had lower sodium
accumulation and more potassium to sodium and calcium to sodium ratio.
Sensitive genotypes had more sodium accumulation, suggesting that accumulation
of sodium in shoots is a reliable screening parameter for salt tolerance/resistance in
maize at early stages of growth [21]. However, higher sodium accumulation was
observed in salt-tolerant Giza 2 roots than in salt-sensitive Trihybrid 321.

Many other traits of maize plants such as growth rate, seedling weight, and
photochemical efficiency should also be used for screening and breeding of
salt-tolerant crops [131].

A proteomic approach is also used to recognize salt resistance-associated pro-
teins in maize in breeding programs for markers to develop salt-tolerant/salt-
resistant genotypes. The use of physiological and molecular markers to recognize
salt-resistant genotypes of maize is a reliable approach [132]. Sodium and soluble
organic solute accumulations in roots were associated with maize salt resistance.
More soluble organic solute and sodium accumulation in maize salt-tolerant geno-
type roots (BR5033) than in salt-sensitive genotype (BR5011) was reported. Hence,
soluble organic solute and sodium accumulations in roots can be used as physiolog-
ical markers to screen and isolate salt-resistant maize genotypes [15]. More total
separated proteins (>80%) in severe saline stress in maize genotypes and 45 and

53



Plant Stress Physiology

31% increase in root and shoot proteins under mild salinity showed differential
regulation of proteins [58].

Transferring one or more salt-resistant genes from one species to another to
insert required quantitative and qualitative characteristics is stated as the transgenic
approach. This practice is much quicker than conventional breeding practices, and
it warrants wanted genes induction without the addition of excess genes from the
donor organism [133]. Improvements and advances in biotechnology and functional
genomics have made it feasible to identify and distinguish salinity-tolerant genes
that help to develop salt-resistant plants by the use of transgenic tactics (27).

By using the Flippase recombination enzyme P/Flippase recognition target-
based marker elimination system to eliminate the als gene [134]. Marker-free salt-
tolerant transgenic maize is produced to improve the bio-safety of the environment.
Under the saline condition, transgenic maize seed inserted with AtNHX1 gene and
wild-type maize were planted. Wild-type maize plants withered, and upper leaves
shriveled, whereas 56% of transgenic plants survived salinity up to the six-leaf
stage. More grain yield, 1000-grain weight, was recorded in transgenic plants under
saline condition than those under non-saline conditions. More potassium accumu-
lation in root and shoot was observed in transgenic plants [134].

The sodium vacuolar compartmentation or cytoplasmic exclusion into the
apoplasts through tonoplast sodium/hydrogen antiporters or plasma membrane is
an adaptive mechanism to alleviate the adverse excess sodium effects in maize
plants [26]. Under saline conditions, transgenic maize plants were better than wild-
type plants because of higher hydrogen/sodium exchange rates in vesicles of tono-
plast. Also, the efficient sodium vacuolar compartmentalization in cells of trans-
genic maize plants improved salt tolerance as well as the productivity of grain [134].

Salt stress boosted ZmNHX transcription which caused an increase in
antiporters (sodium/hydrogen) of tonoplast in salt-resistant maize leaves by
impounding sodium into vacuoles of the leaf to reduce sodium ion effects on the
cytoplasm [135]. Transgenic maize plants with inserted sodium/hydrogen
antiporter (OsNHX1) gene from Oryza sativa gave better yield than wild-type maize
at 200 mM NaCl. Lower osmotic potential coupled with higher potassium and
sodium contents in transgenic maize leaves was recorded under saline condition
compared to wild maize [136].

The complementary DNA (cDNA) micro-array is an operative method for
expression profile studies to assess differences and similarities under salinity stress
in diverse patterns of expression. A cDNA macro-array with 190 maize expressed
sequence tags persuaded by water stress was applied to cold stress, abscisic acid,
and high salinity conditions. High salinity stress upregulated 41 sequence tags in
roots and 36 sequence tags in leaves [137]. Quan et al. (2004) [138] introduced the
betA gene encoding choline dehydrogenase (AtNHX1), which was inserted in maize
line DH4866 from Escherichia coli to develop transgenic maize. This gene improved
the biosynthesis of glycine betaine from choline under salinity and increased salt
resistance in maize plants [139]. In conclusion, maize genotypes with externally
inserted genes of betaine aldehyde dehydrogenase and vacuolar sodium/hydrogen
antiporter, etc. performed better under salinity stress and can be used for inducing
salt resistance in maize plants.

6. Conclusions
Salinity stress poses a serious threat to maize. It affects the plant physiology and

reduces growth and yield. Salinity affects the maize crop at different growth stages.
Seed germination is the stage that is affected adversely by salinity, and germination
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rate is reduced. At vegetative and reproductive stages, salinity affects photosynthe-
sis, respiration, transpiration, stomatal and hormonal regulation, and water relation
processes. These processes affect the growth pattern of plants and cause reduction
in growth and yield. To mitigate the effects of salinity on maize crop, different
management practices are used. Management by agronomic means, such as appli-
cation of nutrients (through the application of biochar, compost, gypsum and
nutrient fertilizers, etc.), either exogenously or as seed priming with different
chemical and hormones, exogenous application of hormones, and growing of resis-
tant cultivars, proved effective in reducing the adverse effects of salinity on maize
crops. PGPR application mitigates the salinity stress by the production of different
hormones, exopolypolysaccharides, or volatile organic compounds. Different
genetic and molecular techniques are also used for inducing salinity tolerance by the
insertion of tolerant genes in maize plants. For the future, more work on improved
genetic and molecular techniques is needed.
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Abstract

Fodder beet (Beta vulgaris L. ssp. maritima) belongs to the Amaranthaceae fam-
ily. It was introduced first in the Europe and then to USA in 1800 and is currently
being grown under cool environmental conditions of the world. It can be cultivated
at temperature ranging from 8°C to 25°C. Both shoots and roots of fodder beet can
be used as a feed for livestock. In the face of changing climate, there is a dire need
to find out climate-resilient crops in new niches that can fulfill the growing needs
of farming communities. In this context, fodder beet could be a good option for
growers having sizable marginal as well as salt-affected soils. The chapter discusses
in detail the efficient salinity-tolerance mechanism of fodder beet that enables it to
survive under moderate salinity. Selective ion uptake mechanism, efficient anti-
oxidant defensive mechanism and osmoregulation by accumulation of compatible
solutes enable it to thrive well under saline environment. Hence, fodder beet is a
relatively salt-tolerant crop that can be successfully grown on normal, marginal as
well as salt-affected soils to fulfill the fodder requirements of livestock in fodder-
scarce times and salinity amelioration.

Keywords: fodder beet, salinity, compatible solutes, salt tolerant crop, livestock

1. Introduction
1.1 Origin, history, and adaptation

Fodder beet (Beta vulgaris L. ssp. maritima) is known to have been originated
in Mesopotamia (Middle East) and ancient Greece in 500 BC chiefly used as ani-
mal fodder [1]. It belongs to the Amaranthaceae family, which consists of about
105 genera separated into 1400 species, mainly herbaceous dicotyledonous plants
[2]. It was introduced firstly in Europe and then to USA in 1800 and is currently
grown under cool environmental conditions of the world, mainly Northern America
and New Zealand at 600-1000 m altitudes in the tropics. It can be cultivated at
a temperature ranging from 8 to 25°C. However, frost can damage the seedlings
below —3°C. Suitable soil pH for beet cultivation is greater than 6.5 but acid soils
are not adequate for beet growth. The crop is relatively salt tolerant and can
also be cultivated with brackish water. It is drought tolerant and could be grown
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successfully at the end of a dry summer when other crops cannot be grown [3].
Both shoots and roots of fodder beet can be used as a feed for livestock. Roots

of fodder beet contain sugars mainly in the form of sucrose (up to 60%), low
crude protein (approximately 10%) as well as neutral detergent fiber contents
(approximately 12%). The shoots of the beet make up about one-third of the dry
matter of the whole plant and are considered to possess high protein content of
11.4-15.8% [4].

1.2 Soil and climate

The crop can be successfully grown on friable, deep, and well-drained soil
containing sufficient calcium contents. Usually well-drained sandy loam soils are
good for fodder beet cultivation. For good beet growth, soil pH should be 5.8-7.8. It
is suitable for cultivation on temperate areas of the globe having mild winters and
moderate summer temperature. The average annual precipitation for its develop-
ment should be 60-65 cm. The suitable temperature for garden beet growth is
between 15.5 and 25°C. It is a biannual crop and heat can damage its growth during
the second year of its growth mainly at the start of pollination and seed formation.

2. General insights into salinity stress

The process of soil salinity is natural and closely linked with the formation of
landscape and soil. Nevertheless, human-induced practices can promote salin-
ity processes and hence may cause long-term degradation of water and land
resources. When a high concentration of sodium salt adversely affects the growth
of plants then salinity becomes a land issue, but whenever it affects the uptake of
water because of the high concentration of salts in the water it becomes a water
issue. Salinization is a serious problem of irrigated arable lands across the world.
According to assessments, around more than 6% area of the world is affected by
salinization due to natural causes or faculty irrigation practices. This situation has
rendered the soils unfit for agriculture production annually [5]. When the satura-
tion extract electrical conductivity in the rhizosphere surpasses 4 dS m™" at the
temperature of 25°C then the soil is recognized as saline soil and these soils possess
exchangeable sodium greater than 15%. At this electrical conductivity, the crop
yield is reduced by most crop plants [6].

The chief cause of the salinization of water and land in semiarid and arid areas of
the world is mainly excessive irrigation. Salt stress occurs as ions such as electrically
charged atoms or compounds in the soil. Due to mineral weathering, these salts are
released in the soil. However, they might accumulate due to irrigation water applica-
tion or sometimes from low groundwater they may travel upward in the soil. Low
precipitation is unable to leach down these ions from the soil profile; as a result, accu-
mulation of salts occurs in the soil and causes salt stress problem [7]. Water-soluble
salts are contained by all soil types. Plants uptake essential nutrients in the form of
soluble salts but excessive accumulation of these nutrients in the soil intensely sup-
presses the plant growth. The saline area in the world is increasing continuously each
year mainly because more areas are being covered under irrigation [8].

3. Fodder beet as fodder crop in the world

In the face of changing climate, there is a dire need to find out climate-resilient
crops that can fulfill the growing needs of the farming community. Fodder beet is
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a halophyte that can successfully be grown on salt-affected lands throughout the
world. It not only fulfills fodder requirements of the ruminants and other cattle but
also proved helpful for effective utilization of salt-affected marginal lands where

no other crop can be grown. In countries like Pakistan and India, it can successfully
be grown from August to September to fulfill fodder needs during the peak winter
months where no other fodder crop can survive. Fodder beet has the ability to toler-
ate salinity as compared to other fodder crops; hence it can be successfully grown on
salt-affected soils across the Globe. The scope of crop production has been limited
due to millions of hectares of marginal and salt-affected soils [9]. For grazing young
stock and to fill the feed gaps in the late lactation, fodder beet could be good choice
as a feed for lactating cows. Likewise, in coastal areas of many European countries,
the fodder beet is cultivated as a fodder and forage crop [10]. At South Island in
New Zealand, fodder beet cultivation has become a renewed interest, particularly
because dairy herbs fodder beet is being used for winter feeding of the livestock.
Due to the wide acceptance of fodder beet in New Zealand, it is being cultivated on
about 6-10,000 ha of land annually [5, 11].

4. Adverse effects of salinity stress on plants

Due to soil salinization and increased use of irrigation water with poor-qual-
ity water, soil salinity has become one of the most brutal abiotic stresses that
limit crop productivity in many sections of the world [12]. There are numerous
adverse effects of salinity stress on plant growth and development. Two major
threats of salt stress to plant growth are osmotic stress and ionic stress. Firstly,
soil salinity represses the growth of plants due to osmotic stress followed by the
toxicity of ions [13]. Salinity stress also causes oxidative stress in plants. Various
metabolic and physiological processes are adversely affected by salt stress in
plants. The prominent symptoms of salinity stress include a reduction in leaf
area, leaf abscission, enhancement of leaf succulence and thickness, reduction
in length of internodes, and shoot and root necrosis [14]. Soil salinity stress
also results in reduced water absorption capacity of roots, with a concomitant
increase in the rate of transpiration, which is facilitated by high salt accumula-
tion due to osmotic stress in plants and soils. As a result, osmotic stress due
to salinity causes numerous biochemical changes inside the plant cell such as
nutrient inequity, disruption of membranes, reduced ability to quench reactive
oxygen species (ROS), and decreased stomatal conductance and photosynthetic
activity [15]. Salinity stress is also known as hyper ionic stress. When plants
are exposed to high NaCl concentrated soils, then salinity stress causes CI” and
Na® ions accumulation in plant tissue, which is considered as the main harm-
ful effect of salinity stress. The ionic balance of the plant cell is disturbed and
significant physiological disorders may take place due to the introduction of
Na® and CI™ ions into the cells. K* ions are a key element for crop productivity
but uptake of these ions is inhibited because of excessive concentration of Na*
ions inside the cells. Consequently, deficiency of K* ions inside the cells results
in less productivity and ultimately death of the plants. Moreover, reduction in
leaf area, dry and fresh weight of root and shoot is a common feature of salinity
stress [16].

Enhanced production of reactive oxygen species (ROS) as a result of salinity
stress causes the creation of superoxide, singlet oxygen, hydrogen peroxide, and
hydroxyl radicals. These ROS result in various oxidative damage to cellular com-
ponents such as lipids, proteins, and DNA and also interrupt important cellular
functions in plants [17].
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5. Mechanism of salinity tolerance in fodder beet

Various biochemical and physiological mechanisms are involved in surviving
fodder beet plants under high salt concentration.

5.1 Salt tolerance and ion homeostasis

Under salt stress conditions, maintenance of ion homeostasis is important for
normal growth. Under extreme salt concentration, the halophytic plants are unable
to tolerate salts in their cytoplasm, so the surplus amount of salt is either translo-
cated to the vacuoles or seized in older tissues, which are finally scarified to protect
the plant from salt stress condition. NaCl is the major salt present in the saline
soils. Na*/H" antiporters transport Na* ions that have entered the cytoplasm to
the vacuoles. Vacuolar type H*-ATPase (V-ATPase) and vacuolar pyrophosphatase
(V-PPase) are two kinds of H" pumps that exist in the vacuolar membranes. The
activity of these H" is upregulated under salt stress to mitigate the effects of salinity
on plants [18]. Fodder beet plants develop efficient methods to keep low level of
ion concentration in the cytoplasm. A significant role is performed by membranes
and their related components for ion concentration maintenance within the cytosol
during the stress period by regulation of ion transport and uptake. Different chan-
nels and the carrier proteins, symporters, and antiporters carried out the phenom-
enon of ion transport. Maintenance of cellular Na*/K" balance is very essential for
plant survival under salinity stress. During salt stress, due to enhanced Na* concen-
tration in the soil, competition occurs between K* and Na* ion for the transporters
because both these elements have the same transport mechanism, which reduces
the uptake of K* [19].

5.2 Compatible solute accumulation and osmotic protection

The compatible solutes can be defined as a group of organic compounds that
are chemically diverse and these are polar, uncharged, and naturally soluble. At
high concentration, they do not hinder cellular metabolism. Polyols, proline,
glycine betaine, and sugar are the main compatible solutes [26-28]. Arginine,
cysteine, and methionine amino acids constitute about 55% of the total free
amino acids and exposure of salinity stress decreases the concentration of these
amino acids while the concentration of proline increases under salinity stress
conditions [20]. Increased proline concentration in fodder beet helps the crop
to cope with salinity stress and accumulation of proline is an eminent feature
for salinity stress mitigation. It was also observed in some previous studies
that higher proline accumulation in olive plants increased salt tolerance by
improving photosynthetic activity, antioxidative enzymatic activity, and plant
growth and helped to maintain suitable water balance in the cells under salt
stress conditions [21]. During recovery from stress, proline accumulation in
fodder beet served as an organic nitrogen. Glycine betaine plays a vital role in
the mitigation of stress in the fodder beet by raising the cell osmolarity during
salinity stress. Glycine betaine helps in protein stabilization, provides protec-
tion to the cell through osmotic adjustment, guards the chlorophyll against
stress injuries as well as reduces reactive oxygen species. Salinity stress in fodder
increased the accumulation of soluble sugars. These sugars serve as a source of
carbon storage, provide osmoprotection, and help in the scavenging of reactive
oxygen species [22].
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5.3 Role of antioxidant enzymes in salinity tolerance

Salinity stress in plants may cause overproduction or disruption of electron
transport chains (ETCs) in subcellular organelles such as chloroplasts and mito-
chondria. In this scenario, molecular oxygen or 10, acts as an electron acceptor,
causing the accumulation of reactive oxygen species (ROS). This singlet oxygen
(0,), the superoxide radical, the hydroxyl radical (OH™), and hydrogen peroxide
(H,0,) are all strongly reactive compounds and hence can cause damage to the cell
integrity. Upregulation of antioxidant defensive mechanisms in fodder beet plants
plays a vital role in the detoxification of ROS, which are otherwise triggered under
salinity stress. The activity of antioxidant enzymes is positively correlated with
salinity tolerance. Three specific traits help the plants to better adapt under salinity
stress environment mainly through ion exclusion and tissue tolerance ability. Thus
antioxidant enzymes contribute in maintaining tissue turgidity and in the mecha-
nism of salinity tolerance [12].

5.4 Roles of polyamines in salinity tolerance

In abiotic stresses, the polyamines play an important role such as salt stress and
stress tolerance in plants is correlated with an increase in the level of polyamines.
Endogenous polyamines level in fodder beet and other salt-tolerant plants increases
with exposure to salinity stress. Polyamines play a positive role in salt stress by
maintaining the membrane integrity; regulating the genes expression for solutes
synthesis, which are osmotically active; reducing reactive oxygen species (ROS);
and most importantly controlling the Na* and ClI™ ion accumulation [23].

5.5 Hormonal regulation of salinity tolerance

The increased concentration of abscisic acid (ABA) can reduce the impact
of salinity stress on assimilates translocation and photosynthesis. The positive
association between salinity tolerance and ABA accumulation is attributed to the
K*, Ca*" accumulation, and accumulation of sugars, and proline in root vacuole,
which restrict the uptake of Na* and CI™ [24]. The compounds like brassino-
steroids (BRs) and salicylic acid (SA) have hormonal properties and paly a role in
plant responses to abiotic stresses. The application of these compounds improves
salt tolerance in plants by regulation of various physiological and biochemical
processes [24].

6. Mechanism against salinity-induced oxidative stress

Salinity stress results in a continuous increment in cellular membrane injury
and a reduction in relative water content. Further, increased ion leakage of cellular
membranes due to salinity stress results in malfunctioning of cellular membranes.
It has been observed that plasma membrane deteriorates owing to the salt ions
action. Cell membrane stability and maintenance of suitable relative water content
are significantly reduced by salinity stress [25]. The primary site of salt injury is
the plasma membrane because salt stress causes changes in plasma membrane
permeability and the lipid composition of membranes and also alters the activi-
ties of membrane-bound enzymes. That is why plasma membrane permeability is
an effective selection criterion for salinity stress in fodder beet and other plants.
Alteration in plasma membrane permeability occurs significantly in salt-sensitive
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crops but in the case of fodder beet is less affected under salinity stress. The
inherited and induced protection of membranes in fodder beet and some other
salt-tolerant crops helps in the maintenance of cell membrane permeability and
stability of the plasma membrane. Sustained composition of lipids and protein
and accumulation of several protecting agents under salt stress in salt-tolerant
crops help to retain and stabilize plasma membrane integrity. In salt-tolerant crops
such as fodder beet, some specific protein and lipids are induced under salt stress
and contribute to the maintenance of cellular membrane function and structure.
Cellular membrane stabilization and protection are also achieved by proline,
glycine betaine, and polyamines and these are known as protecting agents of the
cellular membrane. It has been proved that salt stress correlates with plasma mem-
brane permeability and this feature of plasma membrane is a useful character for
selecting salt-tolerant crop genotypes [26, 27]. An important adaptive mechanism
of fodder beet plants and other halophytes under salinity stress is the expression
of stress proteins, which helps in the maintenance of cell membrane integrity,
topology, and native configuration. Under wheat plants exposed to salinity stress,
protein content and molecular weight of the protein were found to decrease, which
ultimately affected the activities of different proteins. This change in protein
activities suggests that only some proteins are directly participating in salinity
tolerance [28].

7. Osmotic adjustment under salinity stress

To reduce cell water potential, fodder beet and other halophytes accumulate
inorganic ions in their vacuoles because the consumption of energy from synthe-
sizing organic compounds is far less than absorbing inorganic ions [29]. Under
salt stress, the main inorganic osmolyte in the vacuole is Na* ion. In many plants,
salt stress inhibits the accumulation of Mg** and Ca**. But fodder beet crops can
accumulate Ca®* and Mg”* ions under salinity stress and hence contribute to bet-
ter osmotic adjustment. To maintain various enzymatic processes, it is essential
to maintain low Na" ion and high K" ions in the vacuoles. Under salinity stress,
absorption of K" is inhibited while the absorption of Na® is increased in many
halophytes. But in case of fodder beet, the accumulation of both Na* and K* ions
increases under salt stress. This phenomenon proves that fodder beet plants may
have a distinctive pathway for absorption of Na* independent of K* pathway [30].

When plants are exposed to salinity, their primary reaction is osmotic stress. To
alleviate osmotic imbalances due to salt stress, osmotic adjustment is very essential
for the maintenance of cell turgor [31]. It encompasses cellular accumulation of
solute in response to a reduction in the water potential of the environment. Fodder
beet plants have a high osmotic adjustment capacity, as reflected by the organic
and inorganic osmolyte accumulation in salinity stress [32]. Earlier in the chapter,
it has been emphasized that accumulation of glycine betaine, proline, free amino
acids, and choline occurs in fodder beet leaves when the concentration of NaCl
isincreased in the growth medium. Under normal growth conditions, high level
of glycine betaine in young leaves of fodder is detected because glycine betaine is
primarily synthesized in the old leaves and then translocated to the young leaves;
that is why young leaves of fodder contain a high accumulation of glycine betaine.
It is important to point out here that a glycine betaine plays a key role in fodder
beet exposed to salt stress [33]. Similarly, proline accumulation was found to occur
mainly to facilitate osmotic adjustment and salinity stress mitigation in many
halophytes and fodder beet plants. It has been proved that proline concentration in
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shoots of fodder beet and other salt-tolerant plants was higher than in salt-sensitive
plants [34]. High proline concentration in salt-tolerant genotypes of fodder is
induced by cellular demand for membrane stabilization and osmotic adjustment.
But the contribution of proline for osmotic adjustment and salinity stress mitigation
is small as compared to the contribution of glycine betaine. The presence of inor-
ganic salt ions in fodder beet and other halophytes also plays an essential role in an
osmotic adjustment under salinity stress. In an earlier research investigation, it was
proposed that high levels of ions such as C17, K*, and N* in shoots of fodder beet
seedlings played a role in salinity stress mitigation and effective osmotic adjustment
during salinity stress [35].

8. Biochemical indicators of salinity stress

Adaptive mechanisms that are utilized by plants to survive under salinity stress
and metabolic sites which damages due to salt stress are not well understood. Due to
this, no well-defined salinity stress indicator is accessible to help plant breeders for
the improvement of tolerance to salinity of main crops. In recent times plant breed-
ers have effectively enhanced salt stress forbearance of some crops such as fodder
beet using seed yield or vigor of the plant as the key selection criteria but in order
to have more convenient and practicable selection crop must possess distinctive
indicators of salt stress at cellular, tissue or whole plant level [36].

Some of the biochemical indicators of salinity stress are discussed below:

8.1 Biochemical markers

As already discussed, osmotic adjustment to mitigate salt stress can be accom-
plished by accumulation of high levels of inorganic ions or low-molecular weight
organic solutes. Both of these play a key role in salt stress tolerance in higher plants.
The compatible osmolytes that are found in fodder beet and higher plants are
organic acids, sugars with low molecular weight, polyols, and nitrogen-containing
compounds [37].

8.2 Soluble sugars

In glycophytes in saline situation, sugars contribution is up to 50% of total
osmotic potential. Despite a significant decrease in the net CO, assimilation rate the
soluble carbohydrate accumulation has been reported widely in plants under salt
stress. It has been found that salt-tolerant crops such as fodder beet accumulate high
levels of soluble sugars under salt stress conditions. It is evident that considerable
variations in the soluble sugars accumulation in response to salinity stress exist at
both intraspecific and interspecific levels and even among all genotypes of different
salt-tolerant plants [38].

8.3 Soluble proteins

In fodder beet and other salt-tolerant crops, proteins that accumulate under
salinity stress may provide a storage form of nitrogen, which is reutilized when
stress is over and may also play a part in osmotic adjustment. When salt-tolerant
plants such as fodder are exposed to salt stress, the accumulation of soluble proteins
is increased to play a role in mitigating the adverse effect of salinity. The soluble
proteins are the essential molecular markers for betterment of salt tolerance by the
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means of genetic engineering techniques but the use of soluble proteins as bio-
chemical indicator depends on the nature of plant cultivar or species [39].

8.4 Amino acids and amides

In fodder beets and higher salt-tolerant plants, the accumulation of amino acids
has been reported under salt stress. In salt-tolerant plants, glutamine and aspara-
gine amides have also reported to accumulate under salt stress. It has been reported
that total free amino acids tend to be higher in leaves of fodder and salt-tolerant
lines of sunflower than in salt-sensitive lines of fodder beet, sunflower, safflower
and Lens culinaris [40]. For example, proline is accumulated at a higher level in
fodder beet under salt stress.

8.5 Polyamines and polyols

Accumulation of polyamines can also be used as an indicator of salinity stress. In
several studies, it has been reported that the accumulation of polyamines increased
when plants were exposed to salinity stress [41].

Polyols are also thought to play a role in salt tolerance in salt-tolerant plants.
Polyols accumulate in the cytoplasm of salt-tolerant plants to overcome the osmotic
disturbances, which occurred due to high levels of inorganic ions that are compart-
mentalized in vacuoles. Polyols also play a part in oxygen radical scavenging. Polyols
accumulation has been reported in several studies in response to salt stress in many
higher plants; thus it can also be used as a biochemical indicator of salt stress [42].

8.6 ATPases

One of the important factors responsible for salt tolerance of plants is the regula-
tion of ion transport. A significant role is played by membrane proteins in selective
distribution of ions with the cell or whole plant. Salinity tolerance in plants is linked
with low accumulation and uptake of Na* ions. ATPases can be used as a biochemical
indicator of salinity stress because it has been reported that the activity of ATPases
increases in roots, leaves, and cells of tested plants under induced salinity stress. It
was found in wheat and fodder beet that activity of ATPases increased in salt-tolerant
genotypes as compared to salt-sensitive genotypes under induced salinity stress [43].

9. Antioxidants and ROS-scavenging

Plants are protected from oxidative damages by antioxidant defense machinery.
Several enzymatic antioxidant defense systems are possessed by plants such as
super oxide dismutase, peroxidases, glutathione reductase, catalases, ascorbate
peroxidase, dehydroascorbate reductases, monodehydroascorbate, glutathione per-
oxidase, glutathione-S-transferase, guaiacol peroxidase, ascorbic acid, glutathione,
phenolic compounds, alkaloids, a-tocopherols, and non-protein amino acids, which
help to control the negative effects of uncontrolled oxidation as well as provide
protection to plant cells from oxidative damages caused via scavenging of ROS. The
ROS also effect the gene expression of many genes and thus control many processes
like abiotic stress (salinity) response, programmed cell death, growth, pathogen
defense, cell cycle, systemic signaling, and development [44].

ROS are recognized as the main cause of cellular damage under biotic and abiotic
stresses. During aerobic metabolism when electrons from the electron transport
chains in chloroplast and mitochondria are leaked and react with oxygen in the
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nonappearance of other acceptors the active oxygen species such as hydrogen perox-
ide, hydroxy radical, super oxide, and singlet oxygen are produced [45]. Nonetheless,
by superoxide dismutase (SOD), plants can eliminate super oxide, which catalyzes
the dismutation of super oxide into H,0, and O, and is essential in the prevention

of metal ions reduction and hence the synthesis of hydroxyl radicals. An ascorbate
peroxide, which is located in the thylakoid membrane, can also eliminate hydrogen
peroxide [46].

It has been reported that the production of ROS is increased in plants in response
to different abiotic stresses such as salinity stress, drought, high- and low-tem-
perature stress, water-logging stress, light stress, etc. [47]. One of the key limiting
factors in crop production is oxidative stress. Due to the production of ROS under
salinity stress, the plants come under oxidative stress. It has been reported that
ROS, which is generated during metabolic processes, results in damage to cellular
functions, which finally lead to senescence, disease, and ultimately cell death. As
discussed earlier, efficient defense systems of plants scavenge ROS by antioxidant
enzymes. Several attempts have been made by researchers to lessen the oxidative
damage under the salinity stress by the management of enzymes that can scavenge
ROS by technology used for gene transfer [48].

In a comparison of the antioxidant production mechanism in salt-sensitive and
salt-tolerant plants, it was found that peroxidase activity increases while a decline
was noted in SOD activity [49].

10. Salinity tolerance improvement in fodder beet

When comparing with other fodder and forage crops fodder beet is a fodder crop
with salt tolerance ability as it can be successfully grown on salt-affected lands. The
most serious and important threats to crop productivity worldwide are drought
and salinity [50]. Estimates show that excessive and regular irrigation results in the
salinization, which leads to the desertion of 107 hectares of arable land annually.
Moreover, 0.25-0.5 M ha of agricultural land is lost yearly in semiarid and arid
areas because of the salinity problem worldwide [51, 52]. Salt stress causes a reduc-
tion in field crop production of most crops [53]. It has been reported that salinity
greatly influenced the growth attributes of fodder beet genotypes. Fodder beet
has the greater ability to thrive best under salinity stress with the highest biomass
production than other fodder crops. Overall, fodder beet plants grew successfully
under moderate salinity up to 200 mM saline soil [54].

Fodder beet is a more salt-tolerant crop and can be grown on saline soil than other
forage and fodder crops. Fodder beet is used as animal feed in many European countries
as well as in Egypt. The roots and leaves can be fed to animals in both fresh and silage
form [55]. On saline barren lands, high economic yield production can be achieved by
growing fodder beet as a fodder crop [56]. All parts of fodder beet such as tuberous
roots and aboveground leaves are utilized as animal feed alone or in combination in
Europe and numerous other countries of the world [57]. There is a dire need to identify
mutants to develop high biomass-producing, high-protein fodder beet plants with the
ability to grow not only on normal soils but also on salt-affected soils in the world.

11. Future perspectives
Fodder beet is a potential high-biomass fodder crop that can be introduced

with guaranteed success to fulfill the fodder needs of small ruminants as well as
lactating cows and buffaloes. There is dire need to promote its seed production in
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the northern parts of Pakistan like Swat, Naran, and Kaghan to provide seed to the
local growers. This will help to reduce reliance on imported seeds on one hand and
promote its cultivation during fodder-scarce months, which is a limiting factor for
the livestock industry in the country. Fodder beet can also be used for effective uti-
lization of sizable salt-affected soils in Pakistan, which otherwise remain barren or
could not be used for any crop production. It will help the local growers to improve
their socioeconomic conditions.

Fodder beet can be cultivated and promoted as a potential fodder crop in
Pakistan and other countries of South Asia along with the conventional crops such
as Oat (Avena fatua), Barley (Hordeum vulgare L.), Alfalfa (Medicago sativa L.) etc.
The cropping season of fodder beet in Pakistan also matches with the conventional
fodder shortage period for livestock.

In the future, the main area of research should be to develop local fodder beet
varieties adapted under local agroecological conditions with the ability to produce
high fresh biomass on normal as well as saline environmental conditions.

12. Conclusion

Fodder beet crops can thrive under moderate salinity due to an efficient
salinity tolerance mechanism. Generally, salt stress reduces the shoot and root
growth of fodder beet plants. The ability of fodder plants to survive under
salinity stress depends on the stage of crop growth, the intensity of salinity
stress, and duration of salinity. Fodder beet being a halophytic plant possess
the ability to selectively uptake beneficial ions like calcium and potassium and
reduce uptake of toxic and harmful ions like Na* and CI”. Moreover, the effi-
cient antioxidant defensive mechanism makes it able to thrive under the saline
environment by deleting reactive oxygen species generated in the chloroplast
and mitochondria. The enhanced concentration of compatible solutes such as
polyols, proline, glycine betaine, and soluble sugars in fodder beet under abiotic
stresses makes it suitable to grow under abiotic stresses especially under saline
environments. Thus, it can be concluded that fodder beet is a relatively salt-
tolerant crop, which can be successfully grown on normal, marginal as well as
under salt-affected soils to fulfill the fodder requirements of livestock in fodder-
scarce times.
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Nigeria
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Abstract

Sustainable production refers to the production that meets the needs of the
present, without compromising the ability of future generations to meet their own
needs. At global level and mainly across Nigeria, rice fields are considered as one of
the most important sources of atmospheric concentration of two greenhouse gases,
mainly anthropogenic methane (CH,) and nitrous oxide (N,O) emissions. These
greenhouse gases (GHGs) are produced under anaerobic conditions, and their
production has negative environmental and health implications. Additionally, the
growing demand for rice across Nigeria exceeds supply, resulting in a rice deficit. To
overcome this challenge, rice production should be increased, with so much regard
to less GHG emission. Moving forward, understanding the determinate of farmers’
mitigation strategies to GHGs will definitely enhance effort made for farmers to
continue to mitigate easily over-time. Incidentally, empirical study on the present
discourse is relatively scanty, isolated, and devoid of in-depth and quantitative
analyses. Most empirical studies did not pay close attention to the determinants
of rice farmers’ decisions to mitigation options to GHGs. Studies on mitigation of
GHGs at a farm or household level should rigorously examine the socioeconomic
characteristics that influence farmers’ decisions to practice GHG mitigation or not.
These create a gap in research and make it extremely difficult if not impossible for
the governments/interest groups to know the method they can adopt in helping
farmers mitigate the negative impact of GHG emission in rice production. It was
against this backdrop that this study was systematically undertaken.

Keywords: rice, greenhouse gases (GHGs), mitigation strategies, sustainability and
multinomial model, Nigeria
1. Introduction

Sustainable production refers to the production that meets the needs of the
present, without compromising the ability of future generations to meet their own
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needs [1]. For an agricultural production to be sustainable, it must produce food
with regard not only to the environment (to ensure production can continue on an
indefinite basis) but also to generating sufficient production to meet the demand
and producing an adequate return for farmers to support their standard of living

of those yet unborn. Therefore, rice (Oryza spp.), which is the second-largest most
consumed cereal (after wheat), shapes the lives of millions of households globally
[2]. More than half of the worlds’ population depends on rice for about 80% of its
food calorie requirements [3, 4]. It has become a staple food in Nigeria such that
every household, both the rich and the poor, consumes a great quantity. A com-
bination of various factors seems to have triggered the structural increase in rice
consumption over the years with consumption broadening across all socioeconomic
classes, including the poor [5]. The rising demand could be as a result of increasing
population growth and income level coupled with the ease of its preparation and
storage. Currently, due to the present government objective on diversification of
the economy, rice is grown in almost 36 states in Nigeria including Federal Capital
Territory (FCT) under diverse production systems and agroclimatic conditions.
Additionally, the growing demand for rice across sub-Saharan Africa and par-
ticularly in Nigeria exceeds supply, resulting in a rice deficit. In the same way,
Nigeria is the continent’s leading consumer of rice, one of the largest producers of
rice in Africa, and simultaneously one of the largest rice importers in the world.
Incidentally, rice field is a significant anthropogenic source of methane (CHy4) and
nitrous oxide (N,0), two important greenhouse gases (GHGs). Methane, which
accounts for 20-30% of the global warming effect, is second only to carbon dioxide
(CO,) as the most significant GHG [6]. Methane from rice fields represents about
10% of non-CO, emissions from agriculture [7] and about 89% of the global warm-
ing potential (GWP) from rice [8]. The current understanding of the determinate
of farmers’ mitigation strategies to GHG emission in rice agric-food system in
Nigeria has not much been empirically documented. Additionally, to the best of our
knowledge, no study has systematically modeled farmers’ mitigation strategies for
GHG emission using multinomial logit regression. The multinomial logit model is
an extension of the binary logit model for modeling categorical dependent variables
with more than two categories. The dependent variable is assumed to follow a
multinomial distribution, a generalization of the binomial distribution. This creates
a gap in knowledge and makes it absolutely difficult if not impossible for research-
ers, the government, and policy-makers to know the method they can adopt in
assisting the farmers increase their production, their standard of living and liveli-
hood in a cleaner environment. Despite the importance attached to understanding
rice production under a cleaner environment, it is somewhat surprising that little
or nothing is known about farmers’ socioeconomic characteristic; farmers’ mitiga-
tion strategies for GHG emissions; how farmers’ socioeconomic characteristic
influences their mitigation strategies; and the barrier they encounter in mitigating
GHGs in the area. Empirical evidence remains largely scanty, isolated, and devoid
of in-depth and quantitative analysis. It was against these backdrops that it became
increasingly pertinent that the study was systematically and logically undertaken.

2. Methodology

The study was carried out in Imo State, Nigeria. Imo State is located in the eastern
zone of Nigeria. The state lies between latitude 4°45'N and 7°15'N and longitude
6°50'E and 7°25’E [9]. It is bounded on the east by Abia State, on the west by the
river Niger and Delta State, and on the north by Anambra State, while Rivers State
lies to the south. Imo State covers an area of about 5067.20 km?, with a population of
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Figure 1.
Map of Nigeria showing the study area.

3,934,899 [10, 11] and population density of about 725 km? [12]. The state has three
agricultural zones namely Orlu, Owerri, and Okigwe (Figure 1). The state has an
average annual temperature of 28°C, an average annual relative humidity of 80%,
average annual rainfall of 1800-2500 mm, and an altitude of about 100 m above
sea level [12]. It experiences two major seasons: dry and rainy seasons. The state has
fertile and well-drained soil suitable for rice farming and a good proportion of the
population are essentially farmers. A multistage and purposive random method was
used in the selection of respondents. Purposive sampling method was used to select
respondents who are predominantly rice farmers. The sample size comprised 120
rice farms. A well-structured questionnaire was the main tool for data collection.
Data collected were analyzed using descriptive statistical tools and a multinomial
logit model. The model is given below:

If P; is the probability of Y falling in category J>/ =1,2;.--»J, then

Pj .
h{_/J:aj+IB].X1.,]:1,2,....,]—1 (1)

by

leading to

~ eaj +5;X; - ] ) (2)
e
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and

1
e 3
_pz] 1+zi;ieak+ﬁkxl ( )

where P = response probability (J = 0, 1, 2, 3,...7); Y = mitigation category,
J =1,2,...,8; 1 = alternate wetting and drying of rice (AWD); 2 = system of rice
intensification (SRI); 3 = changing tillage operations (CTO); 4 = Nitrogen Fertilizer
Management (NFM); 5 = residue management (RM); 6 = aerobic rice varieties
(ARC); 7 = no mitigation strategies.

The explanatory variables are as follows:

Y =£(X,,X,,X,,X,, X, X, X, X, X, X, X, ) +ei @)

where X = age (years); X, = sex (male = 1, female = 0); X; = educational level
(years); X, = farming experience (years); Xs = household size (number of persons);
Xe = farm income (N); X, = farm size (ha); X; = extension contact (contact = 1,
no-contact = 0); Xg = access to farm credit (access = 1, no-access = 0); X;g = access
to GHG emission information (access = 1, no-access = 0); e; = error term.

3. Results and discussion
3.1 Socioeconomic characteristics of rice farmers

Table 1 reveals that majority (59.17%) fell within the age range of 41-50 years. The
mean age was 45.00 years. This shows that farmers in the area are vibrant, young, and
still within the active age. Rice farming is so strenuous. The implication is that younger
farmers are more likely to practice more and modern mitigation strategies in GHG
emission faster than the older ones. Young farmers are more likely to know about new
mitigation strategies to avert GHG emission with the willingness to bear risk. Table 1
also reveals that majority (75.85%) of the farmers were males. The finding implies that
both sexes are involved in rice farming but males are more in number in the area. This is
true as male farmers have been found to be relatively more efficient than women [13].

Entries in Table 1 also show that greater proportion (53.33%) had second-
ary school education. The main education level is 12 years, which is equivalent
to secondary school education. The finding implies that approximately 95.00%
of the farmers had formal education, which is expected to increase their level of
understanding on the effect of GHG emissions in rice farms and various mitigation
strategies to practice in thwarting the negative effect. Result in Table 1 shows that
majority (84.17%) were married. The finding implies that rice farming is an enter-
prise of married individuals who are expected to be responsible according to societal
standard. Married farmers have more likelihood of adapting to climate change easily
than their unmarried counterparts since they have access to labor. Result of farming
experience is shown in Table 1 and it shows that about 27.50% of the farmers had
a farming experience ranging from 11 to 15 years. The mean year of experience in
farming was 15.00 years. This shows that the farmers were quite experienced in
rice farming and may have been adapting to several mitigation strategies for GHG
emissions in the area. It is expected that farmers with more experience are more
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Frequency Percentage Mean (X)
Age (years)
21-30 5 4.17
31-40 11 9.16
41-50 71 59.17
51-60 30 25.00
61-70 3 2.50
Total 120 100.0 45.00
Sex
Male 91 75.83
Female 29 24.16
Total 120 100.0
Educational level (years)
No formal education 6 5.00
Primary 41 3417
Secondary 64 53.33
Tertiary 9 750
Total 120 100.0 12 years equivalent to secondary
education
Marital status
Single 8 6.67
Married 101 84.17
Divorced 4 333
Widowed 7 5.83
Total 120 100.0
Farming experience (years)
1-5 38 63.33
6-10 9 15.00
11-15 5 833
16-20 8 1333
21-25 9 750
Total 120 100.0 23
Household size (number of
persons)
1-2 2 1.67
3-4 5 4.17
5-6 1 917
7-8 29 2417
9-10 51 42.50
11-12 13 10.83
13-14 9 6.67
Total 120 100.0 9.00
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Frequency Percentage Mean (X)
Extension contact
Contact (yes) 31 25.83
No contact (no) 89 7417
Total 120 100.0
Access to credit
Access 46 76.67
No access 14 2333
Total 120 100.0
Access to GHG information
Access 107 89.17
No access 13 10.83
Total 120 100.0
Farm size (ha)
0.1-0.99 27 22.50
1.0-2.50 83 69.17
2.60-3.00 10 833 2.28
Total 120 100
Annual farm income (N)
100,001-200,000 21 17.50
200,001-300,000 25 20.83
300,001-400,000 65 54.17
400,001-500,000 9 750
Total 120 100.0 400,790.00 (1034.40 USD)

Source: field survey data, 2020.

Table 1.
Socioeconomic characteristics of vice farmers.

likely to accept innovations and new mitigation strategies for GHG emissions than
inexperienced farmers. The number of years of farming helps to cushion the effects
of GHG emissions, since GHG emissions is yearly recurring decimal during rice
farming. Results in Table 1 also show that majority (74.17%) of the farmers had no
contact with extension agents. The implication is that majority of the farmers may
not have the opportunity of learning new mitigation options in GHG emissions and
consequently exposing their rice farming to incidence of CH, and N,O impact in
the area. It becomes clear that there is a need for the government to strengthen the
Agricultural Development Programme (ADP) to facilitate timely extension contacts
with farmers in the area. The provision of information and guidance to farmers in
any farming season would increase mitigation of GHG emissions and improvement
in their faming enterprise in a cleaner environment. Entries in Table 1 reveal that
about 42.50% had a household size ranging from 9 to 10. The mean household size
was found to be 9.00 persons. The result shows that farmers had large households.
The implication is that they could draw farm labor from their households for the
practice of various mitigation strategies for GHG emissions in rice farming. Table

1 shows that majority (89.17%) of the farmers have access to GHG emission infor-
mation. This implies that farmers in the study area have access to GHG emissions
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information, which enhances their easy mitigation to multiple choices in GHG emis-
sions. It is expected that farmers who have access to GHG emissions information will
be more aware of effect of GHG emissions and practice better mitigation measures
than farmers with no access to information. Table 1 reveals that majority (69.17%) of
the farmers had farm size of between 2.00 and 2.50 ha. The finding implies that the
farmers in the area are mainly smallholder farmers operating on less than or equal

t0 2.50 ha of farmland. This could be as a result of land tenure system or increas-

ing population prevalent in the area. Additionally, the small farm size is not even
contiguous plot but rather small plots scattered in different areas of the community.
It is expected that farmers with large farm size will practice more GHG strategies
than those with lesser farmland in the area. More so, larger farm size enhances the
probability of households choosing multiple and better measures to mitigate GHG
emission than of households with smaller farm size. Finally, Table 1 indicates that
majority (54.14%) had an average annual farm income of between N300,001 and
N400,000. The mean annual farm income was N400,790.00 while monthly farm
income was estimated to be N33,399.167. The finding implies that the farmers have a
relatively low farm income despite the larger household size, which they recorded.
The implication of the findings is that farmers may not have the much needed finan-
cial capacity to mitigate GHG emission. This is true as some mitigation strategies for
GHG emission are costly. Hence, farmers may have several GHG emission strategies
they want to practice but limited fund will continue to hinder them.

3.2 Farmers’ GHG emission mitigation strategies in rice farming

The result in Figure 2 reveals farmers’ GHG emission mitigation strategies in
rice farming in the area. Similarly, it is very possible that the various mitigation
strategies used by the rice farmers to reduce the negative impacts of GHG emission
in their farming activities could be profit driven rather than GHG emission driven.
In strengthening the above assertion, the study of [14] reported that the action of
farmers in reducing the negative impact of climate change over time has basically
been climate change driven; hence, the study assumed that the rice farmers’ various
mitigation measures are therefore GHG emission driven. The result reveals that
about 98.10% of the farmers identified alternate wetting and drying of rice (AWD)
as one of their several mitigation strategies for climate change. AWD is a method
of reducing 30.00% of water in rice farms to influence GHG emission reduction by
48%. The AWD process influences rice production, CH; and N,O emissions from
rice systems. The finding is supported by the study of [15] who found that single or

AWD SRI cTo NFM RM ARV

Figure 2.

GHG emission mitigation strategies of rice farmers in the study area. Keys: AWD: alternate wetting and
drying of rice; SRI: system of rice intensification; CTO: changing tillage operations; NFM: Nitrogen Fertilizer
Management; RM: residue management; ARV: aerobic rice varieties.
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multiple drainage management during a rice-growing season (e.g., AWD) reduces
CH, emissions by 48-93% compared to those observed under continuous flooding
systems. Approximately, 92.00% identified system of rice intensification (SRI).

The SRI is a holistic approach for sustainable rice cultivation. It involved planting

a single seedling with more space between them rather than by the handful and
bunched closely together. It also involves watering intermittently and allowing for
dry spells rather than using continuous flooding and using organic input. The study
of [16] confirmed a similar finding as one of the strategies used by rice farmers in
GHG mitigation. Additionally, about 79.00% of the farmers practiced changing
tillage operations (CTO). The study of [17, 18] concluded that biomass incorporation
under conventional tillage is the main cause of the higher CH, emissions, implying
that rice production systems where residue incorporation is excluded (no-till) may
contribute to mitigation of GHG emissions. Similarly, the finding agrees with the
study of Ahmad et al. [1] who also reported significant reductions in CH, emissions
(21-60%) from no-till compared to tilled fields. In the same vein, Nitrogen Fertilizer
Management (NFM) was identified by 66.00% of the farmers. The application of
nitrogen (N) fertilizer to agricultural soils increases productivity and may also influ-
ence GHG emissions from rice systems. The finding of [19] found that N fertilizer-
induced N,O emissions were reported to be 0.21% under continuous flooding and
0.40% under alternate wetting and drying (AWD) rice production systems. In the
same meta-analysis, an effect of fertilizer type was reported, with N,O emissions
shown to increase by 24% and CH, emissions to decrease by 40% when urea was
replaced by ammonium sulfate. Others (58.00 and 35.00%) identified residue
management (RM) and aerobic rice varieties (ARC), respectively. The incorporation
of rice residues contributes toward long-term nutrient cycling but may, due to high
C/N ratios, cause short-term N immobilization and thus affect N availability for
subsequent crops [19]. Meanwhile, aerobic rice varieties (ARV) is a production sys-
tem in which especially developed “aerobic rice” varieties are grown in well-drained,
non-puddled, and non-saturated soils [20]. With a good management, the system
aims for yields of at least 4-6 tons per ha. Therefore, the finding became clear that
farmers are noticing changes in rice field and have started practicing several strate-
gies to thwart the negative effect of GHG emission in their rice farming.

3.3 Determinants of rice farmers’ mitigation strategies for GHG emission

Table 2 shows determinants of rice farmers’ mitigation strategies for GHG emis-
sion. The estimation of the multinomial logit model for this study was undertaken
by normalizing one category, which is normally referred to as the “reference or base
category.” In this analysis, the last category (no mitigation strategies) is the refer-
ence category. The model was run and tested for the validity of the independence of
the irrelevant alternatives (IIA) assumption by using the Hausman test for IIA. The
test accepted the null hypothesis of independence of the mitigation strategies for
GHG emission, suggesting that the multinomial logit specification is appropriate
and a good fit to model farmers’ mitigation strategies for GHG emission. Results
reveal a likelihood ratio chi-square () value of 0.9770 implying that 97.70% of
variation in the model for the mitigation strategies was explained by the explana-
tory variables while the remaining 2.30% was accounted for by stochastic error.

The model was also statistically significant at 1% (P < 0.00001), suggesting that

the models have strong explanatory power. This indicates that all the models had
good fit to the model. The significance of this likelihood ratio statistics test indicates
that rice farmers’ socioeconomic characteristics significantly influence the use of
mitigation strategies for GHG emission in the area. Consequently, the interpretation
and discussion of the multinomial logit result indicate the following:
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Explanatory AWD SRI CTO NFM RM ARV
variables
Age (Xy) -1.0079-03 0.00085 -0.021 0.004 0.0093 ~0.0098
(-311)" 4.02)" (-310)" (3.84)" (338)" (-392)"
Sex (X,) -0.00015 0.0006 0.234 -0.155 -0.23 0.14
(-0.11) (0.76) (117)° (-0.12) (-0.05) (0.87)
Educational 4.20e-06 0.00009 0.008 0.012 -0.02 -0.009
level (X3) (1.08)" (0.63) (0.96) (-0.68) (-1.64) (-0.91)
Farming -4.96e-06 -0.00005 0.011 0.0015 -0.011 -0.007
experience (Xy) (-0.76) (-0.51) (135)" (1.01) (-0.52) (-0.63)
Household -0.000042 0.0004 0.003 0.017 -0.009 -0.001
size (Xs) (-0.25) (0.14) (0.35) (0.12) (-0.19) (-0.29)
Farm 1.39%-08 3.79e-09 754e-09 3.02¢-06 2.66e-06 2.74e-06
income (Xg) (216)" (1.94) (1.09) (1.63)° (1.50)" (0.69)
Farm size (X5) ~0.00046 ~0.0006 -0.07 -0.112 -0.03 -0.12
(-0.68) (-1.46) (-0.88) (-0.98) (-0.59) (-1.45)
Extension 0.0051 0.006 0.013 0.054 0.08 0.23
contact (Xg) @2 (5.04)" 4585 (510)" 4.69)" 497"
Access to farm 0.027 -0.00098 -0.134 0.161 0.11 (0.95) 0.08
credit (Xo) (4.04)" (-1.63) (-1.60) (1.84) (0.95)
Access to 4.37e-06 0.179 -0.169 -0.023 0.04 (0.54) -0.04
GHG emission (0.37) (5.01)" (-0.13) (-0.25) (-0.21)
information (X;0)
Pseudo R? 0.5919
Likelihood Chi 9770
square
Sample size (n) 120
Reference/base No mitigation strategies
category

Output of STATA; values in parenthesis ave Z values.

m‘S‘igm'ﬁcm'ut at 1% level.

“Significant at 5% level.

’Sigmfimnt at 10% level.

Field survey, 2020.

Keys: AWD: alternate wetting and drying of rice; SRI: system of vice intensification; CTO: changing tillage
operations; NFM: Nitrogen Fertilizer Management; RM: residue management; ARV: aerobic rice varieties.

Table 2.
Estimated multinomial logit model of the determinants of rice farmers’ mitigation strategies for GHG emission.

Age (X,): age of the rice farmers significantly influences mitigation of GHG emis-
sion. Age of the farmers was positively related across the practice of alternate wetting
and drying of rice (AWD); system of rice intensification (SRI); Nitrogen Fertilizer
Management (NFM); residue management (RM); and aerobic rice varieties (ARV).
This reason could be because the options have been practiced for a long period of
time and are well known by older farmers than their younger counterparts. On the
other hand, age of the farmers had a negative influence on the probability of uptake
of CTO. The result shows that a unit increase in the age of the farmers decreases
the likelihood of taking up CTO by 0.21 (2.10%). This could be because CTO may
require more physical strength and energy to practice in rice farming of which older
farmers may not have the capacity to do. The result is consistent with the findings
of [14] who noted that the older farmers become more risk averse and practice less
strategies, particularly those requiring more energy over time.
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Sex (X;): the result indicated that female-headed households practiced effi-
ciently and more mitigation strategies for GHG emission than their male coun-
terparts. On the other hand, male-headed households were more readily resilient
to GHG emission than their female counterparts by practicing SRI and CTO. The
finding tallies with the study of [21] who asserted that females are more involved
in rural agriculture. This is true as women use it to support their families nutrition-
ally and income-wise while the male households usually migrate to urban cities in
search of nonagricultural jobs. Additionally, it is also expected that females will
understand perceived effect of GHG emission in rice farming and practice modern
mitigation strategies than their male counterpart.

Educational level (X3): education of the farmers was positively related across
all the mitigation strategies for GHG emission. This result is in line with the a priori
expectation of the model. The finding is in line with the study of [22] who asserted
that exposure to higher education of the farmer increases the probability of choos-
ing different sustainable farming methods. The probable reason could be due to the
fact that educated farmers have more knowledge of GHG emission and are already
aware of various techniques and management practices that could be employed
to mitigate the emissions easily. Additionally, the study of [23] also confirmed the
importance of education on choice of mitigation strategies for GHG emission.

Farming experience (X,): farming experience had a positive and significant
relationship across all the mitigation strategies for GHG emissions modeled. This
implies that increase in years of experience increases the probability of uptake of
AWD, SRI, CTO, NFM, RM, and ARV. Highly experienced farmers are likely to
have more information and knowledge on GHG emission than their counterpart
with limited years of experience. In addition, experience exposes farmers to various
GHG emission strategies they could employ in the face of anticipated environ-
mental situations. The findings support [24] who asserted that farmers with more
experience would be more efficient, have better knowledge of climatic conditions
and market situation, and are, thus, expected to run a more efficient and profitable
enterprise.

Household size (X;5): household size of farmers increased the likelihood of
using CTO, RM, and SRI practices by 0.001(1.00%). This indicates that household
size increases the probability of uptake of these mitigation measures to climate
change because such options require additional labor from the farmers, which is
usually provided by his/her household members. On the other hand, household size
of farmers decreased the likelihood of practicing ARV and NFM by 0.0001 (0.1%).
This is because, as the hectare of farmland cultivated by each farmer reduces, the
labor needed by such farmers also reduces. The finding tallies with the study of [5]
who reported that large household size is associated with a higher labor endow-
ment, which would enable the household to accomplish various agricultural tasks
especially at the peak seasons and ensure ease of adaptation to climate change. The
finding is also supported by the result of [14] who opined that large household size
has shown to provide cheap and available source of labor for farmers in adapting
easily to climate change.

Farm income (X¢): the income of farmers had a positive and significant influ-
ence on the likelihood of practicing all the mitigation measures identified. Higher
income farmers are less risk averse and have more access to information, a lower
discount rate, a longer term planning horizon, and are wealthier than low-income
farmers. Additionally, with more financial and other resources at their disposal,
farmers are able to change their management practices in response to changing
climatic, GHG emissions and other factors and are better able to make use of all the
available information they might have on changing conditions, both climatic and
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other socioeconomic factors. The result shows that a unit increase in the income of
the farmers increased the likelihood of adopting the practice of AWD, SRI, CTO,
NFM, RM, and ARV. The study of [15] reported that farmers with higher farm
income will make better decision, use necessary productive inputs, and realize huge
yield/output than their counterparts who have low farm income. Additionally, the
study of [14] also reported that adaptation options to climate change are costly.

Farm size (X7): farmers’ land area cultivated was negatively related to mitigation
strategies for GHG emissions in the area. The negative relationship between farm-
ers’ mitigation strategies for GHG emissions and farm size is inconsistent with the
study carried out by [25] but in line with [14] who reported that the probable reason
could be due to the fact that adaptation/mitigation measures are plot-specific. It is
expected that farmers with large farm size will practice more mitigation strategies for
GHG emissions than those with lesser farmland in the area. More so, larger farm size
enhances the probability of household choosing multiple and better mitigation strate-
gies for GHG emissions than households with smaller farm size. This means that it is
not the size of the farm but the specific characteristics of the farm that dictate the need
for specific adaptation mitigation strategies for GHG emissions in rice production.

Extension contact (Xg): extension contact had a positive and significant influ-
ence across all the mitigation strategies for GHG emissions modeled. The finding
shows that a unit increase in the number of extension visits to the farmers increased
the likelihood of AWD by 0.006 (0.6%), SRI by 0.013 (1.3%), CTO by 0.054
(5.4%), NFM by 0.08 (8.00%), RM by 0.0051 (5.1%), and ARV by 0.23 (23.00%).
Contact with extension agents, which denotes access to information, had a positive
effect across all adaption measures indicating that extension contact increases the
likelihood of mitigating GHG emissions in rice farm easily. Access to extension
services significantly increased the probability of taking up AWD, SRI, CTO, NFM,
RM, and ARV. Extension services provide an important source of information
on GHG emissions as well as agricultural production and management practices.
Farmers who have significant extension contacts have better chances to be aware
of changing climatic conditions and also of the various management practices that
they can use to adapt to changes in climatic conditions. The findings are in line with
the study [26] which argued that extension contact enhances farmers’ production
and promotes their knowledge on modern farming methods.

Access to farm credit (Xj): results showed that farmers’ access to credit
significantly increased the probability of uptake of AWD, SRI, CTO, NFM, RM,
and ARV. Inadequate fund is one of the main constraints in adjusting to climate
change [14]. Despite the various mitigation strategies farmers could be aware of
and willing to practice, inadequate fund to purchase the necessary inputs and
other associated equipment remains one of the significant barriers to mitigation
strategies for GHG emissions in rice production.

Access to GHG emission information (Xyo): this depicts the level of aware-
ness of GHG emissions significantly increased the probability of uptake of all the
mitigation strategies identified. Farmers who have access to GHG emissions and
climate information are more aware of changes in climatic conditions and have
higher chances of taking adaptive measures in response to observed changes. It is
an important precondition for farmers to take up mitigation strategies. Information
on climate variables like temperature amount, relative humidity, rainfall amount,
and sunshine duration has really helped farmers in the area on the time to plant a
particular breed of rice. Farmers’ access to information on GHG emissions is likely
to enhance their probability to understand GHG emissions and climate change
impact and hence enable them take up better mitigation strategies to increase their
farm yield and income.
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3.4 Rice farmers’ barrier to mitigation of GHG emission

The findings in Figure 3 show rice farmers’ barrier to mitigation of GHG
emission in the area. The finding reveals that about 98.30% of the farmers identi-
fied inadequate information. This could be attributed to dearth in research on
GHG emission and mitigation strategies as well as lack of information on GHG and
climatic variables which should always be disseminated by Nigerian Meteorological
Agency (NiMET) and agricultural extension agents. This constraint left the farmers
unable to get the much needed information on climate change and GHG emis-
sion. In the present information age, inadequate information could pose serious
challenges to the farmers’ coping strategies as they may not be aware of recent
developments regarding GHG emission, mitigation strategies, and the necessary
readjustments. Poor information on mitigation strategies for GHG emission in rice
farming may result in food insecurity and unsustainable production over time.
About 94.75% identified inadequate fund. Inadequate fund left most of the rice
farmers unable to get necessary resources in mitigating GHG emission in the area.
This could be attributed to high cost of mitigation options. Inadequate fund hinders
farmers from getting the necessary resources and technologies that assist to effi-
ciently mitigate GHG emission. The result shares view with the study of [14] who
argued that adaptation options are costly and hence farmers need adequate fund to
adapt. Going forward, poor extension contact, high cost of inputs, poor access to
farm credit, limited availability of farmland were identified by 87.50, 83.33, 82.50,
and 75.74% of the rice farmers, respectively. High cost of farm inputs could also
be attributed to inadequate fund. With limited fund, the acquisition of necessary
facilities will be difficult. They may not only be costly, but may also appear scarce
for poor farmers. In addition, the farmers may not also have the necessary facilities
for current information like radio and television to obtain weather forecasts. Poor
access to credit could be linked to lack of information or awareness of the presence
of loan facilities, high collateral requirements, and location of banks in urban areas,
which are far from the rural areas where farmers live. Limited farmland could be
attributed to land tenure system or increasing population prevalent in the area.
High population pressures compel farmers to intensively farm over a small plot of
land and make them unable to practice several GHG mitigation strategies that will
improve their farm yield and income. It becomes clear that this constraint is respon-
sible for poor production of rice and GHG emission mitigation in the area. Curbing
this barrier will be vital in promoting not just local mitigation strategies but global
strategies of GHG emission in the area and perhaps beyond.

High cost of Poor access to farm
inputs, 83.33% - credit, 82.50%

Poor extension
contact, 87.50% |

Limited
availability
of farmland,
75.74%

Figure 3.
Rice farmers’ barrier to mitigation of GHG emission.
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4, Conclusion

Conclusively, the study was logically guided by describing the socioeconomic
characteristics of the rice farmers; identifying and describing the mitigation
strategies for GHGs used by rice farmers and constraints in mitigating GHGs in rice
farming. A multistage and purposive random method was used in the selection of
respondents. Purposive sampling method was used to select respondents who are
predominantly rice farmers. The sample size comprised 120 rice farms. A well-
structured questionnaire was the main tool for data collection. Data collected were
analyzed using descriptive statistical tools and a multinomial logit model. The result
shows that the mean age was 45.00 years. Greater proportions (75.83%) were male.
Majority (84.17%) were married with an average household size of nine persons.
The mean educational level and farming experiences were 12 years (equivalent to
secondary school education) and 23.00 years, respectively. Average farm size and
annual farm income were 2.28 ha and N400,790.00 (1027.67 USD), respectively.
The result confirmed the incidence of GHG emission in rice farm in the area.
Interestingly, farmers are becoming increasingly aware and have started practicing
several mitigation strategies. The major GHG mitigation strategies the farmers prac-
tice were alternate wetting and drying of rice (AWD) (98.10%) and the system of
rice intensification (SRI) (92.00%) among various strategies they practiced simulta-
neously. Estimated multinomial logit model revealed that household size (Xs), farm
size (X7), and education (Xj) significantly influence their choice of GHG mitigation
strategies at 1% level of probability. Regrettably, farmers complained of inadequate
fund (98.33%). It was therefore recommended that farmers should form a stable
cooperative to access fund, information and government support effectively. In the
same way, the study confirmed the incidence of GHG emission in rice farm the area.
Interestingly, farmers are becoming increasingly aware and are noticing the GHG
emission. The farmers have started practicing several mitigation strategies to thwart
the negative effect of GHG emission while remaining sustainable. The major GHG
mitigation strategies of farmers were alternate wetting and drying of rice (98.10%)
and the system of rice intensification (92.00%) among various strategies they
practice simultaneously. The study also looked at the determinants of rice farmers’
use of various mitigation options for GHG emission using a multinomial logit model.
The model permits the analysis of decisions across dichotomous categories, allowing
the determination of choice probabilities for different categories. Multinomial logit
results confirmed that access to credit, extension services, farming experience,
education, access to climate change information, and farm size were some of the
significant determinants of farm-level mitigation options. The main barrier to the
mitigation of GHG emission was lack of information on appropriate mitigation
option, which could be attributed to dearth in research on GHG emission as well as
poor information dissemination on the part of extension agents in the study area.

4.1 Recommendations

The following recommendations were made based on the major research obser-
vations and findings of the study.

i. Effective agricultural policies and programs should focus on how to intensify
awareness on GHG emission in rice farm as well as its mitigation strategies.

This should be done through strengthened agricultural extension delivery.

ii. Since education and farmland were found to significantly increase mitiga-
tion, investment strategies should also focus on expansion of farmers’
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farmland and improvement of their education as this would affect their
mitigation of GHG emission positively.

iii. The government must also design policies in such a way that farmers have
access to affordable credit as well as subsidized agricultural inputs in order
to increase their ability and flexibility to change production strategies in
response to the forecasted climatic conditions.

iv. The government or interested organization should endeavor to build weather
stations in all local government areas in Nigeria to reduce the incidence of
poor climate record keeping and to provide mid-term forecast of weather
and other climatic variables.

v. Ultimately, incorporating local knowledge into GHG emission concerns
should not be done at the expense of modern/western scientific knowledge.
Local knowledge should complement rather than compete with global
modern practices in counteracting the negative impact of GHG emission in
the area and beyond.
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Abstract

Rice (Oryza sativa) is the staple food for more than 3.5 billion people worldwide.
Yield levels in Asia have tripled and are expected to increase by 70% over the next
30 years due to population growth. In the US, Arkansas accounts for more than 50%
of rice production. Over the last 68 years, rice production has continued to grow in
Mississippi, placing it in fourth place after Arkansas, Louisiana, and California. Due
to increasing rice acreage, regionally and worldwide, the need to develop abiotic
stress tolerant rice has increased. Unfortunately, current rice breeding programs
lack genetic diversity, and many traits have been lost through the domestication of
cultivated rice. Currently, stressors stemming from the continued effects of climate
change continue to impact rice. This chapter highlights current research that strives
to discover abiotic and biotic stress tolerant rice. This chapter calls for directed
research in genetics and genomics to address the need to discover biotic and abiotic
stress tolerant traits. While many genes have been uncovered to arm rice against
these stresses, decreased genetic variability in current rice traits presents a small
gene pool for discovery.

Keywords: rice, Oryza sativa, abiotic, biotic, stress tolerance

1. Introduction

Rice, Oryza sativa, is a cultivated, food staple feeding more than one-half of the
world’s population [1]. Rice is regarded as one of the world’s most important crops
and is grown in more than one hundred countries producing more than 700 million
tons annually [2, 3]. Asia currently accounts for more than 90% of rice that is grown
and consumed [4]. In southern China alone, rice consumption is almost 50% higher
than the global average due to a diet heavily rooted in rice [5]. It is predicted that
rice yield must increase by 1% annually to continue to feed the growing population
[6]. To meet this expectation, the development of high-yielding, stress-tolerant rice
cultivars is necessary [7].

Rice is a tropical and sub-tropical plant that requires temperatures ranging
from 20 to 40°C with flooded conditions, and is highly influenced by solar radia-
tion [8]. It is an annual grass with a life cycle ranging from 105 to 145 days from
germination to maturity contingent on various types of environmental contribu-
tions [9]. Rice domestication is estimated to have started more than 9000 years ago

101 IntechOpen



Plant Stress Physiology

via wild rice from China [10]. There are two species of cultivated rice (O. sativa
and O. glaberrima) originating from Asia and Africa, respectively [11].

Globally, the Asian cultivar is grown on a large scale while the African cultivar is
confined to West Africa [11]. It is a diploid species with an AA genome that can be
subjected to traditional hybridization and selection [12]. In addition to two distinct
species of rice, the crop can further be divided into two different varieties, indica
and japonica [13]. In this review, knowledge of major abiotic and biotic associated
with rice are presented to highlight a need for genomic-focused studies. As climate
change continues to be a major contributor to stress in rice production fields,
understanding current research strategies in rice stress is necessary.

2. Consequences and mitigation strategies of biotic stresses
with specific focus on disease

2.1 Rice blast disease

Rice blast disease is caused by the fungal pathogen Magnaporthe oryzae (M. oryzae)
formerly named M. grisea, which is a hemibiotrophic filamentous ascomycete that
infects rice and causes yield losses worldwide [14, 15]. This is one of the most economi-
cally damaging grass fungi causing annual losses of up to 10% in global rice production
[16]. Specific areas that reported devastating losses to blast include India, Japan, South
Korea, and Indonesia ranging from 20 to 70% yield losses [17]. This fungal pathogen is
so damaging because it can infect the crop at any growth stage and in any tissue above
or below ground [18]. Symptoms of rice blast in leaf tissue include diamond-shaped
tan lesions with a dark brown edge appearing 5-7 days after infection [19]. Economic
losses are caused when the panicle of the plant, where the desired seed is exhibits
symptoms of infection and lack of filling [14]. The infection can be located on the
collar of the plant causing the tissue to rot leading to the entire panicle collapsing from
lack of adequate structure [14].

Similar to most fungal pathogens, the conidia of M. oryzae are an essential part
of the pathogens cycle [15]. The fungi attach to the plant tissue where they form
structures called appressoria, a primary hypha, after germination. Bulbous invasive
hypha structures at the end of the germ tubes of the conidia cause a buildup of tur-
gor pressure allowing the pathogen to invade the outer plant tissue and settle in its
host [15, 18]. After penetration, infected hypha migrates through the rice leaf cells.
Molecules called effectors are released by the pathogen that competes for binding
to the plant proteins, thereby disrupting natural processes [20]. These effectors are
sometimes translocated to the cytosol of the host cell, where they alter the host’s
natural immunity responses [15]. Symptoms of blast infection manifest as streaks
of dead leaf tissue on which the conidia are produced by the thousand and released
for the spread of further infections [21]. M. oryzae favors the same humid grow-
ing conditions as rice and is spread through the air making it very hard to control
when it has been introduced to a field. The pathogen can circulate through multiple
lifecycles in one growing season making it dangerous to the crop at any stage [14].

In recent years, research efforts have focused on understanding the process of
conidiation, appressoria formation, and responses in the host, rice, to the infection
[20]. The effectors that are secreted by the pathogen into the intercellular spaces
of the host interrupt natural plant processes and prey on a variety of host proteins,
such as important parts during pathogen-associated molecular pattern (PAMP)-
triggered immunity (PTI), vesicle trafficking, effector-triggered immunity (ETI),
autophagy, sugar transport, chloroplast and mitochondrial functions phytoalexin
production, and more [20]. Pathogen response in plants often imitate normal
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development processes for instance response to fungal gibberellic acid is very
similar to the plants’ natural response to its own produced gibberellin and auxins
[22]. Gene expression regulates plant development and stress response and there-
fore, it can be stated that the proteins involved in these processes are regulated by a
specific set of genes [22]. Study’s find similar genes respond to environmental cues
and stresses [22].

Understanding innate plant immunity is crucial for the advancing knowledge of
plant stress response and the mechanisms it encompasses. Resistant rice cultivars
are grown and developed to help control disease outbreaks and infections that can
wipe out entire fields [23]. Natural immunity in plants stems from the recognition
of PAMPS by the host sensors on the cell surface or pattern recognition receptors
[23]. Pathogen-associated triggered immunity is the first kind of plant immunity
[23]. Plant receptor protein kinases (RPKs) recognize microbial molecules like lipo-
polysaccharides (LPS), chitin, peptides, double-stranded RNA, as well as microbial
DNA which then activate a mitogen-activated protein kinase (MAPK) element. This
process is one of the earliest signaling actions post-plant sensing of the invading
pathogen [23, 24]. The signaling channels of MAPKs regulate the production and
function of a multitude of enzymes, transcription factors (TFs), hormones, antimi-
crobial chemicals and peptides, that all play critical roles in resistance to bacterial
and fungal pathogens [24]. This first responder component of immunity is vital if
a host is to survive an infection. Immune responses in rice have been found to be
triggered by sulfated peptide Ax21, chitin, flagellin peptides and LPS [23]. Another
level of plant immunity is effector-triggered immunity (ETI) which is a response
to a wide variety of microbial molecules known as effectors, which are secreted
from the fungus into the host during infection. Lastly, systemic acquired resistance
(SAR) is another defense mechanism in plants [23].

Sensors in the rice membrane, as well as Nucleotide binding site/Leucine rice
repeat (NBS-LRR) proteins, are needed for immune response. These NBS-LRRs
job is to recognize the effectors secreted by the fungi. Four small protein effectors
produced by the rice blast fungus M. oryzae have been characterized as AvrPita,
AvrPiz-t, AvrPik/km/kp, and AvrPia, all having distinct structures. Recognition
by these NBS-LRR proteins in rice depends on direct, decoy or bait models [23].
Thirteen NBS-LRR proteins that cause resistance to M. oryzae have been character-
ized in rice. Pita is the most studied rice NBS-LRR protein and interestingly has
only one amino acid difference between susceptible and resistant alleles [23]. This
protein triggers programmed cell death after it binds to a specific effector protein,
AvrPita, which is hypothesized to keep the fungus from migrating to adjacent cells.
This binding is an example of a recognition model of effector identification [23].

Chitin is a well-known product of PAMP that signals defense responses in plants,
both monocots, and dicots [25]. This polymer of N-acetyl-D-glucosamine, is part
of the fungal cell wall but is not found in plants although they do possess chitin
degrading enzymes. The enzymes in plants can degrade the fungal cell wall, are also
able to recognize when the fungal cell wall is releasing these chitin particles, and
respond during infection [26]. Recognition of chitin by these enzymes activates the
plants’ defense pathway [26]. How chitin and its fragments, chitin oligosaccharides
or N-acetylchitooligosaccharides, are able to notice a harmful pathogen and trig-
ger defense is a topic of research [25]. Proteins in collaboration with receptor-like
kinases, which serve as chitin elicitor binding proteins, subsequently bind chitin
and play a critical role in chitin signaling in rice, thus activating intracellular events.
Rice contains a large number of genes regulated by chitin. Many of these regulated
genes are defense-related genes, such as those encoding pathogenesis-related
proteins, TFs, and disease resistance proteins [26]. Studies found that in cultured
rice cells in the lab, the recognition of chitin elicitor induces a series of defense
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responses including the activation of MAPKs, ROS production, defense gene
expression, phytoalexin production and the accumulation of an important signal
molecule in plant response to stress, phosphatidic acid (PA) [23].

The ability to uptake nutrients can affect plant and immunity in response to
pathogen introduction. Some of the genes that respond to mycorrhiza coloniza-
tion may be involved in the uptake of phosphate in rice [27]. M. oryzae possessed
mechanisms by which it can suppress rice host immunity by regulating the K*
channel 7. Potassium is important in many plat function including enzyme acti-
vation, cellular homeostasis, membrane transport, osmoregulation and immu-
noreaction [20]. Transporters and channels are responsible for the uptake and
translocation of K. Often K fertilizers are applied in production systems and have
been noted to reduce the occurrence of disease but it was unclear how. It is thought
that high K concentrations in rice support immune response and inhibit the growth
of the fungus [20]. Excess nitrogen applied as a fertilizer drastically increases rice
susceptibility to M. oryzae [19].

After effector recognition and signal initiation, plant defense is activated
causing responses such as cell wall reinforcement, accumulation of antimicrobial
secondary metabolites, and expression of PR proteins [19, 23]. Several classes of
antifungal metabolites are known and are non-essential for basic plant metabolism.
Large numbers of terpenoid compounds are present in rice and serve in reducing
pathogen toxicity [28]. Terpenoids have a plethora of key jobs including plant hor-
mone functions, electron carriers, vitamins, pigments and membrane components,
and importantly plant-pathogen interaction. Rice leaves produce momilactones A
and B upon the introduction of M. oryzae infection and are widely studied for their
anti-fungal activity during attack [28]. Also present in the rice leaves is oryzalexin
A-D, which is classified as phytoalexin. Furthermore, Flavonoids belong to a large
class of phytoanticipan and phytoalexin phenolic metabolites that are synthesized
from phenylalanine in the shikimate pathway play part in plant resistance and
defense. These flavonoids are known to directly inhibit the growth and germination
of M. oryzae [28].

The cell wall in plant cells is armor against many pathogens that not only acts as
a barrier, but it also produced chemicals to fight off pathogens that enter the cell.
These chemicals include reactive oxygen species (ROS) and phenolics [29]. ROS
production serves many functions in eukaryotic cells, including those in cellular
defense. The generation of ROS is regarded as one of the first responses to fungal
invasion [21]. In M. oryzae, intracellular ROS is critical to its pathogenicity in rice at
the seedling stage. Interruption of the ROS production in the fungus causes it to lose
toxicity in the host [21]. M. oryzae hyphae seem to initiate quick production of H,0,
in the host rice cells at the penetration sites. Small GTPase Rac complexes regulate
accumulation of ROS generated through NADPH oxidases. Highly lethal strains
of M. oryzae have been noted to repress the production of ROS thus suppressing
immune responses. Plants that have high ROS accumulation tend to also have
crosslinking of cell well proteins that develop tick cell walls [30].

Plant proteins that are explicitly stimulated during pathogen invasion are
referred to as Pathogenesis-related proteins (PRs) [23]. The accumulation of these
proteins plays an essential role in active plant defense response [23]. Rice has several
groups of PR genes that have been found to be triggered after species-specific
infections [23]. Ubiquitin-proteasome system is used by plants to regulate protein
production and usage for growth as well as abiotic and biotic stress response.

E3s are a class of ligases that are common among the main types of ubiquitin-
proteasome enzymes that play a role in pathogen response and interaction. About
1500 E3s are encoded in the rice genome, some of which are key to immunity in rice
against fungal pathogens [29]. Some E3s are thought to play a vital role in cell wall
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reinforcement, specifically after fungal infection. Pathogens try to interfere with
the PTI pathway by producing proteins and sending them into the cell. Hyphae
infected with M. oryzae release proteins that can direct the natural response process
of the host cell defense in its favor [21]. Recently it has been found that the MoAP1
protein in the conidia of the fungus is highly expressed during the invasive stage of
its lifespan [21]. Some of these proteins inhibit PTI by interfering with the E3 ligase
activity, which normally acts as a positive regulator in immune response, or degrad-
ing them altogether. In immune plants, some of the defense E3 ligases in rice have
the ability to degrade the proteins produces by the fungus [29].

Pathogens can create and mimic plant auxins that interrupt the pants pathways
and repressed defense. Rice is often treated with a growth hormone called brassi-
nolide (BL) to confer resistance to M. oryzae by reinforcing its natural hormone
defenses [23]. Pathogenesis-related proteins and their corresponding receptor
kinases in this case BAK1 induce the signal to initial PTI. Hormones like abscisic
acid (ABA), jasmonic acid (JA) have been used as well to trigger gene defense
expression against M. oryzae [23].

About 60 genes for rice blast resistance have been found but this number
includes allelic resistance; therefore, only five genes have been extensively used
by breeders and shown to be reliable over the past few decades [17]. Molecular
markers have made it possible to tag resistance genes [17]. Fungal pathogens have
to break through physical surface barriers that serve as the plant’s line of defensive
as well as the antimicrobial chemicals supplied by the host to survive [15]. Once it
has penetrated the host immunity is stimulated, and defenses are up. Sensors in the
host recognize the pathogenic microbes and the NBS-LRR proteins read the effec-
tors that are projected into the cell. M. oryzae secretes about 740 different proteins
during an invasion; therefore, in rice, its primary means of recognition are the
NBS-LRR proteins [15, 23]. The signals these initial receptors trigger initiate MAPK
activity and transcription factors, which then activate PR expression. Defense
responses in the host attempt to reinforce the cell wall and produce secondary
metabolites to compact that microbial invasion [23]. In-Depth knowledge of the
mechanisms of resistance and host response to fungal pathogen invasion will help
further agricultural development of blast resistant crops. Enhanced management
practices for rice blast can also be achieved with an understanding of pathogen
interactions and stress responses.

2.2 Rice sheath blight disease

Regarded as one of the most critical diseases in cultivated rice, rice sheath blight
(Rhizoctonia solani Kuhn) is a widely distributed soil-borne disease prevalent in
most rice-growing areas [31]. Within the U.S,, rice sheath blight has increased due
to increased crop rotation of rice with soybean (Glycine max) as aerial blight in
soybean is caused by R. solani [32]. Globally, the widespread cultivation of semi-
dwarf, high-yielding rice cultivars acclimated to high rates of nitrogen fertilizer has
contributed to 50% yield reduction in susceptible cultivars [31]. The primary source
of rice sheath blight inoculum is attributed to the formation of lesions near the
waterline due to germinating sclerotia [33]. While effective fungicides are available
to manage rice sheath blight, they are not considered a long-term solution due to
health and environmental concerns [34].

Rice sheath blight (RSB) has the proven ability to survive from one crop season
to another via sclerotia, plant debris, and weed hosts that may have dropped in the
field during harvest [35]. Infection can occur at any growth stage from seedling to
flowering due to different inoculum sources making it more prominent and com-
mon than other rice diseases [35]. Rice inoculation by the RSB pathogen results in
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the production of enzymes that lead to callus breaking, degradation of sheath cells
and organelles, cell wall cracking, and mitochondrial damage [36]. In addition to
the production of degrading enzymes, toxin production can lead to visual symp-
toms on rice leaves, seedling wilting, reduced radical growth [35].

To decrease chemical control usage of fungicides against R. solani, researchers
have turned to nanoparticle treatments. In an in vivo and in vitro study to assess
the impact of silver nanoparticles on R. solani, the research found that increased
inhibition of sclerotia formation (92%) and mycelia growth (85%) was observed
when particles were applied at a concentration of 50 ppm [37]. Similar results were
seen under microscopic observations of hyphae exposed to silver nanoparticles
resulting in decreased sclerotial germination of 12% with just 7 ppm of silver
nanoparticle-containing medium [38]. In a study done to observe the impact of
silver nanoparticles on detached rice leaves infected with varying inoculations of
R. solani, lesion lengths were significantly lower when leaves were treated with
a nutrient broth containing silver nanoparticles compared to those that directly
applied th