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Preface

Plants are subjected to numerous environmental stresses, which can be classified 
into two broad areas: abiotic and biotic stresses. While the first is considered the
damage done to an organism by other living organisms, the latter occurs as a result
of a negative impact of non-living factors on the organisms. In this scenario, the
current most accepted opinion of scientists is that both biotic and abiotic factors
in nature and agroecosystems are affected by climate change, which may lead to
significant crop yield decreases worldwide. We should take into consideration not
only this environmental concern but also the fact that 20 years from now the earth’s
population will need 55% more food than it can produce now. Therefore, it is crucial 
to address such concerns and bring about possible solutions to future plant stress-
related outcomes that might affect global agriculture.

Facing the increasing population, and consequently higher demand for food, fiber, 
and biofuels, the demand for agricultural products is set to increase in the next few
years. Thus, plant science research to improve sustainable production worldwide
is the vital task of the scientific community to address the increasing demands and 
needs for such products. In the last few decades, the results of wide-scale research
have been applied, field mechanization improved, technical and agricultural 
methods developed, research and training extended, and new methods established 
worldwide.

This book intends to provide the reader with a comprehensive overview of both
biotic and abiotic stresses through 10 chapters that include case studies and litera-
ture reviews about these topics. Hence, this volume presents outstanding chapters
involving theoretical and practical research work carried out by experienced 
researchers. There will be a particular focus on understanding the physiological, 
biochemical, and molecular changes observed in stressed plants as well as the
mechanisms underlying stress tolerance in plants.

Taking into consideration the fact that environmental vulnerabilities are the sig-
nificant constraints for growth, development, and productivity of crops, this book
is a must-read work for academic students, scientists, and enthusiasts about this
theme. The methods and technologies recommended here have resulted in essen-
tial highlights about how to tackle abiotic/biotic stress in plants, achieve higher
yields, and maximize the use of inputs under harmful environmental conditions. 
In other words, this is a valuable resource about biotic and biotic factors that affect
crops’ yields, particularly for those who work in research organizations and higher
academic institutions. This textbook is a precise and complete work that will benefit
graduates, postgraduates, and researchers who work with environmental stressors
in plants.

As editor, I am grateful to all the authors who have written their chapters meticu-
lously and contributed their valuable work to this book. I would also like to thank
the editorial staff of IntechOpen Publisher and its team for all the kind support
provided throughout the whole editorship process, enabling this book to be pro-
duced on time and in an excellent manner. I express my special thanks to my mother



II

Chapter 7 99
Superoxide Dismutase: A Stable Biochemical Marker for Abiotic Stress
Tolerance in Higher Plants
by Mukesh K. Berwal and Chet Ram

Chapter 8 109
Melatonin: Role in Increasing Plant Tolerance in Abiotic Stress Conditions
by Raziye Kul, Aslıhan Esringü, Esin Dadasoglu, Üstün Sahin, Metin Turan, 
Selda Örs, Melek Ekinci, Guleray Agar and Ertan Yildirim

Chapter 9 129
Regulation Effect of Different Water Supply to the Nitrogen and Carbon
Metabolism
by Szilvia Veres, László Zsombik and Csaba Juhász

Chapter 10 139
Chickpea Abiotic Stresses: Combating Drought, Heat and Cold
by Peter Kaloki, Viola Devasirvatham and Daniel K.Y. Tan

Preface

Plants are subjected to numerous environmental stresses, which can be classified 
into two broad areas: abiotic and biotic stresses. While the first is considered the 
damage done to an organism by other living organisms, the latter occurs as a result 
of a negative impact of non-living factors on the organisms. In this scenario, the 
current most accepted opinion of scientists is that both biotic and abiotic factors 
in nature and agroecosystems are affected by climate change, which may lead to 
significant crop yield decreases worldwide. We should take into consideration not 
only this environmental concern but also the fact that 20 years from now the earth’s 
population will need 55% more food than it can produce now. Therefore, it is crucial 
to address such concerns and bring about possible solutions to future plant stress-
related outcomes that might affect global agriculture.

Facing the increasing population, and consequently higher demand for food, fiber, 
and biofuels, the demand for agricultural products is set to increase in the next few 
years. Thus, plant science research to improve sustainable production worldwide 
is the vital task of the scientific community to address the increasing demands and 
needs for such products. In the last few decades, the results of wide-scale research 
have been applied, field mechanization improved, technical and agricultural 
methods developed, research and training extended, and new methods established 
worldwide.

This book intends to provide the reader with a comprehensive overview of both 
biotic and abiotic stresses through 10 chapters that include case studies and litera-
ture reviews about these topics. Hence, this volume presents outstanding chapters 
involving theoretical and practical research work carried out by experienced 
researchers. There will be a particular focus on understanding the physiological, 
biochemical, and molecular changes observed in stressed plants as well as the 
mechanisms underlying stress tolerance in plants.

Taking into consideration the fact that environmental vulnerabilities are the sig-
nificant constraints for growth, development, and productivity of crops, this book 
is a must-read work for academic students, scientists, and enthusiasts about this 
theme. The methods and technologies recommended here have resulted in essen-
tial highlights about how to tackle abiotic/biotic stress in plants, achieve higher 
yields, and maximize the use of inputs under harmful environmental conditions. 
In other words, this is a valuable resource about biotic and biotic factors that affect 
crops’ yields, particularly for those who work in research organizations and higher 
academic institutions. This textbook is a precise and complete work that will benefit 
graduates, postgraduates, and researchers who work with environmental stressors 
in plants.

As editor, I am grateful to all the authors who have written their chapters meticu-
lously and contributed their valuable work to this book. I would also like to thank 
the editorial staff of IntechOpen Publisher and its team for all the kind support 
provided throughout the whole editorship process, enabling this book to be pro-
duced on time and in an excellent manner. I express my special thanks to my mother 



XIV

Francisca, my wife Maria, and my kids Matheus and Giovana, for inspiring me 
and being my pillars of strength. Last but not least, my deepest gratitude is for my 
Lord and Savior, Jesus Christ, who takes care of me and gives me health to make my 
dreams come true. “I will give thanks to you, LORD, with all my heart; I will tell of 
all your wonderful deeds.” Ps. 9:1.

Alexandre Bosco de Oliveira
Professor of Agriculture,

Plant Science Department,
Federal University of Ceará,

Fortaleza, Ceará, Brazil

1

Section 1

Multiple Stresses



1

Section 1

Multiple Stresses



3

Chapter 1

Biotic and Abiotic Stresses in 
Plants
Audil Gull, Ajaz Ahmad Lone and Noor Ul Islam Wani

Abstract

Plants are subjected to a wide range of environmental stresses which reduces and 
limits the productivity of agricultural crops. Two types of environmental stresses 
are encountered to plants which can be categorized as (1) Abiotic stress and (2) 
Biotic stress. The abiotic stress causes the loss of major crop plants worldwide and 
includes radiation, salinity, floods, drought, extremes in temperature, heavy metals, 
etc. On the other hand, attacks by various pathogens such as fungi, bacteria, oomy-
cetes, nematodes and herbivores are included in biotic stresses. As plants are sessile 
in nature, they have no choice to escape from these environmental cues. Plants 
have developed various mechanisms in order to overcome these threats of biotic 
and abiotic stresses. They sense the external stress environment, get stimulated 
and then generate appropriate cellular responses. They do this by stimuli received 
from the sensors located on the cell surface or cytoplasm and transferred to the 
transcriptional machinery situated in the nucleus, with the help of various signal 
transduction pathways. This leads to differential transcriptional changes making 
the plant tolerant against the stress. The signaling pathways act as a connecting link 
and play an important role between sensing the stress environment and generating 
an appropriate biochemical and physiological response.

Keywords: environmental stresses, temperature, radiation, bacteria, fungi,  
cellular response and signaling

1. Introduction

Stress in plants refers to external conditions that adversely affect growth, 
development or productivity of plants [1]. Stresses trigger a wide range of plant 
responses like altered gene expression, cellular metabolism, changes in growth 
rates, crop yields, etc. A plant stress usually reflects some sudden changes in 
environmental condition. However in stress tolerant plant species, exposure to a 
particular stress leads to acclimation to that specific stress in a time time-dependent 
manner [1]. Plant stress can be divided into two primary categories namely abiotic 
stress and biotic stress. Abiotic stress imposed on plants by environment may be 
either physical or chemical, while as biotic stress exposed to the crop plants is a 
biological unit like diseases, insects, etc. [1]. Some stresses to the plants injured 
them as such that plants exhibit several metabolic dysfunctions [1]. The plants 
can be recovered from injuries if the stress is mild or of short term as the effect 
is temporary while as severe stresses leads to death of crop plants by preventing 
flowering, seed formation and induce senescence [1]. Such plants will be considered 
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to be stress susceptible. However several plants like desert plants (Ephemerals) can 
escape the stress altogether [2].

Biotic stress in plants is caused by living organisms, specially viruses, bacteria, 
fungi, nematodes, insects, arachnids and weeds. The agents causing biotic stress 
directly deprive their host of its nutrients can lead to death of plants. Biotic stress 
can become major because of pre- and postharvest losses. Despite lacking the 
adaptive immune system plants can counteract biotic stresses by evolving them-
selves to certain sophisticated strategies. The defense mechanisms which act against 
these stresses are controlled genetically by plant’s genetic code stored in them. The 
resistant genes against these biotic stresses present in plant genome are encoded in 
hundreds. The biotic stress is totally different from abiotic stress, which is imposed 
on plants by non-living factors such as salinity, sunlight, temperature, cold, floods 
and drought having negative impact on crop plants. It is the climate in which the 
crop lives that decides what type of biotic stress may be imposed on crop plants and 
also the ability of the crop species to resist that particular type of stress. Many biotic 
stresses affect photosynthesis, as chewing insects reduce leaf area and virus infec-
tions reduce the rate of photosynthesis per leaf area.

Abiotic stresses such as drought (water stress), excessive watering (water log-
ging), extreme temperatures (cold, frost and heat), salinity and mineral toxicity 
negatively impact growth, development, yield and seed quality of crop and other 
plants. In future it is predicted that fresh water scarcity will increase and ultimately 
intensity of abiotic stresses will increase. Hence there is an urgency to develop crop 
varieties that are resilient to abiotic stresses to ensure food security and safety in 
coming years. A plants first line of defense against abiotic stress is in its roots. The 
chances of surviving stressful conditions will be high if the soil holding the plant is 
healthy and biologically diverse. One of the primary responses to abiotic stress such 
as high salinity is the disruption of the Na+/K+ ratio in the cytoplasm of the plant 
cell. The phytohormone abscisic acid (ABA) plays an important role during plant 
adaptation to environmental stress such as high salinity, drought, low temperature 
or mechanical wounding [3].

2. Crop plants and abiotic stresses

Plants are encountered by number of abiotic stresses which impact on the crop 
productivity worldwide. These abiotic stresses are interconnected with each other 
and may occur in form of osmotic stress, malfunction of ion distribution and plant 
cell homeostasis. The growth rate and productivity is affected by a response caused 
by group of genes by changing their expression patterns. So, the identification of 
responsive genes against abiotic stresses is necessary in order to understand the 
abiotic stress response mechanisms in crop plants. The abiotic stresses occurring in 
plants include.

2.1 Cold

Cold stress as abiotic stress has proved to be the main abiotic stresses that 
decrease productivity of agricultural crops by affecting the quality of crops and 
their post-harvest life. Plants being immobile in nature are always busy to modify 
their mechanisms in order to prevent themselves from such stresses. In temperate 
conditions plants are encountered by chilling and freezing conditions that are very 
harmful to plants as stress. In order to adopt themselves, plants acquire chilling and 
freezing tolerance against such lethal cold stresses by a process called as acclima-
tion. However many important crops are still incompetent to the process of cold 
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acclimation. The abiotic stress caused by cold affect the cellular functions of plants 
in every aspect. Several signal transduction pathways are there by which these cold 
stresses are transduced like components of ROS, protein kinase, protein phosphate, 
ABA and Ca2+, etc. and among these ABA proves to be best.

2.2 Salt

Soil salinity poses a global threat to world agriculture by reducing the yield of 
crops and ultimately the crop productivity in the salt affected areas. Salt stress 
reduces growth of crops and yield in many ways. Two primary effects are imposed 
on crop plants by salt stress; osmotic stress and ion toxicity. The osmotic pressure 
under salinity stress in the soil solution exceeds the osmotic pressure in plant cells 
due to the presence of more salt, and thus, limits the ability of plants to take up 
water and minerals like K+ and Ca2+. These primary effects of salinity stress causes 
some secondary effects like assimilate production, reduced cell expansion and 
membrane function as well as decreased cytosolic metabolism.

2.3 Drought

Nowadays climate has changed all around the globe by continuously increase in 
temperature and atmospheric CO2 levels. The distribution of rainfall is uneven due 
to the change in climate which acts as an important stress as drought. The soil water 
available to plants is steadily increased due severe drought conditions and cause 
death of plants prematurely. After drought is imposed on crop plants growth arrest 
is the first response subjected on the plants. Plants reduce their growth of shoots 
under drought conditions and reduce their metabolic demands. After that protec-
tive compounds are synthesized by plants under drought by mobilizing metabolites 
required for their osmotic adjustment.

2.4 Heat

Increase in temperature throughout the globe has become a great concern, 
which not only affect the growth of plants but their productivity as well especially 
in agricultural crops plants. When plants encounter heat stress the percentage of 
seed germination, photosynthetic efficiency and yield declines. Under heat stress, 
during the reproductive growth period, the function of tapetal cells is lost, and the 
anther is dysplastic.

2.5 Toxin

The increased dependence of agriculture on chemical fertilizers and sewage 
waste water irrigation and rapid industrialization has added toxic metals to agricul-
ture soils causing harmful effects on soil-plant environment system.

3. Crop plants and biotic stresses

Plants struggle with many kinds of biotic stresses caused by different living 
organisms like fungi, virus, bacteria, nematodes, insects etc. These biotic stress 
agents cause various types of diseases, infections and damage to crop plants and 
ultimately affect the crop productivity. However, different mechanisms have been 
developed through research approaches to overcome biotic stresses. The biotic 
stresses in plants can be overcome by studying the genetic mechanism of the agents 
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agents cause various types of diseases, infections and damage to crop plants and 
ultimately affect the crop productivity. However, different mechanisms have been 
developed through research approaches to overcome biotic stresses. The biotic 
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causing these stresses. Genetically modified plants have proven to be the great effort 
against biotic stresses in plants by developing resistant varieties of crop plants.

4. Polyamine: plant response to stresses

Plants being immobile in nature have to go through continuous fluctuations in 
the environment with appropriate physiological, developmental and biochemical 
changes [4]. More than 50% reduction in crop plants occur due to abiotic stresses 
worldwide which is the main cause of crop loss [5]. To counteract the stresses, plants 
are equipped with a large set of defense mechanisms [6]. Among the different 
classes of compatible solutes, polyamines stand as one of the most effective against 
extreme environmental stress. Polyamines are low molecular weight aliphatic nitro-
gen compounds positively charged at physiological pH [7]. Investigations into plant 
polyamines at a molecular level have led to isolation of a number of genes encoding 
polyamine biosynthetic enzymes from a variety of plant species [8]. In recent years, 
molecular and genomic studies with mutants and transgenic plants having no or 
altered activity of enzymes involved in the biosynthesis of polyamines have con-
tributed to a better understanding of biological functions of polyamines in plants.

4.1 Polyamine and plant response to abiotic stresses

Stress derived changes in cellular polyamines provide clues on their possible 
implication in stress but do not provide evidence of their role in counteracting 
stress. The levels of endogenous polyamines can be increased by application of 
exogenous polyamines, which has been attempted before or during stress [9, 10]. 
Exogenous application of polyamines could preserve plant cell membrane integrity, 
minimize growth inhibition caused by stress, moderate expression of osmoti-
cally responsive genes and increase activities of antioxidant enzymes. In another 
approach treatment with biosynthesis inhibitors can reduce endogenous polyamine 
resulted in stress sensitive phenotypes. However this effect is reversed by the 
concomitant application of exogenous polyamine [9, 11]. Another genetic approach 
employed for analyzing biological functions of polyamine metabolism in stress 
response is the use mutant deficient in polyamine biosynthesis [12].

4.2 Polyamine and plant response to biotic stresses

Polyamine metabolism has long been known to distort in plant cells responding 
to insightful changes in plants interacting with fungal [13], viral pathogens [14] and 
mycorrhizae [15]. It is hard to identify the contribution of polyamine accumulation 
in infected organs as it is present both in plants and pathogenic fungi. The pos-
sibility of control of fungal plant diseases through specific inhibition of polyamine 
biosynthesis is most excited and for reaching development [16, 17].

5. Conclusion

It is expected that earth’s temperature will increase by 3–5°C in the coming 
50–100 years. As there is continuous increase in temperature and uneven rainfall 
the changes of flood and drought is always in consideration. The anthropogenic 
activities such as excessive fertilizers, inappropriate irrigation and exploitation of 
metal resources can lead to salt stress to a large extent. Under these circumstances, 
plants will probably encounter more frequently, concurrently both biotic and 
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jected to such stresses and ultimately will prove a great threat to world agriculture.
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Chapter 2

The Ecophysiology of Abiotic and 
Biotic Stress on the Pollination and 
Fertilization of Cacao (Theobroma 
cacao L.; formerly Sterculiaceae 
family)
Puran Bridgemohan and Majeed Mohammed

Abstract

The cocoa crop growth is highly influenced by environmental conditions, 
viz. temperature, which influence the phenological stages of flowering, 
fruiting, and pod growth. The plant produces caulescent flowers that are 
hermaphrodite and pollinated by insects, mainly Forcipomyia sp. (Diptera: 
Ceratopogonidae), but flowers setting to pods are very low. The efficiency of 
pollination depends on the degree of pollen compatibility and the number of 
pollen grains deposited on the stigma. It is assumed that midge population can 
be a limiting factor in the pollination of cocoa in addition to the environmental 
conditions. However, populations of insect pollinators are often severely dis-
turbed by hurricanes through flooding of essential habitat and the widespread 
loss of existing flowers. This chapter will explore the role of midges [biotic] 
and the effect of climate [abiotic] variables. Understanding these ecological 
dynamics can lead to ways of conserving midge populations, mitigating the 
effects of global climate change and extreme climatic events.

Keywords: phenological, Forcipomyia sp., insect pollinators, Theobroma cacao L.

1. Introduction

Cacao [Theobroma cacao L. (formerly Sterculiaceae family)] is a perennial crop 
in chocolate confectionary industry [1]. There are three main groups of cacao 
varieties, viz. Criollo (T. cacao var. cacao), Forastero (T. cacao var. sphaerocarpum), 
and Trinitario (hybrids of Criollo and Forastero) [2, 3]. The Criollo fruits are 
oblong to ovoid in shape with yellowish-white seeds. The Forastero are ellipsoid 
to round with a smooth surface. The Trinitario hybrid fruits are highly variable 
when the plants are grown by seeds. Breeding improvements have led to the “fine 
or flavour” cocoa beans which have high yield and quality as the Trinidad Selected 
Hybrids (TSH) [4].
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1.1 Cacao stress

Cacao cultivation is challenged by multiple abiotic and biotic stress factors [5], 
as they sessile to physical environment interactions with pest and pathogens [6], 
evapotranspiration [7], soil salinization [8], and climate change [9]. They devel-
oped a multitude of defence mechanisms to adapt and survive stress conditions [10] 
and harmful microorganisms [11].

1.2 Cacao agroecology

The agroecological zones [AEZ] relate to soil fertility cycling and weed, pest, 
and watershed management. The cacao crop growth is specific to the AEZ, viz. 
temperature [12], flooding [13], and water stress [14]. The bimodal seasons influ-
ence the phenological stages of flowering, fruiting, and pod growth [15]. Water 
stress inhibits leaf development and pod setting and induces leaf abscission and 
photosynthetic rate (PR) [16].

1.3 Scope of stress pollination and fertilization

The ecophysiology of abiotic and biotic stress on the pollination and fertilization 
of cacao is specific to four (4) main stages in the crop reproductive cycle, viz. prepol-
lination, pollination fertilization, and postfertilization. This treatise processes from 
pollen germination to ovary fusion to the young pod development or cherelle [4].

The scope of the treatise is limited to the author’s research and critical review of 
the biotic or the internal factors that influence flower and fruit set in cacao. The abi-
otic factors are light intensity, relative humidity (RH), flooding, water stress, and 
cultural practices as shade, intercropping, and crop nutrition. The resilience of the 
pollinator to adapt to climatic changes and crop residue manipulation to increase 
the population dynamics of the cacao midges is examined, as well as advances in the 
area of olfactory sensitivity and cacao pollen odour [17].

2. Botany

2.1 Vegetative stage

Cacao can be propagated by seedling, cuttings, or terminal grafts, reach matu-
rity at 12–18 months [4], and develop juvenile vertical shoot which produces lateral 
branches or “jorquette/chupons”. It is an evergreen understory tree (20–25 m) but is 
shorter under cultivation (3–5 m) [18] and exhibits a flushing-type growth pattern, 
with 2–4 flushes/year. The fruit is a drupe but is referred to as a pod as it is fleshy 
and indehiscent, with internal seeds.

2.2 Cacao floral and fruit phenology

Cacao flowers prolifically (800–1000 caulescent flowers/tree) with 40 flower 
cushions [4]. The flowers dehisce in the afternoon and release pollen to a receptive 
stigma (Figure 1). The non-pollinated flowers abscise 24–36 h after anthesis. The 
flower setting to pods or cherelle is very low (0.5–5%) [19], hermaphrodite, and 
pollinated by insects, mainly Forcipomyia sp. (Diptera: Ceratopogonidae) [20]. The 
position of staminodes is around the style of cocoa flowers, and the stability of cocoa 
flowers is relative to pollination and seasonality [21]. The overall cacao pollination is 
low and is not significantly affected due to the small number of splay staminodes.
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2.3 Cacao BBCH scale

The BBCH scale was used to differentiate the growth stages of cocoa steps, 
as it provides an insight of the floral phenology [4, 17, 22, 23]. The inflorescence 
emergence visible sign (Stage 5) shows flowering, that the buds primordia are 
150 μm wide at the first bud visible (FBV). This continued over 30 FBV days and 
terminated at stage BBCH 59, when the flower bud growth is completed, but the 
bud is still closed. Usually, the individual flower cushion can produce many flowers 
at different stages of development over this growth stage (Figure 2a–d).

2.4 Cocoa reproductive anatomy and physiology

The cocoa flowers emerge as small cushions on the mature branches. The petal curves 
into a tiny hood that fits down around the style. The male flower consists of five double 
stamens, with each stamen consisting of up to four anthers. The female flower consists of 
five united carpels, each containing 4–12 locules (cavities). Due to this anatomical struc-
ture, a large insect like a honeybee in search of nectar could be a difficult venture, and 
only small insect as biting midge (subfamily Forcipomyiinae) would be able to pollinate 
the crop [4, 17]. The flower does not produce nectar, but the midges are attracted to red 
spikes on the flowers as the flower opens at dawn to facilitate the pollen release, and the 
stigma is only receptive to pollination for a period less than 12 hours. Unpollinated flowers 
drop off the next day with <10% successful pollination and 2% fruit development [4, 17].

Figure 1. 
BBCH of cacao flower from first visible observation to fully open. (a) BBCH 60: flowers open (30-31 FBV), 
(b) BBCH 62: 10% of flower open, (c) BBCH 65: 50% of flower open and (d) BBCH 69: 90% of flower open.
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stigma is only receptive to pollination for a period less than 12 hours. Unpollinated flowers 
drop off the next day with <10% successful pollination and 2% fruit development [4, 17].

Figure 1. 
BBCH of cacao flower from first visible observation to fully open. (a) BBCH 60: flowers open (30-31 FBV), 
(b) BBCH 62: 10% of flower open, (c) BBCH 65: 50% of flower open and (d) BBCH 69: 90% of flower open.
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2.5 Crop ecophysiology

Cacao is a specific physiotype occupying a limited and defined ecophysiological 
sphere based on the crop comparative morphology and anatomy, physiology, bio-
chemistry, biophysics, and molecular biology [24, 25]. The crop has its own set of 
complete phenotypical traits generated by a genotype in the morphological domain 
as a morphotype and in the physiological domain as a physiotype.

The crop physiotypical traits basically provide a good explanation of the occur-
rence of plants in their habitats and their relations between the environment and 
the morphological traits. The ecophysiology is influenced by both biotic and abiotic 
factors that affect vegetative growth and subsequent pollination and fertilization. 
The ecophysiology of cacao is measured by the actual behaviour of plants under 
natural environmental conditions, especially photosynthesis and transpiration.

2.6 Crop yield determinant

The cacao pod yield is influenced by photosynthesis and partition of photo-
assimilate [26]. The most important parameters for determinants of cacao yield are 
related to light interception and photosynthesis and photoassimilate distribution. 
These chains of events are modified by abiotic factors particularly during the floral 
phenology of the crop and influence the yield of cocoa. Yields of this crop depend 
upon successful transfer of pollen between flowers. Pollinator availability and 
efficacy can influence fruit set [27]. Recent studies have shown significant pollina-
tion limitation in several regions due to ineffective pollinators [28, 29].

3. Pollination and fertilization

Cocoa flowers are hard to pollinate due its complicated reproductive structure 
[29], and pollination and pod set depend on the degree of pollen compatibility, 
quality [30], and germination [31]. Pollination is the result from the visit of the 
single pollinator [32], and fertilization is influenced by a combination of plant 
morphological traits (biotic) and climatic variables (abiotic).

3.1 Cacao pollination

The main pollinators are midges (Diptera: Ceratopogonidae) and other small 
Diptera (Cecidomyiidae) [33–35]. The flowers are minute, so only a few taxa can be 
effective pollinators (Figure 3). The Ceratopogonidae are effective pollen carriers as 

Figure 2. 
Cocoa cherelle wilt.
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the flower produces no nectar for the midges to collect, and it is suggested that they 
may be attracted to an odour or pheromone [36].

3.2 Pollinator dynamics

Midge population are threatened by tropical hurricanes and flooding. These 
small poor-flight insects are easily swept away by high winds [4, 17]. Midges 
would normally thrive in moist humid environment [37, 38], but excessive rain or 
drought could decimate the natural population. Bridgemohan et al. [4] examined 
the relationship between the midge population, flower pollination, and selected 
weather variables in several different Caribbean cocoa-producing islands. They rec-
ommended the manipulation of cocoa and banana residues as habitat for the adult 
midges to complete their reproductive cycle. This has improved crop yield through 
improved pollination and enhanced fertilization (Table 1).

3.3 Pollination intensity

There is a relationship between pollination intensity, fruit survival, and cocoa 
seed production [39]. The pollen/seed ratio increased with increased pollination 
intensities and seed yield.

3.4 Pollen germination and fertilization

Cacao genotypes are self-compatible and self-incompatible [19]. The pollen 
germination and fruit set will not occur after self-pollination of an incompatible 

Figure 3. 
(a) Response of midges to natural cocoa flower odour and (b) response of midges to synthetic blend mimicking 
cocoa flower odour.

Months Cacao leaf litter Cocoa pods Banana pseudostems   x ̄    [SE]

March 4.75 4.25 4.75 4.6±[0.17]

April 5 4.25 2.75 4.0±[0.66]

May 3.5 3.25 1.5 2.8±[0.63]

June 2.75 1.75 2 2.2±[0.30]

July 5 8.25 7 6.8±[0.95]

August 11.5 9.5 11.75 10.9±[0.71]

  x ̄    [SE] 5.4 ±[1.27] 5.2±[1.23] 5.0±[1.59]

Table 1. 
Population of midges harvested from the Centeno [Trinidad] location.
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genotype. Pollen germination improves (95%) with enclosed pollination due 
accumulation of CO2, but fruit set can be low (45%) and seeds produced from 
self-pollinations are high (95%) compared to the cross-pollination (100%). 
The ovary 48 h after showed that the self-pollination varieties had the majority 
of ovules with a zygote, but some ovules contained unfused male and female 
gametes and polar nuclei.

3.5 Compatibility

Compatibility is highly variable in cacao. Self-incompatibility is higher in Criollo 
and Trinitario types, but Forastero cultivar is self-compatible with a high degree of 
cross-pollination [40]. Pods in self-compatible trees (50%) are cross-fertilized. It 
was inconclusive that all pods were the result of cross-fertilization. The fertilization 
of different flowers by different male parents or by mixed pollen was evident.

3.6 Climatic effects

The impact on pollinator distribution and abundance in tropical agricultural 
system areas are more likely to be affected by climate change with reduced crop 
yields [41, 42]. When rainfall and humidify cannot be managed, it will interfere 
with the efficacy of pollination and fertilization [37].

4. Effects of abiotic factors

Abiotic stresses affect the internal metabolic processes of plant and reduce their 
efficiency in dry matter production, accumulation, and partitioning [43]. There is 
an interaction between climatic variables, crop management, cacao pollination, and 
adult midge pollinators [37].

4.1 Light intensity

Cacao is limited by light interception and photosynthesis due to external and 
internal shade (self-shading) and light extinction inside the canopy [44, 45]. Heavy 
shade reduces seed yield because of low photosynthate production and partitioning 
[46, 47] and increases the incidence of diseases. Cacao is a shade-tolerant plant,  
and appropriate levels of shading could improve photosynthesis and seed yield [4] and  
reduce excessive evapotranspiration [48] and can tolerate decreased humidity and 
high temperature stresses during the dry season [21].

4.2 Relative humidity (RH)

Humidity is predictor of insect abundance, but it is difficult to predict its 
impact on pollination in cocoa [37]. Stomatal opening is related to relative humid-
ity [49] but does not show high stomatal resistance under water stress or low RH 
[50]. Some genotypes are more sensitive to low RH which can be a limiting growth 
factor [49] and result in a reduction of net photosynthesis and low water-use 
efficiency [46, 50].

4.3 Rainfall

The stability of the cocoa flowers depends on the season and % pollination 
[51]. In the dry season, unpollinated flowers showed a low flower stability (72%) 
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compared to the wet season (94%). This improvement indicated that seasonal factors 
(water stress) have drastic effects on yields. The crop requires a high rainfall (1200–
2500 mm/yr), and the rainfall over the previous month is a significant predictor of 
cocoa midge abundance, as the larvae require moist, decomposing vegetation (cocoa 
pods and leaf litter) that is more abundant in the wet season [52, 53].

4.4 Flooding

The tropics have a distinct dry and a wet season with hurricanes, excessive 
rainfall, and flooding [4, 47]. Flooding affects the initial crop growth when the total 
rainfall exceeds evapotranspiration. The hypoxic conditions in the hydromorphic 
soil [13] result in decreased vegetative growth, photosynthesis, flowering, and pod 
production [13, 24, 54, 55].

4.5 Water stress

Almeida et al. [14] found that drought resistance occurred through osmotic 
adjustment in most cacao genotypes and that many maintained relative water 
content (90%) and leaf water potential (Yw = −1.0 MPa) are gradually decreasing 
(55% at −3.5 MPa). They found that there was a significant increase in leaf [K and 
P] during the dehydration process of some genotypes (Yw = −1.5 MPa). Water stress 
affects internal water availability, translocation of assimilates, sink-source relation-
ship, and flower set and cacao bean development [45, 47].

4.6 Shade

As a shade crop, cacao bean yields are considerably low due to shade-intercrop 
competition for water, nutrients, and light [56]. Traditionally, it was assumed 
that shade was critical regardless of yield [46, 57]. However, the cacao can tolerate 
full sunlight and produce more pods than under shade [58]. Under fundamental 
cultural practices, increased in crop density, aeration, and sunlight penetration 
seed production are enhanced [59, 60]. Moderate shade hardly affects bean yield, 
compared to heavy shading (>60%) which reduces yields by 30% [61].

4.7 Intercropping

Intercropping manipulates the agroecological conditions and enhances yield by 
promoting effective mutualism between species. In pure stand/shade tree-cocoa 
systems, there is inconclusive evidence on species interactions and competition 
under two separate shade species (Terminalia superba and Newbouldia laevis) [62]. 
Intercropping had no effect on cocoa biomass production in comparison to mono-
culture cocoa. Shading induced foliage and root formation both with and without 
fertilization. Light affects growth in the absence of underground competition. 
Intercropping can suppress K uptake in cocoa foliage (25%), due to interspecific 
competition.

5. Effects of biotic factors

Biotic stress affects pathogens, and there is an interaction between abiotic and 
biotic factor stresses (osmotic, ionic, or exogenous) [63, 64]. These biotic stress 
factors can affect pollination and fertilization through its physiology, nutrition, pest 
and disease, hormones, and pollinators and predators.
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5.1 Physiological

Environmental factors affect cacao growth (morphology and physiology) in the 
orthotropic phase especially light intensity, photosynthetic capacity, and chloro-
phyll content [48, 63, 65–67]. Shaded leaves exhibit greater variability than full sun-
light [68]. Leaf blade thickens with the increased light intensity regardless of NO3 
concentration, but under shade with high [N] there is a reduction [69]. Under full 
sunlight, rates of leaf expansion are low due to excessive transpiration and fewer 
stomata per unit leaf [58]. Cacao exhibits increased rates of net photosynthesis 
(400–750 μmol m−2 s−1), which reflects 20–30% of PAR at full sunlight, compared 
to shaded (3–4%) [70]. Once the nutritional demands of the crop are met, the yield 
is dependent mainly on solar radiation [71]. Partial pruning of cacao reduces the 
fine root production resulting in a reduction photoassimilation and internal compe-
tition between vegetative flushing and root formation [72].

5.2 Crop nutrition

Mineral deficiencies or surpluses can lead to poor growth and development 
or toxicity to physiological processes, inclusive of pollination and fertilization. In 
cocoa under shade, N, P, and K uptake can be increased by 54, 112, and 71%, respec-
tively. Intercropping with shade trees may not increase cocoa biomass; however, 
nutrient uptake is sustained for N and P due to low interspecific competition [62]. 
The crop utilizes 700 kg K/ha to produce 1000 kg/year of seeds including biomass. 
There is an inverse relationship between leaf transpiration and K doses [72]. Cacao 
trees well supplied with K are more tolerant to adverse water stress [73]. Regardless 
of the source of K, it induced low stomatal conductance and transpiration rate and 
improved WUE but without affecting shoot dry biomass [73].

5.3 Plant growth regulators

Plant hormones in cacao facilitate the adaptation to changing environments through 
mediating nutrient allocation and source/sink transitions [17]. ABA controls abscission, 
and ethylene accelerates it in the presence of ABA, but naphthalene acetic can prevent 
it without inducing fruit set. Cytokinins and auxins effects could be either synergetic or 
antagonistic depending on the interactions to other abiotic stresses. Unpollinated cacao 
flowers (90%) abscised immediately after anthesis due to increased ABA levels [19]. 
Fluridone inhibits ABA production, abscission zone layer, and senescence of the flow-
ers, while ethylene production increases only after anthesis. Aminoethoxyvinylglycine 
(AVG) application can delay abscission compared to NAA + AVG.

5.4 Pollinators and predators

The key pollinator of cacao is the midge (Diptera: Ceratopogonidae) in which the plant 
receives self or outcross pollen and/or exports pollen to a conspecific plant [74]. 
This can be interfered by disturbances to the insect natural habitat and use pesticide  
[4, 47], resulting in low fruit set [75]. Conservation of the pollinator improves crop yield 
by removing practices that alleviate the negative impacts on the insect’s habitat [37]. 
Discarded cacao pod increased the number of fruits/tree (Table 1) indicating a promo-
tion of the pollinator in the ecosystem [4, 17]. Cacao pod residue increases the population 
of the two predators to the midges, viz. spiders and skinks, but these predators do not 
inhibit pollination. Improvements to midge habitat increased the availability of alterna-
tive habitat and food resources for both the pollinators [38]. Biological conservation and 
good agricultural practices improved pollinator efficacy and species conservation [75].
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5.5 Diseases

Cacao is adapted to areas with high humidity climates but is pre-disposed to the 
risk of fungal diseases. In some areas, the cocoa crop is affected by various diseases 
(30–40%) which attack their vegetative parts and fruits. The crop is most susceptible 
at the fruiting cycle regardless of the genotype [76, 77]. Adomako [78, 79] found that 
cocoa experienced high yield loss due to unusable pods (10%), black pods (64%), 
immature ripe pods (30%), rodent damage (4%), and other damages (1.3%) which 
is close to 98  kg  ha−1 yr−1 of dry beans. The four major diseases are witches’ broom 
disease, frosty pod rot, Phytophthora pod rot, and vascular-streak dieback (VSD).

Witches’ broom disease (Moniliophthora perniciosa) attacks growing tissue 
causing cocoa trees to produce branches with no fruit and ineffective leaves. The 
epidemiology is synchronized with the crop phenology, and the spread and repro-
duction of the fungus depend on the availability of water. Basidiospores are released 
at night with high humidity (80%) and temperatures (20–30°C) but have a short 
viability period and are sensitive to light and drying. The pathogen is also spread by 
infected seeds or budwood. Host resistance is the best option for control, such as the 
Trinidad selected hybrids, and treatments of fungicides and phytosanitary pruning 
have proven to be effective [77, 80, 81].

Frosty pod rot (basidiomycete: Moniliophthora roreri) infects young pods (1–3 
months) with a white fungal mat on the pod surface. The dry powdery form of 
spores can be dislodged by water, wind, or physical disturbance of the pod and is 
spread easily. Disease incidence varies with the cultivar, pod age, and high rainfall. 
Application of systemic copper fungicides is essential when the crop is to be propa-
gated by seeds or budwood. All cocoa species are susceptible to this disease, but 
fungicides (Flutolanil) and quarantine of infected fields can be effective [77, 80, 81].

Pod rot or black pod is caused by the fungus Phytophthora spp. (P. palmivora, P. 
megakarya, and P. capsici.) resulting in high yield loss (20–30%) and tree deaths (10%) 
(Figure 4). P. megakarya is the most important pathogen in cocoa in Africa and P. cap-
sici in Central and South America, causing significant rotting or necrosis of pod losses 
especially in favourable environments [77, 80, 81]. Infestation can occur at any stage of 
development with the initial symptoms appearing as small, hard, and dark spots on the 
pod. Internal tissues and the beans are colonized and leaving a shrivelled pod.

Pod infected with P. palmivora produces up to 4 million sporangia which are dis-
seminated by rain, ants, flying insects, rodents, and bats, including contaminated 
pruned branches. P. megakarya sporulation is usually more abundant with a soil 
borne phase which causes root infection and maintains a reservoir of inoculum in 
the soil surface water.

Treatment with systemic copper fungicides (metalaxyl) is frequently recom-
mended together with injections of inorganic salt and potassium phosphonate, 

Figure 4. 
(a) Banana psuedostem as used as breeding site for midges and (b) cacao pod used as breeding site for midges.
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Discarded cacao pod increased the number of fruits/tree (Table 1) indicating a promo-
tion of the pollinator in the ecosystem [4, 17]. Cacao pod residue increases the population 
of the two predators to the midges, viz. spiders and skinks, but these predators do not 
inhibit pollination. Improvements to midge habitat increased the availability of alterna-
tive habitat and food resources for both the pollinators [38]. Biological conservation and 
good agricultural practices improved pollinator efficacy and species conservation [75].
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5.5 Diseases

Cacao is adapted to areas with high humidity climates but is pre-disposed to the 
risk of fungal diseases. In some areas, the cocoa crop is affected by various diseases 
(30–40%) which attack their vegetative parts and fruits. The crop is most susceptible 
at the fruiting cycle regardless of the genotype [76, 77]. Adomako [78, 79] found that 
cocoa experienced high yield loss due to unusable pods (10%), black pods (64%), 
immature ripe pods (30%), rodent damage (4%), and other damages (1.3%) which 
is close to 98  kg  ha−1 yr−1 of dry beans. The four major diseases are witches’ broom 
disease, frosty pod rot, Phytophthora pod rot, and vascular-streak dieback (VSD).

Witches’ broom disease (Moniliophthora perniciosa) attacks growing tissue 
causing cocoa trees to produce branches with no fruit and ineffective leaves. The 
epidemiology is synchronized with the crop phenology, and the spread and repro-
duction of the fungus depend on the availability of water. Basidiospores are released 
at night with high humidity (80%) and temperatures (20–30°C) but have a short 
viability period and are sensitive to light and drying. The pathogen is also spread by 
infected seeds or budwood. Host resistance is the best option for control, such as the 
Trinidad selected hybrids, and treatments of fungicides and phytosanitary pruning 
have proven to be effective [77, 80, 81].

Frosty pod rot (basidiomycete: Moniliophthora roreri) infects young pods (1–3 
months) with a white fungal mat on the pod surface. The dry powdery form of 
spores can be dislodged by water, wind, or physical disturbance of the pod and is 
spread easily. Disease incidence varies with the cultivar, pod age, and high rainfall. 
Application of systemic copper fungicides is essential when the crop is to be propa-
gated by seeds or budwood. All cocoa species are susceptible to this disease, but 
fungicides (Flutolanil) and quarantine of infected fields can be effective [77, 80, 81].

Pod rot or black pod is caused by the fungus Phytophthora spp. (P. palmivora, P. 
megakarya, and P. capsici.) resulting in high yield loss (20–30%) and tree deaths (10%) 
(Figure 4). P. megakarya is the most important pathogen in cocoa in Africa and P. cap-
sici in Central and South America, causing significant rotting or necrosis of pod losses 
especially in favourable environments [77, 80, 81]. Infestation can occur at any stage of 
development with the initial symptoms appearing as small, hard, and dark spots on the 
pod. Internal tissues and the beans are colonized and leaving a shrivelled pod.

Pod infected with P. palmivora produces up to 4 million sporangia which are dis-
seminated by rain, ants, flying insects, rodents, and bats, including contaminated 
pruned branches. P. megakarya sporulation is usually more abundant with a soil 
borne phase which causes root infection and maintains a reservoir of inoculum in 
the soil surface water.

Treatment with systemic copper fungicides (metalaxyl) is frequently recom-
mended together with injections of inorganic salt and potassium phosphonate, 

Figure 4. 
(a) Banana psuedostem as used as breeding site for midges and (b) cacao pod used as breeding site for midges.
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which have proven to be effective against P. palmivora. Farm management practices 
which optimize shade and aeration can reduce surface wetness effectively. The 
complete harvesting, sanitation, and disposal of infected pods and husks can reduce 
the disease [77, 80, 81].

This disease is caused by Oncobasidium theobromae with its characteristic symp-
toms of chlorosis of the leaf. The fungus spreads internally within the plant resulting 
in death. Infected leaf litter in the rainy season is the main source of basidiospore 
discharge and spreads mainly at night and by wind or high humidity [77, 80, 81]. 
The spores have short lifespan. Protective fungicides, open canopy, and control of 
shading which increases aeration and insolation of the foliage are effective.

5.6 Insect pests

Insect pests are less destructive to the cacao floral and reproductive organs 
compared to rodents, birds/parrots, and monkeys. They are classed in three groups, 
viz. cause primary damage, transmit disease, or rise to pest status due to tolerance 
to insecticides. The two major pests are the mirids and the cocoa pod borer (CPB).

Mirids (capsids) are the major cacao insect pests (Distantiella theobroma, 
Sahlbergella singulari, Helopeltis spp., and Monalonion spp.) which reduce yields 
(75%) by feeding on the stem, shoots, and pods producing necrotic lesion causing 
dieback. Female mirids lay up to 60 eggs inside the pod husk, thus spoiling the 
beans. The insect is more attracted to trees in full sunlight but feeds and inhabits on 
the shady areas of trees [27, 82].

The organochlorine insecticides and Imidacloprid (Actellic/Talstar and 
Promecarb) are effective, but reduced insecticide is recommended to allow the 
natural enemies to increase for biological control. Integrated pest management 
(IPM) can control mirid using black ant (Dolichoderus thoracicus) and weaver ant 
(Oecophylla smaragdina).

The cocoa pod borer (Conopomorpha cramerella) causes losses in both young 
and mature cocoa pods. The main symptom of infested pods is premature ripening 
resulting in poor bean quality. Contact pyrethroid or carbamate insecticides on the 
undersides of lower branches can keep economic damage levels to a minimum. The 
fungus Beauveria bassiana can infect larvae and pupae. Traps with synthetic phero-
mones or female pod borer moths are used to reduce male’s population.

5.7 Olfactory sensitivity and cacao pollen odour

The cocoa flowers appear to have no discernible odour like citrus, and it is only 
the pollen and nectar that are the pollinator’s attractants. However, Erickson et al. 
[83] found floral fragrance in cultivated T. cacao consisted of 78 components which 
are mainly saturated and unsaturated hydrocarbons, with 1-pentadecene or n−pen-
tadecane. Arnold et al. [37] found that three species of cocoa midge were attracted to 
the natural odours of cocoa flowers. Dasyhelea cf. borgmeieri was not attracted to a 
synthetic cocoa flower odour suggesting that it is the minor component of the cocoa 
flower’s odour that attracts midges.

6. Cherelle wilt and fruit abortion

Young pods or cherelles are lost to physiological thinning known as cherelle 
wilt [84, 85]. Many of the cherelles die later with cherelle wilt as a natural event or 
become infected by fungi or bacteria. The first cherelle wilt occurs at 7 weeks after 
pollination (WAP) with a second wilt later (10 WAP) and has larger embryos and 
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smaller pod stalk pods. Young fruit abortion is high (10%) with a reduction in bean 
weight (3–10%) [86]. Pollination and assimilate limitation cause low fruit: flower 
ratios in cacao [27]. The “wilting phase” exhibits many changes in the anatomical 
structure including swelling of the pod, enlarged vascular, and lignification of the 
middle pericarp [85]. The xylem of the fruit of cherelle wilt was caused by occlu-
sions in the xylem vessels of the fruit-stalk, which is associated with the oxidative 
activity of a cambial or meristematic tissue [86].

6.1 Biotic effects on cherelle wilt and fruit abortion

It is postulated that both types of wilt arise as a result of biotic and abiotic 
factors. Lachenaud [87] examined the stages between pollen germination and 
ovule fusion and found incomplete pod filling occurred mainly after physiological 
heritage wilt. The amount of fallen flowers with set ovary is insignificant (0.5%), 
suggesting that flowers pollinated with sparse pollen grains fell without setting. 
When fruit setting occurred at the same time on the same trees, wilted cherelles 
contained significantly more fertilized ovules than pods with beans.

The lack of hormones produced by the endosperm causes a decrease in the 
uptake of water and minerals, thereby inducing wilt. Wilted pods contained less 
cytokinin-like substances than healthy pods [88]. Auxin accumulates in deficient 
tissues may be responsible for incomplete filling and parthenocarpy [84]. Wilt 
is associated with increased levels of tricarboxylic acid cycle intermediaries and 
decreased levels of major metabolites in the biosynthetic pathways and regulation 
of abscisic acid and cytokinin levels [24].

There is inverse relationship between the wilt index and endogenous growth 
compounds in cacao [85, 86], with more polyphenol oxidase activity in the inner 
and outer pericarps of pods [84]. The pericarp and seed development are largely 
independent processes except for the inception of fruit growth and the changeover 
from the wilting to the non-wilting phase.

Despite the abundant flowering in cacao, a small number of cacao flowers 
(0.5–5%) become pollinated, and others become cherelles. Further to the low pod 
set of trees, few cherelles develop into mature pods with up to 75% of cherelles 
lost to the thinning condition. This may be due to lower level of assimilates avail-
able to the cherelle due to severe intra-plant competition [38, 89] and inefficient 
partitioning of photoassimilates [4]. Cherelles are attacked by insect (strameno-
pile) and fungi (Phytophthora and perniciosa) in early stages and frosty pod rot 
(Moniliophthora roreri), and rodents, squirrels, and parrots are common in mature 
pods. Pollination efficiency is negatively correlated with the number of flowers, and 
cherelles produced also varied between and within crosses [90]. Higher yielding 
trees were more efficient in converting flowers into pods mainly due to events that 
occur at the late cherelle stage.

6.2 Abiotic effects on cherelle wilt and fruit abortion

There are several environmental or abiotic factors that induce cherelle wilt, but 
these may have an interaction with the crop physiology. The cocoa tree allows as 
many cherelles to develop into mature pods based on nutrient availability, but those 
that do not fall become mummified and decayed [4]. There are significantly higher 
levels of nutrients (N and P) in soils under shaded than in un-shaded, correspond-
ing with lower populations of wilts. Incomplete pod filling seems to be due to 
interactions between nutritional factors and genotypes [91].

Cherelle wilt is higher in un-shaded crop due to moisture stress, higher evapo-
transpiration, and lower nutrient available to support crop yield. There was a little 
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which have proven to be effective against P. palmivora. Farm management practices 
which optimize shade and aeration can reduce surface wetness effectively. The 
complete harvesting, sanitation, and disposal of infected pods and husks can reduce 
the disease [77, 80, 81].

This disease is caused by Oncobasidium theobromae with its characteristic symp-
toms of chlorosis of the leaf. The fungus spreads internally within the plant resulting 
in death. Infected leaf litter in the rainy season is the main source of basidiospore 
discharge and spreads mainly at night and by wind or high humidity [77, 80, 81]. 
The spores have short lifespan. Protective fungicides, open canopy, and control of 
shading which increases aeration and insolation of the foliage are effective.

5.6 Insect pests

Insect pests are less destructive to the cacao floral and reproductive organs 
compared to rodents, birds/parrots, and monkeys. They are classed in three groups, 
viz. cause primary damage, transmit disease, or rise to pest status due to tolerance 
to insecticides. The two major pests are the mirids and the cocoa pod borer (CPB).

Mirids (capsids) are the major cacao insect pests (Distantiella theobroma, 
Sahlbergella singulari, Helopeltis spp., and Monalonion spp.) which reduce yields 
(75%) by feeding on the stem, shoots, and pods producing necrotic lesion causing 
dieback. Female mirids lay up to 60 eggs inside the pod husk, thus spoiling the 
beans. The insect is more attracted to trees in full sunlight but feeds and inhabits on 
the shady areas of trees [27, 82].

The organochlorine insecticides and Imidacloprid (Actellic/Talstar and 
Promecarb) are effective, but reduced insecticide is recommended to allow the 
natural enemies to increase for biological control. Integrated pest management 
(IPM) can control mirid using black ant (Dolichoderus thoracicus) and weaver ant 
(Oecophylla smaragdina).

The cocoa pod borer (Conopomorpha cramerella) causes losses in both young 
and mature cocoa pods. The main symptom of infested pods is premature ripening 
resulting in poor bean quality. Contact pyrethroid or carbamate insecticides on the 
undersides of lower branches can keep economic damage levels to a minimum. The 
fungus Beauveria bassiana can infect larvae and pupae. Traps with synthetic phero-
mones or female pod borer moths are used to reduce male’s population.

5.7 Olfactory sensitivity and cacao pollen odour

The cocoa flowers appear to have no discernible odour like citrus, and it is only 
the pollen and nectar that are the pollinator’s attractants. However, Erickson et al. 
[83] found floral fragrance in cultivated T. cacao consisted of 78 components which 
are mainly saturated and unsaturated hydrocarbons, with 1-pentadecene or n−pen-
tadecane. Arnold et al. [37] found that three species of cocoa midge were attracted to 
the natural odours of cocoa flowers. Dasyhelea cf. borgmeieri was not attracted to a 
synthetic cocoa flower odour suggesting that it is the minor component of the cocoa 
flower’s odour that attracts midges.

6. Cherelle wilt and fruit abortion

Young pods or cherelles are lost to physiological thinning known as cherelle 
wilt [84, 85]. Many of the cherelles die later with cherelle wilt as a natural event or 
become infected by fungi or bacteria. The first cherelle wilt occurs at 7 weeks after 
pollination (WAP) with a second wilt later (10 WAP) and has larger embryos and 
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smaller pod stalk pods. Young fruit abortion is high (10%) with a reduction in bean 
weight (3–10%) [86]. Pollination and assimilate limitation cause low fruit: flower 
ratios in cacao [27]. The “wilting phase” exhibits many changes in the anatomical 
structure including swelling of the pod, enlarged vascular, and lignification of the 
middle pericarp [85]. The xylem of the fruit of cherelle wilt was caused by occlu-
sions in the xylem vessels of the fruit-stalk, which is associated with the oxidative 
activity of a cambial or meristematic tissue [86].

6.1 Biotic effects on cherelle wilt and fruit abortion

It is postulated that both types of wilt arise as a result of biotic and abiotic 
factors. Lachenaud [87] examined the stages between pollen germination and 
ovule fusion and found incomplete pod filling occurred mainly after physiological 
heritage wilt. The amount of fallen flowers with set ovary is insignificant (0.5%), 
suggesting that flowers pollinated with sparse pollen grains fell without setting. 
When fruit setting occurred at the same time on the same trees, wilted cherelles 
contained significantly more fertilized ovules than pods with beans.

The lack of hormones produced by the endosperm causes a decrease in the 
uptake of water and minerals, thereby inducing wilt. Wilted pods contained less 
cytokinin-like substances than healthy pods [88]. Auxin accumulates in deficient 
tissues may be responsible for incomplete filling and parthenocarpy [84]. Wilt 
is associated with increased levels of tricarboxylic acid cycle intermediaries and 
decreased levels of major metabolites in the biosynthetic pathways and regulation 
of abscisic acid and cytokinin levels [24].

There is inverse relationship between the wilt index and endogenous growth 
compounds in cacao [85, 86], with more polyphenol oxidase activity in the inner 
and outer pericarps of pods [84]. The pericarp and seed development are largely 
independent processes except for the inception of fruit growth and the changeover 
from the wilting to the non-wilting phase.

Despite the abundant flowering in cacao, a small number of cacao flowers 
(0.5–5%) become pollinated, and others become cherelles. Further to the low pod 
set of trees, few cherelles develop into mature pods with up to 75% of cherelles 
lost to the thinning condition. This may be due to lower level of assimilates avail-
able to the cherelle due to severe intra-plant competition [38, 89] and inefficient 
partitioning of photoassimilates [4]. Cherelles are attacked by insect (strameno-
pile) and fungi (Phytophthora and perniciosa) in early stages and frosty pod rot 
(Moniliophthora roreri), and rodents, squirrels, and parrots are common in mature 
pods. Pollination efficiency is negatively correlated with the number of flowers, and 
cherelles produced also varied between and within crosses [90]. Higher yielding 
trees were more efficient in converting flowers into pods mainly due to events that 
occur at the late cherelle stage.

6.2 Abiotic effects on cherelle wilt and fruit abortion

There are several environmental or abiotic factors that induce cherelle wilt, but 
these may have an interaction with the crop physiology. The cocoa tree allows as 
many cherelles to develop into mature pods based on nutrient availability, but those 
that do not fall become mummified and decayed [4]. There are significantly higher 
levels of nutrients (N and P) in soils under shaded than in un-shaded, correspond-
ing with lower populations of wilts. Incomplete pod filling seems to be due to 
interactions between nutritional factors and genotypes [91].

Cherelle wilt is higher in un-shaded crop due to moisture stress, higher evapo-
transpiration, and lower nutrient available to support crop yield. There was a little 
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difference between the effects of the wet and dry conditions on flower production 
or setting or on cherelle wilt [92]. Cacao planted during the dry period developed 
few flowers, but initiation was apparently stimulated; in a subsequent wet or 
medium period, flowering was exceptionally heavy, but pod setting was poor and 
cherelle wilt was high [93].

Shaded cocoa has lower light intensity and interception but enhanced nutrient 
cycling and improved healthy pod development [4]. The level of overhead shade 
provided by the forest significantly influences litter fall, decomposition, and soil 
fertility and development of cocoa pods. Under un-shaded farms, litter fall is very 
high, but the rates of litter decomposition are very slow. Cacao fruit losses increase 
due to physiological wilt associated with higher temperatures, but differed between 
genotypes, reflecting genetic variation and also competition for assimilates between 
vegetative and reproductive stages [65].

6.3 Cherelle management

Cherelle wilt can be reduced by improving the health of cocoa trees through the 
application of Fertilizers and mulches and sunscald control. Ethephon application to 
the pedicel of young fruit resulted in morphological changes similar to natural wilt, 
suggesting that cherelle wilt could be reduced with indole butyric acid and gib-
berellic acid [94]. Cherelle wilt will increase due to high crop density and competi-
tion for nutrients, water, and light. Moist but well-drained soils and mulches will 
reduce cherelle. There is a balance between biotic and abiotic factors that determine 
the optimum number of cherelles that a tree can sustain, which is dictated by the 
demands of the “sinks” or developing beans within the surviving pods [4].

7. Conclusion

The interaction of environmental and plant genetic characteristics dictate the 
survival and reproductive efficacy of the cacao. Although the plant can produce 
its optimum yield of flowers, pollination and fertilization efficiency are under the 
influence of the equilibrium of the biotic and abiotic variables and their mutualistic 
interactions. The plant can only sustain a certain number of young pods or cherelles 
to full maturity. However, internally the number of beans/pods is still subjected to 
the partitioning of photoassimilates to ensure optimum bean filling. Regardless of 
the efficiency of pollination and fertilization, intra-plant competition for photo-
assimilates will result in a high number of beans/pod that will be incomplete or 
poorly filled and reduced bean weight and final yield.

The ecophysiology of pollination and fertilization of cacao beans is manageable 
by optimized agrocultural practices. Adequate midge breeding sites using cocoa 
pod and banana pseudostem can improve the insect population and subsequently 
increase pollination and fertilization [95]. This management practice is envisaged 
as the way to increase bean yield. The cocoa flowers are influenced by seasonality, 
weather conditions (abiotic) and pollination (biotic). The dynamics of cocoa pol-
lination involves harmonization pollinator population cycle and the flower phenol-
ogy. However, the numbers of cocoa-pollinating midges are lower in the dry season 
but increase in the wet season, but the natural habitat is pre-disposed to flooding, 
and insect flight is curtailed by high winds and rainfall.

Cocoa leaf litter and the pod husk constitute the bulk of ground material but 
dry up and become unsuitable in the dry season. Also, flower cushion is affected 
by water stress and high relative humidity and encourages flower abortion. In 
the favourable wet season, there could still be reduced pollination due to less 
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pollinators. The crop self manages it photoassimilate and its partitioning to avoid 
significant intra-plant competition, and to obtain functional balance, significant 
amount of flowers are abscised. A better understanding of the biotic and abiotic 
variables of pollination and fertilization processes and the midge biology and ecol-
ogy has led to the development and validation of manipulation of the insect natural 
breeding site with an increase of insect population dynamics. This was amply 
demonstrated with increased pod yield and number of beans per pod.
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due to physiological wilt associated with higher temperatures, but differed between 
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tion for nutrients, water, and light. Moist but well-drained soils and mulches will 
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the optimum number of cherelles that a tree can sustain, which is dictated by the 
demands of the “sinks” or developing beans within the surviving pods [4].
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The interaction of environmental and plant genetic characteristics dictate the 
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its optimum yield of flowers, pollination and fertilization efficiency are under the 
influence of the equilibrium of the biotic and abiotic variables and their mutualistic 
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to full maturity. However, internally the number of beans/pods is still subjected to 
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the efficiency of pollination and fertilization, intra-plant competition for photo-
assimilates will result in a high number of beans/pod that will be incomplete or 
poorly filled and reduced bean weight and final yield.
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as the way to increase bean yield. The cocoa flowers are influenced by seasonality, 
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ogy. However, the numbers of cocoa-pollinating midges are lower in the dry season 
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Abstract

Cuticular waxes form the primary interface between a plant and its external 
environment. The most important function of this hydrophobic interface is regulation 
of non-stomatal water loss, gas exchange and conferring resistance to a wide range 
of biotic as well as abiotic stresses. The biosynthesis, transport and deposition of the 
cuticular waxes are tightly coordinated by complex molecular networks, which are 
also often regulated in response to various developmental, biotic as well as abiotic cues. 
Evidences from model as well as non-model systems suggest that targeted manipula-
tion of the molecular regulators of wax biosynthetic pathways could enhance plant 
resistance to multiple stresses as well as enhance the post-harvest quality of produce. 
Under the current scenario of varying climatic conditions, where plants often encoun-
ter multiple stress conditions, cuticular waxes is an appropriate trait to be considered 
for crop improvement programs, as any attempt to improve cuticular traits would be 
advantageous to the crop to enhance its adaptability to diverse adverse conditions. This 
chapter briefs on the significance of cuticular waxes in plants, its biosynthesis, trans-
port and deposition, its implication on plant resistance to adverse conditions, and the 
current options in targeted manipulation of wax-traits for breeding new crop types.

Keywords: cuticular waxes, wax biosynthesis, biotic stress, abiotic stress,  
stress resistance

1. Introduction

In the current era of increasing uncertainties in crop production, emerging con-
straints and risks demand technical and technological advances in the agricultural 
sector, and integrative approaches, such as Climate Smart Agriculture (CSA), to address 
the interlinked challenges of food security and climate change. While maintaining food 
security is a major challenge for future, the possible solution is to enhance crop produc-
tivity along with nutritional security. However, this stance is remarkably limited by the 
different abiotic as well as biotic environments, where the crops grow and develop.

Drought, excess water (flooding), extremes of temperatures (cold, chilling, 
frost, and heat), salinity, high and/or low light, mineral deficiency, and toxicity 
are the common abiotic stresses for crop production. These stresses alter plant 
metabolism, growth, development, and in extreme cases cause the cessation of 
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vegetative and reproductive growth. Some of the abiotic stresses such as drought, 
high temperature and salinity can influence the occurrence and spread of biotic 
agents like pathogens, insects, and weeds [1]. In crops like tomato, cucurbits and 
rice, temperature is one of the most important deciding factors for the occurrence 
of bacterial diseases [2]. Temperature can also alter the incidence of vector-borne 
diseases by modifying spread of vectors.

But, in their natural environment, plants face combination of stresses, espe-
cially under the changing climate scenario. The effect of stresses would be more 
pronounced under combined (biotic and abiotic) stresses [3], while simultaneous 
occurrence of abiotic and biotic stresses are more destructive to crop production 
[4]. Hence, there exists a need now, to look for common traits that can contribute 
for plant adaptation to such multifarious stressful conditions and sustain crop 
productivity as well. In this scenario, it is desirable to have a single trait that can 
confer tolerance to multiple (abiotic and biotic) stresses. Cuticular waxes, a major 
component of plant cuticle covering all the aerial parts of the plants, can be consid-
ered as an important trait for combined stress resistance.

2. Cuticular waxes: a component of plant cuticle

The cuticle is a unique structure developed by land plants during the course of 
their evolution from an aquatic to a terrestrial lifestyle [5]. The primary role of this 
lipophilic layer, comprising cutin and cuticular waxes, was to limit non-stomatal 
water loss by functioning as a physical barrier between the plant surface and its 
external environment [6]. Development of a cuticular barrier is one of the major 
adaptive mechanisms for survival and growth of plants under water limiting ter-
restrial conditions [7]. As the primary barrier between the aerial surface of plants 
and the external environment, the cuticle also protect the plants from mechanical 
rupture or injury, toxic gases and ultra violet radiation [8–10]. The cuticle also has 
notable roles associated with growth and developmental processes like preventing 
epidermal fusion by establishing normal organ boundaries [11], and phytohormone  
homeostasis [12]. The cuticle and its components are known to play essential roles 
as signaling molecules for pathogens and for the plants themselves [13]. Another 
important role is in fruits, where it influences quality, defense and post-harvest 
shelf life [14]. In fruits, water retention [15] firmness [16] and its responses to 
physical and biotic stresses are also influenced by the cuticle [17].

The cuticle is composed of a covalently linked scaffold of cutin and a mixture of 
soluble cuticular lipids (SCL), called as waxes [10, 18]. Structurally, cutin is made 
of covalently cross linked C16 or C18 oxygenated fatty acids and glycerol, forming 
the most abundant structural component of the cuticle [19]. The waxes within the 
cuticle function as an actual barrier against the diffusion of water or solutes [20, 21]. 
The waxes occur in two layers; forming two distinct physical layers called intra- and 
epi-cuticular waxes [22]. The former is dispersed within the cutin polymer while 
the epi-cuticular wax is deposited on the outer surface as crystals or films [22, 23]. 
This outermost layer can be physically stripped off the surfaces using aqueous glue 
[23, 24]. These waxes are composed of a variety of organic solvent-soluble lipids; 
consisting of very-long-chain fatty acids (VLCFA) and their derivatives. The major 
composition of VLFCAs are alkanes, wax esters, branched alkanes, primary alcohols, 
alkenes, secondary alcohols, aldehydes ketones, and unsaturated fatty alcohols, as 
well as cyclic compounds including terpenoids and metabolites such as sterols and 
flavonoids [19, 25–27]. Wax composition varies with crop species and differs in their 
functions and responses to biotic and abiotic environments [10].

As per recent studies, intra-cuticular waxes form the primary transpirational 
barrier and the contribution of epi-cuticular waxes as a transpirational barrier 
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depends on the species-specific cuticle composition [28]. In species like Tetrastigma 
voinierianum, Oreopanax guatemalensis, Monstera deliciosa, and Schefflera elegantissima, 
intra-cuticular wax pre-dominantly act as a transpirational barrier while in Citrus 
aurantium, Euonymus japonica, Clusia flava, and Garcinia spicata, both intra- as well 
as epi-cuticular waxes had equal contribution as transpirational barriers [28]. A study 
from Prunus suggests that intra-cuticular waxes of the cuticle form the actual transpi-
rational barrier [29] and not epi-cuticular waxes [30].

3. Ecological significance of cuticular waxes

The cuticular waxes confer diverse surface properties to plant parts, which actually 
play the key role in controlling non-stomatal water loss and gas exchange, and protec-
tion from external environment. Leaf cuticular wax amount and crystal morphology 
regulated post-harvest water loss from leaves [31]. Epi-cuticular wax films give glossy 
appearance to leaves and fruits, while wax crystals (β-diketones) conferred dull, glau-
cous appearance to leaves and stems [10]. The thickness [5] composition and properties 
of the waxes vary with crop species and are found to be induced under diverse stressful 
conditions [32]. These differences reflect their functions and responses to biotic and 
abiotic environments [10]. Importance of cuticular wax accumulation in plant resistance 
to both biotic as well as abiotic stress conditions is now well documented [12, 33, 34].

3.1 Abiotic stresses

One of the most important roles of the waxes is to protect the plant surfaces from 
excessive solar and ultraviolet (UV) radiations. Cuticular waxes scatter UV-B radiation 
[35] and was demonstrated in apple [36]. As per studies from model systems as well 
as crops, increased cuticular wax biosynthesis improves drought stress resistance [37]. 
In rice, wheat, barley and sorghum, grain yield under water limiting conditions have 
positive correlation with wax content [38–41] . Hence, in crop plants, higher cuticular 
wax content is a promising trait for stress resistance as well as yield under water limit-
ing conditions [27]. In mulberry, increasing wax load is useful to manage post-harvest 
water losses [42]. In barley, cuticular wax components act as a barrier to water loss and 
contribute to salt stress resistance [43]. Heat stress resistance is also positively correlated 
with wax accumulation in bahia grass [44]. Under heat stress, the wax load in sorghum 
was correlated with its ability to maintain the canopy temperature cool, resulting in 
reduced water loss [45]. Similarly, pea varieties with thicker wax load also exhibited 
lower canopy temperature, thereby limiting water loss and associated heat stress [46].

Cuticular waxes play an important role in preventing non-stomatal water loss 
during drought and high temperature stress, as well as enabling frost avoidance. Such 
climatic stressors can induce a heavier wax load and change the chemical composi-
tion of waxes by accumulating longer aliphatic compounds on plant tissues [47]. 
Drought increases stiffness and quality of the plant cuticle under climate change 
[48]. Similarly, the leaf cuticular surface is the first barrier blocking destructive 
ice penetration into the leaf cells in freezing avoidance mechanisms [49]. Using a 
hydrophobic film, Wisniewski et al. [50] showed the importance of the epi-cuticular 
hydrophobicity enabling avoidance of freezing in sensitive plants. The critical nature 
of the cuticular layer in frost avoidance of corn is also clearly demonstrated [51]. 
Freezing avoidance is the only mechanism of frost resistance in sensitive plants. In 
fact, the first demonstration of a transgenic organism in agriculture was the alteration 
of the cell wall protein secondary structure on ice nucleating bacteria, Pseudomonas 
syringae and Erwinia herbicola, which then prevented ice nucleation across the cuticle 
and avoided leaf damage [52, 53]. In future, injury due to frost stress will be more, not 
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vegetative and reproductive growth. Some of the abiotic stresses such as drought, 
high temperature and salinity can influence the occurrence and spread of biotic 
agents like pathogens, insects, and weeds [1]. In crops like tomato, cucurbits and 
rice, temperature is one of the most important deciding factors for the occurrence 
of bacterial diseases [2]. Temperature can also alter the incidence of vector-borne 
diseases by modifying spread of vectors.
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pronounced under combined (biotic and abiotic) stresses [3], while simultaneous 
occurrence of abiotic and biotic stresses are more destructive to crop production 
[4]. Hence, there exists a need now, to look for common traits that can contribute 
for plant adaptation to such multifarious stressful conditions and sustain crop 
productivity as well. In this scenario, it is desirable to have a single trait that can 
confer tolerance to multiple (abiotic and biotic) stresses. Cuticular waxes, a major 
component of plant cuticle covering all the aerial parts of the plants, can be consid-
ered as an important trait for combined stress resistance.

2. Cuticular waxes: a component of plant cuticle

The cuticle is a unique structure developed by land plants during the course of 
their evolution from an aquatic to a terrestrial lifestyle [5]. The primary role of this 
lipophilic layer, comprising cutin and cuticular waxes, was to limit non-stomatal 
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external environment [6]. Development of a cuticular barrier is one of the major 
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alkenes, secondary alcohols, aldehydes ketones, and unsaturated fatty alcohols, as 
well as cyclic compounds including terpenoids and metabolites such as sterols and 
flavonoids [19, 25–27]. Wax composition varies with crop species and differs in their 
functions and responses to biotic and abiotic environments [10].

As per recent studies, intra-cuticular waxes form the primary transpirational 
barrier and the contribution of epi-cuticular waxes as a transpirational barrier 
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depends on the species-specific cuticle composition [28]. In species like Tetrastigma 
voinierianum, Oreopanax guatemalensis, Monstera deliciosa, and Schefflera elegantissima, 
intra-cuticular wax pre-dominantly act as a transpirational barrier while in Citrus 
aurantium, Euonymus japonica, Clusia flava, and Garcinia spicata, both intra- as well 
as epi-cuticular waxes had equal contribution as transpirational barriers [28]. A study 
from Prunus suggests that intra-cuticular waxes of the cuticle form the actual transpi-
rational barrier [29] and not epi-cuticular waxes [30].

3. Ecological significance of cuticular waxes

The cuticular waxes confer diverse surface properties to plant parts, which actually 
play the key role in controlling non-stomatal water loss and gas exchange, and protec-
tion from external environment. Leaf cuticular wax amount and crystal morphology 
regulated post-harvest water loss from leaves [31]. Epi-cuticular wax films give glossy 
appearance to leaves and fruits, while wax crystals (β-diketones) conferred dull, glau-
cous appearance to leaves and stems [10]. The thickness [5] composition and properties 
of the waxes vary with crop species and are found to be induced under diverse stressful 
conditions [32]. These differences reflect their functions and responses to biotic and 
abiotic environments [10]. Importance of cuticular wax accumulation in plant resistance 
to both biotic as well as abiotic stress conditions is now well documented [12, 33, 34].

3.1 Abiotic stresses

One of the most important roles of the waxes is to protect the plant surfaces from 
excessive solar and ultraviolet (UV) radiations. Cuticular waxes scatter UV-B radiation 
[35] and was demonstrated in apple [36]. As per studies from model systems as well 
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In rice, wheat, barley and sorghum, grain yield under water limiting conditions have 
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water losses [42]. In barley, cuticular wax components act as a barrier to water loss and 
contribute to salt stress resistance [43]. Heat stress resistance is also positively correlated 
with wax accumulation in bahia grass [44]. Under heat stress, the wax load in sorghum 
was correlated with its ability to maintain the canopy temperature cool, resulting in 
reduced water loss [45]. Similarly, pea varieties with thicker wax load also exhibited 
lower canopy temperature, thereby limiting water loss and associated heat stress [46].

Cuticular waxes play an important role in preventing non-stomatal water loss 
during drought and high temperature stress, as well as enabling frost avoidance. Such 
climatic stressors can induce a heavier wax load and change the chemical composi-
tion of waxes by accumulating longer aliphatic compounds on plant tissues [47]. 
Drought increases stiffness and quality of the plant cuticle under climate change 
[48]. Similarly, the leaf cuticular surface is the first barrier blocking destructive 
ice penetration into the leaf cells in freezing avoidance mechanisms [49]. Using a 
hydrophobic film, Wisniewski et al. [50] showed the importance of the epi-cuticular 
hydrophobicity enabling avoidance of freezing in sensitive plants. The critical nature 
of the cuticular layer in frost avoidance of corn is also clearly demonstrated [51]. 
Freezing avoidance is the only mechanism of frost resistance in sensitive plants. In 
fact, the first demonstration of a transgenic organism in agriculture was the alteration 
of the cell wall protein secondary structure on ice nucleating bacteria, Pseudomonas 
syringae and Erwinia herbicola, which then prevented ice nucleation across the cuticle 
and avoided leaf damage [52, 53]. In future, injury due to frost stress will be more, not 
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less under global warming [54]. Hence, a better understanding of stress-induced wax 
modification among crop plants holds promise to cope with climate change.

3.2 Biotic stresses

The cuticle and its components act as signaling molecules to favor fungal growth 
and development, and infections in plants [55, 56]. Surface waxes act as cues to acti-
vate fungal developmental processes like appressorium formation, pre-penetration 
processes, etc., in crop plants like avocado, wheat, rice, maize and peanut [13, 57–59]. 
However, the hydrophobic nature of the cuticle also renders it a barrier for bacterial 
as well as fungal pathogens [60], a desirable trait for disease resistance. Waxes are 
known to protect lotus from pathogen infection [61]. It repulses pathogen spores 
and atmospheric pollutants like acid rain and ozone [32]. Another role of waxes is in 
plant-insect interaction; to attract or to serve as a deterrent [62]. It prevents insect 
attachment to plant surface oviposition and feeding [63, 64] and hence confer toler-
ance to insects in crop plants [65, 66].

4. Molecular biology of cuticular wax biosynthesis and deposition

Studies in Arabidopsis and subsequently, barley, rice and tomato systems have 
significantly contributed for the elucidation of the complex regulatory pathways 
underlying the biosynthesis, transport and deposition of wax components on plant 
surfaces [26, 27, 67]. Cuticular wax biosynthesis predominantly occurs in epider-
mal cells. The biosynthetic pathway initiates exclusively in the outer membranes 
of the plastids of epidermal cells where C16 and C18 fatty acids are synthesized, 
exported to the cytosol as acyl-CoAs and then elongated up to C34 at the endoplas-
mic reticulum (ER); through a series of enzymatic reactions [19, 26]. The synthe-
sized components are subsequently transported through the apoplastic pathway 
and deposited on the cuticle. The key steps involved [32] are summarized here.

4.1 Synthesis of malonyl-CoA

The de novo fatty acid biosynthesis initiates with the synthesis of malonyl-
CoA. It is initiated with the transfer of a bicarbonate derived CO2 molecule to 
the biotin moiety of a biotin carboxylate carrier protein (BCCP), that form N-1,2 
carboxybiotin biotin carboxylate carrier protein-BCCP. The reaction is catalyzed by 
biotin carboxylase (BC). The CO2 is further transferred to acetyl-CoA by carbox-
yltransferases (CT). Acetyl-CoA carboxylase (ACCase), a multifunctional enzyme 
system then catalyzes the formation of malonyl-CoA, from acetyl-CoA [32], which 
will be subsequently used for de novo fatty acid biosynthesis.

4.2 De novo fatty acid biosynthesis

De novo synthesis of acyl chain in the stroma of plastids is catalyzed by a series 
of enzymatic steps, which collectively forms fatty acid synthase complex (FAS). 
The series of reactions with the catalyzing enzymes are:

a. Condensation of malonyl-acyl carrier protein (manolyl-ACP) with acetyl-CoA 
to form 3-ketoacyl-ACP catalyzed by β-ketoacyl-ACP synthase (KAS III).

b. Reduction of 3-β-ketoacyl-ACP to 3-hydroxyacyl-ACP, catalyzed by 
3-βketoacyl-ACP reductase.
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c. Dehydration of 3-hydroxyacyl-ACP to trans-∆2-enoyl-ACP, catalyzed by 
β-hydroxy acyl ACP dehydratase.

d. Reduction of trans-∆2-enoyl ACP to Acyl-ACP by Enoyl ACP reductase.

This complex also includes an acyl carrier protein (ACP), a cofactor component 
of FAS to which the growing acyl chain remains esterified. These sequential reac-
tions result in a fully reduced acyl chain, extended by two carbons in each cycle [68] 
through the sequential round of condensation, reduction, dehydration and second-
reduction steps [69]. Repetition of the cycle for six times generates palmitoyl-ACP 
(16:0-ACP), where the condensation reactions are catalyzed by KAS I. One final 
cycle reaction between palmitoyl-ACP and malonyl-ACP utilizes KAS II to generate 
stearoyl-ACP (18:0-ACP). These products are further processed by stearoyl-ACP 
desaturase (introduce double bonds), plastidial acyltransferases, and acyl-ACP 
thioesterases (hydrolases). The fatty acyl-ACP thioesterases (FATA and FATB) 
hydrolyzes the C16-C18 acyl-acyl carrier proteins to generate fatty acids, which are 
then exported out of the plastids to undergo modifications in the ER [69].

4.3 Elongation of fatty acids

The C16 and C18 compounds, hydrolyzed by acyl-ACP thiosterases are activated 
into C16- and C18-CoA by long chain acyl-CoA synthetases (LACSs) and exported to 
the ER. The C16 and C18 acyl-CoA then act as a substrate for fatty acid elongase (FAE) 
complex, localized on the ER, which adds two carbons successively to form VLCFAs 
with C26-C34 chains. FAE complex are heterotetramers of independently transcribed, 
monofunctional proteins. They operate a reiterative cycle of four reactions catalyzed by

i. β-Ketoacyl-CoA synthase (KCS) that catalyze the two carbon condensation 
to acyl-CoA.

ii. β-Ketoacyl-CoA reductase (KCR) that catalyze the reduction of 
β-ketoacyl-CoA.

iii. β-Hydroxyacyl-CoA dehydratase (HCD) that catalyze the dehydration  
of β-hydroxyacyl-CoA.

iv. Enoyl-CoA reductase (ECR) that reduces the enoyl-CoA ultimately leading 
to VLCFAs [69–71].

4.4 Wax biosynthetic pathways

The elongated products are further modified to produce wax components i.e., to 
primary alcohols, alkyl esters, aldehydes, alkanes, secondary alcohols, ketones and 
free fatty acids, via two pathways (i) acyl reduction pathway (generates primary 
alcohols and wax esters) and (ii) decarbonylation pathway (generates alkanes, 
aldehydes, secondary alcohols, and ketones).

i. Acyl-reduction pathway: fatty acyl-CoAs are converted into primary alco-
hols catalyzed by fatty acyl-CoA reductase (FAR) through an intermediate 
aldehyde [71]. A bi-functional wax synthase/acyl-CoA:diacylglycerol 
acyltransferase (WS/DGAT) enzyme, WSD1 condenses the generated fatty 
alcohols and C16:0 acyl-CoA into wax esters [26].
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less under global warming [54]. Hence, a better understanding of stress-induced wax 
modification among crop plants holds promise to cope with climate change.

3.2 Biotic stresses

The cuticle and its components act as signaling molecules to favor fungal growth 
and development, and infections in plants [55, 56]. Surface waxes act as cues to acti-
vate fungal developmental processes like appressorium formation, pre-penetration 
processes, etc., in crop plants like avocado, wheat, rice, maize and peanut [13, 57–59]. 
However, the hydrophobic nature of the cuticle also renders it a barrier for bacterial 
as well as fungal pathogens [60], a desirable trait for disease resistance. Waxes are 
known to protect lotus from pathogen infection [61]. It repulses pathogen spores 
and atmospheric pollutants like acid rain and ozone [32]. Another role of waxes is in 
plant-insect interaction; to attract or to serve as a deterrent [62]. It prevents insect 
attachment to plant surface oviposition and feeding [63, 64] and hence confer toler-
ance to insects in crop plants [65, 66].

4. Molecular biology of cuticular wax biosynthesis and deposition

Studies in Arabidopsis and subsequently, barley, rice and tomato systems have 
significantly contributed for the elucidation of the complex regulatory pathways 
underlying the biosynthesis, transport and deposition of wax components on plant 
surfaces [26, 27, 67]. Cuticular wax biosynthesis predominantly occurs in epider-
mal cells. The biosynthetic pathway initiates exclusively in the outer membranes 
of the plastids of epidermal cells where C16 and C18 fatty acids are synthesized, 
exported to the cytosol as acyl-CoAs and then elongated up to C34 at the endoplas-
mic reticulum (ER); through a series of enzymatic reactions [19, 26]. The synthe-
sized components are subsequently transported through the apoplastic pathway 
and deposited on the cuticle. The key steps involved [32] are summarized here.

4.1 Synthesis of malonyl-CoA

The de novo fatty acid biosynthesis initiates with the synthesis of malonyl-
CoA. It is initiated with the transfer of a bicarbonate derived CO2 molecule to 
the biotin moiety of a biotin carboxylate carrier protein (BCCP), that form N-1,2 
carboxybiotin biotin carboxylate carrier protein-BCCP. The reaction is catalyzed by 
biotin carboxylase (BC). The CO2 is further transferred to acetyl-CoA by carbox-
yltransferases (CT). Acetyl-CoA carboxylase (ACCase), a multifunctional enzyme 
system then catalyzes the formation of malonyl-CoA, from acetyl-CoA [32], which 
will be subsequently used for de novo fatty acid biosynthesis.

4.2 De novo fatty acid biosynthesis

De novo synthesis of acyl chain in the stroma of plastids is catalyzed by a series 
of enzymatic steps, which collectively forms fatty acid synthase complex (FAS). 
The series of reactions with the catalyzing enzymes are:

a. Condensation of malonyl-acyl carrier protein (manolyl-ACP) with acetyl-CoA 
to form 3-ketoacyl-ACP catalyzed by β-ketoacyl-ACP synthase (KAS III).

b. Reduction of 3-β-ketoacyl-ACP to 3-hydroxyacyl-ACP, catalyzed by 
3-βketoacyl-ACP reductase.
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c. Dehydration of 3-hydroxyacyl-ACP to trans-∆2-enoyl-ACP, catalyzed by 
β-hydroxy acyl ACP dehydratase.

d. Reduction of trans-∆2-enoyl ACP to Acyl-ACP by Enoyl ACP reductase.

This complex also includes an acyl carrier protein (ACP), a cofactor component 
of FAS to which the growing acyl chain remains esterified. These sequential reac-
tions result in a fully reduced acyl chain, extended by two carbons in each cycle [68] 
through the sequential round of condensation, reduction, dehydration and second-
reduction steps [69]. Repetition of the cycle for six times generates palmitoyl-ACP 
(16:0-ACP), where the condensation reactions are catalyzed by KAS I. One final 
cycle reaction between palmitoyl-ACP and malonyl-ACP utilizes KAS II to generate 
stearoyl-ACP (18:0-ACP). These products are further processed by stearoyl-ACP 
desaturase (introduce double bonds), plastidial acyltransferases, and acyl-ACP 
thioesterases (hydrolases). The fatty acyl-ACP thioesterases (FATA and FATB) 
hydrolyzes the C16-C18 acyl-acyl carrier proteins to generate fatty acids, which are 
then exported out of the plastids to undergo modifications in the ER [69].

4.3 Elongation of fatty acids

The C16 and C18 compounds, hydrolyzed by acyl-ACP thiosterases are activated 
into C16- and C18-CoA by long chain acyl-CoA synthetases (LACSs) and exported to 
the ER. The C16 and C18 acyl-CoA then act as a substrate for fatty acid elongase (FAE) 
complex, localized on the ER, which adds two carbons successively to form VLCFAs 
with C26-C34 chains. FAE complex are heterotetramers of independently transcribed, 
monofunctional proteins. They operate a reiterative cycle of four reactions catalyzed by

i. β-Ketoacyl-CoA synthase (KCS) that catalyze the two carbon condensation 
to acyl-CoA.

ii. β-Ketoacyl-CoA reductase (KCR) that catalyze the reduction of 
β-ketoacyl-CoA.

iii. β-Hydroxyacyl-CoA dehydratase (HCD) that catalyze the dehydration  
of β-hydroxyacyl-CoA.

iv. Enoyl-CoA reductase (ECR) that reduces the enoyl-CoA ultimately leading 
to VLCFAs [69–71].

4.4 Wax biosynthetic pathways

The elongated products are further modified to produce wax components i.e., to 
primary alcohols, alkyl esters, aldehydes, alkanes, secondary alcohols, ketones and 
free fatty acids, via two pathways (i) acyl reduction pathway (generates primary 
alcohols and wax esters) and (ii) decarbonylation pathway (generates alkanes, 
aldehydes, secondary alcohols, and ketones).

i. Acyl-reduction pathway: fatty acyl-CoAs are converted into primary alco-
hols catalyzed by fatty acyl-CoA reductase (FAR) through an intermediate 
aldehyde [71]. A bi-functional wax synthase/acyl-CoA:diacylglycerol 
acyltransferase (WS/DGAT) enzyme, WSD1 condenses the generated fatty 
alcohols and C16:0 acyl-CoA into wax esters [26].
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ii. Decarbonylation pathway: acyl-CoAs are reduced to aldehyde intermediate 
by FAR, which are subsequently decarbonylated into alkanes, catalyzed by 
aldehyde decarbonylase. Stereospecific hydroxylation of alkanes catalyzed 
by midchain alkane hydroxylase 1 (MDH1) give rise to secondary alcohols, 
and oxidation of these alcohols form corresponding ketone [32]. Additional 
hydroxylation and oxidation reactions lead to the esterification of second-
ary alcohols with fatty acids and formation of diols, hydroxyl ketones and 
diketones [32].

4.5 Transport and deposition of cuticular waxes

The wax components generated are then transferred from the ER to the 
plasma membrane (PM) through Golgi and trans-golgi network mediated vesicle 
trafficking or non-vesicular trafficking [72]. Further, adenosine triphosphate 
binding cassette (ABC) transporters in the plasma membrane (homodimers 
and heterodimers) export the wax components to the epidermal surface [73]. 
Lipid transfer proteins (LTPs) like glycosylphosphatidylinositol (GPI)-anchored 
LTPs (LTPGs), attached to the outer surface of the plasma membrane are also 

Figure 1. 
Schematic representation of wax biosynthesis, transport and deposition in plants.
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Gene Protein type Role Reference

Cuticular wax biosynthesis

ACC1 Acetyl CoA carboxylase Synthesis of malonyl CoA 
substrates

[79]

FATB Acyl acyl carrier protein 
thioesterase

Supply of saturated fatty acids 
for wax biosynthesis

[80]

CUT1 /CER6/KCS6 VLCFA condensing enzyme 
(β-ketoacyl-CoA synthase)

Regulation of VLCFA 
biosynthesis/elongation of 24C 
fatty acids

[81]

CER1/CER22 Aldehyde decarbonylase VLC alkane biosynthesis [82]

KCS1 β-ketoacyl-CoA synthase Elongation of 24C fatty acids [83]

KCS20; KCS2/DAISY 3-ketoacyl-coenzyme A synthase Required for VLCFA elongation 
to C22

[84]

LACS1/CER8; LCAS2 Long chain acyl CoA synthetase Synthetase activity for VLCFAs 
C20-C30

[85]

KCS9 3-ketoacyl-coenzyme A synthase Elongation of C22-C24 fatty 
acids

[86]

WAX2/YRE/FLP1/
CER3

Aldehyde‐generating acyl‐CoA 
enzyme

Required for synthesis of 
aldehydes, alkanes, secondary 
alcohols, and ketones; 
biosynthesis of cuticular 
membrane

[76, 87]

CER10 Enoyl-CoA reductase Biosynthesis of VLCFA [88]

CER4/FAR3 Alcohol forming fatty acyl CoA 
reductase

Formation of C24:0 and C26:0 
primary alcohols

[89]

CYP96A15 
(cytochrome P450 
enzyme)

Midchain alkane hydrolase Formation of secondary 
alcohols and ketones (stem 
cuticular wax)

[78]

WSD1 Wax ester synthase/diacylglycerol 
acyltransferase

Wax ester biosynthesis [90]

PASTICCINO2 
(PAS2)

3-hydroxy-acyl-CoA dehydratase VLCFA synthesis in association 
with CER10, an enoyl-CoA 
reductase

[91]

KCR1 β-Ketoacyl-CoA reductase Required for VLCFA elongation [70]

CER2 BAHD acyltransferase Fatty acid elongation beyond 
C28

[92]

CER17 
(ECERIFERUM1)

Acyl-CoA desaturase like 4 n-6 desaturation of very long 
chain acyl-CoAs

[93]

Transport and deposition

AtWBC12/CER5 ATP binding cassette (ABC) 
transporter

Transport of cuticular waxes [94]

LTPG1 Lipid transport protein Cuticular wax export or 
accumulation

[74]

ABCG11/WBC11/
DESPERADO

ATP binding cassette (ABC) 
transporter

Secretion of surface waxes in 
interaction with CER5

[73, 95]

LTPG2 Lipid transport protein Cuticular wax export or 
accumulation

[96]

GLN1, ECH Vesicle trafficking [72]

Table 1. 
Key genes involved in wax biosynthesis, transport and deposition identified from the model system Arabidopsis.
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ii. Decarbonylation pathway: acyl-CoAs are reduced to aldehyde intermediate 
by FAR, which are subsequently decarbonylated into alkanes, catalyzed by 
aldehyde decarbonylase. Stereospecific hydroxylation of alkanes catalyzed 
by midchain alkane hydroxylase 1 (MDH1) give rise to secondary alcohols, 
and oxidation of these alcohols form corresponding ketone [32]. Additional 
hydroxylation and oxidation reactions lead to the esterification of second-
ary alcohols with fatty acids and formation of diols, hydroxyl ketones and 
diketones [32].

4.5 Transport and deposition of cuticular waxes

The wax components generated are then transferred from the ER to the 
plasma membrane (PM) through Golgi and trans-golgi network mediated vesicle 
trafficking or non-vesicular trafficking [72]. Further, adenosine triphosphate 
binding cassette (ABC) transporters in the plasma membrane (homodimers 
and heterodimers) export the wax components to the epidermal surface [73]. 
Lipid transfer proteins (LTPs) like glycosylphosphatidylinositol (GPI)-anchored 
LTPs (LTPGs), attached to the outer surface of the plasma membrane are also 
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directly or indirectly involved in wax export [74]. A brief representation of wax 
biosynthesis, transport and deposition with key genes, is presented in Figure 1 
(adapted from [19, 26, 27, 32, 69, 71]).

Early studies in barley mutants with little or no wax on aerial plant parts, called 
glossy or glaucous were termed as eceriferum (cer), where cera means wax and 
ferre means to bear [75]. Subsequently, the wax defective mutants in Arabidopsis 
with bright, shiny, or glossy stems or leaves were also termed as eceriferum (cer) 
[76]. The wax locus from maize and Brassica napus is termed as glossy [68]. With the 
help of forward genetic screens using wax defective mutants and reverse genetic 
approaches [77, 78], considerable progress has been achieved in understanding wax 
biosynthesis, transport and deposition. Table 1 gives an overlook of the key genes 
involved in wax biosynthesis, transport and deposition identified from the model 
system Arabidopsis.

5. Regulation of cuticular wax biosynthesis

While the complex wax biosynthesis and transport pathways are well deter-
mined, the information on underlying regulatory mechanisms is still fragmentary. 
There is limited information that these processes and their candidate pathway genes 
are influenced by developmental factors. The cuticle development is an intrinsic part 
of cell developmental processes like organ development, cell partitioning, etc. [11]. 
PAS2, acy-CoA dehydratase, regulating the synthesis of VLCFA during wax biosyn-
thesis in the epidermis is essential for proper cell proliferation during development 
[97]. Wax deposition is also known to occur in an organ-specific manner during its 
development and is influenced by diverse environmental conditions as well [17]. The 
available information on the exact developmental regulation of wax biosynthesis is 
however, limited. As per evidences from leek (Allium porrum L.), wax accumulation 
and elongation activities are highly induced within a defined and an identifiable 
region of leaf [98]. The expression of plastidial fatty acid synthase (FAS), FAEs that 
regulate elongation of long-chain fatty acids in the microsomal membranes and acyl 
ACP-thioesterases are probable targets of developmental regulation, depending 
upon the need to produce fatty acid precursor pools [98]. Some of the key genes 
involved in wax biosynthesis are also affected by defects in the organization of 
organelles, especially the ER. A mutation of PEX10 (peroxisome biogenesis factor 
10) in Arabidopsis, which disrupted the ER network, in turn lead to mislocalization 
of CER4, CER1, SHN1 and WAX2, affecting cuticular wax biosynthesis [99].

There is increasing evidence to show that wax biosynthesis and its pathway 
genes are regulated at transcriptional, post-transcriptional and translational levels 
[26, 100]. A wide range of abiotic factors like light, water, temperature, salinity etc., 
influence wax biosynthesis and deposition. An increase in cuticular wax content is 
observed in bean, barley and cucumber on exposure to UV-B light [101]. In cotton, 
enhanced UV-B radiation specifically increased the epicuticular wax load on the 
adaxial surface of leaves [102]. There is an also an up-regulation of wax biosynthetic 
genes in salt tolerant rice genotypes under stress [103]. Although the underlying 
mechanisms have not been well explored in the above conditions, there is sufficient 
information on the influence of drought or moisture stress on wax biosynthesis in 
plants. A significant increase in wax load in Arabidopsis plants subjected to water 
stress is indicative of its regulation under drought [17]. In crops like rice, wheat, 
tobacco, alfalfa, peanut and cotton, etc., an increase in cuticular wax accumulation 
was observed under moisture stress condition [104]. Drought induced accumula-
tion of wax biosynthesis is positively correlated with drought tolerance in crops like 
oat, rice, wheat and forage crops, etc. [104–107].
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The transcript levels of several genes involved in wax biosynthetic pathways are 
regulated in response to abiotic stresses. FAR5, a fatty acyl CoA reductase, in wheat 
responsible for accumulation of long chain primary alcohols of C26:0, C28:0 and 
C30:0 are regulated by drought, ABA and cold [108]. The transcripts of KCS2/DAISY, 
a 3-ketoacyl-coenzyme A synthase required for the elongation of VLCFA are up regu-
lated under water deficit conditions [84]. Osmotic stress induces the expression of 
CER1, that regulates alkane biosynthesis; while the over expression of CER1 increased 
susceptibility to bacterial and fungal pathogens [109]. Hypoxia is also known to affect 
total wax loads on Arabidopsis. The expression of KCS, KCR1, ECR/CER10 and PAS2, 
components of fatty acid elongase complex in Arabidopsis stem and leaves is affected 
which in turn affects the production of VLCFA precursors of wax biosynthesis. The 
wax synthesis genes like MAH1, CER3, CER4, WSD1, etc., and several genes associ-
ated with wax and lipid transport are also affected by hypoxia [110]. There is also 
indication on the regulation of wax biosynthesis in response to cold. Acteyl-CoA 
carboxylase plays the essential role for cold acclimation in Arabidopsis. In sensi-
tive to freezing3 (sfr3) mutants, with a missense mutation in ACC1, the long chain 
components of leaf cuticular wax were reduced and there was inhibition on the wax 
deposition on inflorescence stem, which rendered the plants sensitive to cold stress 
[111]. Wax biosynthesis is also reported to be regulated in response to carbon dioxide 
(CO2) concentration. This is mediated by HIC (High Carbon Dioxide), a gene encod-
ing a 3-keto acyl coenzyme A synthase (KCS)-an enzyme involved in the synthesis of 
very-long-chain fatty acids that influences stomatal development in Arabidopsis [112].

With the identification of several transcription factors (TFs), transcriptional 
regulatory mechanisms are considered to be a major contributor for the wax 
biosynthesis [113]. WIN1/SHN1 (WAX INDUCER 1/SHINE1) is a TF from AP2/
EREBP family initially reported to regulate cuticular wax and then cutin biosynthe-
sis by regulating the expression of CER1, KCS1, CER2, LACS2, GPAT4, CYP86A4, 
CYP86A7 and HTH-like genes [114]. SHN1 overexpression increased drought 
tolerance in Arabidopsis [115]. Wax synthesis regulatory gene 1 (WR1) from rice 
[116] and SHN1 from wheat [117], both homologs of WIN1/SHN1 from Arabidopsis 
also reduced water loss and improved drought tolerance. Transcriptional repres-
sion by diurnally controlled DEWAX2 is another important for regulator of wax 
biosynthesis in Arabidopsis. Compared to wild type, the total wax loads in dewax2, 
were increased by 12 and 16% respectively in rosette and cauline leaves [118, 119]. 
Another candidate from AP2/ERF TF family, WRINKLED4 (WRI4) positively 
regulates wax biosynthesis in stems. wri4 mutants expressed 28% reduction of total 
wax loads in stems, although siliques and leaves were unaffected. Hence WRI4 act 
as a transcriptional activator to regulate the expression of LACS1, KCR1, PAS2, 
ECR and WSD1, to maintain the levels of 29C long alkanes, ketones and second-
ary alcohols in stems [113]. MYB94, regulate the expression of wax biosynthetic 
genes like WSD1, KCS2/DAISY, CER2, FAR3 and ECR to activate cuticular wax 
biosynthesis and is up regulated by drought and ABA. This also conferred tolerance 
to drought stress in Arabidopsis and Camelina [120]. MYB96, an ABA responsive TF 
also regulates wax biosynthesis under drought [121]. In Camelina, MYB96 activated 
the expression of wax biosynthetic genes KCS2, KCS6, KCR1-1, KCR1-2, ECR, and 
MAH1 which resulted in high levels of alkanes and primary alcohols and improved 
drought tolerance [120]. MYB96 acts as a component of plant disease resistance, 
through salicylic acid mediated signaling [122]. Both MYB94 and MYB96 share a 
common region containing MYB consensus motifs in the promoter of their target 
wax biosynthetic genes [123]. Hence MYB94 and MYB96 have an additive role on 
plant cuticular wax biosynthesis and under drought and ABA conditions.

In addition, to transcriptional regulation, wax biosynthesis is regulated by other 
events. Expression of CER3/WAX2/YRE, an aldehyde-generating acyl-CoA enzyme 
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directly or indirectly involved in wax export [74]. A brief representation of wax 
biosynthesis, transport and deposition with key genes, is presented in Figure 1 
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organelles, especially the ER. A mutation of PEX10 (peroxisome biogenesis factor 
10) in Arabidopsis, which disrupted the ER network, in turn lead to mislocalization 
of CER4, CER1, SHN1 and WAX2, affecting cuticular wax biosynthesis [99].

There is increasing evidence to show that wax biosynthesis and its pathway 
genes are regulated at transcriptional, post-transcriptional and translational levels 
[26, 100]. A wide range of abiotic factors like light, water, temperature, salinity etc., 
influence wax biosynthesis and deposition. An increase in cuticular wax content is 
observed in bean, barley and cucumber on exposure to UV-B light [101]. In cotton, 
enhanced UV-B radiation specifically increased the epicuticular wax load on the 
adaxial surface of leaves [102]. There is an also an up-regulation of wax biosynthetic 
genes in salt tolerant rice genotypes under stress [103]. Although the underlying 
mechanisms have not been well explored in the above conditions, there is sufficient 
information on the influence of drought or moisture stress on wax biosynthesis in 
plants. A significant increase in wax load in Arabidopsis plants subjected to water 
stress is indicative of its regulation under drought [17]. In crops like rice, wheat, 
tobacco, alfalfa, peanut and cotton, etc., an increase in cuticular wax accumulation 
was observed under moisture stress condition [104]. Drought induced accumula-
tion of wax biosynthesis is positively correlated with drought tolerance in crops like 
oat, rice, wheat and forage crops, etc. [104–107].
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Figure 2. 
Brief representation of the key regulatory events in wax biosynthesis and their targets.

in the wax biosynthetic pathway is regulated by CER7, a core RNA processing and 
degrading exosomal subunit. CER7 regulates WAX2 transcript levels by degrading a 
specific mRNA species encoding its negative regulator [124]. Many of such regulators 
have been identified from model systems as well as crop species and a brief overview 
of the key regulatory events and their targets has been presented in Figure 2.

6. Cuticular wax trait in imparting stress resistance

Under field conditions, crops encounter multiple biotic and/or abiotic stresses 
simultaneously at different stages of developments. Cuticular waxes have a direct 
role in multiple stress tolerance in crops [109]. In cucumber, wax biosynthesis has 
been shown to have key roles in influencing the plant responses to biotic as well as 
abiotic stresses [125]. In sorghum, genes regulating leaf waxes have critical role 
in regulating tolerance to drought and heat stress [45]. Considering the relevance 
of cuticular waxes under diverse biotic as well as abiotic stressful conditions, as 
discussed above and under combined stress conditions, it can be an ideal trait to 
tackle multiple stresses in crop plants.

6.1 Biotic stresses

6.1.1 Pathogens

Being the outermost layer of plant cuticle, the epi-cuticular wax can serve as a 
first line of physical defense against pathogens and herbivores. However, increasing 
thickness and hydrophobicity of the cuticle through over-deposition of the wax 
may not necessarily increase the resistance of the plant against biotic stresses. The 
composition and structure of wax in the cuticle can constitute the source of signals 
for the foreign invaders and for the plants themselves. Thus, the roles of cuticular 
wax could be multifunctional and can vary not only for various plant species but 
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also for different kinds of pathogens. Functional study of the DEWAX gene, a 
negative regulator of wax biosynthesis in Arabidopsis, is a good example of this 
complexity. The dewax mutant line in Arabidopsis, with increased epicuticular wax 
and decreased cuticular permeability, showed susceptibility to the fungal pathogen 
Botrytis cinerea, but resistance to the bacterial pathogen Pseudomonas syringae [126]. 
Moreover, DEWAX overexpressing lines in Arabidopsis and Camelina showed 
inverse defense modulations to B. cinerea and P. syringae as compared to dewax 
mutant in Arabidopsis [126].

Wax and cutin components in the plant cuticle could function in pattern- and 
effector-triggered immunity (PTI and ETI) and could serve to generate local and 
systemic acquired resistance against numerous pathogens [127]. During plant-
pathogen interaction, the plant cuticle can be affected by enzymes synthesized 
and secreted by the pathogens. Many fungal pathogens synthesize and secrete 
hydrolytic enzymes (for example, cutinases, esterases and lipases) at the early 
stage of infection that directly target the cuticle [128–131]. Fusarium oxysporum 
secretes cutinases that degrade cutin layers in the cuticle and generates cutin 
monomers that support fungal adherence to the host plant and facilitate the ini-
tiation of infection [128]. Hexadecanediol, a cutin component in rice can facili-
tate spore germination and differentiation for pathogenic fungi Magnaporthe 
grisea and B. cinerea [55]. Presence of a very-long-chain C26 aldehyde (a wax 
component) was important for the barley powdery mildew fungus (Blumeria 
graminis) to initiate infection in host plant species. Germination and appressorial 
differentiation of B. graminis were strongly prohibited in aldehyde free glossy11 
mutant in corn. Spraying of n-hexacosanal (C26-aldehyde) or wax preparation 
from wild-type corn can restore the conidial formation and differentiation [59].

Plant can also recognize the attachment of pathogens and activate defense 
responses against them, in which pathogen-infection generated plant products, 
such as cutin monomers or cell wall oligosaccharides, can act as signaling molecules 
[132]. Defense responses in plants are often manifested as alternations of the cuti-
cle. Colletotrichum acutatum infection in citrus resulted in increased lipid synthesis 
in the epidermal cell and increased deposition of those lipids in cuticle, the process 
eventually changes the structure of the cuticle [133]. Cuticular biosynthesis was also 
found to be up-regulated in tomato fruit following infection by fungal pathogen 
 C. gloeosporioides [134].

Cuticular permeability plays a vital role in almost all plant-pathogen interac-
tions. A more permeable cuticle can lead to either resistance or susceptibility 
to pathogens. Elevated deposition of cuticular wax as well as the presence of 
hydrophobic wax components (e.g., very-long-chain alkanes or ketones) can make 
a cuticle less permeable. Mutation or overexpression of genes that diminish bio-
synthesis of various wax components can generate the opposite effect. There are 
number of wax-deficient mutant and transgenic lines in Arabidopsis and other plant 
species with diminished cuticular permeability showed resistance to the fungal 
pathogen B. cinerea [34, 127]. However, the phenomenon is not true for all wax 
deficient plant lines. Wax and cutin deficient acp4 and gl1 mutants in Arabidopsis 
displayed increased sensitivity to B. cinerea [135, 136]. Mutations in SHINE tran-
scription factors in other studies also showed alteration in cuticular wax accumula-
tion, and susceptibility to B. cinerea infection [137, 138].

6.1.2 Insects and herbivores

Epicuticular wax also plays important roles in plant interaction with insects and 
herbivores. Flowering plants have evolved with cuticular wax of various forms, 
sizes and structures that are either enabling the attachment and movement of 



Abiotic and Biotic Stress in Plants

38

Figure 2. 
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Wax and cutin components in the plant cuticle could function in pattern- and 
effector-triggered immunity (PTI and ETI) and could serve to generate local and 
systemic acquired resistance against numerous pathogens [127]. During plant-
pathogen interaction, the plant cuticle can be affected by enzymes synthesized 
and secreted by the pathogens. Many fungal pathogens synthesize and secrete 
hydrolytic enzymes (for example, cutinases, esterases and lipases) at the early 
stage of infection that directly target the cuticle [128–131]. Fusarium oxysporum 
secretes cutinases that degrade cutin layers in the cuticle and generates cutin 
monomers that support fungal adherence to the host plant and facilitate the ini-
tiation of infection [128]. Hexadecanediol, a cutin component in rice can facili-
tate spore germination and differentiation for pathogenic fungi Magnaporthe 
grisea and B. cinerea [55]. Presence of a very-long-chain C26 aldehyde (a wax 
component) was important for the barley powdery mildew fungus (Blumeria 
graminis) to initiate infection in host plant species. Germination and appressorial 
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scription factors in other studies also showed alteration in cuticular wax accumula-
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6.1.2 Insects and herbivores

Epicuticular wax also plays important roles in plant interaction with insects and 
herbivores. Flowering plants have evolved with cuticular wax of various forms, 
sizes and structures that are either enabling the attachment and movement of 
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pollinating insects, or reducing the attachment of herbivorous insects and pests on 
the plant surfaces. Reducing the attachments of herbivores on plant surfaces is a 
part of a plant defense strategy against herbivores.

Most plant body surfaces are covered with a two-dimensional (2D) epicuticular 
wax film of various thicknesses. In many species, wax film is protrudes with three-
dimensional (3D) wax crystals. Wax crystals can generate various shapes as revealed 
by electron microscopic analysis, such as rodlets, threads, platelets and tubules [61]. 
The complexity of these various shapes originates from the molecular self-assembly 
of various wax components, in which morphology of those crystals is also cor-
related with the presence of specific chemical components in the wax [139, 140]. 
Many experimental studies and reports from various plants species (for example, 
from genera Eucalyptus, Pisum, Brassica) have shown that 3D wax crystals have 
protective functions against insects, in general, including the herbivorous insects 
[141]. Studies with Eucalyptus species in canopy found that glaucous juvenile leaves 
containing high quantities of wax crystals were less prone to herbivorous infestation 
as compared to the glossy adult leaves [142]. Feeding rates of flea beetles, Phyllotreta 
cruciferae, on low-wax glossy (eceriferum, cer) Brassica napus mutant lines were 
much higher as compared to the wild-type B. napus [143]. Cuticular surfaces with 
wax crystals also interferes with the attachment, locomotion and foraging behavior 
of predatory insects and parasitoids [65, 144]. Pisum sativum lines with higher 
prevalence of crystalline epicuticular wax (CEW) were found more favorable for 
four predatory coccinellid species to attach, move and consume more aphids as 
compared to the P. sativum mutant line with reduced CEW [145]. Flowering stems 
with high CEW of numerous other plant species (for example, species under the 
genera Salix, Hypenia, Eriope) often generate slippery surfaces that prevent  
the movement of nectar robbers, ants and other plant pests [141, 146].

Several hypotheses have been proposed and tested on the mechanisms of wax 
crystal inhibition of insect attachment inhibition: (i) roughness hypothesis;  
(ii) contamination hypothesis; (iii) fluid absorption hypothesis [141]. Wax crystals, 
in general, generate a micro-rough surface on the cuticle that may prevent adhesive 
pads of the insects to stick, preventing them to successfully attach to the plant sur-
face [144, 147, 148]. Contamination hypothesis proposed that detached wax crystals 
of the cuticular surface of some plants can adhere to the insect attachment organs 
(e.g., adhesive pads), contaminate those, and as such subsequent insect attachment 
becomes challenging and unsuccessful [147–149]. Adhesive pads of many insects 
secret fluids, which can also enhance wax crystal contamination to attachment 
organs. Fluid secretion from the adhesive pads are supposed to help insects to 
pursue successful attachment to the plants. However, there is evidence certain plant 
species have crystalline wax coverage that can absorb the fluids secreted by the 
adhesive pads and prevent the insects to successfully attach to the cuticle [150, 151].

The study of cuticular wax involvement in biotic stress resistance is complex with 
a multitude of organisms spanning insects to disease. The story is still not clear and 
field situations in which interactions between organisms and abiotic stresses and the 
role of cuticular wax needs to be evaluated. Nevertheless, certain consistencies are 
evident in that permeability of the cuticular layer appears to be important in patho-
gen invasion and wax crystals play an important role in insect intervention by the 
cuticular layer. These areas of research merit further investigation.

6.2 Abiotic stresses

As mentioned above, abiotic stresses such as drought, extremes of tempera-
tures, salinity, etc., cause significant losses in crop productivity. Since most of the 
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stresses occur simultaneously, crop breeders are looking for traits contributing 
for multiple stress resistance. From this context, cuticular wax can serve as ideal 
trait. Drought stress, a major abiotic stresses in tropical regions, influences the 
biosynthesis and composition of cuticular wax in crops [27]. The importance of 
cuticular wax in desiccation tolerance is evident that, compared to gymnosperms 
and angiosperms, many early extant plants such as ferns, and horsetails are more 
sensitive to dehydration [152]. In crops like pea, cuticular wax load increases when 
subjected to drought stress [46]. In rice, gl1-1/wsl2 and gl1-2 loss-of-function 
mutants with reduced wax load exhibited sensitivity to drought compared to 
the wild type plants [104, 153]. Drought stress is known to increase the wax 
content and alter composition of cuticular wax in many plants such as pea [46], 
Arabidopsis [17, 115], tobacco [154], alfalfa [155]. Significant correlations between 
the wax content and yield, drought tolerance and water-use efficiency have been 
reported in different crops such as sorghum [38], barley [156], rice [41], and 
wheat [157, 158]. These reports demonstrate that less wax or non-waxy crops/gen-
otypes are sensitive to desiccation with poor drought-tolerance compared to the 
crops having more cuticular wax [105]. The existing evidences suggests cuticular 
wax is responsible for reducing non-stomatal transpiration by increasing cuticular 
resistance [43]. The cuticular waxes also have roles in imparting resistance to 
salinity stress, mainly by regulating residual transpiration. A significant nega-
tive correlation observed between residual transpiration and total wax content, 
reports residual transpiration could be a fundamental mechanism by which plants 
optimize water-use efficiency under salinity stress [43]. As discussed above, wax 
accumulation also correlated with high temperature resistance in plants [44]. Leaf 
surface waxes help to maintain cooler canopy in sorghum under heat stress [45]. 
The cuticular waxes can further help in protecting plants from high light stress 
[101]. The cuticular wax has a role in protecting plants from excessive ultraviolet 
(UV) light and there are reports indicating that elevated UV-B radiation can affect 
plant cuticular wax formation [101, 159, 160]. Based on the existing information, 
as mentioned above, cuticular wax, can be treated as the first protective layer and 
an important trait contributing for both biotic and abiotic stresses.

7. Attempts by crop biologists to manipulate cuticle traits

7.1 Breeding

Identification of genomic regions contributing wax traits is crucial in manipu-
lating wax characteristics using breeding approaches. In rice, quantitative trait 
loci (QTL) linked to the leaf epi-cuticular layer was identified corresponding to 
EM15_10-ME8_4-R1394A-G2132 region on chromosome 8 [161]. In sorghum, a crop 
with the ability to produce profuse amounts of EW, BLOOM-CUTICLE (BLMC) 
locus from chromosome 10, was identified to account for profuse wax production. 
BLMC region corresponds to approximately 153,000 bp with three co-segregating 
markers and an acyl CoA oxidase with seven other putative candidates. BLMC 
mutation affected C28-C30 free fatty acid fractions and hence cuticle properties in 
culm and leaves, disrupted EW production and increased plant death rating in field 
at anthesis [162]. With the genetic analysis of F2 population from HUAYOU2 (P1 X 
M36), BoWax1 locus (Brassica oleraceae Wax 1) is identified to be controlling glossy 
green trait in cabbage, due to a deletion mutation of two nucleotides in the cDNA of 
Bol013612 of HUAYOU2. BoWax1 locus maps to chromosome CO1 [163]. The wax 
biosynthetic pathway genes identified in pearl millet were co-located to the QTL 
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pollinating insects, or reducing the attachment of herbivorous insects and pests on 
the plant surfaces. Reducing the attachments of herbivores on plant surfaces is a 
part of a plant defense strategy against herbivores.
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becomes challenging and unsuccessful [147–149]. Adhesive pads of many insects 
secret fluids, which can also enhance wax crystal contamination to attachment 
organs. Fluid secretion from the adhesive pads are supposed to help insects to 
pursue successful attachment to the plants. However, there is evidence certain plant 
species have crystalline wax coverage that can absorb the fluids secreted by the 
adhesive pads and prevent the insects to successfully attach to the cuticle [150, 151].

The study of cuticular wax involvement in biotic stress resistance is complex with 
a multitude of organisms spanning insects to disease. The story is still not clear and 
field situations in which interactions between organisms and abiotic stresses and the 
role of cuticular wax needs to be evaluated. Nevertheless, certain consistencies are 
evident in that permeability of the cuticular layer appears to be important in patho-
gen invasion and wax crystals play an important role in insect intervention by the 
cuticular layer. These areas of research merit further investigation.

6.2 Abiotic stresses

As mentioned above, abiotic stresses such as drought, extremes of tempera-
tures, salinity, etc., cause significant losses in crop productivity. Since most of the 
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stresses occur simultaneously, crop breeders are looking for traits contributing 
for multiple stress resistance. From this context, cuticular wax can serve as ideal 
trait. Drought stress, a major abiotic stresses in tropical regions, influences the 
biosynthesis and composition of cuticular wax in crops [27]. The importance of 
cuticular wax in desiccation tolerance is evident that, compared to gymnosperms 
and angiosperms, many early extant plants such as ferns, and horsetails are more 
sensitive to dehydration [152]. In crops like pea, cuticular wax load increases when 
subjected to drought stress [46]. In rice, gl1-1/wsl2 and gl1-2 loss-of-function 
mutants with reduced wax load exhibited sensitivity to drought compared to 
the wild type plants [104, 153]. Drought stress is known to increase the wax 
content and alter composition of cuticular wax in many plants such as pea [46], 
Arabidopsis [17, 115], tobacco [154], alfalfa [155]. Significant correlations between 
the wax content and yield, drought tolerance and water-use efficiency have been 
reported in different crops such as sorghum [38], barley [156], rice [41], and 
wheat [157, 158]. These reports demonstrate that less wax or non-waxy crops/gen-
otypes are sensitive to desiccation with poor drought-tolerance compared to the 
crops having more cuticular wax [105]. The existing evidences suggests cuticular 
wax is responsible for reducing non-stomatal transpiration by increasing cuticular 
resistance [43]. The cuticular waxes also have roles in imparting resistance to 
salinity stress, mainly by regulating residual transpiration. A significant nega-
tive correlation observed between residual transpiration and total wax content, 
reports residual transpiration could be a fundamental mechanism by which plants 
optimize water-use efficiency under salinity stress [43]. As discussed above, wax 
accumulation also correlated with high temperature resistance in plants [44]. Leaf 
surface waxes help to maintain cooler canopy in sorghum under heat stress [45]. 
The cuticular waxes can further help in protecting plants from high light stress 
[101]. The cuticular wax has a role in protecting plants from excessive ultraviolet 
(UV) light and there are reports indicating that elevated UV-B radiation can affect 
plant cuticular wax formation [101, 159, 160]. Based on the existing information, 
as mentioned above, cuticular wax, can be treated as the first protective layer and 
an important trait contributing for both biotic and abiotic stresses.

7. Attempts by crop biologists to manipulate cuticle traits

7.1 Breeding

Identification of genomic regions contributing wax traits is crucial in manipu-
lating wax characteristics using breeding approaches. In rice, quantitative trait 
loci (QTL) linked to the leaf epi-cuticular layer was identified corresponding to 
EM15_10-ME8_4-R1394A-G2132 region on chromosome 8 [161]. In sorghum, a crop 
with the ability to produce profuse amounts of EW, BLOOM-CUTICLE (BLMC) 
locus from chromosome 10, was identified to account for profuse wax production. 
BLMC region corresponds to approximately 153,000 bp with three co-segregating 
markers and an acyl CoA oxidase with seven other putative candidates. BLMC 
mutation affected C28-C30 free fatty acid fractions and hence cuticle properties in 
culm and leaves, disrupted EW production and increased plant death rating in field 
at anthesis [162]. With the genetic analysis of F2 population from HUAYOU2 (P1 X 
M36), BoWax1 locus (Brassica oleraceae Wax 1) is identified to be controlling glossy 
green trait in cabbage, due to a deletion mutation of two nucleotides in the cDNA of 
Bol013612 of HUAYOU2. BoWax1 locus maps to chromosome CO1 [163]. The wax 
biosynthetic pathway genes identified in pearl millet were co-located to the QTL 
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controlling biomass production under early drought stress and stay green traits 
[164]. Targeted breeding using the modern molecular breeding for this trait would 
be useful.

7.2 Transgenic

With the elucidation of wax biosynthetic pathways and identification of key 
regulators, attempts were made in crop plants to engineer cuticle properties and to 
enhance stress tolerance traits. One of the early reports in engineering wax traits 
and thereby improved stress tolerance was from Medicago sativa (alfalfa), a forage 
legume. WXP1, a transcriptional regulator from Medicago truncatula, upregulated 
by drought, cold and ABA, was over expressed in alfalfa, which significantly 
increased the leaf cuticular wax load, mainly contributed by the C30 primary 
alcohol. The transgenic plants exhibited enhanced tolerance to drought and rapid 
recovery under rehydration [155]. Over expression of SlSHN1, a close homolog 
of the WIN/SHN gene from Arabidopsis, in tomato using constitutive CaMV 35S 
promoter improved drought tolerance, with higher cuticular wax deposition on 
leaf epidermal tissue. The transgenic plants displayed delayed wilting, improved 
water status and reduced water status [165]. MYB96, a transcriptional regulator 
over-expressed in Camelina, an emerging biofuel crop, which generated plants 
with enhanced drought tolerance. The expression levels of CsKCS2, CsKCS6, 
CsKCR1-1, CsKCR1-2, CsECR, and CsMAH1 were highly upregulated in the 
transgenic plants which resulted in a significant increase in the deposition of 
epicuticular waxes and total wax loads. This gives an option to cultivate the crop 
on marginal lands to produce renewable biofuels and bioresource [120]. It was 
further demonstrated that ectopic expression of DEWAX, a negative regulator 
of cuticular wax biosynthesis increased tolerance to Botrytis cinerea in Camelina 
[126]. A study from groundnut by over-expressing the KCS1 gene from a drought 
tolerant genotype improved cuticular was load and drought tolerance in a sus-
ceptible genotype [166]. Likewise, several of such regulators have been identified 
from model systems as well as crop species and used for engineering crop plants to 
enhance stress tolerance.

8.  Options for manipulation of wax traits for individual and/combined 
stress tolerance

In crop plants, due to the nature of combined stressors interactions, the stress 
effect is not always additive [3]. While working with glossy mutants of Zea mays 
(gl4), an enhanced colonization of bacteria, was observed leading to more leaf 
blight pathogen growth compared to the wild type [167]. The thin cuticle provided 
leaf blight pathogen, an easy access to nutrient and water in gl4 mutant indicat-
ing that cuticular wax thickness is a useful trait to identify plants’ resistance to 
combined stressors. Additionally, wax layer structure and composition are equally 
important in conferring defense mechanisms. As rightly pointed in Ref. [1], such 
combined studies allow us to understand the shared and specific effects of biotic 
and abiotic stressors.

Wild relatives and landraces have long been recognized as a source of genes 
for breeding major field and horticulture crops. During domestication of wheat, 
tomato, rice, soybean and corn, yield was the focus trait. This in turn narrowed 
the genetic diversity for other biotic and abiotic stressors [168]. For example, 
during domestication of modern wheat, due to a phenotyping bottleneck a largely 
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overlooked drought trait in wheat breeding program is glaucousness [169]. Such 
beneficial allelic variants lost in cuticle related traits can be introgressed back by 
crossing an elite line with its wild relatives. Apart from genetic diversity, a mutation 
population (EMS or gamma irradiation) provides an alternative avenue to target 
crop improvement via selection of cuticle-associated trait variations [170]. In fleshy 
tomatoes, a mutant line underlying for delayed fruit deterioration (DFD), is char-
acterized for minimal transpirational water-loss and enhance post-harvest shelf 
life [171]. A recent alternative for trait manipulation is CRISPR-Cas9 system which 
is a precise gene-editing technology. This new method accelerates the evaluation 
of beneficial cuticle-associated alleles in different genetic backgrounds [172]. In 
similar lines, small RNA based transgenic strategy is also emerging as a molecule of 
choice to deal with combined biotic and abiotic resistance in crops [173].

9. Conclusion

There is sufficient evidence to argue that cuticle and cuticular waxes are 
involved in the regulation of multiple biotic and abiotic interactions. The cuticular 
wax can be treated as an important trait contributing for multiple stress resistance. 
Concerted efforts have been made to elucidate the synthesis and deposition of 
cuticular waxes in plants. Further analysis of the key regulatory steps involved in 
the formation of cuticular waxes, and also the role played by diverse types of wax 
components and structures in stress response is needed. This information could be 
incorporated in crop improvement programs (via marker assisted selection for wax 
genes). Since there are promising options emerging to analyze the cuticular  
wax trait using modern synchrotron technology [174] as well as now widely recog-
nized techniques to observe ice propagation in real time across the cuticle [175] crop 
breeders have the potential to improve their efficiency of selection based on these 
traits. Recent progress in genomics can substantially help major field and horticul-
ture crops to buffer the impacts of climate change. In addition, new genome-editing 
technologies will provide interesting tools to characterize and engineer waxes in 
crops. Unraveling key regulators and network partners of surface wax synthesis 
would aid in targeted manipulation of the trait using modern biotechnological 
applications. There are options to analyze the cuticular wax trait using modern 
non-destructive approaches. Crop breeders can use these tools to improve their effi-
ciency of selection for the trait, and effectively pyramid the trait in elite genotypes 
to combat combined stresses.
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controlling biomass production under early drought stress and stay green traits 
[164]. Targeted breeding using the modern molecular breeding for this trait would 
be useful.

7.2 Transgenic

With the elucidation of wax biosynthetic pathways and identification of key 
regulators, attempts were made in crop plants to engineer cuticle properties and to 
enhance stress tolerance traits. One of the early reports in engineering wax traits 
and thereby improved stress tolerance was from Medicago sativa (alfalfa), a forage 
legume. WXP1, a transcriptional regulator from Medicago truncatula, upregulated 
by drought, cold and ABA, was over expressed in alfalfa, which significantly 
increased the leaf cuticular wax load, mainly contributed by the C30 primary 
alcohol. The transgenic plants exhibited enhanced tolerance to drought and rapid 
recovery under rehydration [155]. Over expression of SlSHN1, a close homolog 
of the WIN/SHN gene from Arabidopsis, in tomato using constitutive CaMV 35S 
promoter improved drought tolerance, with higher cuticular wax deposition on 
leaf epidermal tissue. The transgenic plants displayed delayed wilting, improved 
water status and reduced water status [165]. MYB96, a transcriptional regulator 
over-expressed in Camelina, an emerging biofuel crop, which generated plants 
with enhanced drought tolerance. The expression levels of CsKCS2, CsKCS6, 
CsKCR1-1, CsKCR1-2, CsECR, and CsMAH1 were highly upregulated in the 
transgenic plants which resulted in a significant increase in the deposition of 
epicuticular waxes and total wax loads. This gives an option to cultivate the crop 
on marginal lands to produce renewable biofuels and bioresource [120]. It was 
further demonstrated that ectopic expression of DEWAX, a negative regulator 
of cuticular wax biosynthesis increased tolerance to Botrytis cinerea in Camelina 
[126]. A study from groundnut by over-expressing the KCS1 gene from a drought 
tolerant genotype improved cuticular was load and drought tolerance in a sus-
ceptible genotype [166]. Likewise, several of such regulators have been identified 
from model systems as well as crop species and used for engineering crop plants to 
enhance stress tolerance.

8.  Options for manipulation of wax traits for individual and/combined 
stress tolerance

In crop plants, due to the nature of combined stressors interactions, the stress 
effect is not always additive [3]. While working with glossy mutants of Zea mays 
(gl4), an enhanced colonization of bacteria, was observed leading to more leaf 
blight pathogen growth compared to the wild type [167]. The thin cuticle provided 
leaf blight pathogen, an easy access to nutrient and water in gl4 mutant indicat-
ing that cuticular wax thickness is a useful trait to identify plants’ resistance to 
combined stressors. Additionally, wax layer structure and composition are equally 
important in conferring defense mechanisms. As rightly pointed in Ref. [1], such 
combined studies allow us to understand the shared and specific effects of biotic 
and abiotic stressors.

Wild relatives and landraces have long been recognized as a source of genes 
for breeding major field and horticulture crops. During domestication of wheat, 
tomato, rice, soybean and corn, yield was the focus trait. This in turn narrowed 
the genetic diversity for other biotic and abiotic stressors [168]. For example, 
during domestication of modern wheat, due to a phenotyping bottleneck a largely 
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overlooked drought trait in wheat breeding program is glaucousness [169]. Such 
beneficial allelic variants lost in cuticle related traits can be introgressed back by 
crossing an elite line with its wild relatives. Apart from genetic diversity, a mutation 
population (EMS or gamma irradiation) provides an alternative avenue to target 
crop improvement via selection of cuticle-associated trait variations [170]. In fleshy 
tomatoes, a mutant line underlying for delayed fruit deterioration (DFD), is char-
acterized for minimal transpirational water-loss and enhance post-harvest shelf 
life [171]. A recent alternative for trait manipulation is CRISPR-Cas9 system which 
is a precise gene-editing technology. This new method accelerates the evaluation 
of beneficial cuticle-associated alleles in different genetic backgrounds [172]. In 
similar lines, small RNA based transgenic strategy is also emerging as a molecule of 
choice to deal with combined biotic and abiotic resistance in crops [173].

9. Conclusion

There is sufficient evidence to argue that cuticle and cuticular waxes are 
involved in the regulation of multiple biotic and abiotic interactions. The cuticular 
wax can be treated as an important trait contributing for multiple stress resistance. 
Concerted efforts have been made to elucidate the synthesis and deposition of 
cuticular waxes in plants. Further analysis of the key regulatory steps involved in 
the formation of cuticular waxes, and also the role played by diverse types of wax 
components and structures in stress response is needed. This information could be 
incorporated in crop improvement programs (via marker assisted selection for wax 
genes). Since there are promising options emerging to analyze the cuticular  
wax trait using modern synchrotron technology [174] as well as now widely recog-
nized techniques to observe ice propagation in real time across the cuticle [175] crop 
breeders have the potential to improve their efficiency of selection based on these 
traits. Recent progress in genomics can substantially help major field and horticul-
ture crops to buffer the impacts of climate change. In addition, new genome-editing 
technologies will provide interesting tools to characterize and engineer waxes in 
crops. Unraveling key regulators and network partners of surface wax synthesis 
would aid in targeted manipulation of the trait using modern biotechnological 
applications. There are options to analyze the cuticular wax trait using modern 
non-destructive approaches. Crop breeders can use these tools to improve their effi-
ciency of selection for the trait, and effectively pyramid the trait in elite genotypes 
to combat combined stresses.
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Chapter 4

Fungal Biotic Stresses in Plants 
and Its Control Strategy
Faisal Hussain and Farzana Usman

Abstract

Vegetable and fruit are economically very important and valuable crops 
throughout the world. According to Pakistan Agriculture Research Council (PARC) 
the same report, Pakistan was the fifth largest exporter in the world, but according 
to there is continuous decline in the production of fruit and vegetable in Pakistan. 
The reasons for this reduction are various and many but the major threat in yield 
production is various pests and pathogens which cause considerable losses every 
year. Major insects which attack on crop fields are aphids, mites, thrips, etc.; besides 
pests, different pathogens also cause various diseases in field crop and reduce yield 
of the plant, for example, fungi, viruses, bacteria, and nematodes. Among other 
pathogens, the fungal diseases are more destructive than diseases cause by other 
pathogens.

Keywords: fungi, phytopathogens, vegetables, losses, yield

1. Introduction

Commonly fungal diseases cause more damage than diseases cause by other 
pathogens. Several fungi cause various diseases in different crop fields and plants 
(Table 1). Sometime these fungi can cause similar symptoms and confused to 

Crop stage Common fungal diseases Causal agent

Vegetative stage

Seedling Damping off, Phytophthora blight, 
Fusarium wilt

Pythium spp., Phytophthora sp., Fusarium 
oxysporum

After 
transplantation

Frog eye leaf spot, damping off, 
Fusarium wilt

Cercospora capsici, Pythium spp., Fusarium 
oxysporum

Root diseases Phytophthora root rot, Verticillium 
wilt, Rhizoctonia root rot

Phytophthora capsici, Verticillium sp., 
Rhizoctonia solani

Reproductive stage

Flowering Powdery mildew Leveillula taurica

Fruiting Aspergillus, anthracnose, powdery 
mildew, Phytophthora pod rot, black 
mold

Aspergillus spp., Colletotrichum sp., 
Leveillula taurica, Phytophthora capsici, 
Alternaria spp.

Table 1. 
Fungal diseases and their causal agents attacking on chili plant at different crop stages.
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one another. There are some preharvesting fungal diseases such as Aspergillus, 
Alternaria, anthracnose, Cercospora (frogeye) leaf spot, charcoal rot, Choanephora 
blight (wet rot), damping-off, root-rot, downy mildew, Fusarium stem rot, 
Fusarium wilt, gray leaf spot, gray mold, Phytophthora blight, powdery mildew, 
Southern blight, Verticillium wilt, and white mold that are grown in different crops.

The vegetable and cereal crop are recorded about the entire region and areas of 
Pakistan. So there are no clear-cut boundaries between each region and intermin-
gling of crop filed occurs. Pakistan has four major phytogeographical regions [1, 2]. 
Major floristic zones are summarized in Table 2.

2. Major fungal diseases causing loss of crops

Commonly fungal diseases cause more damage than diseases caused by other 
pathogens. Several fungi caused various diseases in field crops. Some major fungal 
diseases which are responsible for heavy loss to the field crops are as follows:

2.1 Alternaria spp.

Genus Alternaria is considered as seed-borne fungi, widespread, and highly 
cause of decline that usually infects chili plants. The loss of fruit yield has been 
recorded to be up to 100% under certain environment conditions [3]. The disease 
is characterized by fairly firm, superficial lesions which often occur on berries 
near the pedicel. Lesions are tan at first, become dark brown to black with age, and 
remain localized. Under humid conditions provided by cold transit, fluffy gray 
tufts of fungus often occur on rachis and pedicels, occasionally without causing vis-
ible lesions [4]. Symptoms of Alternaria begin as water-soaked, gray lesion on either 
the side or blossom-end of the fruit [5]. As the lesion progresses, they darken and 
become covered with spores. Internal necrosis and mycelial growth occur on the 
seeds, placenta, and pericarp but are not noticed until the harvesting [6]. Infection 
can occur through the flowers or insect injury, mechanical damage, chilling injury, 
sunburn, or blossom-end rot [6–9].

2.2 Anthracnose/dieback/fruit rot (Colletotrichum spp.)

Anthracnose or dieback and fruit rot are caused by Colletotrichum sp. [10–12]. 
The fruit-rot diseases the diseases of crops which belong to the tropical regions has 
been reported heavy damage. It is remarked as major harmful disease of vegetable 

Regions Subregions Major areas in Pakistan

Saharo-Sindian Lower Sindh, some areas of upper Sindh, Central 
and Southern Punjab, Southern Balochistan and KPK 
plains, Rawalpindi, Islamabad

Irano-Turanian a. Western subregions

b. Eastern subregions or 
Central Asia

Waziristan and North Baluchistan
Upper portion of northern areas, Baltistan, Chitral

Sino-Japanese Kashmir, KPK, Der, Swat, Muzaffarabad, Hazaras

Indian East and west of river Jhelum, Lahore

Table 2. 
Major chili-producing phytogeographical regions of Pakistan.
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crop [13]. Anthracnose also caused by Colletotrichum spp. is a major problem of 
ripened fruit (Hence, it is also called as ripe fruit rot.), occurs worldwide wherever 
cereal and other crops are grown [14], is severely infected by anthracnose which 
may cause yield losses up to 50% [15]. It is a seed-borne fungus. It produces dark 
spot, water-soaked lesions that rapidly expand. In some cases, the lesions are brown 
and then turn black from the formation of setae and sclerotia [16]. Infections spread 
rapidly during periods of excess irrigation or rain on immature pods.

2.3 Aspergillus spp.

Several fungi may be present on fruit after the postharvest and storage due to the 
relative humidity is not controlled during the storage process [17]. There are a number 
of Aspergillus sp. recorded in different crop-growing areas of Pakistan including 
Aspergillus flavus, A. niger, A. fumigates, etc. Several fruit and vegetables are reported 
to be contaminated with molds and their toxic metabolites, and Aspergillus flavus is 
the predominant mold on collected samples in several cases [18–22]. Aflatoxins are 
chemically classified in secondary metabolite which is mostly produced by Aspergillus 
flavus, A. bombycis, A. nomius, A. parasiticus, and A. tamarii in chili [23–25].

2.4 Damping off (Pythium spp.)

Damping off is a very common disease in nursery seedling beds showing irregu-
lar patches. Pythium spp. cause this disease which is basically a soil-borne fungus. 
This disease is more severe in soils with poor drainage.

2.5 Powdery mildew (Leveillula taurica)

Powdery mildew is caused by Leveillula taurica (asexual stage of fungus). It 
usually occurs in warm climates (65–95°F), both dry and humid weather. It affects 
the lower leaf surface, where the lesions are covered with a white to gray powdery 
growth. Disease progresses from the older leaves to younger leaves, and defoliation 
is a prominent symptom which reduces the size and number of fruits.

2.6 Fusarium wilt (Fusarium oxysporum)

Fusarium sp. is a soil-borne fungus and can survive for several years. It is usually 
grown in wet soil and high temperature. It causes wilting of the plant and upward 
and inward rolling of the leaves, and as a result leaves turn yellow and die. It causes 
discoloration of the vascular system of plant, particularly in the lower stem and 
roots.

2.7 Cercospora leaf spot (frog eye) (Cercospora spp.)

The leaf lesions due to this disease are circular about 1 cm in diameter with 
brown border and light gray centers. Lesions are also appearing on stem, petioles, 
and peduncles. It is a seed-borne fungus. It is also spread by water, wind, and leaf 
to leaf contact. Severely infected leaves turn yellow and drop from the plant. The 
fungus usually survives from one season to another on crop debris.

2.8 Phytophthora blight (Phytophthora spp.)

This disease is also known as Phytophthora root rot. Fungus affected all parts of 
plant. It commonly creates problem when soils are excessively wet either from over 
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and then turn black from the formation of setae and sclerotia [16]. Infections spread 
rapidly during periods of excess irrigation or rain on immature pods.
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Several fungi may be present on fruit after the postharvest and storage due to the 
relative humidity is not controlled during the storage process [17]. There are a number 
of Aspergillus sp. recorded in different crop-growing areas of Pakistan including 
Aspergillus flavus, A. niger, A. fumigates, etc. Several fruit and vegetables are reported 
to be contaminated with molds and their toxic metabolites, and Aspergillus flavus is 
the predominant mold on collected samples in several cases [18–22]. Aflatoxins are 
chemically classified in secondary metabolite which is mostly produced by Aspergillus 
flavus, A. bombycis, A. nomius, A. parasiticus, and A. tamarii in chili [23–25].
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is a prominent symptom which reduces the size and number of fruits.
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Fusarium sp. is a soil-borne fungus and can survive for several years. It is usually 
grown in wet soil and high temperature. It causes wilting of the plant and upward 
and inward rolling of the leaves, and as a result leaves turn yellow and die. It causes 
discoloration of the vascular system of plant, particularly in the lower stem and 
roots.

2.7 Cercospora leaf spot (frog eye) (Cercospora spp.)

The leaf lesions due to this disease are circular about 1 cm in diameter with 
brown border and light gray centers. Lesions are also appearing on stem, petioles, 
and peduncles. It is a seed-borne fungus. It is also spread by water, wind, and leaf 
to leaf contact. Severely infected leaves turn yellow and drop from the plant. The 
fungus usually survives from one season to another on crop debris.

2.8 Phytophthora blight (Phytophthora spp.)

This disease is also known as Phytophthora root rot. Fungus affected all parts of 
plant. It commonly creates problem when soils are excessively wet either from over 
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irrigation, heavy rain, or both. The most common symptom is a stem or collar rot by 
sudden wilting without foliar yellowing.

3. Common recommended cultural control

Integration of chemicals and biotic agents along with resistance for manag-
ing plant disease has been considered as a novel approach [26]. The studies of 
chemical and biological management are valuable to comprehend and under-
stand biodiversity. In general, isolating, identifying, and determining structures 
of new metabolites are fundamental to reveal their chemical potential, a first 
step to use, conserve, and protect them [27]. Several attempts to control root-rot 
fungi could be amended including disinfestations of the soil and planting mate-
rial with fungicidal chemicals, crop rotation with nonhosts of the fungus, and 
use of resistant cultivars [28–30].

• Crop rotation.

• Discard the weeds from the crop.

• Disease-resistant variety should be used.

• Same family crops should not be planted in the same field more than once 
every 3 years.

• Excessive irrigation prior to seedling emergence should be avoided and, after 
establishment, water should not stand in the field for more than 12 hours.

• Before sowing, the seed should be dried by artificial (machine) method or 
sunlight method.

4. Chemical control

• Disinfect containers, seed trays, and propagators thoroughly. Dettol is good 
but tea-tree oil and camomile tea make good alternatives and are safe to use on 
plants.

• The strobilurin fungicides azoxystrobin (Quadris), trifloxystrobin (Flint), 
and pyraclostrobin (Cabrio) have been labeled for the control of anthracnose 
fungus in chili crop.

• Spray twice at 10–15 days interval with 2.5 g mancozeb or 1 g carbendazim/lit 
of water for the control of Cercospora leaf spot.

• Soil sterilization by drenching the soil 4” deep with formaldehyde diluted 50 
times with water or with some other effective chemical soil sterilant.

• Soil drenching with 1% Bordeaux mixture or 3 g copper oxychloride like Blue 
Copper per liter of water at 12 and 20 days after sowing is also useful.

• Seed treatment with 3 g captan or thiram per kg seed.
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• Seed treatment with 4 g Trichoderma viride formulation combined with 6 g 
metalaxyl is highly effective.

• Foliar spraying with captafol at 0.2% followed by copper oxychloride at 0.25% 
and carbendazim at 0.1% during the start of anthracnose disease.

5. Conclusion

The yield of fruit and vegetable is reducing gradually every year due to the 
presence of different pests and pathogens which cause heavy losses. There is a 
need to find out different effective methods for the control of these diseases and 
reduce field crop losses. Due to the use of improper methods of disease manage-
ment, different fungi particularly Aspergillus sp. grow on fruits and produce toxic 
compound (mycotoxins), which are harmful for human health. Due to the pres-
ence of high percentage (%) of these mycotoxins in different vegetables and fruit 
products, European Union countries and Japan governments have banned import 
of consignment products in their countries. It is need to improve disease manage-
ment methods to prevent the growth of fungi during processing, marketing, and 
transportation and reduce the percentage (%) of mycotoxins in our products which 
increase our products’ export, and thus country will get more foreign exchange.
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The Effect of Climate Change on 
Abiotic Plant Stress: A Review
Okoro Gideon Onyekachi, Onu Ogbonnaya Boniface, 
Ngasoh Felix Gemlack and Namessan Nicholas

Abstract

The increase in the carbon-dioxide (CO2) present in the atmosphere as a result 
of human activities affects the ambient temperature, and rainfall pattern in terms 
of season, duration, intensity of sunshine, increased drought periods, waterlogging, 
and increased evapotranspiration. This influence negatively the development, yield 
and quality of the plants grown under this condition. The quests to produce stress 
tolerant/resistant plants and increase crop productivity have led to the study of 
plant stresses, their response to different stress type and stress management proce-
dures in plants. This chapter has discussed in details the different abiotic stressors in 
plants and how they are being influenced by climate change, the response of these 
plants to different abiotic stresses or a combination of stresses, and abiotic stress 
management.

Keywords: abiotic plant stress, climate change, abiotic stress management

1. Introduction

The effects of climate change on the general environment have been very 
significant over the years, most especially in agricultural plants grown in these 
environments. According to Intergovernmental Panel on Climate Change (IPCC), 
stresses are incurred on plants as a result of changes in the climatic conditions of the 
environment, which has been concluded to be the most influencing factor affecting 
agricultural production at low lowlands mostly occupied by developing countries 
[1]. Climate change increases the presence of carbon dioxide in the air and also the 
temperature of the environment [2]. These are major constraints to food supply and 
balanced environment, leading most researchers into looking for good adaptation 
strategies for plants under this condition [3], by developing plant species and smart 
crops that are resilient to the effect of climate change [4]. Vulnerability to this kind 
of stresses inhibited on plants due to climate change result to disruption in the plant 
metabolism processes, thereby incurring reduction in aptness and quality of agri-
cultural crop production [5]. The individual climate change inducing stressors are 
abiotic in nature [6], and they impose stress on different plant species: these abiotic 
plant stressors include drought, elevated CO2, temperature (low and high) [7], 
waterlogging, rainfall and sunshine intensity, chemical factors (heavy metals and 
pH). The fight against these stress factors are however complex due to how inter-
related they are [8], with the major challenge being to understand how these plants 
react to different stressors, the diversity response pathways elicited by them and 
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their genetic determination [1, 9, 10]. This chapter therefore is aimed at reviewing 
the effects of climate change on abiotic plant stress, plant responses to the different 
stress factors, and management strategies.

2. Major abiotic stressors in plants

2.1 Temperature

Development and growth of plants is hinged on the environmental temperature. 
This varies depending on the crop grown [11]. The effect of temperature on the 
potentials of plants growth are maximum and minimum daily temperature and 
variation in the day and night temperature with their respective average tempera-
tures [12]. A significant rise in the temperature due to climate change over time 
will result in reduced rainfall, wind speed and snow cover which will also lead to a 
reduced length of growing season for plants, and will affect negatively the quality 
of the crops and agricultural productivity [13]. Fluctuations in the environmental 
temperature occur more speedily than changes in stress factors thus exasperating 
the effects of other stresses on plants [8]. The rise in temperature is a result of the 
global warming which varies regionally. Prospectively, the developing countries are 
more vulnerable and this may perhaps result to increased food insecurity in such 
region. A recent study on the effects of frost and extreme temperatures on wheat 
production (Triticum aestivum L) showed that frost caused unfruitfulness and 
abortion of formed grains while excessive heat resulted in reduction in the number 
of grains formed in the filling period of the grain [14]. With the notable effects 
of these extreme weather events on crop production which results from climate 
change, the impending effect of climate variation will endanger the production 
trend of crops thereby giving room for food insecurity. Djanaguiraman et al. [16] 
studied the effect of high temperature stress on a pearl millet, and they identified 
sensitive stages of growth of the plant, with parameters like temperature thresh-
olds, genetic variability and fertility of pollen germination being determined. It was 
found that exposure to high temperature stress reduces pollen germination, seed 
yield, and also affects the fertility of the pollen and pistil tissues [15, 16].

The response of plants to this class of stress depends on the type of crop or 
plant as seen in Figure 1. Broccoli (Brassica oleracea var. italica) growth response to 
temperature started from 5°C and retired at 25°C while that of maize (Zea mays L.) 
started from approximately 10°C and retired at approximately at 40°C.

Figure 1. 
Minimum and maximum temperature response for maize and broccoli [11].
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2.2 Drought and rainfall pattern

Drought is one of the major abiotic stressors of agricultural plants restraining crops’ 
return globally [17]. It does not only affect the crops’ growth, but it also affects the 
quality of yield. In an experiment carried out on miscanthus for biofuel production, 
drought treatment was observed to have declined plant weight by 45% and the compo-
sition of the biomass and cell wall structural rigidity were severely altered due to stress 
incurred by the plant during the drought period [18]. According to Dhankher [15], 
drought as an abiotic stress factor is being projected to hinder productivity in more than 
50% of the arable lands in the world by the next 50 years. But the availability of saline 
water might lighten the world’s water problem if plants that are salt tolerant are being 
developed [15, 19–22]. However, in response to this kind of plant stress, the need for 
drought tolerant plant is a necessity to boycott or reduce its negative impacts on food 
security. Figure 2 shows an extreme case of drought on a land.

Also according to [23], there is a noticeable variability in soil water content in 
tropical countries because of the rainfall pattern and distribution in these areas. This 
is an indication that the soil water content is becoming scarce for plants use. Moreover, 
in an investigation to know the effect of timing precipitation on grassland and rainfor-
est in USA, the result showed that soil water content available for plant use depends 
on the amount of precipitation in the study area [24]. That is, when rainfall distribu-
tion uniformity is low, the available soil water content would reduce, hence will not 
uniformly meet the plant’s soil-water-nutrient need, thus inducing stress on plants in 
those affected areas. This often results due to climate change. According to [25, 26], 
climate change alternate the timing of rainfall from one season or period to the other 
either resulting in smaller precipitation event or large one depending on the shift. 
This sudden shift in the precipitation affect plant growth and causes plant stress by 
disturbing plant metabolism, arresting photosynthesis, and may finally cause plants 
to die off.

Change in the soil water content and soil features has a notable impact on the 
plant and soil processes as indicated in Figure 3. The response in above-ground 
net primary productivity (ANPP) depends on which season receives extra water 
and which one receives less. The findings here further showed that the soil water 
content determines the response of above-ground net primary productivity [27]. 
Generally effects of drought stress on plants are;

• Reduction in seed germination and development

• Poor growth in vegetation

• Poor reproductive growth

• Reduction in leaf weight

• Reduced photosynthesis

• Reduced stomatal conductance and

• A significant reduction in the total dry matter.

2.3 Waterlogging/flooding

Climate change has altered the hydrological cycle processes which have resulted 
to impairment or reduction in crop growth in so many areas around the world. 
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Consequently, there is a large scale reduction in agricultural production especially on a 
flatland or places near the river due to waterlogging [28]. Waterlogging occur as result 
of leakage from irrigation canals or pure surface drainage but predominantly caused 
by heavy rainfall in such area [29]. As a result, there is increased soil compaction, also 
the available oxygen (O2) for plants cells are reduced because the diffusion process of 
O2 is slow in ponding water [29, 30]. Due to the limited supply in O2, anaerobic bacteria 
releases venomous amount of iron ion, manganese ion and sulfide [29].

Crops grown in a waterlogged condition undergo different physiological and 
morphological variations [29]. One of the major response of plant to waterlogging 
stress is stomatal cessation which impacts not only gas exchange, but also reduces 
the submissive absorption of H2O, which is harmfully prejudiced by anaerobic 
conditions in the rhizosphere [28]. Transpiration is also reduced which eventually 
results to wilting of the leaf and early senescence; consequentially, foliar abscission 
will become the result [31]. In flood logged area, respiration of roots are not aerated 
in which gas diffusion are severely reserved, thereby resulting to it changing from 
aerobic to anaerobic conditions which is dangerous to plants development [31, 32]. 
Waterlogging also deters the nutrients intake of plants as presented in Table 1 [33]. 

Figure 3. 
The effect of precipitation at extreme level on the above-ground net primary productivity through a rainfall 
slope [18].

Figure 2. 
Xerohalophytes growing in soil impacted by severe drought [15].
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An investigation to know the effect of waterlogging on growth nutrient concentra-
tions observed that there was high sprout dry weight of wheat in the waterlogged 
treatments compared to the control. Both in barley and wheat there was an 
indication of reduction in nutrients such as Nitrogen, Phosphorus, Potassium, 
Manganese, Copper, Zinc and Magnesium as shown in Table 1.

2.4 Salinity

The effect of salinity on agricultural crop production and food supply according 
to [15] has been on the increase worldwide, with the cultivation of salt-sensitive 
crops such as rice and wheat being a worldwide practice [34], salinity stress needs 
to be promptly addressed. Rice according to [34] is one of the crops planted most 
around the world as it is a major source of food for almost all humanity. Thirty-
nine (39) million hectares out of the 130 million hectares of land on which rice is 
cultivated worldwide contains a certain degree of salinity which varies with the 
rice cultivar [35, 36]. Salinity is a stressor common to arid and semi-arid regions 
of the world where evapotranspiration exceeds rainfall, and as a result leads to 
inadequate rain to filter away the soluble salts from the root zone [37]. Lands with 
salinity stress problem covered at least 7% of the world land area four decades ago 

Nutrients Wheat Barley

Control Waterlogged SC Control Waterlogged SC

Mg/g dry matter

N 47.1 38.1 30–45 49.9 34.8 20–40

P 6.2 4.9 3.5–6.0 5.1 3.9 3.5–6.0

K 57.4 48.6 33–45 63.2 45.1 30–55

Ca 6.3 5.8 4–10 8.3 6.9 5–10

Mg 1.9 1.4 2–3.5 2.3 1.9 1.5–3.0

Mg/kg dry matter

Mn 41.8 27.5 35–100 37.9 21.9 30–100

Cu 12.2 10.0 7–15 10.5 7.2 6–12

Fe 92.8 89.7 – 89.9 69.1 –

Zn 39.6 28.5 25–70 38.4 26.5 20–60

Mg/g dry matter

N 49.1 29.0 30–45 48.9 34.5 20–40

P 4.6 3.3 3.5–6 4.4 3.6 3.5–6.0

K 50.5 28.0 33–45 54.5 28.1 30–55

Ca 4.9 6.2 4–10 8.1 12.2 5–10

Mg 3.2 2.0 2–3.5 3.0 2.8 1.5–3.0

Mg/kg dry matter

Mn 53.9 35.1 35–100 63.9 47.7 30–100

Cu 10.7 7.9 7–15 10.1 9.4 6–12

Fe 72.1 70.0 – 69.5 71.0 –

Zn 38.6 21.4 25–70 40.5 34.1 20–60

Table 1. 
Mineral concentrations of spring barley and spring wheat shoots as related to a 15 days period of waterlogging.
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according to [37], and has been seen to double every two decades. Showing that the 
salinity stress problem is rapidly increasing every day, majorly as a result of climate 
change [38, 39]. Approximately 1.6 mha of land is being lost to salinity stress every 
year, with 60% salinization coming from natural sources (weathering of minerals, 
and soils developed from saline rocks) and 40% coming from secondary sources 
(irrigation, deforestation, overgrazing or intensive cropping). But ironically 
majority of the land lost as a result of secondary salinization is caused as an adverse 
effect of irrigation of the farmland [37] with both normal water and treated sewage 
effluents. This takes place in at least 20% of irrigated lands in agriculture [38]. The 
salinity stressor reduces drastically the ability of plants to take up water and other 
nutrients from the soil, leading to stunted growth; salt deposits find their way into 
the transpiration stream and damage the cells in leaves thereby causing leaf burn; it 
also affects the enzyme activity happening within the plant. The salinity of a soil is 
measured in terms of electrical conductivity (EC), and these soils have a mixture of 
salts of Sulfate, Sodium, Magnesium, Chlorine and Calcium.

But most often, it is the combination of two more stressor that affect growth of 
a plant, for example heat and salinity or drought and heat as indicated by the Venn 
diagram presented in Figure 4 [6]. Several researches have investigated the com-
bine effects of drought and heat stress on maize, sorghum and turf-grasses growth 
and productivity. The studies showed that the combine effects of the two stressors 
were higher compared to when the stresses were applied individually [40–42].

3. Plant responses to abiotic stress

Having seen that abiotic stresses on plants like temperature, flooding, drought, 
and salinity has a serious effect on crop production, as they cause stunted growth in 
plants, affect plant metabolism and thus reduce crop yield by as much as 70% [43], 
it has also been seen that 50% of crop yield losses come as a result of abiotic stress in 
most crop plants [43]. Also with the constant changes in the climatic conditions of 
the world, most of these abiotic stresses on plants are made worse than how it was in 
previous years. For example, the increased presence of CO2, methane, nitrous oxide 
and chlorofluorocarbons in the atmosphere as a result of industrialization and other 
human activities have increased drastically the average ambient temperature which 
causes heat stress [43, 44]. This increase in the ambient temperature of the environ-
ment also increases evaporation in water bodies, thereby causing an unexpected 

Figure 4. 
Unique molecular characteristics of drought and heat stress combination [6].
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decrease in the available water for crop production which in extreme cases leads to 
drought [4, 34, 43]. Therefore a better understanding of plant responses to these 
abiotic stresses and their tolerance mechanism will help improve crop resistance 
and productivity [45, 46].

Plants response to abiotic stresses depends heavily on their developmental 
stage. Their response to drought and flooding according to [43] is majorly ordered 
by genetic expression and biochemical metabolism via different physiological 
processes. Some of the morphological growth indices affected by drought stress is 
the leaf area of the plant, the plant height, dry matter and biomass production. The 
photosynthetic efficiency, gas exchange measurements, the stomatal conductance, 
the phytochemical and the non-phytochemical quenching, malondialdehyde 
(MDA) and relative water content are the physiological indices put in check dur-
ing the evaluation of drought stress in plants [47]. Therefore plants undergoing 
this type of stress gradually losses water from the protoplasm, the plant cell will 
dehydrates and this affects the structure of the plant cell [43, 45, 48]. When all the 
free water in the protoplasm of the plant cell is lost, only plants that are desiccation-
tolerant (resurrection plants) will remain, and others will die off [43].

Plant’s architecture is altered during flooding, although this is majorly dependent 
on the type of flood. When the plants are covered completely with floodwater, plant 
growth is stopped to conserve energy to be used once the level of water goes down. 
This strategy is important when the plant is completely flooded [43, 45]. In situations 
whereby the plants are completely flooded for a long period of time, the plant dies off as 
a result of the food reserve being completely depleted. During this period, there is also 
low oxygen (O2), and the plants resort to rearranging their anatomy and metabolism so 
they can be able to function. This rearrangement to create space and a continuous gas 
channel to facilitate an internal O2 from the canopy to the root of the plant is known as 
aerenchyma [45]. Adjustment to the metabolic pattern of the plants during flood stress 
is driven by hormones like the abscisic acid, gibberellin, and ethylene.

In periods of high temperature, there is a very severe damage to the chlorophyll, 
as heat stress changes the structural arrangement of the thylakoids, thus affecting 
its functionality, and also reducing the chlorophyll content of the plant. The above 
adverse effects on the plant reduces the ability of the plant to photosynthesize 
because by reducing the chlorophyll content, the photosynthetic pigments are 
reduced, thereby leading to physiological impairment and reduced growth of the 
plant [49]. The leaf of the plant also loses water under high temperatures thus 
leading to stomatal closure due to reduced leaf water potential [43, 49]. According 
to [50] stomatal closure is the major factor affecting photosynthesis in plants. High 
temperatures according to [51] cause impaired pollen and ovary development which 
adversely leads to the bad reproductive health of plants. Plants also undergo dena-
turation of protein and enzymes under extreme temperature conditions which gives 
rise to the programmed death of the tissues and cells [43, 52].

4. Abiotic stress management

Managing abiotic stresses in plants is a very is a challenging task because of its 
multifaceted nature. Comprehensive researches for the development of abiotic stress 
tolerance in plants are in progress, comprising genes from several pathways like the 
osmolyte synthesis, ion homeostasis, antioxidative pathways, and regulatory genes 
[53]. Several attempts have been made to substantiate the role of “single-function” 
gene(s) in the past ten (10) years, as well as transcription factor(s) for abiotic stress 
tolerance [53]. Because abiotic stress tolerance is multigenic in nature, the modern 
trend is moving towards genetic transformation of multiple genes or transcription 
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according to [37], and has been seen to double every two decades. Showing that the 
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Figure 4. 
Unique molecular characteristics of drought and heat stress combination [6].
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gene(s) in the past ten (10) years, as well as transcription factor(s) for abiotic stress 
tolerance [53]. Because abiotic stress tolerance is multigenic in nature, the modern 
trend is moving towards genetic transformation of multiple genes or transcription 
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factors. Generally, abiotic stresses can be managed by genetically improving the genes 
and transcription factors, or by employing cultural practices which includes modifica-
tion and adjustment of planting time and crop density in the field so as to contain the 
effect of these abiotic stresses. Another method is to apply phytohormones, signaling 
and trace elements and also by applying osmoprotectants [44, 51].

Conventionally, some of the plants tolerant to these abiotic stresses discussed in 
the previous sections can be recognized when proper screening methods and crite-
ria for selection are employed via cultural field breeding techniques, like modifying 
planting time and adjusting the compactness of plants cultivated to evade these 
stress situations [43, 52]. One major limitation in adopting the conventional field 
screening of these plants is that the screening and identification process of a plant 
for a particular type of stress-tolerant trait might be severely influenced by other 
stress factors. For instance, the quality of the screening process of a plant for cul-
tivars tolerant to extreme temperature stresses, might be affected by other stresses 
either biotic (pests and pathogens) or abiotic (salinity). Therefore [44, 52] was 
of the opinion that glasshouses screening should be employed as an alternative to 
field screening [43]. The selection of some stress-tolerant plants for cultivation has 
notably been hindered by the polygenic nature of the trait, epistasis, and genotype 
by environment and low heritability [43]. These traits can be identified by carry-
ing out quality trait loci (QTL) analysis. The qualitative trait loci (QTL) analysis 
according to [43, 44, 52] were carried out on rice, maize and wheat and heat stress 
tolerant traits were found, although these traits were found to be associated with 
the reproductive stage of these plants [43, 54, 55]. Some other loci, like the loci 
for freezing tolerance at vegetative stage, chilling at seedling stage, submergence-
tolerance loci was also found in Arabidopsis model plants, maize and rice.

Biotechnological advancement has recently given a way to genetically modify the 
crop plants to be resistant or tolerant to some stress factors [56]. Advancement in 
biotechnology and genetic engineering brought out tools and methods of control-
ling the mechanism of abiotic stress resistance, and for developing crops tolerant to 
specific stress by introgression of the genes involved in stress response and putative 
tolerance [57]. This is important as it introduces the modified genes into genomes of 
elite breeding lines, and as such helps to improve crop varieties [16, 52, 54, 56, 57].

5. Conclusion

It can be seen that climate change severely intensifies the effect of these abiotic 
stresses on plants. The stresses not properly managed make it impossible to meet global 
food demand. The tolerance of plants to abiotic stress is as a result of activities of diverse 
stress-responsive genes that relate with other elements of stress-transducing pathways. 
A very good knowledge of the physiological processes in response to different abiotic 
stress will help design methods and mechanisms to transform in order to improve 
tolerance of different abiotic stress in plants. Thus, stress-tolerant gene resources from 
crop plants, model plants and microorganisms need to be identified and developed by 
making use of appropriate genetic transformation technologies.

79

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

The Effect of Climate Change on Abiotic Plant Stress: A Review
DOI: http://dx.doi.org/10.5772/intechopen.82681

Author details

Okoro Gideon Onyekachi1*, Onu Ogbonnaya Boniface1, Ngasoh Felix Gemlack2 and 
Namessan Nicholas2

1 Department of Agricultural and Bioresources Engineering, University of Nigeria, 
Nsukka, Enugu State, Nigeria

2 Department of Agricultural and Bioresources Engineering, Taraba State 
University, Taraba State, Nigeria

*Address all correspondence to: gideononyekachi1990@gmail.com



Abiotic and Biotic Stress in Plants

78

factors. Generally, abiotic stresses can be managed by genetically improving the genes 
and transcription factors, or by employing cultural practices which includes modifica-
tion and adjustment of planting time and crop density in the field so as to contain the 
effect of these abiotic stresses. Another method is to apply phytohormones, signaling 
and trace elements and also by applying osmoprotectants [44, 51].

Conventionally, some of the plants tolerant to these abiotic stresses discussed in 
the previous sections can be recognized when proper screening methods and crite-
ria for selection are employed via cultural field breeding techniques, like modifying 
planting time and adjusting the compactness of plants cultivated to evade these 
stress situations [43, 52]. One major limitation in adopting the conventional field 
screening of these plants is that the screening and identification process of a plant 
for a particular type of stress-tolerant trait might be severely influenced by other 
stress factors. For instance, the quality of the screening process of a plant for cul-
tivars tolerant to extreme temperature stresses, might be affected by other stresses 
either biotic (pests and pathogens) or abiotic (salinity). Therefore [44, 52] was 
of the opinion that glasshouses screening should be employed as an alternative to 
field screening [43]. The selection of some stress-tolerant plants for cultivation has 
notably been hindered by the polygenic nature of the trait, epistasis, and genotype 
by environment and low heritability [43]. These traits can be identified by carry-
ing out quality trait loci (QTL) analysis. The qualitative trait loci (QTL) analysis 
according to [43, 44, 52] were carried out on rice, maize and wheat and heat stress 
tolerant traits were found, although these traits were found to be associated with 
the reproductive stage of these plants [43, 54, 55]. Some other loci, like the loci 
for freezing tolerance at vegetative stage, chilling at seedling stage, submergence-
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tolerance [57]. This is important as it introduces the modified genes into genomes of 
elite breeding lines, and as such helps to improve crop varieties [16, 52, 54, 56, 57].
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It can be seen that climate change severely intensifies the effect of these abiotic 
stresses on plants. The stresses not properly managed make it impossible to meet global 
food demand. The tolerance of plants to abiotic stress is as a result of activities of diverse 
stress-responsive genes that relate with other elements of stress-transducing pathways. 
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Chapter 6

Nanotechnology a Potential Tool 
to Mitigate Abiotic Stress in Crop 
Plants
Aparajita Das and Bimal Das

Abstract

The response of plants to abiotic stress is complex and involves changes in their 
morphology, physiology and metabolism. A number of strategies are being fol-
lowed to enhance the tolerance of abiotic stress conditions, including the devel-
opment of genetically-engineered varieties containing various gene constructs 
believed to enhance the performance under stress conditions. Nanotechnology is a 
versatile field and has found application in almost all the existing fields of science. 
The application of nanoparticles increased germination and seedling growth, 
physiological activities including photosynthesis and nitrogen metabolism, leaf 
activities of CAT, POX and APX, chlorophyll contents, protein, carbohydrate 
contents and yield, and also positive changes in gene expression indicating their 
potential use in crop improvement. Nanoparticles enhances the water stress 
tolerance via enhancing root hydraulic conductance and water uptake in plants 
and showing differential abundance of proteins involved in oxidation-reduction, 
ROS detoxification, stress signaling, and hormonal pathways. The mobility of 
the nanoparticles is very high, which leads to rapid transport of the nutrient to 
all parts of the plant. In particular, the most actual is to find ways to increase the 
adaptation potential of cultivated plants with the use of nanopreparations in 
stressful conditions.

Keywords: nanoparticles, abiotic stress, drought, salinity, ROS, crop plants

1. Introduction

World population is increasing day by day and by 2050 it is expected to reach 
9.1 billion, but agricultural production is not rising at a parallel pace. Raising 
productivity is a challenge as the area under cultivation is likely to remain constant 
or even decrease due to increasing pressure on land for nonagricultural uses. 
While increased investments and technological breakthrough can improve avail-
ability, these may not necessarily translate into increased accessibility and absorp-
tion of food. With climate change on the trail, abiotic stresses are considered to 
be a major constraint for sustaining crop productivity. As per one of the estimates 
approximately 70% of yield reduction of crops is directly or indirectly influenced 
by abiotic stresses [1]. Abiotic stress leads to a series of morphological, physiologi-
cal, biochemical and molecular changes that adversely affect plant growth and 
productivity. Drought, salinity and extreme temperatures are the most prevalent 
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abiotic stresses, threatening the global food security. Development of stress 
tolerant plants can be a worthwhile strategy to win over the problem of decreasing 
global food production. Conventional breeding methods have met with limited 
success in improving the stress tolerance of crop plants involving inter-specific or 
inter-generic hybridization. The conventional breeding approaches are limited by 
the complexity of stress tolerance traits, as well as the low genetic variability of 
yield components under stress condition and lack of efficient selection criteria. It 
is important, therefore, to look for alternative strategies to develop stress tolerant 
crops. All traditional breeding methods including selection, hybridization, poly-
ploidy and mutation have utilized for genetic improvement of crop plants. Albeit 
supplementary success in history of crop improvement in agricultural crops, their 
yield at present reached a plateau and there exists food insecurity and poverty in 
many developing countries. For this purpose exploration of novel strategies and 
their exploitation in complement to existing traditional and advanced breed-
ing tools is the need of the hour. Now-a-days the global demand is to increase 
food production with limited available resources and minimum but efficient use 
of fertilizer and pesticides that can check pollution in the environment which 
ushered in new agricultural technologies to reshape modern agriculture. Among 
the latest technology, nanotechnology is most promising one in the era of agricul-
ture and plant biotechnology [2]. The application of nanoparticles or nanodevices 
affect various developmental stages both positive and negative impact on plant 
growth. Nanotechnology comprises novel properties of nanomaterial that make 
easy for agricultural research in crop improvement program as well as allevia-
tion to stresses [3]. Nanotechnology has been provisionally defined as relating to 
materials, systems and processes which operate at a scale of 100 nanometers (nm) 
or less. ‘Nano’ usually refers to a size scale between 1 and 100 nm. Nano materi-
als are composed of components with very small size, and these components 
have impacts on the properties of materials at the macro level. Nanomaterials 
have a relatively larger surface area when compared to the same mass of material 
produced in a larger form. Nano particles can make materials more chemically 
reactive and affect their strength or electrical properties. The particles have high 
surface to volume ratio that increases their reactivity and possible biochemical 
activity [4].

2. Types of nanomaterials used

Nanomaterials have applications in the field of nanotechnology, and displays 
different physical chemical characteristics from normal chemicals (i.e. silver nano, 
carbon nanotube, fullerene, photocatalyst, carbon nano, silica). Common types 
of nanomaterials include nanotubes (Single walled carbon nanotube, multi walled 
carbon nanotube), dendrimers, quantum dots, fullerenes, metal (Ag, Si, Au, etc.) 
and metal oxide (TiO2, SiO2, ZnO, CuO, etc.) based. Nano-scale materials can occur 
in nature; both natural and manmade processes (such as volcanic activity or diesel 
combustion) can also give rise to nanometer-sized materials unintentionally. There 
are two processes for nanomaterial creation including “bottom-up” processes (such 
as self-assembly) that create nanoscale materials from atoms and molecules, and 
“top-down” processes (such as milling) that create nanoscale materials from their 
macro-scale counterparts. Nanomaterials can be nanoscale in one dimension (e.g. 
surface films), two dimensions (e.g. strands or fibers), or three dimensions (e.g. 
particles). They can exist in single, fused, aggregated or agglomerated forms with 
spherical, tubular, and irregular shapes.
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3.  Uptake, translocation, and accumulation of nanoparticles (NPs) into 
the plants

The uptake of CB and MB NMs by plants is a very recent field of study. Among 
CB NMs, the most studied materials are the fullerene C70, the fullerol (C60(OH)20) 
and CNTs; while the most studied MB NMs are TiO2, Au, Ag, Cu, CeO2, FeO, and 
ZnO NPs. Uptake, translocation, and accumulation of NPs depend on the species 
of plant and the size, type, chemical composition, functionalization, and stability 
of the NPs. Usually, NPs enter the plant root system through the lateral root junc-
tions and reach the xylem through the cortex and the pericycle [5]. The mechanism 
behind interaction of nanoparticles with plant system is primarily based on chemi-
cal processes which create reactive oxygen species, ion cell membrane transport 
activity, oxidative damage and lipid peroxidation. Once enter in the plant cells 
NPs react with sulfhydryl, carboxyl groups and ultimately alter the protein activ-
ity. The NPs may form complexes with membrane transporters or root exudates 
and subsequently be transported into the plants [6, 7]. Nanomaterials move from 
leaves to roots, stem, and developing grain, and from one root to another. One of 
the main passages of uptake and transportations to the shoot and leaves of plant 
is the Xylem [8, 9]. The nanomaterials are capable of penetrating through the leaf 
cuticle and into the cell cytoplasm [10]. In the cytoplasm, the NMs may bind with 
different cytoplasmic organelles and interfere with the metabolic processes at that 
site [11]. One of the pathways also reported particle size of 20 nm Ag nanoparticles 
may be transported inside the cells through plasmodesmata [12, 13]. A study on 
generational transmission of C70-NOM in rice plants and find the presence of black 
aggregates of C70 in the leaves of the second generation of the plants treated with 
fullerenes only in their first generation [14].

4. Plant response to abiotic stress

Among the abiotic stresses, drought, salinity, alkalinity, submergence and 
mineral toxicity/deficiencies are considered as major factors that contribute to 
decrease crop growth and productivity [15]. Plants face various environmental 
stresses throughout their life cycle, therefore they develop their defense against 
environmental stresses at various levels by modulating molecular, biochemical 
and physiological pathways. In order to cope these stresses, plants adopt molecular 
routes by appropriate alteration of gene expressions. There are several studies which 
indicated that nanoparticles mediated effect on plants growth and development is 
concentration dependent. Nanoparticles are involved in upregulating the activities 
of antioxidant enzymes like, SOD, CAT and POD [16].

4.1 Effect of nanoparticles on drought stresses

Water is a vital component for plant survival and essentially required for trans-
port of nutrients, therefore water deficiency leads to drought stress, which resulted 
into weakened vitality of plants [17]. Nanotechnology promises the significant 
effort to mitigate the drought stresses. Several recent studies (Table 1) have evalu-
ated nanoparticle-mediated in different stresses [18, 19].

The application of different concentrations of silica nanoparticles improves 
the plant tolerance toward drought stress in Hawthorns (Crataegus sp.), the 
physiological and biochemical responses varies in hawthorn seedlings to different 
concentrations of silica nanoparticles at different level of drought stress from 
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Abiotic 
stresses

Nanomaterial Concentration Plant species Stress responses Refs.

Drought 
stress

Nano TiO2 0.01, 0.02, and 
0.03%

Wheat 
(Triticum 

aestivum L.)

Increasing growth, yield, gluten and 
starch content of wheat

[20]

Nano TiO2 0, 10, 100, and 
500 mg L−1

Flax (Linum 
usitatissimum 

L.)

Enhancing chlorophyll and carotenoids 
content, improving flax growth and 
yield attributes, decreasing H2O2 and 

malondialdehyde (MDA) content

[21]

Nano TiO2 0%, 0.01% and 
0.03%.

Basil (Ocimum 
basilicum L.)

Improving the negative effects of 
drought stress on basil plants

[22]

Nano Zero 
valent Fe

Arabidopsis 
thaliana L.

Activation of plasma membrane H+-
ATPase, stomatal opening, increasing 

Chl content and plant biomass, 
maintaining normal drought sensitivity, 

increasing CO2 assimilation in thale 
cress plants

[23]

Nano SiO2 0, 10, 50 and 
100 mg L−1

Crataegus sp. A positive significant effect on 
photosynthetic rate, stomatal 

conductance and plant biomass, non-
significant effect on chlorophyll and 

carotenoid content

[24]

Nano ZnO 0.5, 1 g L−1 Soybean 
(Glycine max 

L.)

Increasing germination percentage 
and germination rate, decreasing in 

seed residual fresh and dry 8 weight of 
soybean

[25]

SiO2 0, 10, 50 and 
100 mg L−1

Hawthorns 
(Crataegus sp.)

SNPs increased plant biomass, xylem 
water potential and MDA content, 

especially under drought conditions, 
RWC and ELI were not affected by the 

SNP pre-treatments.

[24]

Silicon Sorghum (S. 
bicolar)

Increase in leaf area index (LAI), 
specific leaf weight (SLW), chlorophyll 

content (SPAD), leaf dry weight 
(LDW), shoot dry weight (SDW), root 

dry weight (RDW), total dry weight 
(TDW)

[26]

TiO2 and SiO2 25, 50, 100 and 
200 ppm) or 

nano-SiO2 (400, 
800, 1600 and 

3200 ppm)

Cotton Increased total phenolics, total soluble 
proteins, total free amino acids, proline 

content, total reducing power, total 
antioxidant capacity, catalase activity 

peroxidase activity and superoxide 
dismutase activity in comparison with 

control

[27]

Salinity 
stress

Nano SiO2 25 mM Tomato 
(Lycopersicum 
esculentum L.)

Lower levels of nano-SiO2 enhanced 
seed germination potential, root 
length and dry weight. Higher 

levels suppressed seed germination 
characteristics

[28]

Nano SiO2 Basil (Ocimum 
basilicum L.)

Increasing fresh and dry weight, 
chlorophyll content and proline content

[29]

Nano SiO2 Squash 
(Cucurbita 

pepo L.)

Improving seed germination and growth 
characteristics, reduced levels of MDA, 
H2O2 and electrolyte leakage, reducing 
chlorophyll degradation and oxidative 

damage, enhancing photosynthetic 
parameters antioxidant enzymes

[30]
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moderate to severe stress [24]. It was confirmed to positive effect on photosynthe-
sis parameters, malondialdehyde (MDA), relative water content (RWC), mem-
brane electrolyte leakage (ELI) as well as chlorophyll, carotenoid, carbohydrate 
and proline contents by pre-treatment of SNPs. Perhaps involvement of silicon 
nano particles in maintaining critical physiological and biochemical attributes 
in order to induce drought tolerance in hawthorn seedlings under drought stress, 
but exact mechanism is yet to be understood [24]. Application of silicon on two 
sorghum cultivars having different drought susceptibility showed improved 
drought tolerance irrespective of their drought susceptibility by lowering shoot 
to root (S/R) ratio, which perhaps suggested the improved root growth and 
the maintenance of the photosynthetic rate [36]. The addition of SiO2 to plant 
medium reduces the penetrability of the plasma wall of the leaf cells resulting in 
the loss of lipid peroxidation and also, SiO2 protects cellular wall against heat and 
drought stress [37]. Proline content significantly increased when silica nanopar-
ticles were applied under stress, in comparison with common silica fertilizer [29]. 
Application of nano-Si caused a significantly increase in the activities of catalase 
(CAT) and peroxidase (POD) in plant leaves as compared to unstressed plants 
of faba bean [29], tomato [30] and alfalfa [38]. Furthermore, silica nanopar-
ticles also exhibit its effect on xylem humidity, water translocation and enhance 
turgor pressure, thus leaf relative water content and water use efficiency will be 
increased in pants.

Abiotic 
stresses

Nanomaterial Concentration Plant species Stress responses Refs.

Nano SiO2 Tomato 
(Solanum 

lycopersicum 
L.)

Up-regulating the expression profile of 
four salt stress genes and six genes were 
down-regulated, suppressing the effect 

of salinity on seed germination rate, root 
length and fresh weight

[31]

Nano ZnO and 
Fe3O4

30,60,90 mg 
L−1

Moringa 
peregrina

Reduction in Na+ and Cl− contents, 
increasing N, P, K+, Ca2+, Mg2+, Fe, 
Zn, total chlorophyll, carotenoids, 

proline, carbohydrates, crude protein 
and enzymatic and non-enzymatic 

antioxidants

[32]

Nano ZnO 2 g L−1. Sunflower 
(Helianthus 
annuus L.)

Increasing growth, net CO2 assimilation 
rate, sub-stomatal CO2 content, 

chlorophyll content, Fv/Fm and Zn 
content and decreasing Na+ content in 

leaves

[33]

ZnO 2 g L−1. Sunflower 
(Helianthus 
annuus L.)

Increase growth, proline content, and 
some antioxidant enzyme activities

[33]

Flooding 
stress

Nano Ag 40, 80 or 120 
ppm

Crocus sativus Blocking of ethylene signaling, 
promotion of root growth

[34]

Nano Al2O3 Soybean 
(Glycine max 

L.)

Regulation of energy metabolism and 
cell death, improved growth

[35]

Nano Ag Soybean 
(Glycine max 

L.)

Reducing generation of cytotoxic 
byproducts of glycolysis, increasing the 

abundance of stress-related proteins, 
enhancing seedling growth

[35]

Table 1. 
Effects of nanomaterials on abiotic stresses.
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Treatment with Rutile (TiO2) has led to increase germination, germination 
indices, vigor indices, plant dry weight, chlorophyll formation, activities of ribulose 
bisphosphonates carboxylase and oxygenase, rate of evaluation of oxygen in the 
chloroplast leading to promoted photosynthesis [39, 40]. TiO2 NPs augmented 
wheat plant growth and yield with its components under water deficit stress 
condition [20] and also regulates enzymes activity involved in nitrogen metabolism 
such as nitrate reductase, glutamate dehydrogenase, glutamine synthase, and 
glutamic-pyruvic transaminase that helps the plants to absorb nitrate. The effects 
of nano-TiO2 improved germination, light absorbance, photosynthetic activity and 
activate Rubisco [41] also promoted antioxidant stress by decreasing the accumula-
tion of superoxide radicals, hydrogen peroxide, malonyldialdehyde content and 
enhance the activities of superoxide dismutase, catalase, ascorbate peroxidase, 
guaiacol peroxidase in spinach [42]. Nano- TiO2 also was observed to promote 
the growth of spinach through an increase in photosynthetic rate and nitrogen 
metabolism in spinach [43]. Nano-TiO2 can enhance plant water and nitrogen use 
and stimulate some antioxidant enzyme activities, such as SOD, POD and CAT such 
as in canola [25]. The application of nano zinc oxide has potential to increase seed 
germination percentage and germination rate in soybean as compared to those were 
subjected to water stress. It was further suggested that nano zinc oxide application 
under drought stress decrease seed residual fresh and dry weight, which shows that 
zinc nanoparticles were effective for using of seed reservoirs to seedling growth 
and enhance drought tolerance [44]. A study revealed the significant effect of 
iron nanoparticles under drought stress in plants on traits like number of boll per 
branch, number of seeds per boll, the 1000 seed weight and yield at probability 
level of 1%. Foliar application of iron nanoparticles exhibited drought stress miti-
gating effects on yield components and oil percentage of Goldasht spring safflower 
cultivars. Application of Fe nanoparticles also enhance yield and yield components 
at two stages of flowering and granulation, although it was better at flowering stage 
than seed formation in contrast to drought stress conditions without Fe nanopar-
ticles application [45]. Advances of silver nanoparticles (AgNPs) application of 
silver nanoparticles (AgNPs) could be attributed toward mitigating water stress 
mediating loss of plant growth and yield [46].

4.2 Effect of nanoparticles in salinity stress

Salinity is the major concern of scientific community to attain sustainable crop 
production, it is estimated that more than 20% of cultivated land worldwide is 
experiencing salinity stress and the amount is increasing day by day. Salinity stress 
causes the negative impact on various biochemical and physiological processes 
which are associated with plant growth and yield. Lowering of soil osmotic poten-
tial, creation of nutritional imbalance, enhancing specific ionic toxicity (salt stress) 
or one or more combination of these factors, are some of the common implications 
of salinity stress experienced by plants [47]. The Application of nanofertilizers 
could be a potential approach to address such issues of soil toxicity and other associ-
ated stress problems. It is reported that silicon nanoparticles and silicon fertilizer 
exhibited promising effects on physiological and morphological traits on vegetative 
features of basil under salinity stress. It was evident from results which indicated 
significant increase in growth and development indices, chlorophyll content and 
proline level in basil (Ocimum basilicum) under salinity stress, when treated with 
silicon nanoparticles and silicon fertilizer [29]. Application of Nano-SiO2 particles 
have shown potential increase in chlorophyll content, leaf fresh weight, leaf dry 
weight, proline accumulation and upregulated antioxidant enzymes activity under 
salinity stress [28]. Application of silicon nano-particles on lentil (Lens culinaris 
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Medik.) genotypes under salinity stress revealed significant increase in seed 
germination and seedling growth, whereas significant reduction in germination 
percent and seedling growth due to the salinity stress under without treatment of 
nanoparticles. Adding SiO2 nanoparticles not only enhance seed germination and 
early seedling growth but also increase other related traits in lentil genotypes under 
salinity stress. Therefore, SiO2 nano-particles ameliorate different defense mecha-
nisms of plants against salt toxicity [48]. Other studies in maize suggested that 
increase in fresh soot fresh and weight under salinity stress when applied by nano 
SiO2 [41]. One strategy which silica nanoparticles adopts to mitigate salinity stress 
in plants is to reduce Na+ ion concentration, perhaps by reducing Na+ ion absorption 
by plant tissues [49]. Since primary impact of salinity stress on plant growth is due 
to reduction of osmotic potential and toxicity of Na+ ion. Pure alumina nanopar-
ticles (13 nm) without any modifications reduced root elongation in studied plants 
cucumber (Cucumis sativus), soybean (Glycine max), carrot (Daucus carota) and 
cabbage (Brassica oleracea), thus potentially retarding the growth of plants [50].

5. Effect of nanoparticles on antioxidant and molecular aspect of plants

Nanoparticles can interact with biological systems such as plants chemically 
or mechanically; and these specific interactions originate mainly from their 
small size, large surface area, and intrinsic catalytic reactivity. There are only few 
studies describing nanoparticles impact on antioxidant and molecular level. The 
treatment of silver nanoparticles in Brassica juncea [51] augmented the activities 
of antioxidant enzymes (ascorbate peroxidase, guaiacol peroxidase and catalase) 
which resulted in decreased level of reactive oxygen species (ROS). When, Ag NPs 
of 6 nm sizes were applied at the concentration of 5 mg/l, it caused activation of 
antioxidant system of Spirodela polyrhiza, evident by induced activity of superoxide 
dismutase, catalase and peroxidase [52]. In addition, concentration of reactive 
oxygen species, glutathione and malondialdehyde was also increased significantly. 
Application of gold nanoparticles (GNPs) in Brassica juncea seedlings a considerable 
enhancement appears in the activities of antioxidant enzymes such as, ascorbate 
peroxidase, guaiacol peroxidase, catalase and glutathione reductase along with 
higher accumulation of H2O2 and proline in the GNPs treated plants [53]. H2O2 
and proline contents are found to be increased with increasing concentration of 
GNPs. In particular, actions of ascorbate peroxidase (APX), guaiacol peroxidase 
(GPX) and glutathione reductase (GR) are increased up to 400 ppm concentration 
of GNPs while GR activity is maximum at 200 ppm GNPs. The exposure of CeO2 
nanoparticles in kidney bean were significance responses of antioxidant enzyme 
(ascorbate peroxidase, catalase and guaiacol peroxidase) activities in leaf, root and 
stem [54]. They observed that upon prolonged exposure to 500 mg nano CeO2/l, 
the root antioxidant enzyme activities were significantly reduced; simultaneously 
root soluble protein was increased. Moreover, guaiacol peroxidase enzyme (GPX) 
activity in leaf was enhanced with nano CeO2 exposure in order to maintain cellular 
homeostasis. Gene expression analyses of the model plant Arabidopsis by RT-PCR 
have provided new insights into the molecular mechanisms of plant responses to 
Ag NPs. The transcriptional response of Arabidopsis plants exposed to Ag NPs was 
analyzed using whole-genome cDNA expression microarrays [55] which result in 
upregulation of 286 genes, including the genes primarily associated with metal and 
oxidative stress (e.g., vacuolar cation/proton exchanger, superoxide dismutase, 
cytochrome P450-dependent oxidase, and peroxidase), and down regulation of 81 
genes, including the genes involved in plant defense system and hormonal stimuli  
(e.g., auxin-regulated gene involved in organ size-ARGOS, ethylene signaling 
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pathway, and SAR against pathogens). On the other hand, the effects of silver 
nanoparticles on proteomic study of rice that reveals silver nanoparticles responsive 
proteins were primarily associated with oxidative stress response pathway, Ca2+ 
regulation and signaling, transcription, protein degradation, cell wall synthesis, cell 
division, and apoptosis [56]. The effect of zinc oxide (nZnO) in Arabidopsis thaliana 
[57], fullerene soot (FS) or titanium dioxide (nTiO2) nanoparticles on gene expres-
sion in roots and resulted in 660 up- and 826 down-regulated genes, 232 up- and 
189 downregulated genes, and 80 up- and 74 down-regulated genes, respectively 
(expression difference > 2-fold). The genes induced by nZnO and FS included 
mainly ontology groups annotated as stress responsive, including both abiotic 
(oxidative, salt, water deprivation) and biotic (wounding and defense to patho-
gens) stimuli. Application of multi-walled carbon nanotubes markedly influenced 
tomato seed germination and seedling growth by up-regulating stress-related gene 
expression [58].

6. Conclusion and perspectives

Application of nanotechnology in agriculture, even at its global level, is at its 
nascent stage. Nanoscience is leading to the development of a range of inexpen-
sive nanotech applications for enhanced plant growth, biotic and abiotic stress 
responses. Nanoparticles enhances the stress tolerance via enhancing root hydraulic 
conductance and water uptake in plants and showing differential abundance of 
proteins involved in oxidation–reduction, ROS detoxification, stress signaling and 
hormonal pathways. Nanoparticles interaction with plant cell results in modifica-
tion of plant gene expression and biological pathways which ultimately affect plant 
growth and development. Research on nanotechnology in agriculture a vast study 
on fabrication, characterization, standardization, biodegradability, ecofriendly 
nature and also possible uptake and translocation of nanoparticles by plants is 
needed.
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pathway, and SAR against pathogens). On the other hand, the effects of silver 
nanoparticles on proteomic study of rice that reveals silver nanoparticles responsive 
proteins were primarily associated with oxidative stress response pathway, Ca2+ 
regulation and signaling, transcription, protein degradation, cell wall synthesis, cell 
division, and apoptosis [56]. The effect of zinc oxide (nZnO) in Arabidopsis thaliana 
[57], fullerene soot (FS) or titanium dioxide (nTiO2) nanoparticles on gene expres-
sion in roots and resulted in 660 up- and 826 down-regulated genes, 232 up- and 
189 downregulated genes, and 80 up- and 74 down-regulated genes, respectively 
(expression difference > 2-fold). The genes induced by nZnO and FS included 
mainly ontology groups annotated as stress responsive, including both abiotic 
(oxidative, salt, water deprivation) and biotic (wounding and defense to patho-
gens) stimuli. Application of multi-walled carbon nanotubes markedly influenced 
tomato seed germination and seedling growth by up-regulating stress-related gene 
expression [58].

6. Conclusion and perspectives

Application of nanotechnology in agriculture, even at its global level, is at its 
nascent stage. Nanoscience is leading to the development of a range of inexpen-
sive nanotech applications for enhanced plant growth, biotic and abiotic stress 
responses. Nanoparticles enhances the stress tolerance via enhancing root hydraulic 
conductance and water uptake in plants and showing differential abundance of 
proteins involved in oxidation–reduction, ROS detoxification, stress signaling and 
hormonal pathways. Nanoparticles interaction with plant cell results in modifica-
tion of plant gene expression and biological pathways which ultimately affect plant 
growth and development. Research on nanotechnology in agriculture a vast study 
on fabrication, characterization, standardization, biodegradability, ecofriendly 
nature and also possible uptake and translocation of nanoparticles by plants is 
needed.
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Chapter 7

Superoxide Dismutase: A Stable 
Biochemical Marker for Abiotic 
Stress Tolerance in Higher Plants
Mukesh K. Berwal and Chet Ram

Abstract

Superoxide dismutases (SODs) are ubiquitous metalloenzymes that constitute 
the first line of defense against reactive oxygen species (ROS). It constitutes one of 
the major enzymatic components of detoxification of superoxide radicals gener-
ated in biological system by catalyzing its dismutation to H2O2 and finally to H2O 
and O2 by catalase and peroxidase. Most plant species contain numerous SOD 
isoforms differing in their active site metal ions, namely Cu/Zn-SOD, Mn-SOD, 
and Fe-SOD. Many studies also reported that the tolerance level of plants is posi-
tively correlated with SOD activity as well as with the number of SOD isoforms, 
and established the fact that “More the SOD Activity, More the Stress Tolerance.” 
Therefore, the SOD isozyme profile of any plant can be used as stable marker 
for stress tolerance in plant. In this chapter, we have discussed the role of SOD in 
abiotic stress tolerance, type of SODs, and correlation of its activity and its isoforms 
with stress tolerance level.

Keywords: superoxide dismutase, isoforms, ROS, stress tolerance

1. Introduction

Plants are sessile in nature and, as a result, they do not have the capability to 
escape from the site of unfavorable environment. As per circumstances, plants often 
face the challenges to grow under adverse environmental conditions such as water 
deficit or excess, high intense light, low or high temperature, salinity, heavy metals, 
UV rays, insect and pests attack, etc. These stresses wield adverse effects on plant 
growth and development by inducing many metabolic changes, such as the occur-
rence of an oxidative stress [1–3]. As a principal cause of global crop failure, abiotic 
stresses decrease average yields for major crops by more than 50% [4]. Abiotic 
stresses impact on growth, development and productivity, and significantly limit 
the global agricultural productivity mainly by impairing cellular physiology/bio-
chemistry via elevating reactive oxygen species (ROS) generation. The production 
of ROS during abiotic stresses results from pathways such as photorespiration, the 
photosynthetic apparatus, and mitochondrial respiration. Additionally, pathogens 
and wounding or drought or osmotic stress have been also shown to activate the 
production of ROS by NADPH oxidases [5–8]. The enhanced production of reactive 
oxygen species (ROS) during stress can pose a threat to cells, but it is also thought 
that ROI act as signals for the activation of stress-response and defense pathways 
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[9, 10]. Thus, ROS can be viewed as cellular indicators of stress and as secondary 
messengers involved in the stress-response signal transduction pathway.

However, several anabolic and catabolic processes like photosynthesis and res-
piration occur as part of common aerobic metabolism. It has been proved that ROS 
are generated in different cellular compartments as mitochondria, chloroplasts, 
peroxisomes, cytoplasm or in the extracellular space, known as apoplast by action 
of different enzymes [11, 12]. In vegetative tissues, approximately 1–2% of total 
molecular oxygen consumption drives to the creation of ROS in normal conditions. 
This percentage increases when plants are subjected to stress conditions such as 
salinity, drought, cold stress, or high temperatures. ROS are the species generated 
through the reduction of molecular oxygen (O2) that includes some free radicals 
such as superoxide (O2

•−), hydroxyl radical (OH•), alkoxyl (RO•), and peroxyl 
(ROO•), and nonradical products like hydrogen peroxide (H2O2) and singlet oxygen 
(1O2), etc. [11–13]. ROS generation is an unavoidable part and by-product in various 
metabolic processes, where 240 μM s−1 O2

•− and 0.5 μM H2O2 can be observed in 
plants under optimal growth conditions. Further, abiotic stresses may significantly 
enhance the generation of varied ROS (and their reaction products) in plant cells, 
where stressed cells may exhibit accelerated ROS generation up to 720 μM s−1 O2•− 
and 5–15 μM H2O2 [14, 15] (Figure 1).

Plants have lot of antioxidant systems that protect them against these potential 
cytotoxic effects. Antioxidant enzymes are the most important components in the 
scavenging system of ROS. Major nonenzymatic antioxidants include ascorbic acid 
(AsA), glutathione (GSH), phenolic compounds, alkaloids, nonproteinaceous amino 
acids, and α-tocopherols. Alternatively, the battery of enzymatic antioxidants includes 
ascorbate peroxidase (APX), superoxide dismutase (SOD), glutathione reductase (GR), 
catalase (CAT), monodehydroascorbate reductase (MDHAR), dehydroascorbate reduc-
tase (DHAR), peroxidase (POX), glutathione peroxidase (GPX), guaiacol peroxidase 
(GOPX), and glutathione-S-transferase (GST) [15]. Considering the major enzymatic 
antioxidants, SOD (EC 1.15.1.1) is ubiquitous metalloenzymes [16, 17] that constitute 
the first line of defense against reactive oxygen species (ROS). In living cells, SODs cata-
lyze the dismutation of the superoxide radicals (O2

.−) into hydrogen peroxide (H2O2) 
and oxygen (O2) and play an important role in protecting the cells against the toxic 
effect of superoxide radicals produced in different cell compartments [18]. In plants, 
the role of SOD during environmental adversity has received much attention since reac-
tive oxygen species have been found to be produced during many stress conditions.

    𝟤𝟤𝟤𝟤  2     −  +  𝟤𝟤𝟤𝟤   −  →  𝖮𝖮  2   +  𝖧𝖧  2    𝖮𝖮  2    

Figure 1. 
The concept of homeostasis condition (A) and imbalance (B) between reactive oxygen species (ROS) and 
antioxidants.
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2. Superoxide dismutase (SOD)

Superoxide dismutases (SODs: EC 1.15.1.1) are ubiquitous metalloenzymes 
[16, 17] that constitute the first line of defense against reactive oxygen species 
(ROS) and one of the most effective components of the antioxidant defense 
system in plant cells against ROS toxicity. Until reported in plants [19], SOD was 
recognized as a group of metalloproteins having no known function. Based on 
the metal cofactor at active site, SODs are categorized into three main groups 
and are believed to present in all oxygen-metabolizing cells and are also in all 
subcellular compartments like mitochondria, chloroplasts, nuclei, cytoplasm, 
peroxisomes, and apoplasts, etc. [20, 21]. It constitutes one of the major enzy-
matic components to detoxify superoxide radicals by catalyzing its dismutation 
to H2O2 [22]. By removing O2•−, SODs decrease the risk of OH• formation via the 
metal catalyzed Haber-Weiss-type reaction because this reaction has a 10,000-
fold faster rate than the spontaneous dismutation [11]. This enzyme is unique 
that its activity determines the concentrations of O2•− and H2O2, the two Haber-
Weiss reaction substrates, and it is therefore likely to be central in the antioxi-
dant defense mechanism [23, 24]. The SOD system of higher plants exhibited 
into multiple isoforms, which are developmentally regulated and are highly 
reactive against exogenous stimuli. The significance in the efficiency of all SODs 
has been confirmed in the direct or indirect metabolism of diverse ROS and its 
reaction products in numerous studies [11, 19, 25]. According to the active site 
metal, the multiple SOD isoforms are classified into three major groups (types): 
Fe-SOD (iron cofactor), MnSOD (manganese cofactor), and Cu/ZnSOD (copper 
and zinc as cofactors; copper is the redox active catalytic metal). While in bac-
teria, another type of SOD called nickel SODs (Ni-SODs) has also been reported 
by many researchers with nickel as metal cofactor [19, 26–28]. These multiple 
SOD isoforms are designated to specific cell compartments namely Fe-SODs 
are located in plastids, Mn-SODs in mitochondrial matrix and peroxisomes, 
and they also have been found in cell wall, while Cu/Zn-SODs occur in cytosol, 
peroxisomes, plastids, and possibly extracellular space [19, 29–31]. All SODs are 
encoded by nuclear genes and targeted to their respective subcellular localization 
by an amino terminal guiding sequence (Table 1).

2.1 Superoxide dismutase in plants as stable marker for abiotic stress tolerance

Different types of environmental stresses such as heat, cold, drought, salinity, 
and chemical contaminants commonly result in enhanced production of reactive 

SOD isozymes Structure Subcellular 
localization

Sensitivity

Cu/Zn-SOD Homodimeric and 
homotetrameric

Cytosol, chloroplast, 
peroxisome, 
mitochondria

H2O2 and KCN

Mn-SOD Homodimeric and 
homotetrameric

Mitochondria, 
peroxisome

CHCl3:CH3CH2OH but not to 
H2O2 and KCN

Fe-SOD Homodimeric and 
tetrameric

Cytosol, chloroplast, 
peroxisome, 
Mitochondria

H2O2 but not to KCN

Ni-SOD Only reported in prokaryotes

Table 1. 
Types of plant SOD, subcellular location, and sensitivity.
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oxygen species (ROS), and demand an effective scavenging system to prevent 
oxidative damage to living cells under such conditions. Thus, the understanding 
of the plant responses to these abiotic stresses has become a prerequisite in order 
to develop crop plants tolerating abiotic stresses. Nevertheless, as an important 
component of plant defense machinery within a cell, SODs are major enzymatic 
components of the cellular defense system against abiotic stress-accrued enhanced 
ROS. SODs are ubiquitous to aerobic organism and catalyze the dismutation of 
superoxide to molecular oxygen and hydrogen peroxide (H2O2). Under normal 
conditions, the resulting H2O2 is effectively scavenged by catalase and peroxidase 
enzymes. Hereunder, recent reports available on the modulation of SODs in abiotic-
stressed plant species are discussed.

It has been observed under numerous studies that the higher the SOD activity 
or higher number of isoforms, greater the potential to remove ROS. The upregula-
tion of SODs is implicated in combating over-produced ROS due to biotic or abiotic 
stresses and has a crucial role in the survival of the plant under stressful environment. 
Significant increase in total leaf SOD activities as well as some extra SOD isoforms 
(in some studies) has been reported in many plant species under various types of 
abiotic stresses, namely drought, salt, and heavy metals (Cu, Cd, etc.), in a number of 
crops like Arabidopsis, mulberry [32], tomato [33], Brassica juncea [34, 35], Treaticum 
aestivum [36], Hordeum vulgare, Vigna mungo [37], citrus [38], etc. The abundance 
of SOD transcripts is observed in response to various abiotic and biotic stresses to 
distinct the oxidative stress that exerts a significant role in stress tolerance. Over-
expressing transgenic plants of various SOD isoforms increases enhanced tolerance to 
oxidative stress and to other environmental stresses. These results have been reported 
in many crops and model species including Arabidopsis, alfalfa, rice, potato, poplar, 
and tobacco [39]. There have been many reports in the development of stress tolerant 
plants with increased expression of different SODs namely over-expressed Mn-SOD 
in GM Arabidopsis [40] and tomato [41] exhibited higher tolerance to salt, Cu/
Zn-SOD overexpression in tobacco plant exhibited tolerance toward multiple stresses 
[42]. Furthermore, Lee et al. [43] reported that combined overexpression of Cu/
Zn-SOD and ascorbate peroxidase in GM Festuca arundinacea plant exhibited multiple 
tolerance against drought (Methyl vilogen), H2O2, Cu, and Cd.

Berwal et al. [44] studied the SOD isozymes pattern of 13 coconut genotypes 
comprising six tall, five dwarfs along with two reciprocal hybrids of WCT (tall) with 
COD (dwarf). Among the genotypes studied, a significant variation was observed 
in SOD enzyme activity as well as in SOD isoforms pattern. A total of 8–14 SOD iso-
forms were detected in different coconut cultivars (Figures 2 and 3). The variation 
was observed only in Mn-SOD isoforms, while Fe-SOD (two) and Cu/Zn-SOD (five) 
isoforms were similar in all the analyzed cultivars; these isoforms have already been 
identified in coconut by Kumar et al. [25]. Mn-SOD isoforms varied from one to five 
in numbers. Among the tall cultivars, WCT, FMST, and WCT X COD showed high-
est number (five) of Mn-SOD isoforms as well as highest enzymatic activity followed 
by LCT while TPT, PHOT, and ADOT showed only single isoform for Mn-SOD. All 
dwarfs studies showed that they had similar SOD isozyme profile for all SODs, that 
is, one Mn-SOD, five Cu/Zn-SOD, and two Fe-SOD isoforms. They also observed 
that Mn-SOD does not follow the Mendelian pattern of inheritance, that is, recipro-
cal crosses showed Mn-SOD isoform pattern similar to their mother palm.

Rajgopal et al. [45] also studied the tolerance level of different coconut culti-
vars including the abovementioned cultivars on the basis of some physiological 
parameters like stomatal conductance, leaf water potential, and epicuticular wax 
content and scored them with 1–20 rank and WCT X WCT and FMST secured 
first and second ranks, respectively. Since, Berwal et al. [44] reported maximum 
SOD isoforms in WCT and FMST cultivars and the same are already reported as 
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highest stress tolerant cultivars. Similarly, Kumar et al. [38] evaluated basal enzy-
matic antioxidative metabolism in the developing leaves of commercially grown 
citrus such as grapefruit, Hamlin (sweet orange), and kumquat. Young leaves 
of kumquat exhibited lower rates of lipid peroxidation and H2O2 generation as 
compared to grapefruit and sweet Hamlin. The total superoxide dismutase (SOD) 
activity, which catalyzes the transmutation of superoxide ion to H2O2, was two-
fold higher in kumquat than grapefruit and sweet orange. Kumquat also showed 
more superoxide dismutase isoforms activities (Figure 1. Isoforms of superoxide 
dismutase (SOD; Panel A) and band intensities (Panel B) in developing leaves of 
different genotypes of citrus and kumquat at pp. 93, Kumar et al. [38]).

Despite the higher superoxide dismutase activity in kumquat, it had substan-
tially lower H2O2 than grapefruit and Hamlin; and this is well-known that kumquat 
has greater resistance towards oxidative stresses. Gueta-Dahan et al. [46] also 
reported in citrus, callus, and cold-acclimated mandarin fruits and suggested 
higher SOD activity conferred greater resistance to salt and chilling stress (Figure 8. 
SOD activities in salt-sensitive (L) and salt-tolerant (R) citrus cells at pp. 465). 
Vysniauskiene et al. [47] reported higher SOD activity in frost-resistant potato 
hybrids than that of in frost-sensitive Solanum tuberosum “Matilda.”

Figure 2. 
Manganese superoxide dismutase (Mn-SOD) isoform variability in coconut genotypes (circled): (A) tall 
accessions and (B) dwarf accessions [44].

Figure 3. 
Manganese superoxide dismutase (Mn-SOD) isoform pattern of WCT, COD, and their reciprocal crosses [44].
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in GM Arabidopsis [40] and tomato [41] exhibited higher tolerance to salt, Cu/
Zn-SOD overexpression in tobacco plant exhibited tolerance toward multiple stresses 
[42]. Furthermore, Lee et al. [43] reported that combined overexpression of Cu/
Zn-SOD and ascorbate peroxidase in GM Festuca arundinacea plant exhibited multiple 
tolerance against drought (Methyl vilogen), H2O2, Cu, and Cd.

Berwal et al. [44] studied the SOD isozymes pattern of 13 coconut genotypes 
comprising six tall, five dwarfs along with two reciprocal hybrids of WCT (tall) with 
COD (dwarf). Among the genotypes studied, a significant variation was observed 
in SOD enzyme activity as well as in SOD isoforms pattern. A total of 8–14 SOD iso-
forms were detected in different coconut cultivars (Figures 2 and 3). The variation 
was observed only in Mn-SOD isoforms, while Fe-SOD (two) and Cu/Zn-SOD (five) 
isoforms were similar in all the analyzed cultivars; these isoforms have already been 
identified in coconut by Kumar et al. [25]. Mn-SOD isoforms varied from one to five 
in numbers. Among the tall cultivars, WCT, FMST, and WCT X COD showed high-
est number (five) of Mn-SOD isoforms as well as highest enzymatic activity followed 
by LCT while TPT, PHOT, and ADOT showed only single isoform for Mn-SOD. All 
dwarfs studies showed that they had similar SOD isozyme profile for all SODs, that 
is, one Mn-SOD, five Cu/Zn-SOD, and two Fe-SOD isoforms. They also observed 
that Mn-SOD does not follow the Mendelian pattern of inheritance, that is, recipro-
cal crosses showed Mn-SOD isoform pattern similar to their mother palm.

Rajgopal et al. [45] also studied the tolerance level of different coconut culti-
vars including the abovementioned cultivars on the basis of some physiological 
parameters like stomatal conductance, leaf water potential, and epicuticular wax 
content and scored them with 1–20 rank and WCT X WCT and FMST secured 
first and second ranks, respectively. Since, Berwal et al. [44] reported maximum 
SOD isoforms in WCT and FMST cultivars and the same are already reported as 
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highest stress tolerant cultivars. Similarly, Kumar et al. [38] evaluated basal enzy-
matic antioxidative metabolism in the developing leaves of commercially grown 
citrus such as grapefruit, Hamlin (sweet orange), and kumquat. Young leaves 
of kumquat exhibited lower rates of lipid peroxidation and H2O2 generation as 
compared to grapefruit and sweet Hamlin. The total superoxide dismutase (SOD) 
activity, which catalyzes the transmutation of superoxide ion to H2O2, was two-
fold higher in kumquat than grapefruit and sweet orange. Kumquat also showed 
more superoxide dismutase isoforms activities (Figure 1. Isoforms of superoxide 
dismutase (SOD; Panel A) and band intensities (Panel B) in developing leaves of 
different genotypes of citrus and kumquat at pp. 93, Kumar et al. [38]).

Despite the higher superoxide dismutase activity in kumquat, it had substan-
tially lower H2O2 than grapefruit and Hamlin; and this is well-known that kumquat 
has greater resistance towards oxidative stresses. Gueta-Dahan et al. [46] also 
reported in citrus, callus, and cold-acclimated mandarin fruits and suggested 
higher SOD activity conferred greater resistance to salt and chilling stress (Figure 8. 
SOD activities in salt-sensitive (L) and salt-tolerant (R) citrus cells at pp. 465). 
Vysniauskiene et al. [47] reported higher SOD activity in frost-resistant potato 
hybrids than that of in frost-sensitive Solanum tuberosum “Matilda.”

Figure 2. 
Manganese superoxide dismutase (Mn-SOD) isoform variability in coconut genotypes (circled): (A) tall 
accessions and (B) dwarf accessions [44].

Figure 3. 
Manganese superoxide dismutase (Mn-SOD) isoform pattern of WCT, COD, and their reciprocal crosses [44].
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Activities of cytosolic and chloroplastic Cu/Zn-SOD isozymes and cytosolic 
APX (cAPX), as well as their corresponding mRNA transcripts, were increased 
by drought treatment of pea plants [48]. Similarly, osmotic stress increased the 
Mn-SOD transcript abundance in maize [49]. The higher level of gene expression 
corresponding to this isozyme as well as for Cu/Zn-SOD, were also increased by 
chilling stress in tobacco plants [50]. It has been reported in many studies that higher 
level of Mn-SOD is linked with abiotic stress tolerance and Melchiorre et al. [51] 
reported photo-oxidative stress tolerance, lower oxidative damage, and higher H2O2 
in Triticum aestivum plant transformed with Mn-SOD gene from Nicotiana plumbag-
inifolia. Wang et al. [40] also reported overexpression of Mn-SOD gene in Arabidopsis 
leads to salt tolerance. Similarly, Rubico et al. [52] reported mild water stress toler-
ance and higher photosynthetic activity in Medicago sativa L. plants transformed with 
Mn-SOD and Fe-SOD from Nicotiana plumbaginifolia and Arabidopsis thaliana.

3. Conclusion

Superoxide dismutase is known as the first line of defense against oxidative 
stresses in plants and play most vital role is scavenging the reactive oxygen species 
produced during metabolic processes as well as under abiotic stress conditions. 
From the above discussion, it is clear that the plant has more native or induced SOD 
activity that showed more tolerance toward abiotic stresses. Many studies have 
proved that higher the native SOD activity along with more number of SOD iso-
forms makes the plants more capable to scavenge the ROS generated during stressed 
condition more effectively. As reported by Berwal et al. [44] in coconut and Kumar 
et al. [38] in citrus species that the cultivar having more number of native SOD 
isoforms showed more tolerance against drought stress. Therefore, the native SOD 
isozyme profile can be used as a stable biochemical marker for screening of crop 
germplasm for abiotic stress tolerance.
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Abstract

Nowadays, due to the environmental stress factors that limit the production 
of crops, it has become very difficult to find suitable areas to enable the plant to 
reach its optimum product potential. Abiotic stress is very effective in decreasing 
agricultural production. Factors such as drought, salinity, high and low tempera-
ture, flood, radiation, heavy metals, oxidative stress, and nutrient deficiency can 
be considered as abiotic stress factors, and these sources of stress negatively affect 
plant growth, quality and productivity. Melatonin (MEL) was first identified in 
plants in 1995 and is increasingly becoming important for its role and effects in the 
plant system. MEL has been shown to have a substantial role in plant response to 
growth, reproduction, development, and different stress factors. In addition to its 
regulatory role, MEL also plays a protective role against different abiotic stresses 
such as metal toxicity, temperature, drought, and salinity. In plants, an important 
role of MEL is to alleviate the effects of abiotic stresses. In this review, the effects 
of MEL on plant growth, photosynthetic activity, metabolism, physiology, and 
biochemistry under abiotic stress conditions as a plant growth regulator will be 
examined.

Keywords: melatonin, plant development, physiology, abiotic stress

1. Introduction

Plants are exposed to various adverse conditions that limit their growth in areas 
where they are grown. Conditions that prevent growth, development, and metabo-
lism in plants are called stress [1]. Due to the continuation of climate change and 
the increase in extreme climatic conditions, it is reported that the negative impact 
of environmental stress factors on plant production will increase in many regions 
of the world [2]. Stress factors can simultaneously show their effects on plants [3]. 
On the reducing amount of agricultural product, abiotic stress has reached a mas-
sive quantity of 71% although other stresses are on 29% [4]. It is estimated that only 
10% of the arable land in the world is far from some forms of stress. It has been 
reported that abiotic stress factors are the main limiting factors of crop production 
in the world and cause more than 50% reduction in the yield of most products [5]. 
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In the last decade, different irrigation techniques, soil improvement, and the use of 
suitable fertilizers have been intensified in order to reduce the impact of major stress 
factors. As a different approach, the use of some externally applied healers during 
plant growth has been tried in recent years, and it has been observed that the appli-
cations using MEL may have an effect of increasing stress tolerance in the plant.

MEL (N-acetyl-5-methoxytiprimamine) was discovered in 1958 in the cattle 
pineal gland [6]. MEL has been one of the most investigated biological molecules, 
which is extensively researched in animals. MEL was first explored in plants in 1995 
and is an indoleamine neurohormone [7, 8]. There has been an increasing interest in 
MEL’s roles and impacts on metabolic processes. It was found to play a major role in 
various plant reactions such as growth, flowering, development, and stress [9–11]. 
Most of the reports that provide information about these processes are based on 
analytical analysis to determine the internal MEL content in response to a stimulus, 
treatment, or mutation, whereas administration usually requires prolonged expo-
sure or treatment of plants under in vitro or greenhouse conditions [9].

Several studies have reported that MEL can be considered a growth regulator 
because it plays a role in specific physiological events in plants. Indeed, MEL regu-
lates the growth of leaf, shoots and explants, and the leaf senescence. The natural 
antioxidant capacity of MEL can be explained by its ability to increase tolerance in 
plants exposed to abiotic stresses such as drought, cold, heat, salinity, chemical pol-
lutants, herbicides, and UV rays [12]. MEL’s capability to behave as a plant biostimu-
lator for biotic and abiotic stress conditions and the ability to regulate plant growth 
can regulate plant vegetative growth processes such as rooting, leaf aging, photosyn-
thetic yield, and biomass yield, and it plays a potential regulatory role in flowering 
processes and the formation and maturation of fruit and seeds [10, 12, 13].

In this study, the effects of MEL on plant growth and physiology against some 
abiotic stress factors that have important impacts on plant growth and development 
have been given according to the findings of various researches.

2. MEL and its function in plant growth and physiology

MEL regulates various metabolic processes in animals and plants. MEL is an 
endogenously produced molecule in all plant species that have been investigated. 
Its concentration in plant organs varies in different tissues, e.g., roots versus leaves, 
and with their developmental stage [10].

MEL, tryptophan, tryptamine, and serotonin are structural biogenic indole-
amine and also related to indole-3acetic acid (IAA) and indolic compounds, which 
are very important in plant physiology such as common auxin. Metabolic pathways 
of tryptophan in mammals and plants as proposed by Murch et al. [14] are shown 
in Figure 1. MEL was determined in the roots, leaves, fruits, and seeds of various 
plant species. Melatonin has been suggested to function as an auxin to promote 
vegetative growth in a number of plant species [15]. For instance, Murch et al. [16] 
used auxin, serotonin, and MEL inhibitors to demonstrate the role of MEL in plant 
growth and found that the high intrinsic MEL concentration promotes root growth 
in the Hypericum perforatum L. plant, while the increase in serotonin concentration, 
the precursor to MEL, promotes body development. It takes part in many different 
tasks in the metabolic processes in the plant. It has been shown to regularize proline 
metabolism [17]. It contributes root formation and water balance, thus keeping 
membrane and chlorophyll integrity [18, 19].

Earlier researchers have inspected the physiochemical effects of MEL on plants. 
These reports indicated that MEL has a role in various plant metabolic processes as 
the modulation of the flowering physiology and development. Furthermore, it also 
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postpones flower formation, countenances plant growth and biomass production, 
and hinders chlorophyll degradation [20, 21]. It has been shown that MEL roles in 
plants could be: growth promoters as auxins, antioxidants for ROS, and other roles 
as signal molecules [15]. It acts in various plant cellular metabolic and biological 
processes, including rooting [22], chlorophyll catabolism [20], and stress toler-
ance [23, 24]. Plants can synthesize MEL, and it plays a role as an antioxidant or a 
modulator of growth and development in plants [25].

Similar effects (growth induction or inhibition at high levels because of auxin-
stimulated ethylene biosynthesis) of MEL were determined in the monocotyledons 
[26]. Furthermore, MEL applications enhanced photosynthetic capacity, redox 
homeostasis, and root formation in various crops [22, 27, 28]. According to another 
report, a coating of soybean seed with MEL notably increased plant growth and 
seed yield [19].

It has been reported that MEL affects lateral root formation in lupin, and this 
effect is very similar to the effect of IAA [29]. In these studies, auxin-induced root 
and cytokinin-induced shoot organogeneses were inhibited by alterations in the 
endogenous concentration of MEL and inhibitors of the transport of serotonin and 
MEL [30]. MEL has been reported to regulate seed germination, growth of roots, 
shoots and explants, and leaf senescence [12]. In addition, Tan et al. [31] pointed 
out that high MEL content in plants increased the germination rate of seeds under 
adverse conditions, increasing the life expectancy and improving the quality of 
plant production. In lupin, MEL increased plant root and shoot biomass with simi-
lar results to IAA for root biomass in concentrations used [32]. Exogenous MEL was 
applied to etiolated wild mustard, and the effect on root growth and endogenous 
indole-3-aceticacid (IAA) levels was detected in wild mustard. Exogenous lower 
MEL concentrations also elevated the endogenous IAA content in roots, whereas 
higher levels did not significantly affect the IAA content. The specific mechanism 
which leads exogenous MEL to increase the IAA content in roots, associated with 
root formation, continues to emerge [21].

Figure 1. 
Metabolic pathways of tryptophan in mammals and plants as proposed by Murch et al. [14].
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Increased MEL levels in plants have been suggested to mitigate various pollut-
ant effects via behaving as a ROS scavenger and antioxidant. MEL can detoxify the 
OH−, H2O2, nitric oxide, ONOO−, HNO3, and HClO, which are biosynthesized 
under stress conditions. Moreover, MEL treatments elevate antioxidant enzyme 
activities under abiotic stress conditions. One MEL molecule has the ability to scav-
enge up to 10 free radicals [33]. MEL has also been suggested to have a significant 
effect on nitrogen and carbohydrate metabolism and on transcription rearrange-
ment [34]. Thus, it is suggested that MEL affects signal transduction and also has an 
important role in regulating physiological and biological processes. As a conclusion, 
MEL could be considered as a biological growth regulator to increase the produc-
tion capacity in crops.

3. Role of melatonin in mitigating abiotic stresses

3.1 Salinity and MEL applications

Extreme salinity in soil solution is the major abiotic stress factor that drastically 
limits crop productivity worldwide. Salinity affects 110 million hectares in arid and 
semi-arid regions. According to FAO, an estimated 20–30 million ha area is severely 
deteriorated due to salinity [34]. In addition to the natural conditions, problems with 
salinity have increased with the fact that water tables have increased and concentrated 
in a large part of the land that has been recently irrigated [35]. Moreover, use of the 
treated and untreated wastewater at increasing proportions due to the insufficient 
clean water resources in the world can promote the soil salinity. Salinity causes 
osmotic stress by reducing the water potential and increasing the energy required for 
the intake of water and nutrients. Ionic stress is caused by the accumulation of sodium 
and chlorine ions in sensitive plant tissues [36–38]. Therefore, it has been reported 
that high concentrations of salt (especially NaCl) in soils or irrigation water disrupt 
the morphological and physiological processes in plants and prevent growth [39].

In addition, salinity conditions may lead to nutritional disorders and deficiencies 
[40]. In the short term, while the water availability reduces due to inducing osmotic 
stress under salty conditions, in the long term, the nutrient imbalances induce ion 
toxicity [41]. Salinity increases ROS formation and stimulates oxidative stress [42], 
which causes substantial injury to membranes and other cellular structures [43]. 
Salt stress affects plant physiology at both plant and cellular levels by osmotic and 
ionic stress. High salt concentrations may adversely affect seed germination, seed-
ling growth, vegetative growth, flowering and fruit behavior, and photosynthetic 
activity and ultimately reduce economic yield and quality [44].

Lately, the positive roles of MEL in plant salt stress resistance have been 
progressively evolved by two ways: the exogenous application of MEL or genetic 
modification of the enzymes involved in MEL synthesis [45]. Indeed, exogenous 
MEL applications improved growth, photosynthetic capacity, antioxidant activ-
ity, and chlorophyll content, but decreased the ROS level and oxidative injury in 
cucumber grown under salinity stress conditions [46]. Dawood et al. [47] indicated 
that exogenous MEL applications enhanced plant biomass, relative water content, 
photosynthetic activity, phenolic matter, and plant nutrient uptake, and reduced 
the Na and Cl content in fava bean under salinity stress conditions. 500 mM of MEL 
was more effective than 100 mM on observed parameters.

Zhou et al. [48] investigated influences of MEL treatments on photosynthetic 
activity in tomato under salinity conditions. They concluded that MEL treatments 
mitigated the deleterious effects of salinity on growth and photosynthetic capacity. 
It was determined that MEL decreased the ROS levels and expedited the recovery 
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of the photosynthetic electron transport chain and protein biosynthesis, therefore 
improving photosynthetic capacity under salinity stress. Similarly, MEL treatments 
on roots of watermelon mitigated salt-stress damage in photosynthetic capacity 
and oxidative stress, improving redox homeostasis and antioxidant enzyme activity 
[28]. In another study, it was reported that MEL treatments improved the tolerance 
to salt stress and K+/Na+ homeostasis in potato, increasing K+ and decreasing NaCl 
concentration [44].

In Cucumis sativus, especially after treatment with MEL under salinity condi-
tions, an increase in seedling growth, nutrient intake, and nitrogen metabolism 
was observed [49]. Ke et al. [50] proved that MEL pretreatments alleviated the 
negative impact of salinity stress by regulating polyamine metabolism in wheat. 
They also suggested that MEL could induce enzyme activity, resulting in stimulat-
ing ROS scavenging antioxidant defense in response to salinity. In another study, it 
was concluded that 10–500 μM MEL solutions enhanced germination and seedling 
growth in rice under salinity conditions. This enhancement was attributed to 
reducing the contents of Na+ and Cl− in roots and leaves [51]. The results of Jiang 
et al. [52] showed that exogenous MEL treatments on salt stressed maize plants 
caused a notable improvement in growth, photosynthetic capacity, antioxidant 
enzyme activity, and homeostasis. It was proven that MEL concentration in roots 
elevated because of stress conditions, increasing to six times the MEL concentration 
compared to the control. This raise can play an important role in the amelioration of 
stress conditions [20].

Exogenous MEL treatments showed a major effect of MEL related to lipid 
metabolism with K+/Na+ homeostasis in a potato grown under salinity stress [44]. 
MEL applications on roots mitigated the deleterious effects of salinity on photosyn-
thetic capacity by reducing oxidative stress, improving antioxidant enzyme activity 
in watermelon. This effect was attributed to the inhibition of stomatal closure and 
enhanced light energy absorption and electron transport in photosystem II [28].

Liang et al. [23] treated plants with MEL to determine its effect on physiological 
and biochemical properties in rice grown under salinity stress. The results of the 
study showed that MEL treatments decreased or inhibited chlorophyll damage and 
the transcripts of senescence-associated genes, thus improving salinity tolerance. 
It was also determined that MEL postponed the leaf senescence and cell death by 
counteracting the ROS.

3.2 Drought and MEL applications

Water scarcity has been becoming a major problem worldwide due to popula-
tion growth and social and economic development. A number of countries faced 
to water shortage is more than 100, and approximately two thirds of the world 
population will be exposed to be suffering from moderate to high water stress 
by 2025 [53]. Increasing domestic and industrial water demand and pollution of 
water threatens the water used in agriculture. Therefore, drought is one of the 
most important agricultural problems in the world. Two-fifths of world agricul-
ture is carried out in arid areas [54]. Studies show that in the coming years, the 
effect of drought will increase further and this situation will affect the negative 
effects of agricultural production [55]. It is reported that global climate change, 
in addition to the expansion of arid and semi-arid areas, will increase the dura-
tion and intensity of drought, desertification processes, salinization, and erosion 
[56]. It has been shown in many studies that drought has an impact on all plant 
growth events from plant morphology to molecular levels [57]. Drought stress 
causes various physiological, biochemical, and molecular responses in different 
plants to help them adapt to such limiting environmental conditions [58, 59]. Arid 
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Increased MEL levels in plants have been suggested to mitigate various pollut-
ant effects via behaving as a ROS scavenger and antioxidant. MEL can detoxify the 
OH−, H2O2, nitric oxide, ONOO−, HNO3, and HClO, which are biosynthesized 
under stress conditions. Moreover, MEL treatments elevate antioxidant enzyme 
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enge up to 10 free radicals [33]. MEL has also been suggested to have a significant 
effect on nitrogen and carbohydrate metabolism and on transcription rearrange-
ment [34]. Thus, it is suggested that MEL affects signal transduction and also has an 
important role in regulating physiological and biological processes. As a conclusion, 
MEL could be considered as a biological growth regulator to increase the produc-
tion capacity in crops.
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deteriorated due to salinity [34]. In addition to the natural conditions, problems with 
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Salt stress affects plant physiology at both plant and cellular levels by osmotic and 
ionic stress. High salt concentrations may adversely affect seed germination, seed-
ling growth, vegetative growth, flowering and fruit behavior, and photosynthetic 
activity and ultimately reduce economic yield and quality [44].

Lately, the positive roles of MEL in plant salt stress resistance have been 
progressively evolved by two ways: the exogenous application of MEL or genetic 
modification of the enzymes involved in MEL synthesis [45]. Indeed, exogenous 
MEL applications improved growth, photosynthetic capacity, antioxidant activ-
ity, and chlorophyll content, but decreased the ROS level and oxidative injury in 
cucumber grown under salinity stress conditions [46]. Dawood et al. [47] indicated 
that exogenous MEL applications enhanced plant biomass, relative water content, 
photosynthetic activity, phenolic matter, and plant nutrient uptake, and reduced 
the Na and Cl content in fava bean under salinity stress conditions. 500 mM of MEL 
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mitigated the deleterious effects of salinity on growth and photosynthetic capacity. 
It was determined that MEL decreased the ROS levels and expedited the recovery 
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of the photosynthetic electron transport chain and protein biosynthesis, therefore 
improving photosynthetic capacity under salinity stress. Similarly, MEL treatments 
on roots of watermelon mitigated salt-stress damage in photosynthetic capacity 
and oxidative stress, improving redox homeostasis and antioxidant enzyme activity 
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effects of agricultural production [55]. It is reported that global climate change, 
in addition to the expansion of arid and semi-arid areas, will increase the dura-
tion and intensity of drought, desertification processes, salinization, and erosion 
[56]. It has been shown in many studies that drought has an impact on all plant 
growth events from plant morphology to molecular levels [57]. Drought stress 
causes various physiological, biochemical, and molecular responses in different 
plants to help them adapt to such limiting environmental conditions [58, 59]. Arid 
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conditions have a negative effect on photosynthetic activity, cause changes in 
chlorophyll content and components in the cell, and damage photosynthetic parts 
[60]. It also inhibits photochemical activity and reduces the activity of enzymes in 
the Calvin circle [61].

Earlier studies pointed out that exogenous MEL treatments improved plant 
tolerance to water deficit stress. Increased antioxidant activity in different plants 
grown in drought stress has been associated with the MEL content [62]. The 
effect of MEL application on plant development and some biochemical properties 
of Brassica napus L. under dry conditions were determined. In the study, it was 
determined that exogenous MEL treatments (0.05 mmol/L) mitigated the deleteri-
ous effects of water deficit on plant growth. Moreover, MEL treatments caused 
decreased H2O2 and increased antioxidant enzyme activity and osmotic solutes [63].

It has been shown that a notable increase in photosynthetic capacity and stress-
related phytohormones was associated with the endogenous MEL content under 
water deficit conditions. Indeed, Fleta-Soriano et al. [25] proved that MEL treat-
ments enhanced photosystem II resulting in a preserving factor in maize under 
drought stress. MEL treatments helped to recover from drought stress by enhancing 
the Fv/Fm ratio, which could have a defensive effect in plants subjected to water 
deficit conditions.

Cui et al. [64] demonstrated that MEL applications alleviated the deleterious 
effects of drought stress in wheat by increasing antioxidant activity and decreasing 
ROS and membrane injury. They also showed that MEL caused a thicker epidermal 
cell, intact grana lamella of chloroplast and leaf structure, and higher photosyn-
thetic activity. They explained these positive responses to MEL treatments in wheat 
with enhanced enzyme activity and gene expression. Moreover, Wang et al. [18] 
proved that MEL had an ameliorative effect on drought stress by increasing anti-
oxidant activity. Similarly, mitigation of deleterious effects of drought stress could 
be attributed to its ROS scavenging functions by improving antioxidant enzyme 
activity and photosynthetic efficiency [65].

Ma et al. [66] showed that exogenous MEL treatments elevated ME biosynthe-
sis gene (TDC1, SNAT1, and COMT) expression, resulting in mitigation of leaf 
senescence caused by water deficit in Agrostis stolonifera. In another study, it was 
determined that MEL applications in drought conditions reduced electrical leakage, 
decreased chlorophyll degradation, and increased photosynthetic activity in two 
different apple cultivars that are resistant to drought. MEL applications reduce the 
expression of the ABA synthetic gene (MdNCED3) and increase the expression of 
catabolic genes (MdCYP707A1 and MdCYP707A2), thus reducing the level of ABA 
under dry conditions [67]. Exogenous MEL treatments have resulted in enhanced 
photosynthetic capacity and water use efficiency due to increased indole acetic acid 
(IAA) and zeatin and decreased H2O2 and aminocyclopropane-1-carboxylic acid 
(ACC) production [68].

It was determined in plants that drought increased the expression of genes 
related to drought stress and decreased the production of abscisic acid (ABA), 
which leads to the closure of stomata [69]. In addition to reducing the effect of 
drought stress, MEL also helps to heal the plants after drought has occurred and 
water is re-fed [33, 65, 69, 70].

3.3 Heavy metal stress and MEL applications

The increment in mining, factories, and industrialization leads to the con-
tamination of larger areas with heavy metals. It is reported that heavy metals are 
included in the food chain by accumulation by plants [71]. Studies on heavy metal 
accumulation and its effects on plants have shown that heavy metals are a potent 
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phytotoxic and cause growth inhibition and, in some cases, death [72, 73]. Metals 
are the elements necessary for normal survival of plants. However, the presence of 
some metals in the root region has a toxic effect on the plants. These metals, which 
have a negative effect on growth and yield in plants, are mostly cadmium (Cd), 
chromium (Cr), zinc (Zn), copper (Cu), lead (Pb), and nickel (Ni) [74]. They can 
easily accumulate in plants and prevent plant growth and nutrient uptake [75]. The 
metals in question prevent the uptake of necessary minerals by making a toxic effect 
and by replacing the necessary minerals such as iron for the plants. Heavy metals, by 
activating active oxygen species in plants, cause a decrease in chlorophyll and thus 
photosynthesis rate. As in other stress conditions, heavy metal stress also increases 
the level of plant ethylene, slows down the growth of roots and shoots, reduces CO2 
fixation, and limits the transport of sugar [76]. Many researchers have reported that 
heavy metals stimulate ROS formation, leading to oxidative stress [77–79].

The plants exposed to heavy metals (lead, zinc, cadmium, etc.) have been shown 
to induce MEL biosynthesis for alleviating stress effects [80]. Tan et al. [32] pointed 
out that MEL treatments elevated the phytoremediation capacity of pea under cop-
per stress. Many studies have shown that exogenous MEL treatments reduced the 
toxic impact of various heavy metals such as cadmium, aluminum, copper, vana-
dium, nickel, etc. by enhancing root growth, antioxidant activity, photosynthetic 
capacity, and organic acid anion exudation, reducing metal concentration, and 
regulating MEL biosynthesis and antioxidant-related gene expression in various 
crops [24, 81, 82].

Tang et al. [83] reported that foliar MEL applications improved the pho-
tosynthetic capacity of eggplant under cadmium stress. They suggested that 
increased MEL concentration elevated photosynthetic capacity in stressed plants, 
and a concentration of 150 μmol·L−1 was the best for alleviating cadmium stress. 
Cadmium (Cd), one of the most dangerous heavy metal pollutants, is toxic to 
animals and plants. A significant increase in antioxidant enzyme activity and low 
ROS contents were related to treatment of MEL-stimulated Cd tolerance in tomato. 
MEL treatments induce Cd sequestration and transfer of cadmium from cytosol to 
the vacuole and cell wall [84]. Similarly, MEL applications mitigated Cd-stimulated 
oxidative stress by increasing the levels of nonenzymatic and enzymatic antioxi-
dants. Gu et al. [85] determined that Cd stress conditions enhanced endogenous 
MEL concentrations in alfalfa. It was determined in their research that exogenous 
MEL treatments mitigated the negative effect of Cd on plant growth by reducing Cd 
accumulation and reestablishing the micro RNA-mediated redox homeostasis. They 
suggested that MEL could regulate expression of ion-channel genes in crops against 
Cd stress. Moreover, Safari et al. [86] concluded that excessive boron (B) decreased 
photosynthesis and dry matter in pepper. However, they pointed out that exogenous 
1 μM MEL treatments eliminated visible B toxicity symptoms due to B, increased 
nutrient uptake, photosynthetic activity, antioxidant capacity, and accumulation of 
carbohydrates, and decreased ROS and membrane permeability.

Zhang et al. [24] tested whether exogenous MEL treatments could mitigate 
aluminum induced phytotoxicity in Glycine max. They pointed out that the effect of 
MEL on Al stress was dose-dependent. While 0.1 and 1 mM doses of MEL improved 
root growth and reduced H2O2 content, 100 and 200 mM doses affected negatively. 
1 mM MEL root application increased antioxidant enzyme activity under Al stress 
conditions. Ni et al. [87] demonstrated that Cd stimulated the expression of MEL-
related genes and enhanced the endogenous MEL content in wheat. Exogenous MEL 
treatments mitigated Cd toxicity on plant growth and increased ascorbate peroxi-
dase (APX) and superoxide dismutase (SOD) activity. They reported that MEL had 
an important role in keeping H2O2 homeostasis by modulating antioxidant activity. 
Restricted growth properties, chlorophyll and carotenoid content, photosynthetic 
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phytotoxic and cause growth inhibition and, in some cases, death [72, 73]. Metals 
are the elements necessary for normal survival of plants. However, the presence of 
some metals in the root region has a toxic effect on the plants. These metals, which 
have a negative effect on growth and yield in plants, are mostly cadmium (Cd), 
chromium (Cr), zinc (Zn), copper (Cu), lead (Pb), and nickel (Ni) [74]. They can 
easily accumulate in plants and prevent plant growth and nutrient uptake [75]. The 
metals in question prevent the uptake of necessary minerals by making a toxic effect 
and by replacing the necessary minerals such as iron for the plants. Heavy metals, by 
activating active oxygen species in plants, cause a decrease in chlorophyll and thus 
photosynthesis rate. As in other stress conditions, heavy metal stress also increases 
the level of plant ethylene, slows down the growth of roots and shoots, reduces CO2 
fixation, and limits the transport of sugar [76]. Many researchers have reported that 
heavy metals stimulate ROS formation, leading to oxidative stress [77–79].

The plants exposed to heavy metals (lead, zinc, cadmium, etc.) have been shown 
to induce MEL biosynthesis for alleviating stress effects [80]. Tan et al. [32] pointed 
out that MEL treatments elevated the phytoremediation capacity of pea under cop-
per stress. Many studies have shown that exogenous MEL treatments reduced the 
toxic impact of various heavy metals such as cadmium, aluminum, copper, vana-
dium, nickel, etc. by enhancing root growth, antioxidant activity, photosynthetic 
capacity, and organic acid anion exudation, reducing metal concentration, and 
regulating MEL biosynthesis and antioxidant-related gene expression in various 
crops [24, 81, 82].

Tang et al. [83] reported that foliar MEL applications improved the pho-
tosynthetic capacity of eggplant under cadmium stress. They suggested that 
increased MEL concentration elevated photosynthetic capacity in stressed plants, 
and a concentration of 150 μmol·L−1 was the best for alleviating cadmium stress. 
Cadmium (Cd), one of the most dangerous heavy metal pollutants, is toxic to 
animals and plants. A significant increase in antioxidant enzyme activity and low 
ROS contents were related to treatment of MEL-stimulated Cd tolerance in tomato. 
MEL treatments induce Cd sequestration and transfer of cadmium from cytosol to 
the vacuole and cell wall [84]. Similarly, MEL applications mitigated Cd-stimulated 
oxidative stress by increasing the levels of nonenzymatic and enzymatic antioxi-
dants. Gu et al. [85] determined that Cd stress conditions enhanced endogenous 
MEL concentrations in alfalfa. It was determined in their research that exogenous 
MEL treatments mitigated the negative effect of Cd on plant growth by reducing Cd 
accumulation and reestablishing the micro RNA-mediated redox homeostasis. They 
suggested that MEL could regulate expression of ion-channel genes in crops against 
Cd stress. Moreover, Safari et al. [86] concluded that excessive boron (B) decreased 
photosynthesis and dry matter in pepper. However, they pointed out that exogenous 
1 μM MEL treatments eliminated visible B toxicity symptoms due to B, increased 
nutrient uptake, photosynthetic activity, antioxidant capacity, and accumulation of 
carbohydrates, and decreased ROS and membrane permeability.

Zhang et al. [24] tested whether exogenous MEL treatments could mitigate 
aluminum induced phytotoxicity in Glycine max. They pointed out that the effect of 
MEL on Al stress was dose-dependent. While 0.1 and 1 mM doses of MEL improved 
root growth and reduced H2O2 content, 100 and 200 mM doses affected negatively. 
1 mM MEL root application increased antioxidant enzyme activity under Al stress 
conditions. Ni et al. [87] demonstrated that Cd stimulated the expression of MEL-
related genes and enhanced the endogenous MEL content in wheat. Exogenous MEL 
treatments mitigated Cd toxicity on plant growth and increased ascorbate peroxi-
dase (APX) and superoxide dismutase (SOD) activity. They reported that MEL had 
an important role in keeping H2O2 homeostasis by modulating antioxidant activity. 
Restricted growth properties, chlorophyll and carotenoid content, photosynthetic 



Abiotic and Biotic Stress in Plants

116

activity, and increased lipid peroxidation were alleviated by MEL treatments in 
spinach via enhancing antioxidant activity and reducing ROS levels [88].

3.4 Temperature extremes and MEL applications

Plants are affected at the maximum level from the environmental temperature 
from seed germination to product acquisition. Plants require an optimum tempera-
ture request for every stage of growth, and this requirement may vary between spe-
cies and even varieties. The temperatures below the optimum negatively affect plant 
growth and ultimately yield. Low and high temperatures slow the seed germination 
and emergence, limit the intake of water and nutrients, increase the damage of dis-
eases, negatively affect flowering, seed and fruit formation, and finally cause death 
of the plant [89]. Hot climate plant species are very sensitive to low temperatures 
[90]. It has been reported that low temperature affects the whole metabolic system 
of the cell and even causes water stress [91]. It has also been reported that low 
temperature causes damage in cell membranes, which also affects sugars, phenolics, 
phospholipids, protein, and ATP [92]. Low temperature is one of the most limiting 
abiotic stresses for crop yield and geographical distribution in plants [93, 94]. Low 
temperature stimulates the overproduction of ROSs in plant cells such as superoxide 
radical (O2.−), H2O2, and hydroxyl radical (OH−). ROS may lead to lipid peroxida-
tion and oxidative modifications in proteins and nucleic acids [95, 96].  
However, the plants have developed a specific protective mechanism to alleviate 
and repair damage induced by oxidative stress. The most important oxidative stress 
cleaning mechanisms are enzymatic systems consisting of SOD, POD, CAT, APX, 
and GR and nonenzymatic acetyl salicylic acid and glutathione (GSH) [97, 98]. 
Tolerance to low temperature in plants is positively related to activation of ROS 
cleaning systems. Research has shown that antioxidant activity has a substantial 
role in preserving plants to oxidative injury caused via stress [93].

High temperature stress is one of the most harmful stress conditions that damage 
the growth and yield of cool season plants. High temperature can negatively affect 
germination and output in many plant species. In the vegetative development period, 
it was reported that high temperature decreases photosynthesis capacity, CO2 assimila-
tion, and metabolic processes [99, 100]. High temperatures can also deteriorate mem-
brane stability, resulting in necrotic spots similar to water stress symptoms in leaves, 
eventually leading to premature deaths [101]. Temperature stress negatively affects the 
food intake in plants [102]. In the generative development period, high temperature, 
flower dust germination, fertilization, flowering, and seed and fruit formation can 
cause a significant decrease in yields [103, 104]. Like other stresses, high temperature 
stress also has a significant negative impact on product yield. High temperature causes 
oxidative stress, lipid peroxidation, membrane damage, protein degradation, enzyme 
inactivation, pigment bleaching, and degradation of DNA strands in plants [105].

Temperature extremes were shown to increase MEL biosynthesis. Moreover, it has 
been reported that exogenous MEL treatments helped to protect plants from tem-
perature extremes [106]. Several studies indicated that antioxidant capacity of MEL 
could strengthen plants subjected to abiotic stresses such as cold and heat [107, 108]. 
There are reports showing that supplementation with MEL induced MEL biosynthe-
sis and upregulated genes under cold stress conditions [109, 110]. Studies have also 
shown that MEL treatments alleviated the deleterious impact on plants by upregulat-
ing or downregulating genes and proteins related to high or low temperature stresses, 
scavenging ROS, modulating polyamine metabolism, increasing chlorophyll and heat 
shock protein synthesis, and affecting the ABA and cytokinin pathway [33, 110–113].

Lei et al. [114] suggested that MEL enhanced carrot cell survival due to induced 
putrescine and spermidine biosynthesis under cold stress. Similarly, Balabusta et al. 
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[115] determined that osmo-primed cucumber seeds with MEL had lower ROS 
levels and higher superoxide dismutase (SOD) activity, detoxifying ROS under 
chilling stress. It is evidenced that exogenous MEL treatments reduced photoinhi-
bition by enhancing nonphotochemical quenching via induction of violaxanthin 
de-epoxidase activity in tomato plants under chilling stress [116]. Alam et al. [117] 
concluded that MEL-treated tall fescue plants under high temperature stress had 
lower ROS electrolyte leakage and malondialdehyde levels and higher chlorophyll, 
total protein, and antioxidant enzyme activities compared to nontreated plants. 
They also showed that exogenous MEL treatments improved thermo-tolerance.

In another study, maize seeds were primed with MEL (50 and 500 μM) to deter-
mine the priming-induced changes under chilling stress. Priming with MEL regulated 
MEL-associated proteins in seeds exposed to lower temperature and enhanced plant 
tolerance to chilling [118]. Foliar MEL-treated Lolium perenne plants had greater 
biomass, chlorophyll content, and photosynthetic capacity compared to nontreated 
ones under heat stress. MEL also caused increased endogenous MEL and reduced 
ABA content. Genes related to ABA were downregulated by MEL treatments [113].

MEL applications decreased the H2O2 and MDA content of pepper seedlings, but 
increased the SOD and CAT enzyme activities in pepper under chilling stress. The 
decrease in the peroxidation of lipids in the tissues caused an increase in the levels 
of antioxidant enzyme activities, thus increasing the germination and seedling 
emergence performance of pepper seeds [119]. Xu et al. [120] reported that external 
MEL applications caused a significant increase in enzymatic antioxidants such 
as SOD, POX, CAT, and APX peroxidase and nonenzymatic antioxidants such as 
ascorbic acid and vitamin E, resulting in decreased ROS levels and lipid peroxida-
tion in cucumber under high temperature stress. Lei et al. [114] reported that MEL 
applications improved attenuates cold-induced apoptosis root cell suspensions in a 
process that does not relate to reactive oxygen species generation in carrot.

Posmyk et al. [121] investigated osmo- and hydropriming with MEL application 
on germination in cucumber (Cucumis sativus) in order to improve germination 
under cold stress conditions. Seed germination increased to 50–60% at 15°C and the 
addition of 25–100 μM MEL increased the germination percentage. Following these 
results, it was reported that MEL treatments protected cell membranes against 
peroxidation in cucumber seeds during chilling stress but high levels of MEL caused 
oxidative changes in proteins. The mitigating role of MEL in two bermudagrass 
(Cynodon dactylon) genotypes under lower temperatures was reported. The effects 
of MEL differed between genotypes, which were attributed to differential adaptive 
responses to lower temperatures due to differentiation of antioxidant enzyme activ-
ity, photosystem capacity, and metabolic homeostasis [122].

4. Conclusion

Based on literature knowledge, MEL, which is considered a plant growth regula-
tor candidate and known as tolerance to stress in plants, can be used to increase 
the plant productivity positively under the abiotic stress conditions. It enhances 
plant growth such as shoot and root biomass, induces root formation, and increases 
seed germination under unfavorable conditions. These positive attributes could be 
caused by (1) improving photosynthetic capacity, (2) reducing oxidative stress,  
(3) enhancing antioxidant activity, (4) downregulating or upregulating stress-
related genes, and (4) elevating osmotic metabolites. There are still many unan-
swered questions about MEL and more areas for further research. The mechanisms 
by which MEL is produced are still largely unresolved and need to be elucidated by 
different plant cells in different situations.
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role in preserving plants to oxidative injury caused via stress [93].

High temperature stress is one of the most harmful stress conditions that damage 
the growth and yield of cool season plants. High temperature can negatively affect 
germination and output in many plant species. In the vegetative development period, 
it was reported that high temperature decreases photosynthesis capacity, CO2 assimila-
tion, and metabolic processes [99, 100]. High temperatures can also deteriorate mem-
brane stability, resulting in necrotic spots similar to water stress symptoms in leaves, 
eventually leading to premature deaths [101]. Temperature stress negatively affects the 
food intake in plants [102]. In the generative development period, high temperature, 
flower dust germination, fertilization, flowering, and seed and fruit formation can 
cause a significant decrease in yields [103, 104]. Like other stresses, high temperature 
stress also has a significant negative impact on product yield. High temperature causes 
oxidative stress, lipid peroxidation, membrane damage, protein degradation, enzyme 
inactivation, pigment bleaching, and degradation of DNA strands in plants [105].

Temperature extremes were shown to increase MEL biosynthesis. Moreover, it has 
been reported that exogenous MEL treatments helped to protect plants from tem-
perature extremes [106]. Several studies indicated that antioxidant capacity of MEL 
could strengthen plants subjected to abiotic stresses such as cold and heat [107, 108]. 
There are reports showing that supplementation with MEL induced MEL biosynthe-
sis and upregulated genes under cold stress conditions [109, 110]. Studies have also 
shown that MEL treatments alleviated the deleterious impact on plants by upregulat-
ing or downregulating genes and proteins related to high or low temperature stresses, 
scavenging ROS, modulating polyamine metabolism, increasing chlorophyll and heat 
shock protein synthesis, and affecting the ABA and cytokinin pathway [33, 110–113].

Lei et al. [114] suggested that MEL enhanced carrot cell survival due to induced 
putrescine and spermidine biosynthesis under cold stress. Similarly, Balabusta et al. 
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[115] determined that osmo-primed cucumber seeds with MEL had lower ROS 
levels and higher superoxide dismutase (SOD) activity, detoxifying ROS under 
chilling stress. It is evidenced that exogenous MEL treatments reduced photoinhi-
bition by enhancing nonphotochemical quenching via induction of violaxanthin 
de-epoxidase activity in tomato plants under chilling stress [116]. Alam et al. [117] 
concluded that MEL-treated tall fescue plants under high temperature stress had 
lower ROS electrolyte leakage and malondialdehyde levels and higher chlorophyll, 
total protein, and antioxidant enzyme activities compared to nontreated plants. 
They also showed that exogenous MEL treatments improved thermo-tolerance.

In another study, maize seeds were primed with MEL (50 and 500 μM) to deter-
mine the priming-induced changes under chilling stress. Priming with MEL regulated 
MEL-associated proteins in seeds exposed to lower temperature and enhanced plant 
tolerance to chilling [118]. Foliar MEL-treated Lolium perenne plants had greater 
biomass, chlorophyll content, and photosynthetic capacity compared to nontreated 
ones under heat stress. MEL also caused increased endogenous MEL and reduced 
ABA content. Genes related to ABA were downregulated by MEL treatments [113].

MEL applications decreased the H2O2 and MDA content of pepper seedlings, but 
increased the SOD and CAT enzyme activities in pepper under chilling stress. The 
decrease in the peroxidation of lipids in the tissues caused an increase in the levels 
of antioxidant enzyme activities, thus increasing the germination and seedling 
emergence performance of pepper seeds [119]. Xu et al. [120] reported that external 
MEL applications caused a significant increase in enzymatic antioxidants such 
as SOD, POX, CAT, and APX peroxidase and nonenzymatic antioxidants such as 
ascorbic acid and vitamin E, resulting in decreased ROS levels and lipid peroxida-
tion in cucumber under high temperature stress. Lei et al. [114] reported that MEL 
applications improved attenuates cold-induced apoptosis root cell suspensions in a 
process that does not relate to reactive oxygen species generation in carrot.

Posmyk et al. [121] investigated osmo- and hydropriming with MEL application 
on germination in cucumber (Cucumis sativus) in order to improve germination 
under cold stress conditions. Seed germination increased to 50–60% at 15°C and the 
addition of 25–100 μM MEL increased the germination percentage. Following these 
results, it was reported that MEL treatments protected cell membranes against 
peroxidation in cucumber seeds during chilling stress but high levels of MEL caused 
oxidative changes in proteins. The mitigating role of MEL in two bermudagrass 
(Cynodon dactylon) genotypes under lower temperatures was reported. The effects 
of MEL differed between genotypes, which were attributed to differential adaptive 
responses to lower temperatures due to differentiation of antioxidant enzyme activ-
ity, photosystem capacity, and metabolic homeostasis [122].

4. Conclusion

Based on literature knowledge, MEL, which is considered a plant growth regula-
tor candidate and known as tolerance to stress in plants, can be used to increase 
the plant productivity positively under the abiotic stress conditions. It enhances 
plant growth such as shoot and root biomass, induces root formation, and increases 
seed germination under unfavorable conditions. These positive attributes could be 
caused by (1) improving photosynthetic capacity, (2) reducing oxidative stress,  
(3) enhancing antioxidant activity, (4) downregulating or upregulating stress-
related genes, and (4) elevating osmotic metabolites. There are still many unan-
swered questions about MEL and more areas for further research. The mechanisms 
by which MEL is produced are still largely unresolved and need to be elucidated by 
different plant cells in different situations.
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Chapter 9

Regulation Effect of Different 
Water Supply to the Nitrogen and 
Carbon Metabolism
Szilvia Veres, László Zsombik and Csaba Juhász

Abstract

Drought stress and flood result in the generation and accumulation of active 
oxygen species, the peroxidation of membrane lipids, and reduction of nitrogen 
metabolism, photosynthesis, growth, and development, causing a significant 
decline in the qualitative and quantitative production. The water availability 
influences the different component of NUE and photosynthetic system and its 
connections. The goal of this chapter is to summarize the effect of water supply to 
the nitrogen and carbon metabolisms. Knowing about the value of nitrogen use effi-
ciency and photosynthetic parameters is really a useful essential for selecting and 
growing the best genotypes. But what will happen with these two crucial character-
istics of plants, if the environment for growing is not ideal?.

Keywords: nitrogen, carbon, drought, water

1. Introduction

The most widely discussed projections—World Population Prospects every  
2 years—are those published by the United Nations from 1951. From this year they 
have published knowledge about the world population that increased more than 
400% over the twentieth century [1]. Expanding populations, income growth, 
and urbanization have brought about quantitative and qualitative changes in the 
demand for food. Agriculture faces multiple challenges: it has to produce more food 
to feed a growing population and more feedstocks for a potentially huge bioenergy 
market, adopt more efficient and sustainable production methods, and adapt to 
climate change. Although all of the challenges are more or less hang together, thus 
if we will be able to find a good point to step in, it can mean a medicine for all 
function. Climatic change is the middle of this complex problem; it is the reason 
and the solution as well. According to the most recent assessment report of the 
Intergovernmental Panel on Climate Change (IPCC), published in 2014, levels of 
anthropogenic emissions of greenhouse gases are now at their highest in history 
[2]. Agricultural production and its effect on land use are major sources of these 
emissions, by sharing methane and nitrous oxide gases. As more greenhouse gas 
emissions are released into the air, causing air temperatures to increase, more 
moisture evaporates from land and water bodies. Warmer temperatures also increase 
evaporation and evapotranspiration in plants and soils, which affects plant life and 
can reduce rainfall even more.
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Plant growth and productivity are adversely affected by water deficiency and/
or drought. Moreover, they are not able to solve their serious problem in a short way. 
Responses of plants to water stress may be assigned as either injurious change or 
tolerance index. Short-term acclimatization skills are not always enough mainly if any 
other loads are also presented. Therefore the development of plants with increased 
survivability and growth during water stress is a major objective in the breeding crops. 
All of the skills and traits of what the different plant genotypes are able to use need to 
be known to cope with water deficiency as single or under multiplied stress conditions.

2. Plant response to drought stress

Drought stress is one of the most common abiotic stresses for terrestrial plants  
[3, 4]. Drought adaptability of plants was defined as comprehensive capacity for adap-
tation to the drought stress and the re-watering cycle. Drought resistance and recovery 
determine drought adaptation of plants. Plants can increase the drought resistance 
through three strategies, namely, “drought escape,” “drought avoidance,” and “drought 
tolerance” (Figure 1). The “drought escape” strategy plants reduce life span and induce 
vegetative dormancy to escape severe drought stress [5]. Drought avoidance includes 
increasing water uptake ability and water use efficiency: stomatal closure, root systems, 
high capacity for water transport from roots to leaves, and high leaf mass per leaf area 
[6]. Behind the strategy of drought tolerance, the plant cells improve osmotic adjust-
ment ability, increase cell wall elasticity to maintain tissue turgidity, elevate antioxidant 
metabolism, and enhance the resistance to xylem cavitation [7].

It is possible to categorize plant responses to drought stress in accordance with 
the organizational level of study: from whole plant to molecular level. At molecular 
level: epigenomics, which affect DNA activity without modifying the gene sequence; 
transcriptomics, which are changes in gene expression; proteomics, referring to 
changes in proteins; and finally metabolomics, which are changes in metabolites [9]. 
Epigenetic mechanisms regulate chromatin structure, gene expression, transposon 
mobility, and DNA recombination [10]. Several authors have reported the dif-
ferential regulation of genes encoding epigenetic regulators [11–13] as well as local 
chromatin and DNA methylation changes in response to a variety of abiotic stresses 

Figure 1. 
Diagram about drought-adaptive capabilities during drought and re-watering cycle [8].
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[14–16] including drought [17–19]. Recent studies had been performed to investigate 
drought responses in plants using transcriptomic approaches [20, 21]. The differen-
tially expressed transcripts help for identifying the key genes in stress response and 
performing functional analysis to reveal their roles in stress adaptation in plants. 
High-throughput proteomics has proved to be a powerful tool for the comprehensive 
identification of drought-responsive proteins in plants [22]. In previous investiga-
tions, more than 2200 drought-responsive protein species have been identified in 
leaves [23]; these drought-responsive protein species are defined as 440 unique 
proteins on the basis of their protein sequence homology and functional domain 
similarity. Further progress in plant performance under stresses is expected by 
combining marker-assisted breeding with metabolite markers. The most dramatic 
effect on the metabolite composition was experienced in leaves compared with other 
organs [24]. Drought stress evoked the accumulation of many amino acids (glycine, 
serine) including isoleucine, valine, threonine, and 4-aminobutanoate, which has 
been reported in both field and greenhouse experiments in many plant species [25].

Plants can adapt to water deficiency by a wide range of alterations in their mor-
phology, anatomy, and physiology that have been the focus of many studies [26, 27]. 
Plant’s strategies on the whole plant level can lead to stomatal closure, reductions in 
photosynthesis and transpiration, growth inhibition, antioxidant production, and 
changes in hormonal composition [28–30]. Plants have evolved several strategies to 
cope with drought stress, including drought escape via a short life cycle or develop-
mental plasticity, drought avoidance via enhanced water uptake and reduced water 
loss, as well as drought tolerance via osmotic adjustment, antioxidant capacity, and 
desiccation tolerance [31]. Plant responses to drought stress also vary at different 
growth stages of the crop [32]. The decrease in yield varies from 13 to 94% in the 
investigated crops that were under drought stress [33].

3. Interaction between C and N metabolism

Nitrogen is an essential macronutrient for plants, and it can affect many aspects 
of plant growth and metabolic pathways [34–36]. Nitrate is a primary nitrogen 
source for photosynthetic organisms. The assimilation of nitrate-N into amino 
group of amino acids contains at least three main steps: nitrate uptake, reduction 
of nitrate to ammonium, and incorporation of ammonium to carbon skeleton. One 
of the main connections is that all assimilatory power utilized by plant metabolism 
originates from photosynthesis. In plant leaves nitrate assimilation is a direct 
photosynthetic process that increases the capacity of the photosynthetic apparatus 
for non-cycling electron flow, overcoming the limitation imposed by CO2 fixation 
through the Calvin cycle [37]. Nitrogen assimilation has an impact on the efficiency 
of CO2 fixation and the distribution of just fixed carbon among metabolite frac-
tions. Under limiting light intensity condition, there is a strong competition for 
reducing equivalents between CO2 and nitrate assimilation [38]. When the available 
nitrogen source is ammonium, there is no reduction in CO2 fixation under low light 
intensity; moreover ammonium has a positive effect on it [39]. Photosynthetic 
reactions are involved in the synthesis, regulation, and maintenance of the enzymes 
of nitrate assimilation pathway. Photorespiratory nitrogen metabolism is one of the 
important aspects of the interactions of carbon and nitrogen.

High carbohydrate content of grain (in maize, wheat) versus low nitrogen 
content indicates the crucial role of photosynthesis in attaining maximum yield. 
With the increased use of fertilizer N being closely associated with enhanced crop 
yields, it seems reasonable that both carbon and nitrogen metabolisms should be 
considered when attempting to identify factors that limit productivity [40].
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Figure 1. 
Diagram about drought-adaptive capabilities during drought and re-watering cycle [8].
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4. Water supply and nitrogen nutrition

Water and nitrogen are the most limiting factors in agricultural production 
in most parts of the world, which are able to determine and influence the carbon 
metabolism. Nitrogen is a vital structural component of proteins, ribulose-
1,5-bisphosphate carboxylase/oxygenase (Rubisco), nucleic acids, chlorophylls, as 
well as some hormones, and nitrogen fertilization is an essential agronomic man-
agement practice to enhance the crop productivity [41]. Primary carbon metabo-
lism is dependent on nitrogen assimilation, because much of the nitrogen pool of 
the plant is invested in the proteins (structural and enzymes) and chlorophyll of 
the photosynthetic apparatus. Leaf chlorophyll provides the platform for photo-
synthetic system [42], whereas Rubisco is the key enzyme involved in the process 
of photosynthesis [43]. A major part of plant nitrogen is stored in the enzymes 
participating in the photosynthesis especially Rubisco, which is a key source of 
N recycling [44]. The limitations in the photosynthetic process as a consequence 
of intensified drought stress not only impose direct drought stress-induced dam-
ages to plants but also result in light-induced oxidative stress. The lower efficiency 
of photosynthetic system under drought stress leads to the imbalance between 
absorbed light energy and its utilization in the carbon assimilation process, which 
in turn spares more electrons triggering the production of reactive oxygen species. 
Conversely, nitrogen assimilation requires a continuous supply of energy and car-
bon skeletons. Interconnected metabolic processes make the effect of water deficit 
on plant nitrogen nutrition status difficult to predict. An adequate assessment of 
the impacts of drought stress under different nitrogen levels on the physiological 
activities and yield attributes can provide the valuable insights for wheat cultiva-
tion under drought stress [45]. Efficient nitrogen nutrition has been reported to 
have the potential to alleviate the drought stress damages by maintaining metabolic 
activities even at low tissue water potential [31]. Abid et al. [46] published that 
higher N nutrition contributed to drought tolerance in wheat by maintaining higher 
photosynthetic activities and antioxidative defense system during vegetative growth 
periods. N-fertilized wheat plants responded more rapidly to increasing drought 
stress by closing stomata and reducing net photosynthesis [7].

The nitrogen form and the levels of nitrogen available affect root water uptake 
[47–49]. Synergetic transport has been found between nitrate and water uptake in 
roots. In plants supplied with nitrogen in both ammonium and nitrate forms, the 
high nitrogen supply also increased root hydraulic conductance in plants [50, 51]. The 
radial water transport also can be influenced by nitrogen nutrition. The water flow in 
apoplastic pathway is blocked by apoplastic barriers at the endodermis, and water flow 
continues through the symplastic pathway. The deposition of lignin and suberin in the 
endodermis may affect root hydraulic conductance; Ranathunge et al. [52] demon-
strated that high ammonium supply increased this deposition and thus decrease root 
hydraulic conductance. Drought stress may induce the alkalinization of leaf apoplast, 
in tomato [53] and hop [54], and especially in plants supplied with high nitrate [55].

5. Conclusion

Nitrogen is an essential nutrient for plants, and it can affect dry matter produc-
tion by influencing photosynthetic process in several direct and indirect ways. 
Drought is also a crucial abiotic factor in terms of photosynthesis and also means 
control for the nutrient nutrition of plants. The effect of water deficit on nitrogen 
nutrition has been the subject of considerable research on several plants [7, 56, 57]. 
The interconnected metabolic processes make it difficult to predict the effect of 
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water deficit on plant nitrogen nutrition status and the exact regulation point in the 
carbon metabolism. In the future we need to know more skills and traits what the 
different plant genotypes are able to use to cope with water deficiency as single or 
under multiplied stress conditions.
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Chapter 10

Chickpea Abiotic Stresses: 
Combating Drought, Heat and 
Cold
Peter Kaloki, Viola Devasirvatham and Daniel K.Y. Tan

Abstract

Chickpea is an important legume providing dietary proteins to both humans 
and animals. It also ameliorates soil nitrogen through biological nitrogen fixa-
tion. Drought, heat and cold are important factors among abiotic stresses limiting 
production in chickpea. Identification, validation and integration of agronomic, 
physiological and biochemical traits into breeding programs could lead to increased 
rates of genetic gain and the development of better adapted cultivars to abiotic 
stress conditions. This chapter illustrates the effects of stresses on chickpea growth 
and development. It also reviews the various traits and their relationship with grain 
yield under stress and proposes recommendation for future breeding.

Keywords: abiotic stresses, chickpea, cold, drought, genomic regions, heat, 
phenotyping, quantitative trait loci (QTL) and traits

1. Introduction

Chickpea is the third most important food legume globally after dry beans and 
dry peas [1]. It is grown on 12.4 million hectares (mean of 2010–2012, FAOSTAT) 
producing 11.3 million tonnes at an average yield of 910 kg/ha (mean of 2010–2012, 
FAOSTAT) [2]. Chickpea is an important legume in many farming systems and 
provides biological N fixation which benefits the entire farming system.

However, chickpea production is hampered by biotic and abiotic constraints 
depending on the ecological region. Among abiotic stresses, drought, heat and cold 
stresses are the most important yield limiting factors [3, 4]; accounting for up to 
50% of chickpea production losses for drought, and 15–20% of yield losses for low 
and high temperatures [5]. This situation is exacerbated by climate change which 
may cause higher intensity and frequency of droughts, heat waves and cold spills in 
the arid and semi-arid areas [6] where chickpea is traditionally cultivated.

Improvements in chickpea abiotic stresses responses have been slowed by the 
complex inheritance of tolerance, the multi-dimensional nature of stress and the 
fact that various agronomic, physiological and biochemical changes occur in plants 
that are difficult to predict [3]. Jha et al. [7] suggest that abiotic stresses are limited 
by quantitative inheritance and large genotype x environment interaction.

It is important to integrate physiological traits into crop improvement; however, 
plant breeders have largely focused on empirical selection for yield [8, 9]. This 
may be a result of the challenges associated with measuring physiological traits 
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compared with other easily measured traits such as photosynthetic rate or carbon 
isotopic discrimination as well as lack of proper multidisciplinary training [10]. 
Although traditional plant breeding contributed to increased yields [11], largely 
attributed to environmental adjustments, genotype and their interaction [12], 
recent rates of yield increase have started to plateau [13]. However, agronomic, 
physiological and biochemical traits and their correlation with grain yield under 
stressed and non-stressed conditions are important to select genotypes by screening 
[14]. Tolerance to abiotic stresses is influenced by polygenes. Under abiotic stress 
conditions, many factors and their interaction are involved at a particular time 
which affects crop growth and yield. To define abiotic stresses in a target environ-
ment, the above-mentioned should be considered [15]. This chapter explains the 
background of major abiotic stresses such as drought, heat and cold and breeding 
strategies to improve tolerance in chickpea along with present molecular breeding 
approaches.

2. Drought stress

2.1 The concept of physiological breeding and its current status

Physiological breeding relies on the identification of traits which are later used as 
indirect selection criteria in core breeding or in introgression programs [8]. Fischer 
[16] proposed two approaches which can be used for trait identification namely, the 
black box and the ideotype approaches. The black box approach entails evaluation 
of genotypes in a specified limiting factor (e.g. drought) and measuring trait asso-
ciations with economic performance. This method aims to identify and characterise 
the underlying factors that contribute to the target trait. In contrast, the ideotype 
approach predicts the desired genotype in the target environment and this is used as 
a blueprint for cultivar development. The target environment should be as homo-
geneous as possible and the selection process well managed to reduce confounding 
factors which may affect trait expression [9]. Nevertheless, most target environ-
ments are not homogenous and, in these instances, the most probable environment 
type, based on long-term environmental records, should be targeted [17].

Target physiological traits for drought response should be easy to measure, 
highly heritable and correlated with yield. They should not limit yield when condi-
tions are conducive nor have negative pleiotropic effects on other traits of economic 
importance [18]. As such, developing high yielding cultivars which show plasticity 
is vital since they can maintain yield in water limited environments and at the same 
time take advantage of excess moisture during wet years [18]. These physiological 
traits influence yield through additive gene action [19].

There are several traits that can be targeted in physiological breeding which may 
help increase yield either directly or indirectly. Some examples include selection 
for optimised plant height, especially in temperate crops to reduce lodging and to 
increase harvest index under favourable conditions [18]. Genes that govern plant 
height have contributed to higher yields by ensuring that more assimilates are 
partitioned to the grains and the reproductive organs instead of the stem [20]. This 
reduction in plant height was the key driver of the Green Revolution which saw a 
quadrupling of wheat and rice yields across much of Asia [21]. Selection for flower-
ing time is also very important, especially in water limited environments since it 
may have a direct effect on yield [22].

Some research organisations including CIMMYT Mexico are practicing physi-
ological breeding but generally the research arena is still in its infancy. There have 
been several success stories recently in physiological breeding in wheat, soybean, 
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sunflower, sorghum and maize. These examples are summarised by Richards [18] 
and include increased axial resistance in wheat whereby reduced xylem vessel diam-
eter in the seminal roots increased hydraulic resistance and thus decreased extrac-
tion of water from the subsoil, reduced anthesis to silking interval in maize leading 
to increased yields, increased ability of soybean to fix nitrogen under drought 
environments, improved transpiration efficiency in wheat and sunflower via selec-
tion for low carbon discrimination, stay green trait in sorghum where plants delay 
senescence and sanction further uptake of soil water and nitrogen (Figure 1).

2.2 Phenotyping target physiological traits in chickpea

Over the last century, breeders have made progress in drought tolerance by 
selecting constitutive traits that affect dehydration avoidance rather than drought 
responsive traits because of fewer yield penalties [23]. Target traits in water limited 
environments should be correlated with yield and should have higher heritability 
than yield [24]. Phenotyping these traits should also be non-destructive, accurate, 
cheap and inexpensive [25]. The phenotypic performance needs to be associated 
with genotypic data to understand the genetic basis of complex these traits [26]. For 
phenotyping to be successful and relevant, environmental characterisation [25, 27] 
is vital so that genotype by environment interactions can be exploited [17].

Phenotyping of large plant populations for various traits in the field can be 
labour intensive and expensive. However, the emergence of high-throughput geno-
typing platforms such as near infra-red spectroscopy and multi-spectral reflectance 
makes it possible to phenotype large populations in multi-locations [26].

Figure 1. 
Schematic illustration of physiological breeding compiled from Reynolds and Trethowan [9].
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Chickpea phenotyping for drought tolerance has focused on selection for early 
maturity to avoid drought and root traits to confer water-use-efficiency under 
drought [28]. Phenotyping for water use efficiency in chickpea has been conducted 
using gravimetric methods in a pot culture [28]; however these methods do not 
generally correlate well with field conditions.

Near infrared spectroscopy has been used to capture differences in dry matter, 
starch and crude proteins [26]. Spectral reflectance allows monitoring of various 
dynamic complex traits using high temporal resolution without interfering with the 
plant [26]. It can be used to measure canopy architecture, nitrogen concentration 
and water status [26]. Other measurements can be taken on individual plants includ-
ing plant photosynthesis pigment composition and water status (Figure 2) [29].

2.2.1 Canopy temperature

Canopy temperature is an indirect indicator of crop water status since water 
deficit results in partial stomatal closure, thus reducing transpiration and in effect 
causing sunlit leaves to become warmer than the ambient temperature [30]. Since 
transpiration has a cooling effect on canopies, cooler plant canopies indicate 
higher transpiration rates. This is one of the many factors that affect plant canopy 
temperature. Others include incident radiation, wind and relative humidity [31]. 
Under water limited conditions, cooler canopy temperatures are related to the 
capacity of plants to extract soil water from deep in the subsoil, whereas under 
well-watered conditions sink strength and photosynthetic capacity are more 
important [32]. The hand-held canopy temperature gun is a simple and rapid 
method of determining canopy temperatures. However, in very large populations 
it may be limiting. Thermal imagery systems are more amenable to high through-
put phenotyping for canopy temperature in large populations [33]. Canopy 
temperature is quite sensitive to environmental conditions and caution should be 
taken while taking the measurements. Good results are achieved when the condi-
tions are ideal for high vapour pressure deficit (VPD), in conditions of warm air, 
generally above 15°C and relative humidity of less than 60% with clear sunny skies 
and low wind speeds [32].

Figure 2. 
Some target traits for chickpea physiological breeding.
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2.2.2 Plant vigour and plant green biomass

Over the years remote sensing imagery has gained popularity because it is not 
limited by sampling interval or geostatistical interpolation [34], does not involve 
destructive sampling and it is amenable to high throughput. The premise for using 
optical remote sensing for crop assessment is that crop canopy multispectral reflec-
tance and temperature is associated with photosynthesis and evaporation whereby 
leaf area index (LAI) and crop development stage are central [35].

Several indices have been developed which are used to analyse aerial imagery 
[36] including the Normalised Difference Vegetation Index (NDVI). The NDVI 
links reflectance in the red region and the NIR to vegetation parameters such as 
canopy cover, leaf area index and the concentration of total chlorophyll [36]. 
Korobov and Railyan [37] concluded that the NIR and red areas of the spectrum 
correlated highly with plant parameters such as plant height, plant density and 
percent plant cover.

Initially, NDVI was used for estimating green biomass [38]; however, it was 
subsequently used to assess crop health [39, 40].

2.2.3 Photosynthetically active radiation (PAR)

The photosynthetic active radiation spectrum (PAR), which consists of 50% of 
total global radiation [41], lies in the wavelength 0.4–0.7 μm [42]. The crop canopy 
absorbs PAR, referred to as intercepted photosynthetically active radiation (IPAR) 
to aid photosynthesis, eventually producing biomass [43]. The radiation intercepted 
during the growing period is determined by the canopy radiation extinction coeffi-
cient (k) and is influenced by leaf orientation and the green leaf area [44]. Research 
has shown that lower k values are associated with narrow and erect leaves compared 
to plant genotypes with more horizontal leaf arrangements [45]. Lower k values 
allow more light to penetrate the canopy and illuminate more leaf area in conditions 
of low light intensity, thus increasing carbon exchange rates and consequently, 
radiation use efficiency [45].

The fraction of intercepted photosynthetically active radiation can be used to 
estimate the leaf area index (LAI) by relationship with the plant canopy [43]. This 
provides an easy and non-destructive way of estimating the leaf area index. IPAR 
can be accurately determined using a ceptometer, though care should be taken to 
avoid confounding factors such as the soil albedo, row spacing and lack of canopy 
uniformity [46].

2.2.4 Chlorophyll content

There is a close relationship between chlorophyll concentration, leaf nitrogen 
content and crop yield [47]. This relationship arises because the majority of leaf 
nitrogen is usually contained in the chlorophyll [47]. Since chlorophyll absorbs 
PAR, which aids in photosynthesis, it indicates the strength of the internal leaf 
apparatus during photosynthesis [48].

Leaf chlorophyll content can be determined by extraction with organic solvents 
including acetone [49] and methanol [50] and subsequent quantification using 
a spectrometer; however this method is expensive and time consuming [51]. A 
higher throughput non-destructive method is the SPAD chlorophyll meter which 
allows rapid and inexpensive assessment of leaf greenness [52]. SPAD measures leaf 
absorbance in the red (650 nm) and infrared (940 nm) regions [53] and gives read-
ings that have been correlated with chlorophyll content under different moisture 
regimes in many crops [51].
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2.2.5 Root traits

Plants extract water from the soil through the roots and the spatial distribution 
of the root system influences water and nutrient intake capacity [54]. Dense root 
systems are more efficient at extracting water from the top soil horizon whereas 
deeper rooting systems better extract water from the lower soil horizons. These 
contrasting traits are important influences on yield under water deficit conditions 
during the reproductive stage in many crops [55]. Kashiwagi, Krishnamurthy [56] 
showed that root architecture affects transpiration by influencing soil moisture 
use and subsequent harvest index in terminal drought. However, the heritability of 
these root characteristics will determine their utility in plant breeding. Varshney 
et al. [57] reported genetic variation for both root length density and root depth 
in chickpea and found heritabilities ranging from medium to low. Root hydraulic 
conductivity impacts the amount of water taken up by the plant and is determined 
by the anatomy and morphology of the roots and their aquaporin activity [58]. In 
legumes, root hydraulic conductivity is influenced by the total root length since 
water is absorbed along the full root length [58].

Root phenotyping is difficult and for this reason the literature on chickpea is 
not extensive. However, Kashiwagi et al. [56] and Zaman-Allah et al. [59] used 
polyvinyl chloride (PVC) cylinders (lysimeters) to grow chickpeas for assessment. 
The soil was subsequently washed off from sampled plants to measure total root-
ing depth. Image analysis software (WinRhizo, Regent Instruments INC., Canada) 
was then used to estimate the root length at various sections of the lysimeters and 
divided by the specific volume of that section to determine the root length density.

2.2.6 Transpiration efficiency

Transpiration efficiency is an important yield determinant under drought [60] 
and as such can be targeted in a breeding program. Carbon isotope discrimination 
(CID) can be used as a surrogate to measure transpiration efficiency compared with 
the more tedious gravimetric methods [61].

Carbon isotope composition of plant dry matter was used to evaluate the relative 
differences of Ci/Ca in C3 species [62]. The stable carbon isotope (13C), which 
constitutes 1% of total atmospheric CO2, is usually lower in plant dry matter than 
in the atmosphere since C3 plants discriminate against 13C during photosynthesis. 
Carbon isotope discrimination (∆13C), is the value of the ratio of 13C/12C in plant 
material in relation to the same value of the ratio of the air that plants use [63]. 
However, transpiration efficiency is a conservative trait that both limits water loss 
through reduced transpiration and photosynthesis through stomatal closure. While 
selection for CID will optimise survival under drought stress, yield will be limited 
under more favourable conditions due to lower stomatal conductance.

2.2.7 Water use efficiency (WUE)

WUE in agriculture can be considered at the whole plant (ratio of total dry mat-
ter produced to total water used), economic yield (ratio of crop grain per unit area 
to transpiration) and leaf (ratio of instantaneous carbon dioxide assimilation rate to 
transpiration rate at the stomata) levels [64].

At the leaf level, crop water loss is as a result of differences in water vapour concen-
tration between the crop canopy and the atmosphere and is least during cool humid 
periods of the season. Thus, the rates of CO2 assimilation (A) and transpiration (T) are 
a product of stomatal conductance, either of CO2 (gc) and water vapour (gw) or the 
gradient of either CO2 (Ca − Ci) or water vapour (Wi − Wa) between the air outside and 
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inside the leaf [65]. Theoretically, WT can be improved by lowering the value of Ci/Ca, 
albeit trade-offs are likely to occur [65]. However, breeders have successfully selected for 
lower Ci/Ca to produce materials with low stomatal conductance in wheat, higher pho-
tosynthetic capacity or a combination of both [62]. There is substantial genetic variation 
for Ci/Ca determined through ∆13C which is large enough to cause variation in A/T and 
consequently WUE for dry matter production [63]. Rebetzke et al. [66] showed that 
∆13C is a highly heritable trait that can be manipulated through plant breeding. Thus 
increasing intrinsic WUE has been an attractive crop breeding target for many years 
[16]. By exploiting genetic variation associated with intrinsic earliness and response to 
photoperiod, breeders have developed genotypes that can grow when the evaporative 
demand is low, which in turn raises the ratio of A/T and increases yield [67].

Traits associated with water use efficiency have been identified including CID, 
where low CID implies higher transpiration efficiency resulting from low stomatal 
conductance, delayed leaf senescence or stay green, spike photosynthesis which 
results in high water use efficiency due to partial re-fixation of respiratory carbon 
dioxide, and subcellular processes such as photo-protective mechanisms [68]. These 
traits can be used as surrogates if yield penalties are not very high.

2.3 Biochemical traits and their relationship with drought tolerance

Production of various secondary metabolites through alteration of plant biochemi-
cal tissue profile is one of the ways plants respond to abiotic stresses [69]. The produc-
tion of the secondary metabolites may be initiated by lipid peroxidation [70] and 
they help in the protection of membrane lipids from oxidative stress [71]. In order to 
prevent oxidative damage in plant tissue under water stress conditions, both enzymatic 
and non-enzymatic antioxidant systems are involved [69]. These include ascorbate, 
reduced glutathione, β-carotenes, carotenoids, α-tocopherol, peroxidase, catalase, 
superoxide dismutase, glutathione reductase, polyphenol oxidase and ascorbate 
peroxidase [69]. The activity levels of the enzymes in the antioxidant system have been 
used to indicate stress tolerance capabilities for plants exposed to stress conditions [72].

Water stress results in an increase in the production of reactive oxygen species 
which causes a risk to the plant since it causes the peroxidation of membrane lipids, 
damage to nucleic acids and the denaturation of proteins [73, 74]. Plants exposed to 
water stress over a prolonged period of time suffer from extensive cellular damage 
and eventual death as a result of reactive oxygen species overpowering the scaveng-
ing action of the antioxidant system [69].

Hydrogen peroxide plays two roles in plants depending on its concentration. At 
low levels, it acts as a signal molecule that triggers tolerance to many biotic and abi-
otic stresses whereas at high levels it causes programmed cell death [69]. Many stud-
ies have shown hydrogen peroxide to be an important regulator in many physiological 
processes including stomatal movement [75], photorespiration and photosynthesis 
[76], senescence [77], cell division cycle [73] and growth and development [78].

Soluble sugar (fructose, glucose and sucrose) accumulation in plants is closely 
linked to drought tolerance [69]. Soluble sugars protect plant cells under drought 
conditions by interacting with proteins and membranes through hydrogen bonding 
thus inhibiting protein denaturation and secondly, by maintaining structural and 
functional integrity of macromolecules through vitrification [69].

2.4  Identifying genomic regions linked to physiological traits through 
association analysis

Genetic association analysis (linkage disequilibrium analysis) is used to identify 
quantitative trait loci (QTL) by linking the phenotype to the genotype. It exploits 
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low levels, it acts as a signal molecule that triggers tolerance to many biotic and abi-
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historical and evolutionary recombination events at the population level to resolve 
complex variation up to the sequence level [79]. Phenotypic variation of complex 
traits in plant species is influenced by multiple QTLs and their interaction with 
themselves (epistasis) and the environment [80]. Association analysis frequently 
used [80] because of increased mapping resolution, greater allele number and 
efficiency [81]. The technique can be applied to a wide array of germplasm from 
natural populations to study complex trait variation whereas traditional linkage 
analysis provides information on specific parents [80]. Recent association studies 
include disease resistance in potato [82], flowering time in maize [83] and iron 
deficiency chlorosis in soybean [84].

Many QTLs in chickpea for various traits including plant height, plant canopy 
cover, number of branches per plant, number of pods per plant, 1000 seed weight 
and days to maturity have been identified using linkage mapping. Gowda et al. [85] 
identified 41 and 65 QTLs for these traits using single locus QTL analysis from two 
intraspecific chickpea mapping populations, JG 62 X Vijay and Vijay X ICC 4958, 
respectively. Rehman et al. [86] found multiple QTLs from a kabuli biparental 
population of ILC 588 X ILC 3279 for grain yield, harvest index, drought tolerance 
score, days to flowering, days to maturity and plant height. They also identified two 
QTLs for stomatal conductance in linkage group (LG) 7 and 3 and six for canopy 
temperature differential in LG 1, LG 3, LG 4, LG 6 and LG 7. These genomic regions 
were associated with traits that confer higher productivity under drought stress. 
The studies of Rehman et al. [86] identified 15 genomic regions associated with 
drought tolerance traits. Genomic regions on LG 1 and LG 3 were strongly associ-
ated with days to flowering, days to maturity, harvest index, reproductive period, 
canopy temperature differential, plant height and grain yield under drought. 
Of particular interest was Q3-1 on LG 3 which explained most of the important 
drought traits. These traits included enhanced stomatal conductance (Q3-3) in LG 
3 and cooler canopies (Q1-1 and Q3-2). Hamwieh et al. [87] reported 93 significant 
QTLs in an intraspecific mapping population developed between ILC 588 and ILC 
3279. However, only 8 of these QTLs were expressed in more than one environment. 
Nevertheless, these authors found a significant QTL region measuring 12.1 cM for 
days to flowering, drought resistance score, grain yield, days to maturity, harvest 
index, number of seeds per plant, biological yield and number of pods per plant 
on LG 3. A second QTL spanning 0.68 cM was detected in the same linkage group 
which influenced 1000 seed weight, number of pods per plant, percent empty pods, 
number of seeds plant and biological yield [87]. Clearly, the LG 3 and LG 4 regions 
appear to have a strong effect on yield under stress. These QTLs appear to be 
pleiotropic for a number of traits and selection for those with the highest heritabil-
ity should assist crop improvement for drought stress response [87]. Furthermore, 
one genomic region concealing QTL for selected drought tolerant traits has been 
identified and introgressed into three popular chickpea varieties by using a marker-
assisted back crossing approach [88]. This attempt will lead to develop improved 
lines with greater drought tolerance.

3. Heat stress

3.1 Context of heat stress

Adverse effect of heat stress on grain legumes is increasing due to global warm-
ing. Chickpea is an important grain legume mostly grown in semi-arid regions 
which frequently encounters of heat waves that affects crop growth and yield [89]. 
High temperatures stress in chickpea production is mainly associated with climate 

147

Chickpea Abiotic Stresses: Combating Drought, Heat and Cold
DOI: http://dx.doi.org/10.5772/intechopen.83404

change (e.g. summer dominant rainfall zone in Australia) and changes in cropping 
systems that have shifting chickpea production from cooler region to warmer region 
(e.g. India) [90, 91]. Both situations, the crop is experiencing high temperature 
during reproductive stage. Therefore, the effects of heat stress on chickpea growth, 
development and yield are important to understand by observing agronomic, 
physiological and biochemical traits to develop high temperature tolerant cultivars.

3.2 Agronomic traits and their relationship with grain yield

Generally, temperature (>30°C) limited yield in cool season legumes such as 
chickpea, lentil, faba bean and field peas [92–95]. Plant growth, phenology, bio-
mass accumulation and yield are important agronomic traits which depends on the 
crop ability to withstand or acclimate under abiotic stress [96]. Phenological traits 
such as days to first flowering, days to 50% flowering and days to crop maturity 
plays a major role under high temperature. Under stress plants forced to maturity 
i.e. escaping from heat. Therefore, earliness can be observed through phenologi-
cal traits. Significant variation in phenology in chickpea under heat stress was 
observed. Particularly, days to 50% flowering was delayed and days to crop matu-
rity was hastened due to requirement of thermal time (growing degree days °C) to 
attain any developmental stage [92]. Furthermore, grain yield under heat stress was 
negatively associated with phenology. To eliminate heat escape, classification of 
genotypes based on maturity (short, medium and long duration) and stress toler-
ance index would helpful to identify the genotypes that could be used for future 
breeding [92, 97].

Plant height, plant width, biomass accumulation, pod number, filled pod num-
ber, seed number per plant and grain yield are also plays significant role under high 
temperature. Plant height and width was affected under heat stress as well as bio-
mass accumulation, pod number and seed weight [92, 98]. Generally, high tempera-
ture reduces the duration of plant developmental stages and carbon assimilation 
process within the plant, resulting low biomass production and reduces source-sink 
activity (yield) [99]. The most affected yield traits in chickpea are pod number per 
plant and harvest index. Similar findings have been found in lentil [100].

3.3 Physiological traits and their relationship with grain yield

The difference between heat tolerant and sensitive genotypes of legumes can 
be identified on the basis of physiological traits such as photosynthetic activity, 
canopy temperature, CO2 uptake and membrane thermostability. There are limited 
research findings available in cool season grain legumes for physiological traits and 
their relationship with heat stress. Generally, high temperature can negatively affect 
photosynthesis. The sensitive chickpea genotype at 40/30°C reduced chlorophyll 
content with a symptom of chlorosis leaves. The symptom of chlorosis in heat 
stressed plants is common and it was evident in mung bean [101]. Due to inhibi-
tion of chlorophyll synthesis, the chlorophyll content may be affected under stress. 
However, the tolerant chickpea genotype maintained greater chlorophyll content 
and photochemical efficiency than sensitive genotypes [101] which correlated 
with yield reduction in sensitive genotypes [102]. This is a clear example to screen 
genetic material based on photosynthetic activity for heat tolerance.

High temperature affects membrane structure and function. Stress injury can 
be regulated by loss of membrane integrity and leakage of ions from cells [103]. 
Therefore, monitoring the function of membrane through electrolyte leakage has 
been used to screen thermostability under high temperature. The effects of heat 
stress on the function of membrane has been studied in legumes. Cell membrane 
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Of particular interest was Q3-1 on LG 3 which explained most of the important 
drought traits. These traits included enhanced stomatal conductance (Q3-3) in LG 
3 and cooler canopies (Q1-1 and Q3-2). Hamwieh et al. [87] reported 93 significant 
QTLs in an intraspecific mapping population developed between ILC 588 and ILC 
3279. However, only 8 of these QTLs were expressed in more than one environment. 
Nevertheless, these authors found a significant QTL region measuring 12.1 cM for 
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on LG 3. A second QTL spanning 0.68 cM was detected in the same linkage group 
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number of seeds plant and biological yield [87]. Clearly, the LG 3 and LG 4 regions 
appear to have a strong effect on yield under stress. These QTLs appear to be 
pleiotropic for a number of traits and selection for those with the highest heritabil-
ity should assist crop improvement for drought stress response [87]. Furthermore, 
one genomic region concealing QTL for selected drought tolerant traits has been 
identified and introgressed into three popular chickpea varieties by using a marker-
assisted back crossing approach [88]. This attempt will lead to develop improved 
lines with greater drought tolerance.

3. Heat stress

3.1 Context of heat stress

Adverse effect of heat stress on grain legumes is increasing due to global warm-
ing. Chickpea is an important grain legume mostly grown in semi-arid regions 
which frequently encounters of heat waves that affects crop growth and yield [89]. 
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change (e.g. summer dominant rainfall zone in Australia) and changes in cropping 
systems that have shifting chickpea production from cooler region to warmer region 
(e.g. India) [90, 91]. Both situations, the crop is experiencing high temperature 
during reproductive stage. Therefore, the effects of heat stress on chickpea growth, 
development and yield are important to understand by observing agronomic, 
physiological and biochemical traits to develop high temperature tolerant cultivars.

3.2 Agronomic traits and their relationship with grain yield

Generally, temperature (>30°C) limited yield in cool season legumes such as 
chickpea, lentil, faba bean and field peas [92–95]. Plant growth, phenology, bio-
mass accumulation and yield are important agronomic traits which depends on the 
crop ability to withstand or acclimate under abiotic stress [96]. Phenological traits 
such as days to first flowering, days to 50% flowering and days to crop maturity 
plays a major role under high temperature. Under stress plants forced to maturity 
i.e. escaping from heat. Therefore, earliness can be observed through phenologi-
cal traits. Significant variation in phenology in chickpea under heat stress was 
observed. Particularly, days to 50% flowering was delayed and days to crop matu-
rity was hastened due to requirement of thermal time (growing degree days °C) to 
attain any developmental stage [92]. Furthermore, grain yield under heat stress was 
negatively associated with phenology. To eliminate heat escape, classification of 
genotypes based on maturity (short, medium and long duration) and stress toler-
ance index would helpful to identify the genotypes that could be used for future 
breeding [92, 97].

Plant height, plant width, biomass accumulation, pod number, filled pod num-
ber, seed number per plant and grain yield are also plays significant role under high 
temperature. Plant height and width was affected under heat stress as well as bio-
mass accumulation, pod number and seed weight [92, 98]. Generally, high tempera-
ture reduces the duration of plant developmental stages and carbon assimilation 
process within the plant, resulting low biomass production and reduces source-sink 
activity (yield) [99]. The most affected yield traits in chickpea are pod number per 
plant and harvest index. Similar findings have been found in lentil [100].

3.3 Physiological traits and their relationship with grain yield

The difference between heat tolerant and sensitive genotypes of legumes can 
be identified on the basis of physiological traits such as photosynthetic activity, 
canopy temperature, CO2 uptake and membrane thermostability. There are limited 
research findings available in cool season grain legumes for physiological traits and 
their relationship with heat stress. Generally, high temperature can negatively affect 
photosynthesis. The sensitive chickpea genotype at 40/30°C reduced chlorophyll 
content with a symptom of chlorosis leaves. The symptom of chlorosis in heat 
stressed plants is common and it was evident in mung bean [101]. Due to inhibi-
tion of chlorophyll synthesis, the chlorophyll content may be affected under stress. 
However, the tolerant chickpea genotype maintained greater chlorophyll content 
and photochemical efficiency than sensitive genotypes [101] which correlated 
with yield reduction in sensitive genotypes [102]. This is a clear example to screen 
genetic material based on photosynthetic activity for heat tolerance.

High temperature affects membrane structure and function. Stress injury can 
be regulated by loss of membrane integrity and leakage of ions from cells [103]. 
Therefore, monitoring the function of membrane through electrolyte leakage has 
been used to screen thermostability under high temperature. The effects of heat 
stress on the function of membrane has been studied in legumes. Cell membrane 
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thermostability and its correlation with sensitivity was observed by Srinivasan, 
Takeda [104] and chickpea is the most sensitive crop to high temperature. Similarly, 
membrane thermostability had linked with sensitivity in chickpea, lentil and 
faba bean [105]. In lentil, high temperature increased electrolyte leakage due to 
membrane damage [106]. Thus, membrane damage can be considered as an indica-
tor of heat stress tolerance in legumes and can be used as a physiological trait for 
screening. Furthermore, Awasthi et al., [107] suggested that drought or heat and 
combined stresses decreased cellular oxidising ability, stomatal conductance, PSII 
function and leaf chlorophyll content in chickpea.

Transpiration is the main reason of changes in leaf temperature due to abiotic 
stresses [105, 108]. Canopy temperature can be sustained through transpiration 
by open stomata and maintained cool canopy. It was confirmed as an important 
physiological trait in wheat for high temperature tolerance [109]. In addition to that, 
canopy temperature depression (CTD) is an indicator of the difference between 
plant canopy and air temperature. Since the plant closes stomata for certain period 
due to stress, this will change canopy temperature [33]. Canopy temperature was 
observed and CTD was calculated using a large set of chickpea genotypes in the 
field for heat tolerance [97]. Therefore, CTD can be used as a screening method in 
legumes [97] as it is widely used in cereals [110].

3.4 Biochemical traits and their relationship with grain yield

Soluble sugars play an essential role in plant metabolism, energy production, 
sugar sensing and signalling in the plant. Generally, biochemical responses in plants 
observe in the reproductive stage i.e. final stage of grain legumes which involves 
synthesis of carbohydrates, proteins and lipids in seeds [111]. A positive correla-
tion was found between seed dry weight and sucrose synthase activity under water 
stress in chickpea [112]. In chickpea, starch metabolism in the leaves affects sucrose 
availability in the developing seeds and the activities of enzymes related to these 
metabolic pathways were assessed by Awasthi et al. [107]. Starch concentration, 
the starch synthesising enzyme were increased under heat-stressed chickpea plants 
than non-stressed plants. In the seed, the activity of enzyme was inhibited under 
heat stress. Sucrose in leaves and seeds, sucrose synthase in leaves and seeds and 
starch phosphorylase in seeds had strong correlation with seed weight per plant and 
biomass production under heat stress [107]. In lentil, sucrose concentration, sucrose 
phosphate synthase activity in leaves was significantly low under stressed condition 
compared non-stressed conditions, finally which influenced seed yield. Similar 
results were found in wheat under stress and furthermore wheat flour quality was 
affected [113]. This research confirms that biochemical traits are also plays a role in 
grain yield under heat stress.

3.5 Pollen as a trait and its relationship with pod set

In legumes, reproductive stage is known to be more sensitive to high temperature 
than vegetative stage. In reproductive stage, pre-anthesis, anthesis and post-anthesis 
are important developmental stages which are considered to be sensitive stages 
among flowering. Heat stress affects reproductive development in chickpea [114], 
lentil [115], common bean [116] and soybean [117]. Male (anther, pollen) and 
female organs (stigma-style, ovary) of flowers are severally affected by heat stress 
(≥30°C) associated with abscission of flower buds, flowers and pods, leading to sig-
nificant yield loss [118, 119]. Recent findings in legumes revealed that pollen grains 
are more susceptible to high temperature, thus; chickpea (35/20°C) [114], lentil 
(35/25°C) [115], soybean (34/24°C) [117]. The effects of high temperature stress 
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in cereals such as wheat, maize and barley also suggested that male reproductive 
organs might be more sensitive than female organs [120]. Pollen sterility depends 
on tapetum (anther tissue) and pollen mother cell for pollen formation [121]. Under 
heat stress, pollen grain fertility is also associated with sucrose content in leaves and 
anthers [102, 122]. Under stress, pollen tube growth rate also plays an important role 
[123]. Pollen sterility due to heat stress in cool season legumes such as chickpea and 
lentil affects pod set and yield [124, 125]. Generally, pollen morphology, in vitro 
pollen germination and stigma length is a good predictor for hybridization success 
in lentil [126]. Therefore, analysis of pollen viability and pod set under high tem-
perature is a trait for the study of high temperature tolerance in chickpea.

3.6 Genomic regions linked to heat tolerance

In the recent years, molecular markers have been used to understand quan-
titatively important traits and markers linked to genomic regions (Quantitative 
Trait Loci—QTL/genes). Through association analysis, markers have been used to 
identify the QTLs/genes linked with economically important traits [85]. Association 
analysis has been clearly comprehended in cereals such as wheat [127, 128], maize 
[129], barley [130], and sorghum [131]. In winter wheat, QTLs and markers associ-
ated with seedling heat tolerance was studied which is useful for early planting 
and dual-purpose wheat breeding in United States [128]. In legumes, very limited 
reports are available for association studies particularly under abiotic stress. 
Association analysis was conducted to identify genomic regions linked to heat 
tolerance in chickpea. In this study, 107 DArT markers were linked with 11 traits 
under heat stressed and non-stressed conditions. Four agronomic traits such as total 
number of pods, filled pods, number of seeds and grain yield were linked to DArT 
markers under heat stressed and non-stressed conditions. Many significant mapped 
markers associated in genomic regions in the current study align with previously 
reported QTLs that influence traits such as plant height, plant width, pod number 
and grain yield. Therefore, this study identified genomic regions associated with 
heat tolerance in chickpea and identification of the genes or QTLs linked to this 
response is the obvious next step [124]. Thudi et al., [88] suggested that 100-seed 
weight is an important trait linked with 70 significant markers under drought and 
heat stresses. Other traits such as transpiration efficiency, plant height, root dry 
weight, pods per plant and yield had significant association under stress. This infor-
mation can be used for further validation and provide base knowledge to develop 
tolerant chickpea varieties for drought and heat. Recently, QTLs responsible for 
traits such as number of filled pods per plot, total number of seeds per plot, grain 
yield per plot and % pod set were found [132]. The markers linked to QTLs under 
heat stress will enable marker assisted breeding in the future and assist to under-
stand the mechanism of heat tolerance.

4. Cold stress

4.1 Context of cold stress

Chickpea experiences low temperature (0–12°C) in north India and Australia as 
a spring crop. It is grown in Western Asia and North Africa and Europe as a winter 
crop which experiences freezing temperature (down to −10°C) [133, 134]. Low 
temperature has negative impact on yield and 15–20% of yield loss was estimated 
[15]. Temperature below 15°C during flowering leads to flower and pod abortion 
then poor yield [135, 136]. Therefore, the effects of low and freezing temperatures 
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thermostability and its correlation with sensitivity was observed by Srinivasan, 
Takeda [104] and chickpea is the most sensitive crop to high temperature. Similarly, 
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phosphate synthase activity in leaves was significantly low under stressed condition 
compared non-stressed conditions, finally which influenced seed yield. Similar 
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3.5 Pollen as a trait and its relationship with pod set
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are important developmental stages which are considered to be sensitive stages 
among flowering. Heat stress affects reproductive development in chickpea [114], 
lentil [115], common bean [116] and soybean [117]. Male (anther, pollen) and 
female organs (stigma-style, ovary) of flowers are severally affected by heat stress 
(≥30°C) associated with abscission of flower buds, flowers and pods, leading to sig-
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in cereals such as wheat, maize and barley also suggested that male reproductive 
organs might be more sensitive than female organs [120]. Pollen sterility depends 
on tapetum (anther tissue) and pollen mother cell for pollen formation [121]. Under 
heat stress, pollen grain fertility is also associated with sucrose content in leaves and 
anthers [102, 122]. Under stress, pollen tube growth rate also plays an important role 
[123]. Pollen sterility due to heat stress in cool season legumes such as chickpea and 
lentil affects pod set and yield [124, 125]. Generally, pollen morphology, in vitro 
pollen germination and stigma length is a good predictor for hybridization success 
in lentil [126]. Therefore, analysis of pollen viability and pod set under high tem-
perature is a trait for the study of high temperature tolerance in chickpea.

3.6 Genomic regions linked to heat tolerance

In the recent years, molecular markers have been used to understand quan-
titatively important traits and markers linked to genomic regions (Quantitative 
Trait Loci—QTL/genes). Through association analysis, markers have been used to 
identify the QTLs/genes linked with economically important traits [85]. Association 
analysis has been clearly comprehended in cereals such as wheat [127, 128], maize 
[129], barley [130], and sorghum [131]. In winter wheat, QTLs and markers associ-
ated with seedling heat tolerance was studied which is useful for early planting 
and dual-purpose wheat breeding in United States [128]. In legumes, very limited 
reports are available for association studies particularly under abiotic stress. 
Association analysis was conducted to identify genomic regions linked to heat 
tolerance in chickpea. In this study, 107 DArT markers were linked with 11 traits 
under heat stressed and non-stressed conditions. Four agronomic traits such as total 
number of pods, filled pods, number of seeds and grain yield were linked to DArT 
markers under heat stressed and non-stressed conditions. Many significant mapped 
markers associated in genomic regions in the current study align with previously 
reported QTLs that influence traits such as plant height, plant width, pod number 
and grain yield. Therefore, this study identified genomic regions associated with 
heat tolerance in chickpea and identification of the genes or QTLs linked to this 
response is the obvious next step [124]. Thudi et al., [88] suggested that 100-seed 
weight is an important trait linked with 70 significant markers under drought and 
heat stresses. Other traits such as transpiration efficiency, plant height, root dry 
weight, pods per plant and yield had significant association under stress. This infor-
mation can be used for further validation and provide base knowledge to develop 
tolerant chickpea varieties for drought and heat. Recently, QTLs responsible for 
traits such as number of filled pods per plot, total number of seeds per plot, grain 
yield per plot and % pod set were found [132]. The markers linked to QTLs under 
heat stress will enable marker assisted breeding in the future and assist to under-
stand the mechanism of heat tolerance.

4. Cold stress

4.1 Context of cold stress

Chickpea experiences low temperature (0–12°C) in north India and Australia as 
a spring crop. It is grown in Western Asia and North Africa and Europe as a winter 
crop which experiences freezing temperature (down to −10°C) [133, 134]. Low 
temperature has negative impact on yield and 15–20% of yield loss was estimated 
[15]. Temperature below 15°C during flowering leads to flower and pod abortion 
then poor yield [135, 136]. Therefore, the effects of low and freezing temperatures 
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in vegetative and reproductive stages need to study by observing agronomic, physi-
ological and biochemical traits to develop cold temperature tolerant cultivars.

4.2 Agronomic traits and their relationship with grain yield

Chickpea crop is affected by low temperature during flowering (<10°C) in 
India and Australia. Therefore, low temperature tolerant cultivars or varieties 
having ability to set pod at <8°C is needed [15]. Low temperature during vegetative 
stage produced poor vegetative growth, biomass production and yield in north 
India. While in middle-eastern regions needs chilling tolerance from vegetative to 
reproductive stage. Germination and early vegetative period are important growth 
stages under low temperature tolerance [137]. Screening methods for chilling 
temperatures ranges—1–7°C with pod set developed by ICRISAT [138]. For freezing 
temperature during early vegetative stage or seedling stage plants were scored using 
scale 1–9 [139]. Toker [140] found that selected wild Cicer species had more freez-
ing tolerance than well-known cold tolerant cultivars.

The effect of chilling range of temperature depends on the phenological stage of the 
crop. At germination, it causes poor crop establishment and vegetative stage, it results 
poor crop growth and dry matter accumulation which leads to reduced source-sink 
production and potential yield [141]. Generally, winter sown chickpea produces more 
vegetative structure and intercepts with photosynthetically active radiation (PAR) 
with sufficient dry matter production [142]. Improved exploitation of PAR increases 
total biomass production and sustains the harvest index similar to spring sown crop 
[143]. At low temperature, pod set was observed however, seed development was 
affected. Day and night temperatures play an important role in seed development for 
cold tolerance [144]. Kanouni et al. [134] suggested that seed yield and had significant 
correlation with number of secondary branches for freezing temperature tolerance. 
Correlation between 100 seed weight and cold tolerance rate was also significant. 
Those traits are important agronomic traits for cold and freezing tolerance.

4.3 Physiological and biochemical traits and their relationship with grain yield

Generally, cold stress causes damage to photosystem II and reduces the stability 
of chloroplast membranes and photosynthesis. It is confirmed in soybean [145]. 
Cold stress also results in membrane integrity leading to solute leakage. Under 
freezing temperature, ice formation in plant tissues is a major injury leads to dehy-
dration [146]. Studies at biochemical level have been reported different changes in 
crops such as soluble carbohydrate content, soluble protein content and degree of 
fatty acid content in the shoot cells that perform to complement cold acclimation 
[147–149]. Elevation of abscisic acid (ABA) and calcium is also associated with 
cold acclimation [150, 151]. Effect of cold acclimation (1–7°C) on chickpea early 
vegetative stage was observed by [152]. At 4°C, the electrolyte leakage increased and 
triphenyl tetrazolium (TTC) content was decreased, finally relative growth rate of 
root also stopped. ABA content increased in cold acclimated seedling than non-
acclimated. The non-acclimated seedlings exposed to 4°C with ABA application 
showed cold acclimation like response by increasing soluble carbohydrate content. 
This is an evidence for cold tolerance influenced by ABA content [153]. Later, the 
influence of ABA application on 40 days old plants and its biomass production and 
yield was observed in the field [154]. The application of ABA reduces the low-
temperature induced biomass production and responsible for yield improvements 
due to additional photosynthesis [154]. Therefore, ABA application confers cold 
tolerance in chickpea. Similar effects have been reported in soybean and other grain 
crops such as rice and maize [155].
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4.4 Pollen as a trait and its relationship with pod set

The failure of pod set at low temperature (15–20°C for day and <8°C for night) 
was observed in chickpea [156] which shows the sensitivity of reproductive organs 
to cold. At low temperature (15/0°C; 15/5°C) pollen viability and pollen tube growth 
was affected and pod set was reduced [157]. Clarke and Siddique [158] confirmed 
the results of Srinivasan, Saxena [157] and justified that low temperature stress 
during pollen development caused changes in pollen viability and following seed 
set. It shows the sensitivity of meiosis in the male gametophyte under cold stress. 
Therefore, pollen viability and its relationship with pod set, seed development and 
yield are an indirect trait for cold tolerance in chickpea.

4.5 Genomic regions linked to cold tolerance

Limited information is available on the chromosomal locations on the genes and 
QTLs for cold tolerance in cool season legumes. A study on QTL mapping for winter 
hardiness in lentil found that cold tolerance is a multi-genic trait. Seven QTLs were 
identified for winter hardiness in lentil [159]. Recently association analysis of cold 
and drought stresses along with Ascochyta blight in chickpea was studied using 
amplified fragment length polymorphism (AFLP) markers [160]. The AFLP mark-
ers linked to genes controlling stem number, first effective raining after sowing to 
50% flowering, maturity, partial tolerance to Ascochyta blight, 100 seed weight and 
yield were identified. Identified markers for cold and drought tolerance were not 
significant. Furthermore, there is no evidence for QTLs reported for cold tolerance 
in chickpea. Therefore, finding of molecular markers associated with genes control-
ling different traits under stress could increase the efficiency of marker assisted 
breeding for abiotic stresses [160].

5. Conclusion and recommendation

Abiotic stresses limit chickpea productivity by affecting its growth and devel-
opment. Drought, high and low temperatures generally have negative effects on 
reproductive stage. Freezing temperatures have a negative impact on crop establish-
ment. High and low temperatures affect pollen viability, pollen tube growth and 
pod set where as in drought more field-based research is needed to confirm effect 
of stress on male and female organs. Therefore, pollen can be used as a trait under 
temperature stress. But, correlation between pollen viability and grain yield needs 
to be comprehended. Physiological and biochemical traits are also affected by 
abiotic stresses. The effects of combined stresses on physiological and biochemical 
traits should also be explored. However, more studies are required in chickpea to 
better understand the relationships among economically important traits and yield 
and their influence on grain quality under stress conditions. In addition, QTLs for 
several drought tolerance traits have been identified that can be targeted for molec-
ular breeding. In this context, QTLs for heat and cold tolerance traits have limited 
information. In future identifying QTLs that explains significant variation in pollen 
viability under stress and linked markers would accelerate the breeder’s interest.
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Cold stress also results in membrane integrity leading to solute leakage. Under 
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dration [146]. Studies at biochemical level have been reported different changes in 
crops such as soluble carbohydrate content, soluble protein content and degree of 
fatty acid content in the shoot cells that perform to complement cold acclimation 
[147–149]. Elevation of abscisic acid (ABA) and calcium is also associated with 
cold acclimation [150, 151]. Effect of cold acclimation (1–7°C) on chickpea early 
vegetative stage was observed by [152]. At 4°C, the electrolyte leakage increased and 
triphenyl tetrazolium (TTC) content was decreased, finally relative growth rate of 
root also stopped. ABA content increased in cold acclimated seedling than non-
acclimated. The non-acclimated seedlings exposed to 4°C with ABA application 
showed cold acclimation like response by increasing soluble carbohydrate content. 
This is an evidence for cold tolerance influenced by ABA content [153]. Later, the 
influence of ABA application on 40 days old plants and its biomass production and 
yield was observed in the field [154]. The application of ABA reduces the low-
temperature induced biomass production and responsible for yield improvements 
due to additional photosynthesis [154]. Therefore, ABA application confers cold 
tolerance in chickpea. Similar effects have been reported in soybean and other grain 
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pod set where as in drought more field-based research is needed to confirm effect 
of stress on male and female organs. Therefore, pollen can be used as a trait under 
temperature stress. But, correlation between pollen viability and grain yield needs 
to be comprehended. Physiological and biochemical traits are also affected by 
abiotic stresses. The effects of combined stresses on physiological and biochemical 
traits should also be explored. However, more studies are required in chickpea to 
better understand the relationships among economically important traits and yield 
and their influence on grain quality under stress conditions. In addition, QTLs for 
several drought tolerance traits have been identified that can be targeted for molec-
ular breeding. In this context, QTLs for heat and cold tolerance traits have limited 
information. In future identifying QTLs that explains significant variation in pollen 
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