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Preface

Ensuring food security for the growing global population is a modern problem 
that must be addressed. Agronomists and plant biologists are responsible 
for improving crop production, which is the art and science of producing 
food by exploiting land and natural resources. However, various abiotic and 
biotic stresses as well as loss of soil productivity and natural biodiversity are 
hindering crop production. The success of crop production largely depends on 
how efficiently the crops are managed and cultivated. With the advancement 
of science and technology, many improved methods of crop production have 
been developed and are currently being practiced by farmers. However, due to 
the adverse effects of climate change, crop production warrants new methods 
and techniques to produce maximum output in a unit area. New approaches 
to soil management, crop husbandry, and water and nutrient management 
are being researched and adopted for crop production. Low-input agronomic 
practices are contributing to sustainable agriculture and food production. 
Considering these issues, researchers have been developing new approaches to 
make crop production more sustainable. Many agronomic strategies have also 
been developed to enhance stress tolerance in crops as well. This book provides a 
current and comprehensive overview of various crop production practices in the 
changing world.

Across twenty-one comprehensive chapters, this book details various soil and crop 
management issues, including modern techniques in enhancing crop production in 
the era of climate change. There are a few case studies and experimental evidence 
about these production systems in specific locations. The first section (Crop 
Production and Farming System) contains six chapters related to different issues 
and experimental evidence of managing farms and ways of crop production. 
As soil is at the heart of crop production systems, the second section (Soil 
Management) includes six chapters that present various soil management options, 
including nutrient management in different crops, different environments, and 
soil conditions. The final section (Sustainable and Advanced Technologies for 
Crop Production) includes eight chapters that discuss recent approaches for 
sustainable crop production, including biotechnology, nanotechnology, and 
precision agriculture.

We would like to give special thanks to the authors for their outstanding and timely 
work in producing such excellent chapters. We are very thankful to Nina Kalinic 
Babic, Author Service Manager at IntechOpen publishing, for her prompt responses 
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during the acquisition. We believe that this book is useful for undergraduate and 
graduate students, teachers, and researchers, particularly in the fields of crop 
science, soil science, and agronomy.

Dr. Mirza Hasanuzzaman
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Dhaka, Bangladesh

Dr. Masayuki Fujita
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Chapter 1

Effect of Abiotic Stress on Crops
Summy Yadav, Payal Modi, Akanksha Dave, 
Akdasbanu Vijapura, Disha Patel and Mohini Patel

Abstract

Crop yield is mainly influenced by climatic factors, agronomic factors, pests and 
nutrient availability in the soil. Stress is any adverse environmental condition that 
hampers proper growth of plant. Abiotic stress creates adverse effect on multiple 
procedures of morphology, biochemistry and physiology that are directly con-
nected with growth and yield of plant. Abiotic stress are quantitative trait hence 
genes linked to these traits can be identified and used to select desirable alleles 
responsible for tolerance in plant. Plants can initiate a number of molecular, cellular 
and physiological modifications to react to and adapt to abiotic stress. Crop produc-
tivity is significantly affected by drought, salinity and cold. Abiotic stress reduce 
water availability to plant roots by increasing water soluble salts in soil and plants 
suffer from increased osmotic pressure outside the root. Physiological changes 
include lowering of leaf osmotic potential, water potential and relative water 
content, creation of nutritional imbalance, enhancing relative stress injury or one or 
more combination of these factors. Morphological and biochemical changes include 
changes in root and shoot length, number of leaves, secondary metabolite (glycine 
betaine, proline, MDA, abscisic acid) accumulation in plant, source and sink ratio. 
Proposed chapter will concentrate on enhancing plant response to abiotic stress and 
contemporary breeding application to increasing stress tolerance.

Keywords: abiotic stress, drought, salinity, cold, heavy metals,  
morpho-physiological and biochemical changes

1. Introduction

Plants in their physical environment face several types of variation. Animals 
use techniques to prevent the impacts of this variation but plants fail because of the 
sessile nature of the growth habit. Plants therefore, rely on their internal processes 
to survive changes in the external environment. Plants are affected to function in 
an oscillating environment and normal external changes are countered by internal 
changes without any harm to growth or development. The possibility of abiotic or 
environmental stress is to cause physical harm to the plant due to serious or chronic 
adverse environmental circumstances. Any adverse influence of inanimate factors 
on living beings in a fixed setting is described as abiotic stress. To substantially 
impact the organism’s demographic output or individual physiology, the non-living 
factor must alter the surrounding beyond its ordinary variation range. Due to the 
continuous climate change and environmental deterioration induced by human 
activity, physical surrounding stress has become a key threat to food security. Water 
deficit stress, salt stress, imbalances in nutrients (including mineral toxicity and 
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deficiencies) and temperature extremes are significant environmental limitations 
on productivity of crops all over the world [1].

Plant growth and crop yield are majorly affected by cold, drought, salt, and 
heavy metals. Abiotic stress impacts plants to molecular levels from morphological 
levels and is visible at all phases of plant development where drought occurs [1]. 
There are three significant stages of plant: vegetative development, pre-anthesis 
and terminal phase that are impacted by the drought [2]. Plant physiological 
reactions to stress include wilting of the leaf, abscission of the leaf, decreased leaf 
region and decreased water loss through transpiration [3]. Under drought stress, 
crop development facilitates the issue of extreme water use in agriculture to a 
big extent. Turgor pressure is decreased, which is one of the most delicate physi-
ological mechanisms that cause cell growth. Drought stress creates water flow 
disruption in higher plants from xylem to the neighboring elongating cells, thereby 
suppressing cell elongation. In addition, decreased leaf area, plant height, and  
development of crop result from drought pressure owing to cell elongation, 
impaired mitosis and expansion [1]. Abiotic stress resistance contains escape-
avoidance and tolerance mechanisms. Detrimental impacts of stress can be 
decreased by osmotic modification, which helps with an active accumulation of 
solutes in the cytoplasm to maintain cell water balance [4].

Survival and geographical spreading of plants are also greatly affected by low 
temperatures. Significant loss of crop due to reduced plant growth and crop effi-
ciency is usually caused by cold stress [5]. Cell and tissue dehydration and cellular 
water crystallization are caused by cold stress, thereby reducing plant growth and 
productivity. Reduced membrane conductivity, increased water viscosity, and 
hydro active stomata closure is inhibited resulting in water stress and increased 
leakage of electrolytes at low temperatures [6]. It also delays metabolism, dissipates 
energy, and causes free radicals to form as a result of oxidative stress [7].

For instance, up to 45% of the world’s farming based land is encountered to 
frequent periods of time when there is scanty of rainfall in which 38% of the world’s 
population resides and the world’s mapped area is affected by salinity in more 
than 3106 km2 area or about 6% of the entire area of land [8]. In addition, 19.5% 
of irrigated agricultural land is classified as saline. In addition, about 1% of world 
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rainfall, cold condition, and salinity. The worldwide land region impacted by 
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Abiotic stresses are interrelated and influence the relationships of plant water on 
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on some wild plant species also make a significant contribution to our understand-
ing of stress tolerance.
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2. Types of abiotic stresses

Different abiotic stresses affect the plants due to global warming and fluctua-
tions in the environmental conditions. Abiotic stresses like water scarcity, high 
salinity, extreme temperatures, and mineral deficiencies or metal toxicities signifi-
cantly reduce the crop’s productivity.

2.1 Drought stress

Drought is described as stress related to the water deficit. Drought is a climate 
word described as a period of moment with less rainfall. Drought stress in plants 
happens when environmental conditions result in a decrease in the quantity of 
water in the soil, leading in a constant loss of water through transpiration or 
evaporation. Water is a crucial element of plant survival and essentially needed 
for transportation of nutrients. Hence, deficiency of water leads to drought stress, 
which results in reduced vitality of plants [11]. Water stress may occur in plants 
due to high salt conditions. The soil water potential reduces because of elevated salt 
circumstances, because the osmotic potential of salt is smaller than water, which 
makes it hard for roots to absorb the soil’s water. Also, owing to enhanced water loss 
via transpiration or evaporation, elevated temperatures can trigger drought stress. 
Not only greater temperatures, but reduced temperatures can also trigger stress 
from the water deficit. Lower freezing temperatures result in ice crystals being 
created in the extracellular spaces of plant cells, decreasing the water potential 
and leading to intracellular water efflux. Thus, in general, drought stress occurs 
due to various causes which further leads to the efflux of cellular water, leading to 
plasmolysis and thus causing cell death. Water deficit stress is damaging because it 
inhibits photosynthesis by affecting the thylakoid membranes. An increase in the 
toxic ions in all the cells of plants is the potential damage caused to the plants due 
to drought stress. Drought stress is therefore complicated abiotic stress that directly 
affects plant growth and advancement and leads to decrease in plant output.

2.2 Salinity stress

Salinity stress occurs due to an increase in salts contents in soil. Thus, an increase 
in salt content in soil is referred to as soil salinity or salinization [12]. It mainly 
occurs in arid as well as semi-arid environments where the plants have higher 
evaporation and transpiration rates compared to precipitation volume throughout 
the year. Salts in the soil may increase in the subsoil naturally which is referred to 
as primary soil salinity or it may be introduced due to anthropogenic conditions 
like environmental pollution which is called secondary soil salinity. Secondary soil 
salinity arises due to modification in soil content, an increase in fertilizers or due to 
the use of saline water in irrigation purposes [13]. Soil salinity is a global problem 
and a severe risk to the entire agricultural world as it reduces the output of plants. 
High salt concentration limits growth and development of crops in multiple ways. 
Two significant impacts in crops result from higher salt content: ionic toxicity and 
osmotic stress. The osmotic stress in plant cells is greater in ordinary circumstances 
than in soil. This increased osmotic pressure is used by plant cells to absorb water 
and the necessary minerals from the soil into the root cells. However, under cir-
cumstances of salt stress, the soils osmotic pressure solution surpasses the plant 
cells osmotic pressure owing to an increase in the salt content in the soil, thereby 
restricting plants ‘ability to absorb water and minerals such as K+ and Ca2+ while 
Na+ and Cl− ions move in the cells and have damaging effects on the cell mem-
brane and metabolism in cytosol. Stress with salinity creates some adverse effects 
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such as reduced cell growth, reduced membrane function, and reduced cytosolic 
metabolism and ROS production. High soil salinity adversely impacts plant produc-
tion quality and quantity by inhibiting seed germination, damaging growth and 
development phases as a consequence of the combined impacts of higher osmotic 
potential and particular ion toxicity [14].

2.3 Extreme temperature stress (hot/cold)

Extreme temperatures are one of the prime causes of different abiotic stresses 
like drought. Increases or decreases in temperature, both undesirably affect the 
plant’s growth, development, and yield. Cold stress occurs when plants are sub-
jected to very low temperatures. Cold stress is a major abiotic stresses that reduce 
productivity of crops by affecting quality and life after harvest. Cold stress impacts 
all cellular function characteristics in crops. Plants are categorized into three kinds 
in reaction to cold temperatures: chilling delicate plants: plants that are highly 
damaged by temperatures above 0°C and below 15°C, chilling resistant plants: crops 
capable of tolerating low temperatures and wounded when ice formation begins 
in tissues and frost resistant plants: plants capable of tolerating exposure to very 
low temperatures. Cold stress causes injury to plants by changes in the membrane 
structure and decrease in the protoplasmic streaming, electrolyte leakage and 
plasmolysis which leads to cellular damage. The metabolism of the cells is dam-
aged by an increase or decrease in respiration rate and depending on the intensity 
of the stress, synthesis of abnormal metabolites occurs due to abnormal anaerobic 
respiration. Due to cellular damage and altered metabolism, there is reduced plant 
growth, abnormal ripening of fruits, internal discoloration (vascular browning), 
and increased susceptibility to decay and also cause the death of the plant [15].

If crops are subjected to very elevated temperatures, heat stress happens. For 
adequate moment to cause permanent injury to functioning or development of 
plant. Heat stress is defined as elevated temperatures. High temperatures boost the 
rate of sexual development, which reduces the time needed to add photosynthesis 
to the production of fruit or seed. Also, high temperatures can cause drought stress 
due to increased water loss by transpiration or evaporation. High soil temperatures 
can decrease the emergence of plants. High temperature stress can influence seed 
germination, plant growth and development, and can trigger irreversible drought 
stress that can lead to death as well [16].

2.4 Metal stress

Heavy metal stress (HM) belongs to a group of non-biodegradables, determined 
inorganic chemicals having atomic mass more than 20 and a density exceeding 
5 g cm−3 with toxic effects on cells and genes, which causes mutagenic impacts 
on crops by influencing and contaminating irrigation, soil, drinkable water, food 
chains and the surrounding environment [17, 18]. There are two categories of 
metals discovered in soils that are mentioned as vital micronutrients for standard 
plant growth (Fe, Mg, Mo, Zn, Mn, Cu, and Ni) and non-essential elements with 
unknown physiological and biological function (Ag, Cr, Cd, Co, As, Sb, Pb, Se, 
and Hg) [19]. Plant surfaces both underwater and above ground can take HMs. In 
the enzyme and protein structure, the vital elements play a main role. Plants need 
them in minute quantities for their metabolism, growth, and development; yet, 
the concentration of vital and non-essential metals is an only essential factor in the 
increasing crop cycle so that their excessive presence can cause a decline and inhibi-
tion of plant growth. HMs at poisonous concentrations hinder ordinary functioning 
in plants and act as an barrier to metabolic procedures in different ways, comprising 
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the displacement or disturbance of protein structure construction blocks arising 
from the creation of blonds among HMs and sulfhydryl groups [20], interfering 
with functional groups of significant cellular molecules [21].

3. Major crops affected by abiotic stress

3.1 Chickpea

After dry beans and dry peas, chickpea is the third most significant food legume 
worldwide. It is grown on 12.4 million hectares, generating 11.3 million tons at an 
average output of 910 kg/ha, according to FAOSTAT information in 2012–2013. In 
chickpea manufacturing and productivity, climate change is a significant challenge 
(Table 1). Climate change’s negative impacts seem to result from drought effects [15].

3.2 Wheat

Wheat is the major crop grown mainly in the Rabi season. Under various agro-
ecological circumstances, it is commonly cultivated. Drought impacts vary from 
morphological to molecular. Many stages of plant development are influenced by 
drought. Drought has an impact on three major periods of plant development- 
vegetative, pre-anthesis and terminal stage. Physiological responses of plants to 
drought comprise leaf wilting, reduced leaf area, leaf abscission and thus reducing 
water loss through transpiration. Higher plants cell elongation is suppressed under 
serious water deficit by interrupted water flow from the xylem to the neighboring 
elongating cells. Cell elongation, impaired mitosis and expansion lead under drought 
to lower height of plant, leaf area, and crop development. There is a conservative 
water loss resulting in stomatal closure and disruption in cell structure as well as 
plant metabolism [22].

3.3 Maize

Maize (Zea mays L.) is one of the world’s major staple food. It is used as cattle 
feed, meat supplement and also as biofuels. The crop is highly susceptible to elevated 

Crops Stress

Chickpea (Cicer arietinum L.) Drought

Cadmium (Cd) toxicity

Copper (Cu) toxicity

Maize (Zea mays L.) Drought

Heat

Arsenic (As) metal stress

Soybean (Glycine max L.) Drought

Wheat (Triticum aestivum L.) Drought

Rice (Oryza sativa L.) Drought

Heat

Black mustard (Brassica juncea L.) Cadmium (Cd) toxicity

Table 1. 
List of some of the crops that are affected by various abiotic stresses.
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temperatures, resulting in significant crop yield losses [23]. Multiple abiotic stresses 
like salinity and drought can also affect the crop in semi-arid tropical regions [24]. 
Temperature increases above a threshold level have negative effects plant growth 
and development, that is, heat stress for an appropriate time span. Due to elevated 
temperature stress, the disruption in cellular homeostasis has the ability to cause 
retardation in plant growth, development and even death. High-temperature 
stress affects the phases of maize development differently. Drought stress resulted 
in maize yield loss ranging from 17 to 60% in Southern Africa. Sequential cycles 
of drought stress were subjected to maize inbred lines and their hybrid testcross 
progeny were at the seedling level. These cycles were done at diverse developmen-
tal stages of growth, that is, germination, survival and regeneration. The study 
revealed that the best parameter for secondary screening of maize under drought 
stress is seedling stage [23].

3.4 Soybean

A wealthy source of protein and edible oil is soybean (Glycine max (L.) Merr). 
Soybean is the major cultivated crop of the world (approximately 6% world’s 
territory). Drought stress affects the plant’s rate of germination and seedling vigor. 
Underwater scarcity, the length of hypocotyl, germination, and dry and new weight 
of root and stem are reduced while the length of the root is increased. Growth 
occurs through differentiation of cells and division of cells, which is negatively 
affected by water scarcity. Cell elongation decreases under drought conditions due 
to decrease in turgor pressure [25].

3.5 Rice

Rice (Oryza sativa L.) is a significant global staple food crop that provides food 
security and generates revenue, especially in developing countries. The anticipated 
global warming poses a severe danger to both rice manufacturing and the quality 
of the rice generated. In tropical and subtropical regions, temperature stress and 
drought are projected to increase to a greater degree, being the primary rice produc-
ing areas [26].

High temperature stress or drought conditions have adverse effects on plant 
development, including unalterable damage to plant growth and development, 
decreased photosynthesis [27], decreased amount of panicles in each plant and 
elongation of peduncle, limited pollen output, no pollen grain swelling, and 
reduced spikelet sterility. Low temperatures lead in inhibited growth of seedlings, 
decreased development of panicles, delay in heading, bad exertion in panicle, low 
fertility of spikelet and bad quality of grain. Water and temperature stresses, other 
than influencing development and grain yield, alter the chemical composition and 
quality of rice [28].

4. Effect of abiotic stress on crops

A complex set of biotic and abiotic pressures includes the natural environment 
of crops. Abiotic stresses are of greater importance because they include different 
environmental factors that cannot be prevented, that is, drought, salinity, cold, 
heat, metal, etc. The impacts of abiotic stress on crop manufacturing are hard to 
predict correctly. Plant reactions to abiotic stress are both dynamic and complicated 
and can be either elastic (reversible) or plastic (irreversible) [29].
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4.1 Drought effect on crops

Drought stress affects the plants at all phenological developmental stages vary-
ing from morphological to molecular concentrations. In plants that determine yield, 
many physiological mechanisms are prone to drought [7]. Drought can trigger 
yield reductions in many plant species depending on their severity and period but 
the stress of drought after anthesis is detrimental to the output of grain regard-
less of its severity [30]. Prevailing drought stress limits the production of flowers 
and grain filling resulting in reduced quality and amount of grains. Micro and 
macronutrients like nitrogen (N), phosphorous (P) and potassium (K) are crucial 
for plant growth. Drought stress results in increased N significantly decreased P, 
in spite of this it has no definitive effects on K [31]. Overall, water deficit reduces 
nutrient accessibility in the root zone, absorption at root hair, translocation in 
xylem and phloem vessels leading to impaired metabolism of nutrients in cells and 
tissues [7]. The effectiveness of nutrient intake and utilization is also reduced due 
to less transpiration. Drought stress has significant on photosynthetic pigments like 
chlorophyll a, b, and carotenoid components and also impairs photosystem 1 and 
photosystem 2 [32]. It also reduces starch synthesis in plants by effecting Calvin 
cycle enzyme activity (Ribulose phosphatase). Plants can combat to drought stress 
by different mechanisms [33]. When the soil is scarce in water crops, their stomata 
tend to close, reducing CO2 input into the leaves and spare more electrons for active 
oxygen species growth [34]. Environmental circumstances that improve the rate 
of transpiration also increase leaf sap pH, encourage abscisic acid deposition and 
at the same moment reduce stomatal behaviour [35]. Failure in Rubisco’s activity 
restricts photosynthesis under very serious drought conditions [36]. Some studies 
revealed that under drought conditions the activity of the photosynthetic electron 
transport chain is finely adjusted to chloroplast CO2 accessibility and photosystem II 
modifications [37]. The result of dehydration is a decrease in cell size. This improves 
the cellular content’s viciousness. Protein-protein interaction increases outcomes 
in their aggregation and denaturation. An increased concentration of solutes may 
become toxic and may be detrimental to enzyme functioning, including photosyn-
thetic equipment, leading in increased viscosity of cytoplasms [38].

4.2 Salinity effect on the crops

The magnitude of agricultural estate affected by high salinity is increasing 
worldwide as a result of both natural and agricultural occurrences such as irrigation 
schemes. In plant growth, salinity presents two primary concerns: osmotic stress and 
ionic stress. It also manifests oxidizing stress. The detrimental effects of salinity alter 
different physiological and metabolic processes of plants. Often, the answers to these 
modifications are accompanied by various symptoms such as decreased leaf area, 
increased leaf density and succulence, leaf abscission, root and shoot necrosis, and 
decreased internode lengths. Salinity stress inhibits growth and increases cell senes-
cence during extended exposure. Inhibition of growth is the major injury resulting in 
other symptoms, while programmed cell death may also happen under serious salin-
ity shock [39]. Abscisic acid synthesis is induced under salt stress that closes stomata 
during transportation to guard cells. Due to stomatal closure and inhibition of pho-
tosynthesis and oxidative stress, photosynthesis reduces. Osmotic stress can directly 
or indirectly inhibit the development of cells through abscisic acid metabolism and 
translocation. Potassium is not received by plant root surface due to excessive sodium 
ions near the root zone. Due to the comparable biochemical behavior of sodium 
and potassium ions, sodium has a powerful repressive impact on root potassium 
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absorption. Deficiency of potassium predictably results in inhibition of growth as 
potassium maintains cell turgor, activity of enzyme and membrane potential as the 
most abundant cell cation. Once sodium enters the cytoplasm, the functions of many 
enzymes are inhibited. This inhibition also depends on the quantity of potassium 
present: the most deleterious is an elevated sodium/potassium ratio. Plant growth 
is decreased due to salinity related nutrient disturbances by altering accessibility, 
transport and partitioning of nutrients. High salt concentration can result in nutri-
ent deficits or imbalances due to Na+ and Cl− competition with nutrients such as K+, 
Ca2+ and NO3

−. Under saline circumstances there are specific ion toxicity of Na+ and 
Cl− and ionic imbalances influencing biophysical components and/or metabolism of 
plant growth. Most of the crops combat salinity stress by deposition of low molecu-
lar weight organic solutes like linear polyols (sorbitol, glycerol or mannitol), amino 
acids (proline or glutamate) and betaine (betaine glycine or betaine alanine), cyclic 
polyols (inositol and other derivatives of mono- and dimethylated inositol) [40].

4.3 Cold effect on the crops

Cold stress is a significant abiotic stress which affects growth and development 
of crops, leading to loss of strength and lesions on the surface. These symptoms are 
triggered by changes in the physical and chemical organization of cell membranes, 
among other metabolic procedures [41]. It is estimated that rises in extreme tem-
perature frequency, severity, and duration are a prevalent feature of our setting. 
Climate change controls greater changes in temperature, leading in frequent cold 
periods. Susceptible plants with cold temperatures have reduced growth and growth, 
restricted use of precious varieties, and reduced yields. Plants use separate strategies 
to cope with stressful conditions and integrate a variety of physiological, metabolic 
and molecular adaptations. These methods initially generate modifications to 
safeguard the plant, followed by cold acclimatization, which increases the survival 
of the plant under cold stress [9]. While a lot of these mechanisms are facilitated by 
transcription factors (TFs) that stimulate gene expression associated to stress, the 
transcription network is not restricted to the reaction of plants to cold [41, 42]. As a 
foremost element of plasma and endo-membranes, lipids play a significant organi-
zational role in mitigating the effects of cold temperatures [43]. Cold stress decrease 
plants growth and development that affects the physical and chemical structure of 
the cell membrane, causes leakage of electrolytes, and reduces protoplasmic stream-
ing and changes in the metabolism of cell [44, 45]. Additional cold reactions com-
prise changes in nucleic acid and protein synthesis, water and nutrient equilibrium, 
enzyme affinity and conformation and deficiency in photosynthesis, specifically 
down-regulation and photo-damage of Photosystem II (PSII) [16].

Changes in the structure of proteins and lipid membranes assist restore 
homeostasis of metabolites and are regarded a mechanism by which cells feel cold 
temperatures. For its metabolic and physical function, the liquid state of the plasma 
membrane is a structural and functional asset. When low temperatures are present, 
the plasma membrane transitions from a liquid state at elevated temperatures into 
a stiff gel stage [46]. Low temperature-mediated changes in the physical conforma-
tion of the membrane are mainly because of enhanced levels of unsaturated lipids, 
which increase the fluidity and stability of the membrane, enabling cells to adapt 
mechanically to cold [47].

4.4 Heat effect on the crops

The sequence of modifications in morphology, biochemistry, and physiol-
ogy arising from high temperature stress also considerably disturbs growth and 
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development of plant [48]. As a result of increasing atmospheric temperatures, heat 
shocks are currently primary limiting factors for crop productivity globally. This 
increasing temperature may result in changes in the phases of growth and distribu-
tion of agricultural plants [49]. High-temperature stress can cause serious protein 
damage, interrupt synthesis of protein, inactivate critical enzymes, and damage 
membranes. High temperature stress can have significant effects on the cell division 
process [50]. All of these harms can substantially restrict plant development and 
also promote oxidative damage. In addition, short exposure to elevated temperature 
in seed filling can lead to rapid filling, leading to low quality and lower yield. Under 
a restricted supply of water, the temperature rise is fatal. Overall, water loss due 
to heat stress is predominantly due to enhanced transpiration rate during the day, 
which eventually damages certain physiological procedures in crops. Heat stress 
also decreases the amount, weight and root growth and eventually decreases the 
accessibility of water and nutrients to the plant parts above ground [51, 52]. Light-
dependent chemical reactions that happen in the stroma in the thylakoid and the 
carbon metabolism are the primary places of harm owing to elevated heat stress. 
Increased adjustment of PSII thermo-tolerance of PSII leaf temperature and density 
of photon flux [53]. The PSII is extremely temperature sensitive and significantly 
affects and even partly terminates its activity under elevated temperature stress 
[54]. Oxygen-evolving complex also experiences severe harm at elevated tempera-
tures, which can lead to imbalanced electron flow to the PSII acceptor site [55]. At 
higher temperatures, the proteins D1 and D2 also suffer from denaturation [56]. 
High heat stress has a significant impact on the activity of significant enzymes 
like sucrose phosphate synthase, invertase, adenosine diphosphate-glucose pyro-
phosphorylase, and starch and sucrose synthesis [57]. The reduced CO2 binding 
enzyme activation status, Rubisco, limits net photosynthesis in many species of 
plants. Although Rubisco’s catalytic activity rises with greater temperatures, its 
low CO2 affinity and O2 binding ability limit the rise in net photosynthesis speed 
[58]. Despite all these negative photosynthesis impacts of elevated temperature, 
with elevated concentrations of CO2 in the atmosphere, optimum photosynthesis 
temperature requirements are expected to rise [53].

4.5 Heavy metal

A prevalent and serious problem is heavy metal atmospheric pollution through 
human activities and/or natural processes. Often referred to as trace metals or 
heavy metals are potentially toxic elements. Trace metals are related to the trace 
quantities of components existing in soils. Heavy metals, a loosely specified group 
of components, constitute elements with an atomic mass exceeding 20 (exclud-
ing alkali metals) and specific gravity exceeding 5 [59]. Because of their differing 
solubility/bioavailability, heavy metals exist in different forms in soil. Many soil 
physicochemical characteristics change heavy metal geochemical conduct in soil, 
plant uptake, and effect on crop productivity. Excessive deposition of heavy metals 
in plant tissue is harmful to multiple biochemical, physiological, and morphological 
operations in plants either directly or indirectly and in turn affect crop productivity. 
Heavy metals decrease crop productivity by causing seed germination, accumula-
tion, and re-mobilization of seed reserves during plant growth, germination and 
photosynthesis to deleterious effects on various plant physiological processes [60]. 
Heavy metal toxicity on the cell platform decreases the productivity of plants by 
forming reactive oxygen species, disrupting the redox equilibrium and causing 
oxidative stress. Metals mainly enter the plants through the root from the soil [61]. 
The cultivation of metals includes several processes, including desorption of metal 
from soil particles,, uptake of metals by roots, transportation of metals to plant 



11

Effect of Abiotic Stress on Crops
DOI: http://dx.doi.org/10.5772/intechopen.88434

development of plant [48]. As a result of increasing atmospheric temperatures, heat 
shocks are currently primary limiting factors for crop productivity globally. This 
increasing temperature may result in changes in the phases of growth and distribu-
tion of agricultural plants [49]. High-temperature stress can cause serious protein 
damage, interrupt synthesis of protein, inactivate critical enzymes, and damage 
membranes. High temperature stress can have significant effects on the cell division 
process [50]. All of these harms can substantially restrict plant development and 
also promote oxidative damage. In addition, short exposure to elevated temperature 
in seed filling can lead to rapid filling, leading to low quality and lower yield. Under 
a restricted supply of water, the temperature rise is fatal. Overall, water loss due 
to heat stress is predominantly due to enhanced transpiration rate during the day, 
which eventually damages certain physiological procedures in crops. Heat stress 
also decreases the amount, weight and root growth and eventually decreases the 
accessibility of water and nutrients to the plant parts above ground [51, 52]. Light-
dependent chemical reactions that happen in the stroma in the thylakoid and the 
carbon metabolism are the primary places of harm owing to elevated heat stress. 
Increased adjustment of PSII thermo-tolerance of PSII leaf temperature and density 
of photon flux [53]. The PSII is extremely temperature sensitive and significantly 
affects and even partly terminates its activity under elevated temperature stress 
[54]. Oxygen-evolving complex also experiences severe harm at elevated tempera-
tures, which can lead to imbalanced electron flow to the PSII acceptor site [55]. At 
higher temperatures, the proteins D1 and D2 also suffer from denaturation [56]. 
High heat stress has a significant impact on the activity of significant enzymes 
like sucrose phosphate synthase, invertase, adenosine diphosphate-glucose pyro-
phosphorylase, and starch and sucrose synthesis [57]. The reduced CO2 binding 
enzyme activation status, Rubisco, limits net photosynthesis in many species of 
plants. Although Rubisco’s catalytic activity rises with greater temperatures, its 
low CO2 affinity and O2 binding ability limit the rise in net photosynthesis speed 
[58]. Despite all these negative photosynthesis impacts of elevated temperature, 
with elevated concentrations of CO2 in the atmosphere, optimum photosynthesis 
temperature requirements are expected to rise [53].

4.5 Heavy metal

A prevalent and serious problem is heavy metal atmospheric pollution through 
human activities and/or natural processes. Often referred to as trace metals or 
heavy metals are potentially toxic elements. Trace metals are related to the trace 
quantities of components existing in soils. Heavy metals, a loosely specified group 
of components, constitute elements with an atomic mass exceeding 20 (exclud-
ing alkali metals) and specific gravity exceeding 5 [59]. Because of their differing 
solubility/bioavailability, heavy metals exist in different forms in soil. Many soil 
physicochemical characteristics change heavy metal geochemical conduct in soil, 
plant uptake, and effect on crop productivity. Excessive deposition of heavy metals 
in plant tissue is harmful to multiple biochemical, physiological, and morphological 
operations in plants either directly or indirectly and in turn affect crop productivity. 
Heavy metals decrease crop productivity by causing seed germination, accumula-
tion, and re-mobilization of seed reserves during plant growth, germination and 
photosynthesis to deleterious effects on various plant physiological processes [60]. 
Heavy metal toxicity on the cell platform decreases the productivity of plants by 
forming reactive oxygen species, disrupting the redox equilibrium and causing 
oxidative stress. Metals mainly enter the plants through the root from the soil [61]. 
The cultivation of metals includes several processes, including desorption of metal 
from soil particles,, uptake of metals by roots, transportation of metals to plant 



Sustainable Crop Production

12

roots and shoots [62]. Transport of heavy metal to aerial components of the plant is 
via the xylem and is most probably encouraged by transpiration [63]. The metals, 
after joining the central cylinder, move towards the aerial parts of the plant where 
evaporation of water occurs and metal stacks up through the water stream of the 
vascular system [64]. Only a slight percentage of heavy metals are translocated in 
most crops to the shooting tissues. In some cases, only if the plant is a hyper accu-
mulator or chelate-assisted, there is sequestration of 95% or more of the metal in 
the plant’s roots [65, 66].

5. Crops tolerance against abiotic stress

Plant resistance to abiotic stress includes escaping stress avoidance and tolerance. 
Escape: Before extreme stress begins, dry escape depends on efficient reproduction. 
The plants integrate brief life cycles with high growth rates and gas exchange, using the 
highest existing resources while soil moisture lasts. It also relies on escaping the unfa-
vorable environmental conditions by shedding off the leaves, no germination, night-
time closure of stomata, compact growth, that is, shortening of any plant part [67].

Avoidance: reversible physiological changes involve decreasing water loss 
(closing stomata, decreasing light absorption through rolling leaves and condensed 
canopy leaf region) and growing water absorption (increasing root investment, 
morphological changes occurring in crops to decrease transpiration, re-allocation of 
nutrients stored in older leaves and greater photosynthesis rates [68].

Tolerance: abiotic stress tolerance appears to be the consequence of cellular 
and molecular level coordination of physiological and biochemical changes. These 
changes may include osmotic adjustment, stiffer cell walls, or smaller cells [69]. 
Changes happening rapidly at the concentrations of mRNA and protein conse-
quence in an intolerant state. Various morphological, physiological, biochemical 
and molecular modifications happen in crops in order to fight different abiotic 
stresses [70].

5.1 Morphological changes

Under stress, roots extend their length in the soil in order to seep water around 
themselves and absorb a sufficient amount of water to persist against stressed 
conditions. Due to an increase in length and more absorption of water through soil, 
roots biomass also increases in abiotic stress conditions. Shoot length is higher due 
to sufficient transpiration and translocation mechanism whereas in water deficit 
plants, shoot length observed was comparatively dwarf as plants need to overcome 
water and nutrient deficit conditions caused by drought. Shoot dry weight depends 
on the inner mass and tillers of wheat. Irrigated plants can accumulate water inside 
tissues due to a sufficient amount of landed water whereas water deficient cannot 
do so due to which inner mass decreases in case of water stress plants [23, 71].

5.2 Physiological changes

Plants facing abiotic stress, respond at the molecular, cellular and whole plant 
levels through a number of physiological modifications.

5.2.1 Relative water content (RWC)

A leaf ’s relative water content (RWC; or’ relative turgidity’) is measuring its 
real water content at complete turgidity relative to its peak water holding capacity. 
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RWC provides a measurement of the decline in leaf water content and may involve 
a degree of stress in water deficit and heat stress. RWC includes leaf water potential 
(another helpful estimation of plant water status) with the impact of osmotic 
adjustment, a powerful mechanism for preserving cell hydration as a measure of 
plant water status. The development of leaves relies on the water content and the 
rate of transpiration. With the absorption of water from roots and passing on to 
leaves, plants will have high rates of transpiration and water content in leaves will 
elevate effectively in irrigated plants unlikely in water deficit plants and water 
potential reduced in drought-stressed plants [67].

5.2.2 Relative stress injury (RSI)

It is the relative injury caused to plants under stressed conditions. Relative stress 
injury is actuated under stressed conditions providing a measurement of injury 
caused to plants. Plants under such stressed conditions try to become resistant 
towards the extraneous factors where plants activate some genes and provide 
tolerance towards the environment. Abiotic stress tolerance appears to be the 
result of cooperation at the cellular and molecular levels between physiological and 
biochemical alternation. These modifications may include more rigid cell walls, 
osmotic adjustment, or smaller cells. There are rapid changes in the mRNA and 
protein concentrations that result in tolerance towards stress [71].

5.2.3 Water use efficiency (WUE)

Efficiency in water use (WUE) is a crucial variable responsible for the produc-
tivity of plants under restricted supply of water. In agronomic terms, it is defined 
as the percentage of total dry matter (DM) generated (or harvested) to (or applied) 
used water. Physiologically speaking, nevertheless, WUE is well-defined as the 
proportion between the set carbon rate and the transpired water rate. The connec-
tion between water use and crop production rate is defined as water use efficiency. 
It is measured in terms of biomass generated by transpiration unit. Greater biomass 
generated by limited amount of water under stress circumstances is crucial for 
higher crop yield. Combined stress can also occur to the plant at same time, for 
example, water shortage can lead to drought and salinity stress simultaneously, 
uttermost significant factors limiting crop effectiveness and yielding worldwide. 
Drought resistance in plants can be improved by escaping or avoiding drought con-
dition using WUE mechanism to maintain water level or growing drought tolerant 
plants [30, 71].

5.2.4 Osmotic adjustment

Osmotic adjustment (OA) is the net elevation of intercellular solutes in response 
to water stress that allows turgor to be conserved at a lower water potential. OA 
has been considered as the primary mechanisms in adaptation of plant towards 
drought as it promotes the tissue’s metabolic activity and enables for regeneration 
but varies considerably between genotypes. The efficiency of plants in arid condi-
tions has been linked with OA in many species such as sorghum, wheat and oilseed 
brassicas. High levels of ions can critically inhibit cytosolic enzymes of plant cells 
[72]. Throughout osmotic adjustment, ion accumulation appears to be limited to the 
vacuoles where ions are kept out of contact with cytosol or subcellular organelles 
[73]. Because of this ion compartmentation, other solutes such as sugar alcohol, 
amino acid proline must be assembled in the cytoplasm in order to preserve the 
cell’s water potential balance [74].
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5.3 Biochemical changes

Under stress, crops experience a number of cellular and molecular-level bio-
chemical modifications.

5.3.1 Chlorophyll and carotenoid

Chlorophyll and carotenoid content depend on ATP, photosynthetic reactions, 
NAD. Chlorophyll cannot capture sunlight straight, so it gives sunlight to chloro-
phyll with the aid of carotenoid, which is an accessory pigment, and transfers it to 
photosystem I and photosystem II, which transforms light energy into chemical 
energy acquired in the form of ATP and NADPH. Now, with the help of end prod-
ucts of photosystems and fixed carbon dioxide, plants produce glucose. So, we can 
say that in wheat more the carotenoid present in the chloroplast, more will be the 
sunlight captured and thus more will be the chlorophyll [7].

5.3.2 Starch

Starch also evolves as a main molecule in enabling the response to abiotic stresses 
by plants like water deficit, salinity or extreme temperatures. When photosynthesis is 
limited under stress conditions plants have a tendency to use starch as energy source. 
Adverse effect of stress is reduced in plant by releasing some compatible solutes, 
osmoprotectants, derived sugars and other metabolites to encourage plant growth [75].

5.3.3 Amino acid

Under stress circumstances, amino acids such as proline and arginine play a 
significant role in controlling osmotic pressure. Proline acts as an osmoprotectant 
and its accumulation can lead to improved synthesis of cells and their reduced 
degradation. This behaviour of higher accumulation of proline is because of the 
expression of the gene encoding pyrroline-5-carboxylate synthase. Additional proof 
for proline’s defensive function was discovered in transgenic crops, where proline 
overproduction improves tolerance to osmotic stress. In addition to proline, the 
reaction to osmotic stress also involves other amino acids. Arginine was found to 
operate as a compatible solution to enhance stress tolerance in leaves. The enzyme 
involved in arginine biosynthesis is enhanced under hyperosmotic circumstances. 
In addition, osmotic stress in sunflower and wheat causes enhanced expression of 
asparagine synthase genes. Glutamine synthase overexpression enhances tolerance 
of osmotic stress in rice. These findings indicate that changes in osmotic pressure-
induced amino acid levels may be due to modified gene expression encoding the 
enzymes engaged in their metabolism [76].

5.4 Molecular changes

5.4.1 Late embryogenesis abundant proteins (LEA)

LEA proteins are the group of elevated molecular weight proteins that are abun-
dantly present during early embryogenesis and collect in reaction to water stress 
during seed dehydration. There are different LEA protein groups. The proteins 
belonging to group 3 are considered to play a part in the sequestration of focused 
ions between these groups during cell dehydration. LEA proteins of group 1 are 
expected to have increased water-binding ability, whereas LEA proteins of group 5 
are presumed to be appropriate ions during water loss [77].
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5.4.2 Detoxifying genes

Also, there are certain detoxifying genes that help to combat abiotic stress. Plants 
can be protected from damage by increase tolerance towards stress by the accumula-
tion of some attuned solutes and reactive oxygen species (ROS) are scavenged. This 
action helps to maintain protein structures and functions. The genes responsible for 
activation of these three enzymes: ascorbate peroxidase, glutathione peroxidase, and 
glutathione reductase have revealed to have some effect on various abiotic stresses [78].

5.4.3 Heat shock protein genes

An increase in the transcription of a set of genes by heat exposure or other abi-
otic stress in all species is a heavily maintained biological reaction. The reaction is 
promoted by the heat shock transcription factor (HSF) in the form of a monomeric, 
non-DNA binding type current in unstressed cells. It is caused by stress in the form 
of a trimeric shape that can bind heat shock gene promoters. Gene stimulation 
encoding thermal shock proteins (Hsps) is one of the most noticeable responses in 
organisms that are subjected to high molecular temperature [79].

5.5 In reaction to abiotic stress, various genetic mechanisms begin in the crops

5.5.1 ABA pathway

Many genes responsible for response to stress are triggered under abiotic stress 
conditions. Abscisic acid (ABA) is a main plant stress-signaling hormone and its 
accumulation automatically increases as the harsh conditions are faced by plant to 
fight the stress effect. Two pathways are triggered in plant under osmotic stress con-
dition, that is, ABA-dependent and ABA-independent pathways. In ABA-dependent 
pathway, a mixture of transcription factors, ABRE binding protein/ABRE binding 
factors (AREB/ABFs) demonstrate critical functions. A cis-element, dehydration-
response element/C-repeat (DRE/CRT) and DRE-/CRT-binding protein 2 (DREB2) 
transcription factors play a main part in the expression of ABA-independent genes 
in response to osmotic stress. Continuous increase in expression of AREB1/ABF2, 
AREB2/ABF4 and ABF3 is triggered by drought and salinity in vegetative tissues. 
Over-expression studies indicate that in conditions of drought stress, these three 
AREB/ABFs are useful signals from ABA regulators. As shown in the figure, AREB/
ABF transcription factors result in gene expression of the genes involved in abiotic 
stress reaction and tolerance [80].

5.5.2 Cold stress pathway

CBF/DREB1 homologs have been acknowledged in various species. CBF/DREB1 
may bind CRT/DRE cis-elements (A/GCCGAC) in the promoter area of COR 
genes to control the expression of COR genes belonging to the transcription factor 
family ERF/AP2 (ethylene-responsive factor/APETALA2). The CRT/DRE cis-acting 
components express the RD29A gene that is believed to be involved in abiotic stress 
reaction and tolerance [80].

5.5.3 SOS pathway

The SOS signaling path includes three significant enzymes, SOS1, SOS2, and SOS3. 
SOS1 protein codes for Na+/H+ anti-porter plasma membrane. This protein is essential 
for cell-level regulation of Na+ efflux. Na+ long-distance transportation from root to 
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shoot is also facilitated. This protein’s overexpression is related to plant salt tolerance 
[81]. Salt stress-stimulated signals from Ca2+ activate the SOS2 gene encoding serine/
threonine kinase. This protein includes a correctly established catalytic N-terminal 
domain and a regulatory C-terminal domain. The SOS3 protein is the third protein 
involved in the SOS stress signaling pathway. It is a myristylated Ca+ binding protein 
and contains an N-terminus myristylation site. In salt tolerance, this site shows an 
important role. In the C-terminal regulatory domain of the SOS2 protein, FISL motif 
is present (also known as NAF domain) that is approximately 21 lengthy sequence of 
amino acids, and helps to interact with the Ca2+ binding SOS3 protein [82]. Kinase 
activation is the consequence of the SOS2–SOS3 protein interaction. The kinase 
caused then phosphorylated SOS1 protein thus enhancing its initially identified yeast 
transportation activity. SOS1 protein is defined by a long cytosolic C-terminal tail 
composed of a putative nucleotide binding motif and an auto inhibitory domain, 
which is roughly 700 amino acids long [83]. The target site for SOS2 phosphorylation 
is this auto inhibitory domain. In relation to salinity tolerance, it regulates traffick-
ing of membrane vesicle, pH homeostasis and functions of vacuole. There is thus a 
significant increase in intracellular Ca2+ level with the increase in Na+ concentration, 
which in turn encourages its binding with SOS3 protein. Ca2+ controls homeostasis 
of intracellular Na+ along with SOS proteins. Then the SOS3 protein interacts and 
activation of the SOS2 protein occurs by releasing its self-inhibition. The complex 
SOS2-SOS3 goes down to plasma membrane where SOS1 reacts. The result of phos-
phorylated SOS1 is improved Na+ efflux, reducing Na+ toxicity [84].

6. Conclusion

There are a broad variety of abiotic stresses that adversely influence the crops. 
In crops there are prevalent abiotic stresses such as drought, salinity, elevated 
temperature, low temperature, and metal toxicity. The symptoms of stress, of 
course, vary with its severity, from being elusive to disastrous. The crops undergo 
various kinds of modifications due to abiotic stresses, which can cause antagonistic 
effects on growth and development of plant. The complexity and type of abiotic 
stress reactions promote the use of extensive, integrative and multidisciplinary 
techniques to achieve the various levels of stress response regulation. The crops are 
undergoing modifications such as decreased relative water content, increased ROS 
output, enhanced relative stress injury, cell electrolyte leakage, decreased photo-
synthetic pigment amount, decreased root and shoot length, decreased yield, etc. 
The crops are undergoing numerous morphological, physiological, biochemical and 
molecular modifications to overcome the impacts of drought. Lately, there has been 
a lot of attraction in managing abiotic stress in plants. With the growing growth of 
high performance genomic instruments, crops have created many new methods to 
combat abiotic stress.
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Chapter 2

Possibility of No-Input Farming in 
Lowland Rice Fields in Japan from 
the Viewpoint of Sustaining Soil 
Fertility
Naoki Moritsuka

Abstract

In Japan, the area of low-input rice production is gradually increasing with a 
growing public interest in the quality and safety of our staple food. In an extreme 
case, rice has been grown over years without using any chemical fertilizers and 
agrochemicals. However, it is uncertain how much and how long such no-input 
farming can sustain rice yield and soil fertility. To better understand the sustain-
ability of no-input rice farming in Japan, I briefly review previous results obtained 
from the long-term field experiments. The topics are (1) rice yield and soil fertility 
under no-input farming, (2) the environmental factors affecting rice growth and 
soil fertility under no-input farming, and (3) the dynamics of soil K under continu-
ous rice cropping. The corresponding conclusions are as follows: (1) rice yield and 
soil fertility under no-input farming in Japan were influenced by various environ-
mental and management factors operating at regional and field scales; (2) the input 
of K through irrigation and the high-clay content in soil were considered the key 
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tion caused by long-term exhaustive cropping should be assessed by monitoring the 
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1. Introduction

It is generally considered that crop yield and soil fertility can be maintained by 
the adequate input of fertilizer elements to soil. However, in the case of irrigated 
paddy soil, there are several farmers’ fields in Japan which have not received any 
fertilizers for more than a decade but sustained rice yield at around 400 g m−2, i.e., 
about 80% of the conventionally fertilized fields [1–3].

The wonder of sustaining rice yield without fertilizer input may be explained 
by the unconscious input of nutrients to lowland fields through irrigation, rainfall, 
and biological nitrogen (N) fixation [4]. The advantage of lowland rice over upland 
rice can be found in the nutrient omission trials carried out throughout the country 
before chemical fertilizer was prevailed [5]. As shown in Figure 1, N was the most 
limiting element for both lowland and upland rice. For lowland rice, however, 



25

Chapter 2

Possibility of No-Input Farming in 
Lowland Rice Fields in Japan from 
the Viewpoint of Sustaining Soil 
Fertility
Naoki Moritsuka

Abstract

In Japan, the area of low-input rice production is gradually increasing with a 
growing public interest in the quality and safety of our staple food. In an extreme 
case, rice has been grown over years without using any chemical fertilizers and 
agrochemicals. However, it is uncertain how much and how long such no-input 
farming can sustain rice yield and soil fertility. To better understand the sustain-
ability of no-input rice farming in Japan, I briefly review previous results obtained 
from the long-term field experiments. The topics are (1) rice yield and soil fertility 
under no-input farming, (2) the environmental factors affecting rice growth and 
soil fertility under no-input farming, and (3) the dynamics of soil K under continu-
ous rice cropping. The corresponding conclusions are as follows: (1) rice yield and 
soil fertility under no-input farming in Japan were influenced by various environ-
mental and management factors operating at regional and field scales; (2) the input 
of K through irrigation and the high-clay content in soil were considered the key 
environmental factors that enable to sustain no-input farming; and (3) soil K deple-
tion caused by long-term exhaustive cropping should be assessed by monitoring the 
decrease of soil nonexchangeable K rather than that of exchangeable K.

Keywords: irrigation effect, long-term field experiment, lowland rice, 
nonexchangeable potassium, soil sustainability

1. Introduction

It is generally considered that crop yield and soil fertility can be maintained by 
the adequate input of fertilizer elements to soil. However, in the case of irrigated 
paddy soil, there are several farmers’ fields in Japan which have not received any 
fertilizers for more than a decade but sustained rice yield at around 400 g m−2, i.e., 
about 80% of the conventionally fertilized fields [1–3].

The wonder of sustaining rice yield without fertilizer input may be explained 
by the unconscious input of nutrients to lowland fields through irrigation, rainfall, 
and biological nitrogen (N) fixation [4]. The advantage of lowland rice over upland 
rice can be found in the nutrient omission trials carried out throughout the country 
before chemical fertilizer was prevailed [5]. As shown in Figure 1, N was the most 
limiting element for both lowland and upland rice. For lowland rice, however, 



Sustainable Crop Production

26

the percentage of yield loss caused by the omission of fertilizers differed with the 
growth conditions; 22 and 47% under field and pot conditions, respectively. Such 
a discrepancy was not observed for upland rice. With a closer look at the response 
of lowland rice to the omission of potassium (K) and phosphorus (P) under field 
conditions, the omission of these elements also caused more than 10% decrease of 
the yield in more than 20% of the paddy fields surveyed (Figure 2). Accordingly, 
K or P began to limit rice yield in some of the paddy fields when N limitation was 
removed by the application of N fertilizer.

These results contributed to predict the necessary amount and type of chemical 
fertilizers applied to paddy fields. Figure 3 shows the temporal changes in the average 
rates of chemical fertilizer applied to paddy fields in Japan [6]. In 1950, N was applied 
at a higher rate than P and K. With time, the rates of P and K became comparable to 
the rate of N. This is probably because of the alleviation of N limitation and the use 
of compound fertilizer containing N and other nutrients. In 1970, more than 60% of 

Figure 1. 
Response of the yield of lowland rice and upland rice to the omission of N, P, and K fertilizers in Japan 
(adapted from [5]). Data obtained from the nutrient omission trials conducted under pot and field conditions 
since 1916 were summarized.

Figure 2. 
Response of the yield of lowland rice to the omission of N, P, and K fertilizers in Japan (adapted from [5]). 
Data obtained from the nutrient omission trials conducted under field conditions (field-grown lowland rice in 
Figure 1) were summarized. The trials were 1097–1138 in number.
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N, P, and K were applied together in the form of compound fertilizer. The application 
rates of all nutrients increased rapidly by 1970 and reached a plateau around 1980. 
Then, the rates decreased from 1990 to 2015. The amount of N applied in 2011–2015 
(60 kg ha−1) became smaller than the amount of N applied in 1950 (65 kg ha−1). This 
would be partly because the percentage of fertilizer N recovered by rice plants was 
significantly increased by the development of new techniques, e.g., side-dressing of 
polyolefin-coated urea that can supply N to rice roots according to crop demand. But a 
more plausible reason is the introduction of the gentan policy in 1970 for reducing rice 
production all over the country and the concomitant shift of the consumer preference 
to rice from the nutrition to the taste and safety. For example, recent Japanese con-
sumers prefer low-protein rice that is less nutritious than high-protein rice, because 
cooked rice with high-protein content tends to become hard and nonsticky [7].

From these backgrounds, rice and other crops produced with reduced input 
of chemical fertilizers and agrochemicals have been attracting more attention by 
consumers. In 2001, the Japanese government established the guidelines for the 
certification of crops produced with chemical fertilizers and agrochemicals at less 
than 50% of the conventional dosage in each region. The area of production of 
such crops amounted to 0.12 million ha (2.6% of total arable land) in 2017. Organic 
farming, where chemical fertilizer is fully replaced with organic fertilizer, is also 
increasing gradually, although the area of organic-farming fields is still 0.5% of the 
total area of arable land in 2017. The most extreme way of farming is the production 
of crops without using any chemical fertilizers and agrochemicals. Such no-input 
farming is called shizen nouhou or shizen saibai in Japanese, and translated directly as 
natural farming [1] or nature farming [8]. The amount of rice produced by no-input 
farming was estimated to be only 0.04% of the national production in 1991 [9].

These histories clearly show that no-input farming in Japan has been developed 
as a result of the past high-input farming, and it does not represent various types of 
no-input farming systems in the world. Almost all no-input paddy fields in Japan 
had received chemical fertilizers and agrochemicals before no-input farming was 
introduced, and these fields are different from the absolutely no-input fields in 
other countries that have not received any chemicals since land reclamation.

Figure 3. 
Rates of chemical fertilizer application to paddy fields in Japan from 1950 to 2015. The values before 1970 
were cited from FAO [6], and those after 1970 were cited from several volumes of Pocket Fertilizer Handbook 
published by the Association of Agriculture and Forestry Statistics, Tokyo.
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Recently, no-input rice farming in Japan has been recognized as an economically 
feasible farming system. Due to the very limited availability, rice produced by no-
input farming has been sold at twice or more the price of rice produced by conven-
tional farming [10]. Besides the price of the products, the level of rice yield and its 
sustainability are also important for farmers [1]. Several researchers have compared 
rice yield among no-input paddy fields with different periods after introducing 
no-input farming [1–3]. However, most of the previous studies have used a space-
for-time substitution approach instead of monitoring rice yield and soil fertility 
over years. Thus, it is uncertain how much and how long such no-input farming can 
sustain rice yield and soil fertility under various environmental conditions.

In order to better understand the sustainability of no-input rice farming in 
Japan, I briefly review previous results obtained from the long-term field experi-
ments including our no-input trial. The main topics in this review are (1) rice yield 
and soil fertility under no-input farming, (2) the environmental factors affecting 
rice growth and soil fertility under no-input farming, and (3) the dynamics of soil 
K under no-input and high-input rice farming systems.

2. Rice yield and soil fertility under no-input farming

In 1990, Neera et al. [1] surveyed 542 no-input fields in 17 prefectures in Japan 
and compared rice yield with the average yield by conventional farming according 
to the corresponding municipal statistics. The sampling of rice plants was per-
formed at one representative site in a paddy field at the rate of 30 hills per field [11]. 
On average of the surveyed fields, the period of no-input farming was 10.7 years, 
and the yield of brown rice by no-input farming (445 g m−2) amounted to 87% of 
the yield by conventional farming (511 g m−2). When the results were compared 
among different regions, the yield by no-input farming was significantly lower 
than the yield by conventional farming at six prefectures in Tohoku district located 
in northern Japan (Figure 4). The yield was relatively high in Tohoku district, and 
the average yield after no-input farming for 28–40 years amounted to 456 g m−2 
(n = 19). On the other hand, the yield gap was not statistically significant at many 
prefectures in Kinki and Chugoku districts located in southern Japan except for 

Figure 4. 
Relationship between rice yields obtained from municipal statistics and from no-input farming (adapted from [1]).
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Okayama prefecture. Furthermore, the coefficients of variation of yield by no-
input farming were as large as 12–29% in each region displayed in Figure 4, and 
the number of surveyed fields in each region was relatively large (19–180). These 
results suggest that rice yield was also influenced by field-specific environmental 
and management factors. The lack of the yield gap in several prefectures might be 
due to the arbitrary selection of fertile fields for no-input farming, because it was 
contrasting to the results obtained from the nutrient omission trials (Figure 2). 
Thus, the authors emphasized that more research is needed to monitor the yield 
under no-input farming in combination with the yield under conventional farming 
and to elucidate the factors affecting rice yield under no-input farming.

Following this pioneering work, however, only a few researchers have attempted 
to identify the factors affecting rice yield under no-input farming. Hosoya and 
Sugiyama [2] surveyed 16 no-input fields in four prefectures (Aomori, Iwate, 
Miyagi, and Niigata) in northern Japan. The yield of brown rice in no-input fields 
was positively correlated with the number of panicles (r = 0.92, p < 0.01). The pan-
icle number was positively correlated with the air temperature during the vegetative 
stage (r = 0.66, p < 0.01) and negatively correlated with the latitude of the location 
of each field (r = −0.60, p < 0.05). Tatara et al. [3] also examined 16 no-input fields 
in three prefectures (Fukui, Shiga, and Kyoto) located in the warmer part of Japan. 
The yield of rough rice was positively correlated with soil total N content (r = 0.76, 
p < 0.01) but was not significantly correlated with the content of mineralizable N 
in soil. These results imply that, in the case of northern Japan, the yield by no-input 
farming was limited by the low temperature during the vegetative stage. Thus, the 
rate of N mineralization from soil rather than soil total N was regarded as an impor-
tant factor limiting the tiller (panicle) number and yield. In the case of southern 
Japan, on the other hand, soil total N content was regarded as the most important 
factor limiting rice yield. These interpretations are based on the assumption that rice 
growth was not limited by the vigorous growth of weeds in no-input fields, because 
much more labor is required to remove weeds mechanically without herbicides, and 
effective weeding is the biggest concern for rice farmers adopting organic farming or 
no-input farming [12].

Compared to rice yield, much less attention has been paid to soil fertility 
under no-input farming. When the results in the above two reports [3, 12] were 
combined, total N content in the surface soil showed a large variation among the 
fields (Figure 5), and the coefficient of variation became 47%. The content was 
similar to or higher than the national average (2.39 g kg−1) in several fields with a 
no-input history for more than 5 years. The highest content was recorded in a field 
with no fertilizer input for 21 years. The soil in this field was classified as one of 
the Andosols, whereas the soil in all the other fields was classified as non-Andosols 
according to the digital soil map of Japan [13].

For other soil properties, Kuwamura [8] evaluated the characteristics of soil 
chemical properties under no-input farming by using a space-for-time substitution 
approach. An extensive survey was conducted by analyzing 654 soil samples col-
lected from no-input paddy fields throughout Japan from 1992 to 1996. The period 
of no-input farming ranged from 0 to 49 years. The results were compared with the 
contemporary national soil inventory data (third survey from 1989 to 1993 in [14]). 
The average depth of a plow layer in no-input fields (18.5 cm) was larger than that 
in the conventional paddy fields (14.6 cm). The average content of total N in the 
surface soil (2.6 g kg−1) was slightly higher than the national average (2.42 g kg−1). 
On the other hand, the average content of mineralizable N in the surface soil 
(118 mg kg−1) was slightly lower than the national average (145 mg kg−1). The aver-
age content of available P (Truog P) in the surface soil (126 mgP2O5 kg−1) was much 
lower than the national average (298 mgP2O5 kg−1). When the soil samples were 
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limited to those classified as non-Andosols (n = 460), the concentration of avail-
able P was negatively correlated with the period of no-input farming (Spearman’s 
r = −0.42, p < 0.001). This negative correlation was partly due to the presence of 
extremely high P soils in no-input fields with a short history, because the eight 
outliers with the available P content exceeding 600 mgP2O5 kg−1 were all sampled 
from the fields with a history of less than 20 years. Kuwamura [8] interpreted the 
results as follows: (1) soil available P was depleted by long-term no-input farm-
ing; (2) no-input fields with a short history had received more fertilizer-derived P 
before ceasing fertilization than those with a long history; and (3) no-input farmers 
with a long experience have managed their fields with lower return of plant residues 
such as rice straw. In contrast to available P, the concentration of mineralizable N 
in the non-Andosol samples was positively correlated with the period of no-input 
farming (Spearman’s r = 0.22, p < 0.001), which implies that soil available N was 
not depleted by long-term no-input farming.

The above results were obtained from the one-time survey of no-input fields. Due 
to the lack of long-term monitoring data, it is difficult to make a simple conclusion. 
Nevertheless, it can be roughly concluded that rice yield and soil fertility in no-input 
paddy fields were influenced not only by the period of no-input farming but also by 
various environmental and management factors operating at regional and field scales.

3.  Environmental factors affecting rice growth and soil fertility under 
no-input farming

In this section, I introduce our results obtained from a 5-year no-input trial [15]. 
To estimate the environmental factors that enable soil fertility to be maintained 
without fertilization, application of fertilizers to a paddy field at Kyoto University 
Farm in Takatsuki, Japan, was ceased in 2010. Both planted and unplanted plots 
were installed in the field (Figure 6). Then, changes in rice yield and soil fertility 
in the field were evaluated until 2015. Surface soil samples were collected from 
both planted and unplanted plots before transplanting and after harvesting of rice 
plants. At harvesting, rice straw was also removed from the field. The physico-
chemical properties of the samples were monitored. Rice yield and the uptake of N 

Figure 5. 
Relationship between the period after ceasing fertilization to paddy fields and the content of total N in the 
surface soil (adapted from [3, 12]). The circular and rectangular plots are those reported by Tatara et al. [3] 
and Hosoya and Sugiyama [12], respectively. A dotted line in the figure indicates the average content in the 
surface paddy soil of Japan (2.39 g kg−1) reported by MAFF [14].
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and K by rice plants were also analyzed. The soil in this field was classified as non-
Andosol (Gley lowland soil) according to Digital Soil Map of Japan [13]. The surface 
soil was relatively sandy (sand content higher than 60%) and had the following 
properties at the start of the experiment: pH(H2O)—5.95; total C—20.2 g kg−1; total 
N—1.99 g kg−1; mineralizable N—156 mg kg−1, available P (Bray no.2 P)—484 mgP 
kg−1; and cation exchange capacity—10.4 cmolc kg−1. As the soil was relatively rich 
in available P due to the long-term application of chemical fertilizers, we focused on 
the dynamics of N and K in this field.

During the experimental period, the yield of unhulled rice was relatively 
stable; 630, 621, 618, 551, and 639 g m−2 from 2010 to 2014, respectively. On the 
other hand, the levels of mineralizable N, total N, and nonexchangeable K (boil-
ing 1 mol L−1 HNO3-extractable K minus exchangeable K) in the surface soil of 
both planted and unplanted plots began to significantly decrease after three crop-
ping seasons (Figure 7). The amount of total N and boiling HNO3-extractable 
K (exchangeable K plus nonexchangeable K) decreased from the surface soil 
(0–10 cm) of the unplanted plot during the 5 years was estimated to be 55 and 
7.2 g m−2, respectively, assuming a bulk density of 1.0 g cm−3. On the other hand, 
the amount of N and K taken up by a single cropping of rice plants in 2012 was 
8.3 and 11.5 g m−2, respectively. Accordingly, N was lost from the unplanted plots 
with the magnitude comparable to the removal of N by rice plants. The results in 
Figure 7 also indicated that the continuous removal of N and K from soil caused the 
significant depletions of mineralizable N and nonexchangeable K but not of more 
readily extractable fractions (NH4

+-N and exchangeable K). By more frequent soil 
sampling and analysis conducted in 2012, it was revealed that the concentration of 
exchangeable K in soil decreased from transplanting to the maximum tillering stage 
and then recovered to the initial level from the booting stage to winter [15]. The 
reason for the lack of depletion of exchangeable K after continuous removal of K is 
discussed in the last section.

In 2013, the fourth year after ceasing fertilization, fertilizer trials with N or K 
application were conducted under both field and pot conditions to identify which 
element limited rice growth (Figure 8). Distilled water was used for irrigation in 
the pot experiment, whereas river or underground water was used for irrigation 
in the field experiment; total N and K concentration was measured at each irriga-
tion event. The fertilizer trials demonstrated that the element limiting rice growth 
was K or N under pot or field conditions, respectively (Figure 8). To confirm this 
result, another nutrient omission trial was conducted in 2016 by using the surface 
soil collected after six harvests of rice without fertilization. Among the nutrients 

Figure 6. 
Rice plants (cv. Hinohikari) at panicle initiation stage grown without fertilization in Kyoto University farm 
(right side). In the field with an area of 10 a, two unplanted plots were equipped next to the planted plots. The 
color of rice leaves in this field was yellower than the color in a fertilized field (left side), suggesting that N was 
the most limiting nutrient in the unfertilized field. The photograph was taken by the author on July 30, 2012, the 
third year after ceasing fertilization to this field.
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limited to those classified as non-Andosols (n = 460), the concentration of avail-
able P was negatively correlated with the period of no-input farming (Spearman’s 
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were installed in the field (Figure 6). Then, changes in rice yield and soil fertility 
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Figure 5. 
Relationship between the period after ceasing fertilization to paddy fields and the content of total N in the 
surface soil (adapted from [3, 12]). The circular and rectangular plots are those reported by Tatara et al. [3] 
and Hosoya and Sugiyama [12], respectively. A dotted line in the figure indicates the average content in the 
surface paddy soil of Japan (2.39 g kg−1) reported by MAFF [14].
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8.3 and 11.5 g m−2, respectively. Accordingly, N was lost from the unplanted plots 
with the magnitude comparable to the removal of N by rice plants. The results in 
Figure 7 also indicated that the continuous removal of N and K from soil caused the 
significant depletions of mineralizable N and nonexchangeable K but not of more 
readily extractable fractions (NH4

+-N and exchangeable K). By more frequent soil 
sampling and analysis conducted in 2012, it was revealed that the concentration of 
exchangeable K in soil decreased from transplanting to the maximum tillering stage 
and then recovered to the initial level from the booting stage to winter [15]. The 
reason for the lack of depletion of exchangeable K after continuous removal of K is 
discussed in the last section.

In 2013, the fourth year after ceasing fertilization, fertilizer trials with N or K 
application were conducted under both field and pot conditions to identify which 
element limited rice growth (Figure 8). Distilled water was used for irrigation in 
the pot experiment, whereas river or underground water was used for irrigation 
in the field experiment; total N and K concentration was measured at each irriga-
tion event. The fertilizer trials demonstrated that the element limiting rice growth 
was K or N under pot or field conditions, respectively (Figure 8). To confirm this 
result, another nutrient omission trial was conducted in 2016 by using the surface 
soil collected after six harvests of rice without fertilization. Among the nutrients 

Figure 6. 
Rice plants (cv. Hinohikari) at panicle initiation stage grown without fertilization in Kyoto University farm 
(right side). In the field with an area of 10 a, two unplanted plots were equipped next to the planted plots. The 
color of rice leaves in this field was yellower than the color in a fertilized field (left side), suggesting that N was 
the most limiting nutrient in the unfertilized field. The photograph was taken by the author on July 30, 2012, the 
third year after ceasing fertilization to this field.
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omitted (N, K, and Si), K was the most limiting nutrient when distilled water was 
used for irrigation (Figure 9). These results indicate that K, but not N, was the 
most limiting nutrient in the unfertilized soil and that the amount of K supplied by 
irrigation was sufficient to overcome the low K status of the unfertilized soil and 
meet plant demand. This should be the main reason why fertilizer responses were 
different between pot and field conditions. In other words, previous results on the 
nutrient omission trials (Figures 1 and 2) may have overestimated the ability of soil 
to supply nutrients to rice plants by allowing the external input of nutrients through 
irrigation.

In our field, the average concentration of K in irrigation water was 3.8 mg L−1 in 
2013. If the amount of irrigation was assumed to be 1000 kg m−2, the input of K to 
the field through irrigation becomes 3.8 g m−2. This amount is slightly higher than 
the amount of K in rice panicles at maturity stage (3.0 g m−2 in our study). Thus, the 
input of K by irrigation may meet the plant’s demand if rice straw is not removed 
from the fields and the irrigation water is rich in K (>2 mg L−1).

Figure 10 shows the average K concentration in river water sampled from 225 
rivers throughout Japan [16]. The sampling was carried out in 1940s and 1950s, when 
the eutrophication of river water was not a serious problem. The national average 
of the K concentration in river water was 1.20 mg L−1 with a large spatial variation 

Figure 7. 
Temporal changes of surface soil properties at planted (open circle) and unplanted (filled circle) plots in the 
unfertilized field (adapted from [15]). Error bars indicate the standard error of the mean (n = 2).
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(coefficient of variation = 57%). The concentration of K was higher than 2 mg L−1 
in 24 rivers (10.7%), and 13 out of 24 rivers were located in Kyushu district in 
southern Japan. Several rivers originating from the Aso and Kirishima volcanic areas 

Figure 8. 
Dry matter weight of rice shoot (cv. Hinohikari) at maturity stage as influenced by the fertilizer application 
and growth conditions (adapted from [15]). Air-dry weight for field experiment and oven-dry weight for 
pot experiment. Error bars indicate the standard error of the mean (n = 60 for field experiment, n = 3 for 
pot experiment). In the pot experiment, distilled water was used for irrigation. **and * indicate significant 
difference from the unfertilized treatment at 1 and 5% (t-test), respectively.

Figure 9. 
Rice plants (cv. Hinohikari) at milk ripe stage grown in Takatsuki soil collected from the field without fertilizer 
application for 6 years (Moritsuka, unpublished). Distilled water was used for irrigation. The values indicate 
the average ± standard deviation of the shoot dry matter weight (g pot−1, n = 3) for each fertilizer treatment. 
The photo was taken by the author on September 11, 2016.
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Figure 11. 
Relationship between the sand content and the total N content in soils frequently used for paddy fields (adapted 
from [15]). Among the data of agricultural surface soils in Japan reported by Sano et al. [17], those from soils 
classified as lowland paddy soils, Gley lowland soils, and Gray lowland soils (n = 65) were displayed.

in Kyushu district showed very high concentrations of both K and Si. These results 
suggest that, in some of the watersheds in Japan, the input of K by irrigation of river 
water can meet the plant’s demand even without the application of K fertilizer.

In contrast to K, the national average of inorganic N (NH4
+ and NO3

−) concen-
tration in river water was 0.28 mgN L−1 (coefficient of variation = 99%) [16]. The 
input of N by irrigation cannot meet the plant’s demand unless river water is pol-
luted by eutrophication. As shown in Figure 5, there was a large variation in total N 
content in no-input paddy soils even when an outlier classified as an Andosol was 
removed. Such a large variation may have originated from the capacity of soil clay 
particles to accumulate organic matter containing N. This is because a significant 
negative correlation was observed between the sand content and the total N content 
in agricultural surface soils frequently used for paddy fields (Figure 11) [17].

Figure 10. 
Average K concentration in river water sampled from 225 rivers in Japan (adapted from [16]). The numbers in 
the parentheses below the figure indicate the number of rivers surveyed in each region of the country.
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Summarizing the results of this section, the input of K through irrigation and 
high-clay content in soil were considered the key environmental factors that enable 
to continue no-input farming. These factors are indebted to geographical condi-
tions. Furthermore, the accumulation of fertilizer-derived P in the surface soil 
before ceasing fertilization may be another important factor. As a result of the alle-
viation of K and P deficiencies in the field, N became the most limiting nutrient in 
our experimental field. Enhancing the biological N fixation by growing leguminous 
plants after rice harvest and returning the plant residue to soil before transplanting 
may help to alleviate the N limitation to rice growth.

4.  Dynamics of soil K under no-input and high-input rice  
farming systems

In the last section, I focus on the dynamics of K in paddy soil. In our experimen-
tal field, the concentration of nonexchangeable K in soil decreased significantly by 
the no-input farming, whereas the concentration of exchangeable K in soil was rela-
tively constant and tended to increase from harvest to next transplanting (Figure 7). 
In this section, these observations are compared with previous results.

Srinivasa Rao et al. [18] evaluated the long-term changes in soil K forms under 
rice-rice cropping system with different fertilizer management. The experiment 
was carried out at Hyderabad in India. Surface soils were collected four times over 
20 years, and the samples were analyzed for the different forms of K, including 
nonexchangeable K (boiling 1 mol L−1 HNO3-extractable K minus exchangeable K). 
Figure 12 shows the temporal changes in the concentrations of soluble, exchange-
able, and nonexchangeable K in surface paddy soil as influenced by different fertil-
izer treatments. Among the three K forms, nonexchangeable K showed the largest 
depletion over 20 years (Figure 12). The amount of HNO3-extractable K decreased 
over 20 years was quantitatively comparable to the net output of K estimated from 
the total amount of crop removal and fertilization. Thus, continuous cropping of 
rice caused a significant depletion of nonexchangeable K, while the concentrations 

Figure 12. 
Effect of 20 years of rice-rice cropping and fertilizer application on the concentrations of soluble, exchangeable, 
and nonexchangeable K in surface paddy soil (adapted from [18]). The values above each bar indicate the sum 
of all forms of K. The values in the bottom indicate the net output of K (crop removal minus fertilizer input) 
over 20 years (kg ha−1). Inorganic fertilizers containing N, P, and K were applied at 115, 9, and 25 kg ha−1, 
respectively, per cropping, and farmyard manure (FYM) was applied at 15 Mg ha-1 per year.
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Relationship between the sand content and the total N content in soils frequently used for paddy fields (adapted 
from [15]). Among the data of agricultural surface soils in Japan reported by Sano et al. [17], those from soils 
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content in no-input paddy soils even when an outlier classified as an Andosol was 
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particles to accumulate organic matter containing N. This is because a significant 
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Summarizing the results of this section, the input of K through irrigation and 
high-clay content in soil were considered the key environmental factors that enable 
to continue no-input farming. These factors are indebted to geographical condi-
tions. Furthermore, the accumulation of fertilizer-derived P in the surface soil 
before ceasing fertilization may be another important factor. As a result of the alle-
viation of K and P deficiencies in the field, N became the most limiting nutrient in 
our experimental field. Enhancing the biological N fixation by growing leguminous 
plants after rice harvest and returning the plant residue to soil before transplanting 
may help to alleviate the N limitation to rice growth.

4.  Dynamics of soil K under no-input and high-input rice  
farming systems

In the last section, I focus on the dynamics of K in paddy soil. In our experimen-
tal field, the concentration of nonexchangeable K in soil decreased significantly by 
the no-input farming, whereas the concentration of exchangeable K in soil was rela-
tively constant and tended to increase from harvest to next transplanting (Figure 7). 
In this section, these observations are compared with previous results.

Srinivasa Rao et al. [18] evaluated the long-term changes in soil K forms under 
rice-rice cropping system with different fertilizer management. The experiment 
was carried out at Hyderabad in India. Surface soils were collected four times over 
20 years, and the samples were analyzed for the different forms of K, including 
nonexchangeable K (boiling 1 mol L−1 HNO3-extractable K minus exchangeable K). 
Figure 12 shows the temporal changes in the concentrations of soluble, exchange-
able, and nonexchangeable K in surface paddy soil as influenced by different fertil-
izer treatments. Among the three K forms, nonexchangeable K showed the largest 
depletion over 20 years (Figure 12). The amount of HNO3-extractable K decreased 
over 20 years was quantitatively comparable to the net output of K estimated from 
the total amount of crop removal and fertilization. Thus, continuous cropping of 
rice caused a significant depletion of nonexchangeable K, while the concentrations 

Figure 12. 
Effect of 20 years of rice-rice cropping and fertilizer application on the concentrations of soluble, exchangeable, 
and nonexchangeable K in surface paddy soil (adapted from [18]). The values above each bar indicate the sum 
of all forms of K. The values in the bottom indicate the net output of K (crop removal minus fertilizer input) 
over 20 years (kg ha−1). Inorganic fertilizers containing N, P, and K were applied at 115, 9, and 25 kg ha−1, 
respectively, per cropping, and farmyard manure (FYM) was applied at 15 Mg ha-1 per year.
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of more readily extractable K fractions were relatively constant. In a soil test, we 
usually measure the sum of soluble and exchangeable K by extracting soil with 
neutral 1 mol L−1 ammonium acetate. However, compared with nonexchangeable K, 
these K forms were much less sensitive to the long-term removal of K by rice plants. 
Based on these results, the authors concluded that the analysis of nonexchangeable 
K in soil should be added to a conventional soil test for better predicting K fertilizer 
requirements for long-term operation.

The results of Srinivasa Rao et al. [18] agree well with our results (Figure 7) 
and also with the results from an extensive survey by Khan et al. [19]. By reviewing 
previous results from the long-term field experiments in the world and comparing 
the net changes of exchangeable K in the surface soil at the beginning and end of 
the study period with the net inputs of K due to long-term fertilization and crop 
removal, Khan et al. [19] revealed that the changes in the soil exchangeable K pool 
during the study period were much smaller than the net input of K to the field 
estimated from the total amount of K added and removed (Figure 13). In the case 
of our field, the net decrease of soil exchangeable K during the 5-year experiment 
amounted to only 5.2% of the cumulative K removed by rice plants (Figure 13). 
From these results, the authors concluded that a one-time measurement of soil 
exchangeable K cannot account for the highly dynamic interchange of K between 
exchangeable and nonexchangeable pools. Khan et al. [19]) also reported that the 
concentration of exchangeable K in soil was increased significantly by air-drying 
soil samples to the soil moisture content below 50 g kg−1, which is a conventional 
soil pretreatment required for sample homogenization.

In the case of Srinivasa Rao et al. [18], the application of farmyard manure in 
combination with chemical fertilizer contributed to recover the concentration of 

Figure 13. 
Relationship between the net input of K due to long-term fertilization and crop removal and the net change of 
soil exchangeable K (adapted from [19]). Refer to the original papers [18, 19] for calculation methods. For our 
data, the net input of K was estimated from the extrapolation of crop K removal in 2012, and the net change 
of exchangeable K was calculated by assuming that soil depth and bulk density were 10 cm and 1.0 g cm−3, 
respectively.
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HNO3-extractable K to some extent (Figure 12). However, a few researchers have 
reported contrasting results; the co-application of manure over long periods did not 
necessarily increase the concentration of nonexchangeable K in soil [20, 21]. For 
example, Kitajima et al. [20] evaluated the effect of long-term co-application of farm-
yard manure on the K forms in the surface soil at three locations in Japan. As shown 
in Figure 14, the co-application of farmyard manure increased the concentration 
of exchangeable K (including soluble K) but decreased the concentration of nonex-
changeable K (boiling 1 mol L−1 HNO3-extractable K minus exchangeable K) at all the 
locations. The authors suggested that farmyard manure accelerated the dissolution of 
K-bearing minerals in soil, by which nonexchangeable K was irreversibly transformed 
to exchangeable K. Regardless of the processes involved, the results in Figure 14 cannot 
be explained by the dynamic equilibrium between the exchangeable K and the nonex-
changeable K which operates to minimize the concentration changes of both K forms.

Yamashita et al. [22] recently reported that microbial biomass K in the surface 
paddy soil is detectable by the conventional fumigation-extraction approach and 
that the concentration of microbial biomass K was increased by the continuous 
application of compost to paddy fields. Combining these results with those by Khan 
et al. [19], it is plausible to consider that exchangeable K pool evaluated by using 
air-dried soil samples inevitably includes microbial biomass K. The increase of 
exchangeable K by the long-term application of farmyard manure (Figure 14) may 
be due to the contamination of microbial biomass K in the exchangeable K fraction. 
From these interpretations, the dynamics of soil K forms in the soil-plant-microbe 
systems are depicted in Figure 15 by referring to the concept proposed by Asakawa 
and Yamashita [23]. The soundness and practical usefulness of this concept need to 
be evaluated in future experiments.

In summary, our results on soil K dynamics agreed well with previous results 
from long-term field experiments. Accordingly, it can be generally concluded that 
soil K depletion caused by long-term exhaustive cropping should be evaluated by 
monitoring the decrease of soil nonexchangeable K rather than that of exchangeable 
K. Furthermore, I hypothesized that the dynamics of soil microbial biomass K may 
cause the fluctuations of soil exchangeable K measured after air-drying pretreatment.

Figure 14. 
Effect of long-term co-application of farmyard manure (FYM) on the concentrations of exchangeable and 
nonexchangeable K in surface paddy soil (adapted from [20]). Animal dung manure had been applied at 
11.3 Mg ha−1 at all sites. The experiments at Saitama (Konosu) and Aomori sites began in around 1930, and are 
the earliest fertilizer experiments in Japan. Soil sampling was carried out in December, 1968.
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of more readily extractable K fractions were relatively constant. In a soil test, we 
usually measure the sum of soluble and exchangeable K by extracting soil with 
neutral 1 mol L−1 ammonium acetate. However, compared with nonexchangeable K, 
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Based on these results, the authors concluded that the analysis of nonexchangeable 
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concentration of exchangeable K in soil was increased significantly by air-drying 
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of exchangeable K was calculated by assuming that soil depth and bulk density were 10 cm and 1.0 g cm−3, 
respectively.
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HNO3-extractable K to some extent (Figure 12). However, a few researchers have 
reported contrasting results; the co-application of manure over long periods did not 
necessarily increase the concentration of nonexchangeable K in soil [20, 21]. For 
example, Kitajima et al. [20] evaluated the effect of long-term co-application of farm-
yard manure on the K forms in the surface soil at three locations in Japan. As shown 
in Figure 14, the co-application of farmyard manure increased the concentration 
of exchangeable K (including soluble K) but decreased the concentration of nonex-
changeable K (boiling 1 mol L−1 HNO3-extractable K minus exchangeable K) at all the 
locations. The authors suggested that farmyard manure accelerated the dissolution of 
K-bearing minerals in soil, by which nonexchangeable K was irreversibly transformed 
to exchangeable K. Regardless of the processes involved, the results in Figure 14 cannot 
be explained by the dynamic equilibrium between the exchangeable K and the nonex-
changeable K which operates to minimize the concentration changes of both K forms.

Yamashita et al. [22] recently reported that microbial biomass K in the surface 
paddy soil is detectable by the conventional fumigation-extraction approach and 
that the concentration of microbial biomass K was increased by the continuous 
application of compost to paddy fields. Combining these results with those by Khan 
et al. [19], it is plausible to consider that exchangeable K pool evaluated by using 
air-dried soil samples inevitably includes microbial biomass K. The increase of 
exchangeable K by the long-term application of farmyard manure (Figure 14) may 
be due to the contamination of microbial biomass K in the exchangeable K fraction. 
From these interpretations, the dynamics of soil K forms in the soil-plant-microbe 
systems are depicted in Figure 15 by referring to the concept proposed by Asakawa 
and Yamashita [23]. The soundness and practical usefulness of this concept need to 
be evaluated in future experiments.

In summary, our results on soil K dynamics agreed well with previous results 
from long-term field experiments. Accordingly, it can be generally concluded that 
soil K depletion caused by long-term exhaustive cropping should be evaluated by 
monitoring the decrease of soil nonexchangeable K rather than that of exchangeable 
K. Furthermore, I hypothesized that the dynamics of soil microbial biomass K may 
cause the fluctuations of soil exchangeable K measured after air-drying pretreatment.

Figure 14. 
Effect of long-term co-application of farmyard manure (FYM) on the concentrations of exchangeable and 
nonexchangeable K in surface paddy soil (adapted from [20]). Animal dung manure had been applied at 
11.3 Mg ha−1 at all sites. The experiments at Saitama (Konosu) and Aomori sites began in around 1930, and are 
the earliest fertilizer experiments in Japan. Soil sampling was carried out in December, 1968.
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5. Conclusions

In this review, no-input rice farming in Japan was evaluated from the viewpoint 
of soil sustainability. It can be concluded that soil fertility under this farming 
system has been supported by various environmental and management factors, 
especially the input of K through irrigation, high-clay content in soil, and accumu-
lation of fertilizer P applied previously to the soil. In the case of our no-input trial 
for 5 years, a significant depletion of mineralizable N and nonexchangeable K was 
observed after three cropping seasons, and rice growth was limited by soil K supply 
when the input of K by irrigation was restricted. These results highlight the impor-
tance of monitoring the dynamics of multiple soil nutrients for several years.

Figure 15. 
Dynamics of K in the surface agricultural soil driven by crop plants, soil microbes, and fertilization (adapted 
from [23]). Both biotite and muscovite contain K in fixed form, and orthoclase contains K in structural form.
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5. Conclusions

In this review, no-input rice farming in Japan was evaluated from the viewpoint 
of soil sustainability. It can be concluded that soil fertility under this farming 
system has been supported by various environmental and management factors, 
especially the input of K through irrigation, high-clay content in soil, and accumu-
lation of fertilizer P applied previously to the soil. In the case of our no-input trial 
for 5 years, a significant depletion of mineralizable N and nonexchangeable K was 
observed after three cropping seasons, and rice growth was limited by soil K supply 
when the input of K by irrigation was restricted. These results highlight the impor-
tance of monitoring the dynamics of multiple soil nutrients for several years.

Figure 15. 
Dynamics of K in the surface agricultural soil driven by crop plants, soil microbes, and fertilization (adapted 
from [23]). Both biotite and muscovite contain K in fixed form, and orthoclase contains K in structural form.
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Chapter 3

Crops Diversification and the Role 
of Orphan Legumes to Improve 
the Sub-Saharan Africa Farming 
Systems
Patricia Vidigal, Maria Manuel Romeiras and Filipa Monteiro

Abstract

Agriculture is the main economic revenue in sub-Saharan African countries, 
playing a key role on smallholder livelihoods as household incomes and as 
food. Food insecurity is known to increase with the inevitable climate changes, 
which already affect the major farming systems, sub-Saharan Africa (SSA) 
being particularly susceptible, mostly due to the high dependence of rainfall 
for crop cycles. As such, to promote food security in a long run, new farming 
systems have to become more sustainable and productive at the same time. In 
this chapter, a global overview of major farming systems in sub-Saharan Africa is 
provided, and current and future production scenarios are discussed. Moreover, 
some of the major pillars under the sustainable land use intensification are 
highlighted, and the potential of the undervalued African legumes toward a 
sustainable crop production is debated. Finally, an outline of key opportunities 
to diversify cropping systems is explored along with the benefits associated to 
integration of local and “orphan legumes” that are considered. It is argued that 
the use of these “orphan legumes” and the implementation of appropriated 
management approaches will promote a sustainable production of more food 
from the same land area, relying on mutually beneficial ecological relationships 
and reducing environmental impacts.

Keywords: orphan legumes, sustainable production, farming systems, sub-Saharan 
Africa

1. Introduction

In the past 50 years, global crop production has expanded, driven largely by 
higher yields per unit of land and crop intensification, resulting from multiple 
cropping and/or shortening of fallow periods [1]. The expansion of arable land 
area allocated to crops has played a less important part in production increases. 
However, these trends are not uniform across regions. For instance, most of the 
growth in wheat and rice production in developing countries in the land-scarce 
regions of Asia and Northern Africa has resulted in yield gains, while expan-
sion of harvested land is a result of rapid production growth of maize in Latin 
America and the Caribbean and in sub-Saharan Africa (SSA) [2]. Yield growth 
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However, these trends are not uniform across regions. For instance, most of the 
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regions of Asia and Northern Africa has resulted in yield gains, while expan-
sion of harvested land is a result of rapid production growth of maize in Latin 
America and the Caribbean and in sub-Saharan Africa (SSA) [2]. Yield growth 



Sustainable Crop Production

42

contributed only one-third of the increase in crop production in the latter region. 
The arable land area in developed countries peaked in the mid-1980s and has 
fallen at an accelerating rate ever since. SSA is scientifically known as a rich niche 
of plant diversity which, in conjunction with local and traditional knowledge, 
makes the perfect combination to promote a sustainable solution for professional 
and smallholder farmers while respecting their livelihood needs, traditions, and 
market demand.

Economic foundations of most SSA are dominated by agriculture, which is rec-
ognized to contribute between 15 and 40% of the gross domestic product (GDP). 
Besides, agriculture sector provides livelihoods for over 70% of SSA’s population 
through family farming [3, 4]. The economically active population in agriculture 
doubled from 100 million people in 1980 to 212 million in 2013. Considering that 
75% of the SSA population is involved directly or indirectly in farming and related 
employment, the strategic role of family farms, mainly by women, has been 
recognized by key actors [5]. Over the last 40 years, the SSA population has been 
increasing from 279 to 826 million people, both in rural and urban populations. It 
is expected that due to the climate changes, there will be an increase in rural-urban 
migration as a consequence of agriculture abandonment and toward the search for 
better opportunities for both livelihoods and work, which will also cause an expan-
sion and reclassification of urban boundaries [6]. As a result, by 2050 about 50% 
of SSA’s population will be living in towns and cities [7]. In fact, a migration from 
rural-to-urban areas has been increasing at a fast pace (Figure 1).

To answer the increasing growth in consumers, production growths have 
stemmed mostly from area expansion at the expense of biodiversity, cultural value, 
and the rise in greenhouse gas emission (GGE). To respond to both market needs 
and the feeding of continuously growing population, crop production has been 
marked by extensive growth of staple crops, namely, in SSA. Over the last 20 years, 
crop staple production has risen at the cost of more land for agriculture. By 2014, 
most of African arable land was occupied by staple crops with more than 80 
million hectares (ha), and the major contributors are maize, sorghum, and millet, 

Figure 1. 
Annual growth of population in rural and urban regions in sub-Saharan Africa within the period of 1950s and 
to future projections until the 2050s [7].
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accounting for 80% of total food production. From the 1960s to the 1970s, there was 
an increase of 1 million ha dedicated to maize that increases by the 1980s with more 
3 million ha, and from them on, there has been an increase of 4 million ha for every 
decade [7]. When restricting to the top six agriculture commodities in SSA region 
on FAOSTAT data [7] (Figure 2), major crops were analyzed in terms of produc-
tion (A), area harvested (B), and yield (C), and key staple crops were highlighted, 
namely, rice, cassava, sorghum, and grain legumes/pulses, along with maize.

Maize is the crop that occupies the largest portion of agriculture land use, with 
an increasing area harvested devoted to its production that does not translate to an 
increment on crop production and thus yield. However, its production has been 
in an increasingly trend due to maize being Africa’s most important food crop, 
and it is held up as a model food crop to meet Africa’s growing urban demand for 
convenient food products [8–10]. Maize production, however, is risky because 
of unpredictable rainfall. On the other hand, cassava is known as Africa’s second 
most important food staple in terms of per capita calories consumed, as a major 
source of calories. Accordingly, cassava production is among the higher number 
in SSA, occupying less agriculture land but with increasing steady production, 
translated in high yields. For instance, investment from the Bill & Melinda Gates 
Foundation in projects such as accelerated varietal improvement and seed deliv-
ery of legumes and cereals in Africa (AVISA) has contributed to more efficient 
cassava varieties. Yet, cassava has several other advantages over rice, maize, and 
other grains as a food staple in areas where there is a degraded resource base, 
uncertain rainfall, and weak market infrastructure. It is drought tolerant; this 
attribute makes it the most suitable food crop during periods of drought and 
famine. Cassava has historically played an important famine prevention role in 
Eastern and Southern Africa where maize is the preferred food staple and drought 
is a recurrent problem. While rice is produced in vast areas of the world, the 
physical requirements for growing it are limited to certain zones. Economically 
viable cultivation typically requires high average temperatures during the grow-
ing season, abundant supplies of water applied in a timely manner, smooth land 
surfaces to facilitate uniform flooding and drainage, and a subsoil stratum that 
inhibits the percolation of water. The bulk of world rice production is destined 
for food use and is the primary staple for more than half of the world’s popula-
tion. In recent years, rice has also become an important staple throughout Africa 
as part of the changing dietary habits. However, rice production requires high 
workforce and has limitations due to low mechanization of major SSA countries, 
which makes rice a crop usually bought at higher prices, without increasing its 
production.

Figure 2. 
Top six agriculture commodities in the sub-Saharan Africa region, in terms of production (A), area harvested 
(B), and yield (C), from the period 1961 to 2011 [7].
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crop staple production has risen at the cost of more land for agriculture. By 2014, 
most of African arable land was occupied by staple crops with more than 80 
million hectares (ha), and the major contributors are maize, sorghum, and millet, 

Figure 1. 
Annual growth of population in rural and urban regions in sub-Saharan Africa within the period of 1950s and 
to future projections until the 2050s [7].
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accounting for 80% of total food production. From the 1960s to the 1970s, there was 
an increase of 1 million ha dedicated to maize that increases by the 1980s with more 
3 million ha, and from them on, there has been an increase of 4 million ha for every 
decade [7]. When restricting to the top six agriculture commodities in SSA region 
on FAOSTAT data [7] (Figure 2), major crops were analyzed in terms of produc-
tion (A), area harvested (B), and yield (C), and key staple crops were highlighted, 
namely, rice, cassava, sorghum, and grain legumes/pulses, along with maize.

Maize is the crop that occupies the largest portion of agriculture land use, with 
an increasing area harvested devoted to its production that does not translate to an 
increment on crop production and thus yield. However, its production has been 
in an increasingly trend due to maize being Africa’s most important food crop, 
and it is held up as a model food crop to meet Africa’s growing urban demand for 
convenient food products [8–10]. Maize production, however, is risky because 
of unpredictable rainfall. On the other hand, cassava is known as Africa’s second 
most important food staple in terms of per capita calories consumed, as a major 
source of calories. Accordingly, cassava production is among the higher number 
in SSA, occupying less agriculture land but with increasing steady production, 
translated in high yields. For instance, investment from the Bill & Melinda Gates 
Foundation in projects such as accelerated varietal improvement and seed deliv-
ery of legumes and cereals in Africa (AVISA) has contributed to more efficient 
cassava varieties. Yet, cassava has several other advantages over rice, maize, and 
other grains as a food staple in areas where there is a degraded resource base, 
uncertain rainfall, and weak market infrastructure. It is drought tolerant; this 
attribute makes it the most suitable food crop during periods of drought and 
famine. Cassava has historically played an important famine prevention role in 
Eastern and Southern Africa where maize is the preferred food staple and drought 
is a recurrent problem. While rice is produced in vast areas of the world, the 
physical requirements for growing it are limited to certain zones. Economically 
viable cultivation typically requires high average temperatures during the grow-
ing season, abundant supplies of water applied in a timely manner, smooth land 
surfaces to facilitate uniform flooding and drainage, and a subsoil stratum that 
inhibits the percolation of water. The bulk of world rice production is destined 
for food use and is the primary staple for more than half of the world’s popula-
tion. In recent years, rice has also become an important staple throughout Africa 
as part of the changing dietary habits. However, rice production requires high 
workforce and has limitations due to low mechanization of major SSA countries, 
which makes rice a crop usually bought at higher prices, without increasing its 
production.

Figure 2. 
Top six agriculture commodities in the sub-Saharan Africa region, in terms of production (A), area harvested 
(B), and yield (C), from the period 1961 to 2011 [7].
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Considering this overall trend of major staple crop production in SSA region, it 
is undeniable that agricultural growth will contribute to poverty reduction, within 
a sustainable crop production scenario. A great diversity of farming systems across 
SSA shapes the current agriculture production in the region. Thus, in this chapter, 
we first provide an overview analysis of the major farming systems in SSA along 
with agroecological zoning, which delivers clear evidences on the sustainability of 
current agriculture production. After, we pinpoint how to ally sustainable intensifi-
cation to integrated land use in SSA farming systems, by recurring to intercropping 
systems focusing on pulse crops (grain legumes, which are grown primarily for 
their edible seeds) and more particularly on legumes that have been named orphan 
legumes. Orphan, or underutilized, legumes are domesticated legumes with useful 
properties but with less importance than major world crops due to use and supply 
constraints. However, they play a significant role in many developing countries, 
providing food security and nutrition to consumers, as well as income to resource-
poor farmers. Being legumes, these plants have the advantage of fixing atmospheric 
nitrogen for their own needs and for soil enrichment, thereby reducing the cost of 
fertilizer inputs in crop farming [11].

2.  Farming systems in sub-Saharan Africa: an overview toward 
sustainable intensification

The diversity of agroecological zones (AEZs) across SSA (Figure 3A) results 
in the wide range of farming systems. According to the availability of natural 
resources (land, water, grazing areas, and forest) and climate, especially length of 
growing period and altitude, as well as the pattern of farm activities and house-
hold livelihood, African farming systems can be classified in 15 farming classes 
(Figure 3B). AEZs are climate-based and are a useful basis for determining the 
general suitability and production potential of crops and livestock in any given area. 
Thus, by matching AEZs with SSA farming systems, one can disclose potential or 
constraints toward SSA farming system (Figure 3B), by using a correlation analysis 
on agroecological zones and farming systems area based on HarvestChoice data 
(https://harvestchoice.org/).

From the 15 farming systems in SSA, there are 5 that occupy a higher percent-
age of the SSA region: (1) maize mixed, (2) arid pastoral oases, (3) pastoral, (4) 

Figure 3. 
Farming systems and agroecological zones in sub-Saharan Africa. (A) Agroecological zones 5-class [12]; 
(B) farming system classes [13].
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Considering this overall trend of major staple crop production in SSA region, it 
is undeniable that agricultural growth will contribute to poverty reduction, within 
a sustainable crop production scenario. A great diversity of farming systems across 
SSA shapes the current agriculture production in the region. Thus, in this chapter, 
we first provide an overview analysis of the major farming systems in SSA along 
with agroecological zoning, which delivers clear evidences on the sustainability of 
current agriculture production. After, we pinpoint how to ally sustainable intensifi-
cation to integrated land use in SSA farming systems, by recurring to intercropping 
systems focusing on pulse crops (grain legumes, which are grown primarily for 
their edible seeds) and more particularly on legumes that have been named orphan 
legumes. Orphan, or underutilized, legumes are domesticated legumes with useful 
properties but with less importance than major world crops due to use and supply 
constraints. However, they play a significant role in many developing countries, 
providing food security and nutrition to consumers, as well as income to resource-
poor farmers. Being legumes, these plants have the advantage of fixing atmospheric 
nitrogen for their own needs and for soil enrichment, thereby reducing the cost of 
fertilizer inputs in crop farming [11].

2.  Farming systems in sub-Saharan Africa: an overview toward 
sustainable intensification

The diversity of agroecological zones (AEZs) across SSA (Figure 3A) results 
in the wide range of farming systems. According to the availability of natural 
resources (land, water, grazing areas, and forest) and climate, especially length of 
growing period and altitude, as well as the pattern of farm activities and house-
hold livelihood, African farming systems can be classified in 15 farming classes 
(Figure 3B). AEZs are climate-based and are a useful basis for determining the 
general suitability and production potential of crops and livestock in any given area. 
Thus, by matching AEZs with SSA farming systems, one can disclose potential or 
constraints toward SSA farming system (Figure 3B), by using a correlation analysis 
on agroecological zones and farming systems area based on HarvestChoice data 
(https://harvestchoice.org/).

From the 15 farming systems in SSA, there are 5 that occupy a higher percent-
age of the SSA region: (1) maize mixed, (2) arid pastoral oases, (3) pastoral, (4) 

Figure 3. 
Farming systems and agroecological zones in sub-Saharan Africa. (A) Agroecological zones 5-class [12]; 
(B) farming system classes [13].
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agropastoral, and (5) root and tuber crop (Table 1). The most prominent farming 
system in SSA is maize mixed, occupying 18% of SSA, especially in East Africa 
(37%) with the prevalence of the AEZ subhumid, semiarid, and tropical highlands 
(Table 1). East Africa tropical highlands and subhumid highlands have a bimodal 
rainfall pattern offering farmers two cropping seasons, but in drier areas such as 
semiarid AEZ, farmers usually harvest only once a year. This farming systems is one 
of the most important food production system in East Africa, with only 6% of the 
irrigated area in SSA [14], thus depending mostly on rainfall (Figure 4).

Considering a projection of increased number of drying days over East Africa 
[17] and a 0.96% annually increasing temperature (Figure 5A), the sustainability 
of this farming system is of great concern, and there is an urgent need of capacity 
building in crop management technologies, such as nitrogen efficiency in rainfed 
systems. The main staple crop in the maize mixed farming system is maize, with 
the main income being migrant allowances, cattle, small ruminants, tobacco, 
coffee, and cotton, plus the sale of food crops such as maize and pulses [14]. In 
the past, most of the production has been boosted by a subsidized combination 
of high doses of inorganic fertilizers and hybrid maize varieties. Once subsidies 
were removed, the use of high-cost inputs on maize became unprofitable, and the 
majority of smallholders reverted to traditional varieties with low to no market 
value, resulting in low household income. Although maize is the main crop, the 
intercropping system exists with pulses, oil seeds, cotton, sorghum, and millet. 
Intercropping with pulses, such as common bean, cowpeas, and soybeans, is com-
mon where landholdings are small and there is less pressure on the land. Most of 
the area occupied today by the maize mixed system was heavily afforested as farm-
ers have pushed arable land into the forests, decreasing biodiversity to increase 
area devoted to commercial species. Pressure on the land to respond market needs 
led to problems related to declining soil fertility in combination with long dry 
seasons resulting in lower crop yields, food insecurity, hunger, and poverty [18]. 
Nevertheless, maize mixed is one of the farming systems that has a good long-term 
agricultural growth prospects with high potential for poverty reduction [14], 
which is reflected in East African lowest annual percentage of prevalence of severe 
food insecurity (Figure 5A).

Figure 4. 
Food crops irrigated (A) and rainfed (B) value production (Int$, 2005) [15, 16].
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The second most relevant farming system is the arid pastoral oasis farming 
system covering 62% of the arid AEZ and 40% of the West Africa region (Table 1). 
This farming system contains some oasis farming and a number of irrigation 
schemes, producing date palm (Phoenix dactylifera L.) and other palms, vegetables, 
and stable crops such as maize and rice [14].

This farming system is the most dependent on rainfall, and although West 
Africa has an annual temperature increase of 1.1% (Figure 5B), there is also a 
projection of 30–70% increased precipitation within semiarid and subhumid 
AEZs in West Africa [17] which account for 25 and 22% of the area, respectively, 
thus presenting a minor prevalence of severe food insecurity (Figure 5A). In the 
third place, there are two farming systems that have relevance in SSA, agropas-
toral and pastoral. Agropastoral farming system, generally in the semiarid and 
tropical highlands of East and South Africa (Table 1), is characterized by produc-
ing both crops and livestock. Approximately, 22 million ha are used for crops, 
mainly rainfed sorghum and pearl milted for family subsistence, whereas sesame 
and pulses are for household income. Livestock are also kept for subsistence (milk 
and milk products), offspring, transportation (camels, donkeys), land prepara-
tion (oxen, camels), income revenue, exchange, savings, bride wealth, and/or 
insurance against crop failure [14]. One of the major concerns and fragilities of 
this area is its vulnerability to drought, leading to crop failure and consequently to 
weaker animals due to a decrease in crop biomass production [19]. As animals are 
insurance to crop failure, severe drought leads to decapitalizations of herds and 
therefore lack of animals to exchange for grain. In addition, the search for more 
land, to mitigate the decrease in millet and sorghum yields for subsistence, along 
the investment in other crops used for trading (e.g., pulses) promotes a decline 
in soil fertility and weed infestation, mainly by striga in cereals. Prevalence of 
severe food insecurity has increased greatly in South Africa from 2016 to 2017 
(Figure 5A), which is of great concern considering the alarming prediction of 
drought severity for South Africa [20].

The pastoral farming system, generally in the arid and subtropical AEZs, 
occupying 40.4% in South Africa region and 21% in East Africa, is dominated by 
livestock, where livelihoods depend mainly from cattle, camels, sheep, goats, some 
cereal crops, and off-farm work [21]. Being mostly present in arid regions and in 

Figure 5. 
Temperature increase in all regions of SSA and the annual percentage of prevalence of severe food insecurity 
in the total population of each SSA region. Abbreviations: East Africa (EA), Middle Africa (MA), Southern 
Africa (SA), West Africa (WA) [7].
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agropastoral, and (5) root and tuber crop (Table 1). The most prominent farming 
system in SSA is maize mixed, occupying 18% of SSA, especially in East Africa 
(37%) with the prevalence of the AEZ subhumid, semiarid, and tropical highlands 
(Table 1). East Africa tropical highlands and subhumid highlands have a bimodal 
rainfall pattern offering farmers two cropping seasons, but in drier areas such as 
semiarid AEZ, farmers usually harvest only once a year. This farming systems is one 
of the most important food production system in East Africa, with only 6% of the 
irrigated area in SSA [14], thus depending mostly on rainfall (Figure 4).
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building in crop management technologies, such as nitrogen efficiency in rainfed 
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the past, most of the production has been boosted by a subsidized combination 
of high doses of inorganic fertilizers and hybrid maize varieties. Once subsidies 
were removed, the use of high-cost inputs on maize became unprofitable, and the 
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value, resulting in low household income. Although maize is the main crop, the 
intercropping system exists with pulses, oil seeds, cotton, sorghum, and millet. 
Intercropping with pulses, such as common bean, cowpeas, and soybeans, is com-
mon where landholdings are small and there is less pressure on the land. Most of 
the area occupied today by the maize mixed system was heavily afforested as farm-
ers have pushed arable land into the forests, decreasing biodiversity to increase 
area devoted to commercial species. Pressure on the land to respond market needs 
led to problems related to declining soil fertility in combination with long dry 
seasons resulting in lower crop yields, food insecurity, hunger, and poverty [18]. 
Nevertheless, maize mixed is one of the farming systems that has a good long-term 
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food insecurity (Figure 5A).
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The second most relevant farming system is the arid pastoral oasis farming 
system covering 62% of the arid AEZ and 40% of the West Africa region (Table 1). 
This farming system contains some oasis farming and a number of irrigation 
schemes, producing date palm (Phoenix dactylifera L.) and other palms, vegetables, 
and stable crops such as maize and rice [14].

This farming system is the most dependent on rainfall, and although West 
Africa has an annual temperature increase of 1.1% (Figure 5B), there is also a 
projection of 30–70% increased precipitation within semiarid and subhumid 
AEZs in West Africa [17] which account for 25 and 22% of the area, respectively, 
thus presenting a minor prevalence of severe food insecurity (Figure 5A). In the 
third place, there are two farming systems that have relevance in SSA, agropas-
toral and pastoral. Agropastoral farming system, generally in the semiarid and 
tropical highlands of East and South Africa (Table 1), is characterized by produc-
ing both crops and livestock. Approximately, 22 million ha are used for crops, 
mainly rainfed sorghum and pearl milted for family subsistence, whereas sesame 
and pulses are for household income. Livestock are also kept for subsistence (milk 
and milk products), offspring, transportation (camels, donkeys), land prepara-
tion (oxen, camels), income revenue, exchange, savings, bride wealth, and/or 
insurance against crop failure [14]. One of the major concerns and fragilities of 
this area is its vulnerability to drought, leading to crop failure and consequently to 
weaker animals due to a decrease in crop biomass production [19]. As animals are 
insurance to crop failure, severe drought leads to decapitalizations of herds and 
therefore lack of animals to exchange for grain. In addition, the search for more 
land, to mitigate the decrease in millet and sorghum yields for subsistence, along 
the investment in other crops used for trading (e.g., pulses) promotes a decline 
in soil fertility and weed infestation, mainly by striga in cereals. Prevalence of 
severe food insecurity has increased greatly in South Africa from 2016 to 2017 
(Figure 5A), which is of great concern considering the alarming prediction of 
drought severity for South Africa [20].

The pastoral farming system, generally in the arid and subtropical AEZs, 
occupying 40.4% in South Africa region and 21% in East Africa, is dominated by 
livestock, where livelihoods depend mainly from cattle, camels, sheep, goats, some 
cereal crops, and off-farm work [21]. Being mostly present in arid regions and in 
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Temperature increase in all regions of SSA and the annual percentage of prevalence of severe food insecurity 
in the total population of each SSA region. Abbreviations: East Africa (EA), Middle Africa (MA), Southern 
Africa (SA), West Africa (WA) [7].
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South Africa, the main source of vulnerability is the great climatic variability and 
consequently high incidence of drought, similarly to the agropastoral farming 
systems.

Overall, regardless of the farming system, the major concern of SSA food 
security is connected to drought, due to the dependency on the rainfall periods in 
most of the farming systems. As such, SSA farming system sustainability has been 
largely affected by climate changes, such as increases in temperature (Figure 5A) 
and the occurrence of 291 events of extreme drought [22], posing a clear threat to 
the maintenance of current and future crop production, affecting smallholder’s 
livelihoods and food security in the long run. Increasing food production by 
expansion of agricultural land is fragile, as population grows, thus demanding more 
land through deforestation. FAO Special Programme for Food Security considers 
intensification of existing production patterns and diversification of production 
and processing, as the two main strategies to eradicate poverty and hunger. These 
two strategies meet the objective of sustainable intensification (SI) concepts, in 
combination with site-specific factors and agroecological conditions. SI is defined 
as the process of “producing more food from the same area of land while reducing 
the environmental impacts” [23]. Pretty et al. [24] stated that from 40 projects over 
20 countries involving over 10 million farmers, SI increased farm productivity over 
twofold. Moreover, an adequate implementation of SI worldwide could respond to 
2050 food demand while supporting land conservation from 1 to 0.2 billion ha and 
decreasing gasoline gallon equivalent (GGE) from 3 to 1 Gt per year [25]. Thus, it 
is imperative to emphasize and implement efficiently SI practices and agricultural 
technologies in SSA to ensure both food security and profitability. To sustainably 
increase yields of smallholders in their farming systems, it is essential to adopt 
an effective land management and implement strategies that aid farmers to face 
climate uncertainties.

2.1 Promoting sustainable crop production: the potential of multipurpose 
pulse crops

A sustainable crop production needs an efficient soil fertility management, in 
order to prospect future high yield production. Most African soils are poor com-
pared to most other parts of the world, due to the lack of volcanic rejuvenation. 
This has caused African soils to undergo various cycles of weathering, erosion, and 
leaching, resulting in poor nutrient soils [26]. As the population continues to grow 
at a fasting rate leading to an increased demand for food, Africa’s agricultural land 
is becoming increasingly degraded (Figure 6A), due to ill management practices 
and of external inputs. In East Africa the rate of depletion is so high that even dras-
tic measures, such as doubling the application of fertilizer (Figure 6B) or manure 
or halving erosion losses, would not be enough to offset nutrient deficits. In 
African soil, there is higher depletion of nitrogen and potassium than phosphorus 
due to leaching and soil erosion. These soil problems are the result of continuous 
cropping of cereals without rotation with legumes, inappropriate soil conserva-
tion practices, and inadequate amounts of fertilizer use [28]. These problems are 
aggravated by short growing seasons together with limited water availability from 
rainfall resulting in restricted crop diversification contributing for additional 
pressure on the land.

Among all the plant nutrients essential for crop production, nitrogen is the key 
nutrient [29]. African farmers to fulfill this large nitrogen requirement for crop 
production in an increasing depleted soil are using 16 metric tons of nitrogen each 
year (Figure 6B) [7]. Pulse crops and soil microorganisms have potential to convert 
nitrogen into plant-usable forms, contributing significant amounts of nitrogen to 
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satisfy crop needs. To respond population food needs, natural sources of nitrogen 
are not sufficient to achieve required yields; thus, there is a need to complement 
with chemical nitrogen but in an efficient, eco-friendly, and environmental man-
agement manner. Under current scenario, there is an urgent need for improving 
nitrogen use efficiency and balance use of natural resources which is essential 
for sustainable agricultural production [30]. Pulses, and especially multipurpose 
pulses, are part of Africa history due to their multiple benefits in agriculture and 
society. Multipurpose pulses serve and are needed for different functions and in 
general are best to respond to the diverse needs of farmers, including food, fuel, and 
fodder, and ecosystem services such as pollination and improving soil fertility and 
organic matter content. By increasing soil organic matter content, an improvement 
in soil structure is obtained, promoting an increase in water-holding capacity [31]. 
Moreover, pulses and legumes in general have the natural ability to biologically 
fix atmospheric nitrogen and to enhance the biological turnover of phosphorous 
[32]. However, over time, consumers’ preferences have changed with traditional 
crops which have been replaced by staple crops (e.g., rice, cassava, and maize) and 
which have been subject to intensive research and political support worldwide. The 
quantity of arable land used for pulses is much less than the area cultivated with 
important cereals (Figure 2B), thus negatively affecting the nutrient balance in 
African soils [32]. Multipurpose pulse crops offer smallholder farmers a multifac-
eted way to improve food security, diet, and soil health as well as economic returns 
and income stability. SSA smallholder’s farmers have been incentivized to produce 
common bean and cowpea (Figure 7), but with climate change and most of SSA 
agriculture being rainfall dependent, future is compromised. Although the produc-
tion of cowpea (Figure 7E) and bean (Figure 7F) is far greater than other pulses 
(Figure 7G), the area distribution of pulses is more comprehensive within AEZ and 
farming systems, especially in the major SSA farming systems as maize mixed and 
agropastoral (Figure 3B). Thus, it is important to recover and enhance agriculture 
productivity of local crops, known as orphan legumes, known to local farmers and 
communities. Moreover, these orphan legumes are a likely source of important 
traits for introduction into major crops to aid in combating the stresses associated 
with global climate change.

Figure 6. 
(A) Average annual nutrient depletion (NPK) in Africa, 1993–1995 [27]; (B) average of total nitrogen (N) 
from all fertilizer products; (C) average of total phosphate (P2O5) from all fertilizer products; (D) average of 
total potassium (K2O) from all fertilizer products [7].
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South Africa, the main source of vulnerability is the great climatic variability and 
consequently high incidence of drought, similarly to the agropastoral farming 
systems.

Overall, regardless of the farming system, the major concern of SSA food 
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largely affected by climate changes, such as increases in temperature (Figure 5A) 
and the occurrence of 291 events of extreme drought [22], posing a clear threat to 
the maintenance of current and future crop production, affecting smallholder’s 
livelihoods and food security in the long run. Increasing food production by 
expansion of agricultural land is fragile, as population grows, thus demanding more 
land through deforestation. FAO Special Programme for Food Security considers 
intensification of existing production patterns and diversification of production 
and processing, as the two main strategies to eradicate poverty and hunger. These 
two strategies meet the objective of sustainable intensification (SI) concepts, in 
combination with site-specific factors and agroecological conditions. SI is defined 
as the process of “producing more food from the same area of land while reducing 
the environmental impacts” [23]. Pretty et al. [24] stated that from 40 projects over 
20 countries involving over 10 million farmers, SI increased farm productivity over 
twofold. Moreover, an adequate implementation of SI worldwide could respond to 
2050 food demand while supporting land conservation from 1 to 0.2 billion ha and 
decreasing gasoline gallon equivalent (GGE) from 3 to 1 Gt per year [25]. Thus, it 
is imperative to emphasize and implement efficiently SI practices and agricultural 
technologies in SSA to ensure both food security and profitability. To sustainably 
increase yields of smallholders in their farming systems, it is essential to adopt 
an effective land management and implement strategies that aid farmers to face 
climate uncertainties.

2.1 Promoting sustainable crop production: the potential of multipurpose 
pulse crops

A sustainable crop production needs an efficient soil fertility management, in 
order to prospect future high yield production. Most African soils are poor com-
pared to most other parts of the world, due to the lack of volcanic rejuvenation. 
This has caused African soils to undergo various cycles of weathering, erosion, and 
leaching, resulting in poor nutrient soils [26]. As the population continues to grow 
at a fasting rate leading to an increased demand for food, Africa’s agricultural land 
is becoming increasingly degraded (Figure 6A), due to ill management practices 
and of external inputs. In East Africa the rate of depletion is so high that even dras-
tic measures, such as doubling the application of fertilizer (Figure 6B) or manure 
or halving erosion losses, would not be enough to offset nutrient deficits. In 
African soil, there is higher depletion of nitrogen and potassium than phosphorus 
due to leaching and soil erosion. These soil problems are the result of continuous 
cropping of cereals without rotation with legumes, inappropriate soil conserva-
tion practices, and inadequate amounts of fertilizer use [28]. These problems are 
aggravated by short growing seasons together with limited water availability from 
rainfall resulting in restricted crop diversification contributing for additional 
pressure on the land.

Among all the plant nutrients essential for crop production, nitrogen is the key 
nutrient [29]. African farmers to fulfill this large nitrogen requirement for crop 
production in an increasing depleted soil are using 16 metric tons of nitrogen each 
year (Figure 6B) [7]. Pulse crops and soil microorganisms have potential to convert 
nitrogen into plant-usable forms, contributing significant amounts of nitrogen to 
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satisfy crop needs. To respond population food needs, natural sources of nitrogen 
are not sufficient to achieve required yields; thus, there is a need to complement 
with chemical nitrogen but in an efficient, eco-friendly, and environmental man-
agement manner. Under current scenario, there is an urgent need for improving 
nitrogen use efficiency and balance use of natural resources which is essential 
for sustainable agricultural production [30]. Pulses, and especially multipurpose 
pulses, are part of Africa history due to their multiple benefits in agriculture and 
society. Multipurpose pulses serve and are needed for different functions and in 
general are best to respond to the diverse needs of farmers, including food, fuel, and 
fodder, and ecosystem services such as pollination and improving soil fertility and 
organic matter content. By increasing soil organic matter content, an improvement 
in soil structure is obtained, promoting an increase in water-holding capacity [31]. 
Moreover, pulses and legumes in general have the natural ability to biologically 
fix atmospheric nitrogen and to enhance the biological turnover of phosphorous 
[32]. However, over time, consumers’ preferences have changed with traditional 
crops which have been replaced by staple crops (e.g., rice, cassava, and maize) and 
which have been subject to intensive research and political support worldwide. The 
quantity of arable land used for pulses is much less than the area cultivated with 
important cereals (Figure 2B), thus negatively affecting the nutrient balance in 
African soils [32]. Multipurpose pulse crops offer smallholder farmers a multifac-
eted way to improve food security, diet, and soil health as well as economic returns 
and income stability. SSA smallholder’s farmers have been incentivized to produce 
common bean and cowpea (Figure 7), but with climate change and most of SSA 
agriculture being rainfall dependent, future is compromised. Although the produc-
tion of cowpea (Figure 7E) and bean (Figure 7F) is far greater than other pulses 
(Figure 7G), the area distribution of pulses is more comprehensive within AEZ and 
farming systems, especially in the major SSA farming systems as maize mixed and 
agropastoral (Figure 3B). Thus, it is important to recover and enhance agriculture 
productivity of local crops, known as orphan legumes, known to local farmers and 
communities. Moreover, these orphan legumes are a likely source of important 
traits for introduction into major crops to aid in combating the stresses associated 
with global climate change.

Figure 6. 
(A) Average annual nutrient depletion (NPK) in Africa, 1993–1995 [27]; (B) average of total nitrogen (N) 
from all fertilizer products; (C) average of total phosphate (P2O5) from all fertilizer products; (D) average of 
total potassium (K2O) from all fertilizer products [7].
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Thus, the potential use of multipurpose pulse crops as a sustainable strategy 
to overcome the present problems associated with the agricultural intensification 
is undeniable to cope soil depletion and decreasing crop yields annually, as well as 
inevitable environmental changes that will occur in the next 50 years. The promo-
tion of neglected and underutilized species (NUS) African legumes adapted to 
rainfed and drought conditions will contribute not only to the diversity of cropping 
systems but also to decrease food insecurity. However, there is the need to address 
critical knowledge gaps that will allow the full use and advantages to introduce 
successfully pulse crops within agricultural and food systems. Part of this includes 
promoting pulse farming and implementing different farm management prac-
tices in order to contribute to the resilience of SSA farming systems. As the world 
celebrated the International Year of Pulses in 2016, there is a continuous need to 
establish the potential and invest in the innovation of undervalued role that pulses 
can play and that have to play in the post-2016 agenda.

3. Climate change and crop production in SSA: the key role of pulse crops

Changes in temperature and rainfall regime may have considerable impacts 
on agricultural productivity and on the ecosystem on which many people depend 
[36]. Rainfall amounts, distribution, and intensity are already producing floods, 
droughts, and changes in large-scale hydrological cycle [37, 38] which will affect the 
duration of crop growing seasons. Changes in temperatures affect plant growth and 
animal feed intake. Increases in maximum temperatures can lead to yield reduc-
tions and reproductive failure in maize, and animals reduce their feed intake. Maize 
being the most produced staple crops in SSA is particularly sensitive to tempera-
tures above 30°C [17]. Also, wheat growing temperature is already above optimal, 
and it is expected to increase [39]. Increase in nighttime temperatures can also 
lead to decrease in rice yields, especially during the dry season. Another concern-
ing factor is the increasing carbon dioxide concentration in the atmosphere that 
is beneficial for C3 plants such as wheat, but not for C4 plants such as maize and 

Figure 7. 
Area harvested of pulses in East Africa (A), Middle Africa (B), South Africa (C), and West Africa (D). Data 
retrieved from FAOSTAT (accessed March 2019). Rainfed production of cowpea (E) and beans (F) in metric 
tons (mt) for SSA. Rainfed production of other pulses in international dollars (Int$) for SSA [33–35].
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sorghum, and it may also decrease protein concentration in wheat grain, reducing 
nutrient availability for animals. Climate projections indicate losses of 27–32% for 
maize, millet, and groundnut [40] and 71% for beans [41] especially soybean that is 
the most common legumes produced.

Rainfed farming system in SSA produces 90% of staple food in SSA [42] and 
in the face of long periods of drought or dry spells in the growing season causes an 
unbalancing of the cycle of by-products in the mix farming system [43]. In order to 
find more suitable agriculture conditions, population migration takes place. This 
strategy, together with the increase in population, is leading to tropical rainforest 
destruction to conquer agriculture land, plus the general land degradation due to 
inappropriate land use, which in turn causes desertification, salinization, sodi-
fication, and soil and water erosion, increasing atmospheric carbon dioxide and 
creating a spiraling decline in the productivity of the land in terms of both food and 
other natural resources [14]. Projections are alarming; showing climate variability 
on agricultural production will have substantial effects in mixed smallholder sys-
tems, resulting in reduced food security that potentially increases the risk of hunger 
and undernutrition. However, it is the mixed system that presents the best capacity 
to tackle the inevitable change in climate. For that, farmers may have to respond 
by increasing the system resilience, diversification, and risk management [36]. To 
increase system resilience, farmers have to improve soil and nutrient management, 
through manure and crop residues, using, for example, legumes for natural nitro-
gen fixation and suitable for livestock feed. Also, they need to improve ecosystem 
management and biodiversity, by considering the substantial genetic variability in 
domestic crops and livestock that have the ability to withstand extreme tempera-
tures, drought, and other environmental constrains, as well as pests and diseases. 
The combination of different crops and livestock breeds with their wild relatives is 
fundamental in developing a sustainable resilience [36].

Of the 400,000 plants species in existence today, only actinorhizal plants 
and legumes have evolved nitrogen-fixing nodules [44]. The primary role that 
legumes play is to fix atmospheric nitrogen through their symbiotic relationship 
with Rhizobium spp., contributing with nitrogenous compounds to the soil, either 
directly, by nodule excretion, or indirectly, by decomposition of root nodules and 
tissues [45]. The ability to fix atmospheric nitrogen makes legumes excellent part-
ners within various farming systems, as they provide nitrogen and therefore reduce 
the needs for mineral nitrogen fertilizers by associated non-legumes [46].

The use of inorganic nitrogenous fertilizers has increased exponentially over 
the last 50 years, but just 30–50% of crop yields are sustained by inorganic fertil-
izers, although between 1960 and 2000, the efficiency of nitrogen for global cereal 
production decreased from 80 to 30%. Moreover, more than 50% of nitrogen 
fertilizer applied was lost from cereal crops between 1961 and 2010, and in some 
cases more than 80% is lost [46]. As a result there has been a 5% increase year by 
year of carbon dioxide equivalent emission [47]. These data show an unsustain-
able trend for African farmers. Increases of atmospheric carbon dioxide benefit 
cereal growth, and it decreases protein content in the grain, as opposite to what 
has been observed in cereal grains produced followed by legume crops. Therefore, 
intercropping or rotation of grain legumes with cereals or other non-leguminous 
crops increases nitrogen-use efficiency, reducing greenhouse gas emissions. It is 
estimated that grain legumes can offer 20–40% wheat nitrogen needs [48]; thus, 
intercropping is important for the development of sustainable systems, particularly 
in systems with limited external inputs [49]. About 21 Mt. of nitrogen is fixed 
annually by legume-rhizobia symbiosis, returning 5–7 Mt. of nitrogen to soils from 
about 190 million ha of grain legumes [48]. Without a doubt, cultivation of grain 
legumes is a very promising approach to increase farmers’ income, especially when 
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Thus, the potential use of multipurpose pulse crops as a sustainable strategy 
to overcome the present problems associated with the agricultural intensification 
is undeniable to cope soil depletion and decreasing crop yields annually, as well as 
inevitable environmental changes that will occur in the next 50 years. The promo-
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rainfed and drought conditions will contribute not only to the diversity of cropping 
systems but also to decrease food insecurity. However, there is the need to address 
critical knowledge gaps that will allow the full use and advantages to introduce 
successfully pulse crops within agricultural and food systems. Part of this includes 
promoting pulse farming and implementing different farm management prac-
tices in order to contribute to the resilience of SSA farming systems. As the world 
celebrated the International Year of Pulses in 2016, there is a continuous need to 
establish the potential and invest in the innovation of undervalued role that pulses 
can play and that have to play in the post-2016 agenda.

3. Climate change and crop production in SSA: the key role of pulse crops

Changes in temperature and rainfall regime may have considerable impacts 
on agricultural productivity and on the ecosystem on which many people depend 
[36]. Rainfall amounts, distribution, and intensity are already producing floods, 
droughts, and changes in large-scale hydrological cycle [37, 38] which will affect the 
duration of crop growing seasons. Changes in temperatures affect plant growth and 
animal feed intake. Increases in maximum temperatures can lead to yield reduc-
tions and reproductive failure in maize, and animals reduce their feed intake. Maize 
being the most produced staple crops in SSA is particularly sensitive to tempera-
tures above 30°C [17]. Also, wheat growing temperature is already above optimal, 
and it is expected to increase [39]. Increase in nighttime temperatures can also 
lead to decrease in rice yields, especially during the dry season. Another concern-
ing factor is the increasing carbon dioxide concentration in the atmosphere that 
is beneficial for C3 plants such as wheat, but not for C4 plants such as maize and 
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sorghum, and it may also decrease protein concentration in wheat grain, reducing 
nutrient availability for animals. Climate projections indicate losses of 27–32% for 
maize, millet, and groundnut [40] and 71% for beans [41] especially soybean that is 
the most common legumes produced.

Rainfed farming system in SSA produces 90% of staple food in SSA [42] and 
in the face of long periods of drought or dry spells in the growing season causes an 
unbalancing of the cycle of by-products in the mix farming system [43]. In order to 
find more suitable agriculture conditions, population migration takes place. This 
strategy, together with the increase in population, is leading to tropical rainforest 
destruction to conquer agriculture land, plus the general land degradation due to 
inappropriate land use, which in turn causes desertification, salinization, sodi-
fication, and soil and water erosion, increasing atmospheric carbon dioxide and 
creating a spiraling decline in the productivity of the land in terms of both food and 
other natural resources [14]. Projections are alarming; showing climate variability 
on agricultural production will have substantial effects in mixed smallholder sys-
tems, resulting in reduced food security that potentially increases the risk of hunger 
and undernutrition. However, it is the mixed system that presents the best capacity 
to tackle the inevitable change in climate. For that, farmers may have to respond 
by increasing the system resilience, diversification, and risk management [36]. To 
increase system resilience, farmers have to improve soil and nutrient management, 
through manure and crop residues, using, for example, legumes for natural nitro-
gen fixation and suitable for livestock feed. Also, they need to improve ecosystem 
management and biodiversity, by considering the substantial genetic variability in 
domestic crops and livestock that have the ability to withstand extreme tempera-
tures, drought, and other environmental constrains, as well as pests and diseases. 
The combination of different crops and livestock breeds with their wild relatives is 
fundamental in developing a sustainable resilience [36].

Of the 400,000 plants species in existence today, only actinorhizal plants 
and legumes have evolved nitrogen-fixing nodules [44]. The primary role that 
legumes play is to fix atmospheric nitrogen through their symbiotic relationship 
with Rhizobium spp., contributing with nitrogenous compounds to the soil, either 
directly, by nodule excretion, or indirectly, by decomposition of root nodules and 
tissues [45]. The ability to fix atmospheric nitrogen makes legumes excellent part-
ners within various farming systems, as they provide nitrogen and therefore reduce 
the needs for mineral nitrogen fertilizers by associated non-legumes [46].

The use of inorganic nitrogenous fertilizers has increased exponentially over 
the last 50 years, but just 30–50% of crop yields are sustained by inorganic fertil-
izers, although between 1960 and 2000, the efficiency of nitrogen for global cereal 
production decreased from 80 to 30%. Moreover, more than 50% of nitrogen 
fertilizer applied was lost from cereal crops between 1961 and 2010, and in some 
cases more than 80% is lost [46]. As a result there has been a 5% increase year by 
year of carbon dioxide equivalent emission [47]. These data show an unsustain-
able trend for African farmers. Increases of atmospheric carbon dioxide benefit 
cereal growth, and it decreases protein content in the grain, as opposite to what 
has been observed in cereal grains produced followed by legume crops. Therefore, 
intercropping or rotation of grain legumes with cereals or other non-leguminous 
crops increases nitrogen-use efficiency, reducing greenhouse gas emissions. It is 
estimated that grain legumes can offer 20–40% wheat nitrogen needs [48]; thus, 
intercropping is important for the development of sustainable systems, particularly 
in systems with limited external inputs [49]. About 21 Mt. of nitrogen is fixed 
annually by legume-rhizobia symbiosis, returning 5–7 Mt. of nitrogen to soils from 
about 190 million ha of grain legumes [48]. Without a doubt, cultivation of grain 
legumes is a very promising approach to increase farmers’ income, especially when 
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compared to cereal monoculture that was boosted by the “Green Revolution” [50]. 
Grain legumes are a very important food crop in many parts of Africa, as they are 
a source of nitrogen-rich edible seeds, providing high-protein products. Grain 
legume yields vary more than staple crops, mostly due to environmental constrains 
such as drought that limits symbiotic nitrogen fixation [51, 52], which in turn 
diminishes nutrient grain quality [53]. Soybean has clearly dominated yields, with 
increases of 2.9% year by year, whereas cowpea yield is stable but occupying 4.3% 
more land every year, trying to minimize the loss to diseases as well as insect pests 
and drought, low soil fertility, other abiotic stresses, and low availability of seed of 
improved varieties [47].

There is fast evidence that intercropping and rotation with grain legumes are 
beneficial as legumes improve soil structure, increase organic matter [54, 55], and 
provide food and feed to the most widespread farming system in Africa, the mixed-
crop-livestock farming system. Moreover, intercropping or rotation with grain 
legumes improves water efficiency by saving water for subsequent crops or by pro-
viding soil coverage, minimizing soil evaporation, erosion, and weeds, which makes 
feasible the production of grain legumes in dry, drought-vulnerable, and low-labor 
availability areas. Residue from grain legumes provides an excellent source of 
high-quality feed to livestock especially during the dry season, when animal feeds 
are in short supply. Synergies between crops and livestock offer various opportuni-
ties for raising productivity and increasing efficiency of resources, thus increasing 
household incomes and securing availability and access to food [36]. Moreover, 
the residues from grain legume cultivation will preserve soil moisture, prevent soil 
erosion, and increase yields in the same piece of land, which are all big constraints 
of SSA farming systems that are constantly facing anthropic pressure.

Farmers have been neglecting these native grain legumes, as they are incentiv-
ized to produce common bean and soybean. However, with climate change and 
most of SSA agriculture being rainfall dependent, future is compromised. Many 
grain legume breeding programs are suffering from low genetic diversity and 
several bottlenecks that occurred during and after domestication. Thus, it is vital 
to consider the considerable large genetic variability in native crops that have the 
ability to withstand extreme temperatures, drought, and other environmental 
constrains. In agricultural statistics Lablab, jack, or sword bean (Canavalia spp.), 
winged bean (Psophocarpus tetragonolobus DC), guar bean (Cyamopsis tetragonoloba 
Taub.), velvet bean (Stizolobium spp.), yam bean (Pachyrhizus erosus Urb.), and oth-
ers are recognized worldwide as “minor crops,” pooled in “Pulses, nes” (pulses that 
are not identified separately, according to FAO). However, these pulses have been 
showing a steady but modest yield increase over the last 50 years, without occupy-
ing more land [7] (Figure 1).

3.1 The role of orphan legumes for the crop production sustainability 
of SSA farming systems

There is a lack of consensus in the definition and what orphan or neglected and 
underutilized species (NUS) should be referred to. These crops have been referred 
by different names, such as orphan crops, neglected crops, underutilized crops, 
forgotten crops, and minor crops. In this study we will refer this group as NUSs, 
under the definition of plants with prospective value as crops but which have been 
paid limited attention by agricultural researchers, plant breeders, seed companies, 
and policymakers [56]. However, due to the potential that these crops hold as food, 
nutritional content, and economic security of the developing and undeveloped 
parts of the world, they are appropriately referred to as crops for the future [57]. 
As such, these crops represent an opportunity for innovation in research, capacity 

53

Crops Diversification and the Role of Orphan Legumes to Improve the Sub-Saharan Africa…
DOI: http://dx.doi.org/10.5772/intechopen.88076

building, social empowerment, and food value chains (i.e., production, processing, 
consumption, marketing, and product development). Understanding the impor-
tance that these crops hold, the African Orphan Crop Consortium (AOCC) was 
established with the full support of the African Union in 2011, assigned to work on 
101 selected crops originated or naturalized in Africa (http://africanorphancrops.
org) by investing in training, products, tools, services, practices, and processes 
to mainstream them into the African agro-food system [58]. In conjunction with 
this initiative, the FAO builds the database named International Network of Food 
Data Systems (INFOODS) listing more than 1000 unique NUS (http://www.fao.
org/fileadmin/templates/food_composition/documents/Copy_of_INFOODS-List-
of-underutilized-species-2_0_ Jan15.xls). The AOCC partnership works to make 
high-nutritional-value crops grown by African farmers available to rural and 
urban consumers by promoting the adoption of modern breeding methods for crop 
improvement purposes. Under these pillars, genomic resources through next-gen-
eration sequencing from the collection of 101 African NUS are being generated (see 
http://africanorphancrops.org/meet-the-crops/), which included important annual 
and perennial (tree) species, e.g., Moringa oleifera L. known as the tree of life 
and the iconic boabab tree (Adansonia digitata L.). Through the high-throughput 
genomic resources gathered, the AOCC is also engaged to develop tools to assess 
genetic diversity in crops and to support breeding programs. Among such NUSs, 
there are several pulse crops (Table 2), and with the high genomic data generated, 
it will enable to promote research and breeding studies on the crops that will open a 
new venue toward understanding its suitability on several farming systems.

Lablab [Lablab purpureus (L.) Sweet] and velvet [Mucuna pruriens (L.) DC] 
beans are among the selected NUSs, which are known to display agronomic, nutri-
tional, and versatile characteristics, and thus can be faced as important examples of 
multipurpose legumes that could and should be integrated in the most representa-
tive African farming systems, maize mixed and the agropastoral farming systems. 
Studies have reported that crude protein concentration in maize silage increases 
when intercropping with Lablab without compromising forage yield or milk pro-
duction [59] and dry matter yield [60]. Lablab, locally called njahe, has a special 
significance and is intimately associated with women fertility [61] probably due to 
its abundance in palmitic acid [62], a fatty acid that has a structural and functional 
role in utero [63]. Being women the cornerstone of African economic development, 
contributing with approximately 70% of agricultural labor and produce about 90% 
of all food [47], the interest in boosting Lablab and other NUC legumes develop-
ment is key for diversifying agriculture sector [64]. It is estimated that grain legumes 
increase wheat productivity by 77% and of maize by 25–33%. An intercrop system 
of maize with common bean resulted in maize with higher biomass yield, plant 
total nitrogen concentration, and crude protein concentration [65]. Intercropping 
maize and soybean was shown to be beneficial, as there was an increase of 19–36% 
in crude protein over monoculture corn [66]. Intercrop of maize with cowpea 
increased 9% in crude protein compared with monoculture corn [67], adding that 
cowpea nitrogen fixation under drought conditions is highly tolerant [68]. Also, 
pigeon pea (Cajanus cajan) is another legume mainly grown by poor farmers and is 
known as the poor people’s meat because of its high protein content. It is among the 
most drought-tolerant and nutritious orphan legume crops and withstands drought 
because of its deep roots and osmotic adjustment in the leaves [69].

Finally, the characterization of orphan legumes on the “omics” level is still 
starting, and these legumes remain unexplored on the genomic, transcriptomic, 
and proteomic level, despite the efforts such as the African Orphan Crops 
Initiative (http://africanorphancrops.org), which are starting to fill the genomic 
information gap.
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compared to cereal monoculture that was boosted by the “Green Revolution” [50]. 
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building, social empowerment, and food value chains (i.e., production, processing, 
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its abundance in palmitic acid [62], a fatty acid that has a structural and functional 
role in utero [63]. Being women the cornerstone of African economic development, 
contributing with approximately 70% of agricultural labor and produce about 90% 
of all food [47], the interest in boosting Lablab and other NUC legumes develop-
ment is key for diversifying agriculture sector [64]. It is estimated that grain legumes 
increase wheat productivity by 77% and of maize by 25–33%. An intercrop system 
of maize with common bean resulted in maize with higher biomass yield, plant 
total nitrogen concentration, and crude protein concentration [65]. Intercropping 
maize and soybean was shown to be beneficial, as there was an increase of 19–36% 
in crude protein over monoculture corn [66]. Intercrop of maize with cowpea 
increased 9% in crude protein compared with monoculture corn [67], adding that 
cowpea nitrogen fixation under drought conditions is highly tolerant [68]. Also, 
pigeon pea (Cajanus cajan) is another legume mainly grown by poor farmers and is 
known as the poor people’s meat because of its high protein content. It is among the 
most drought-tolerant and nutritious orphan legume crops and withstands drought 
because of its deep roots and osmotic adjustment in the leaves [69].

Finally, the characterization of orphan legumes on the “omics” level is still 
starting, and these legumes remain unexplored on the genomic, transcriptomic, 
and proteomic level, despite the efforts such as the African Orphan Crops 
Initiative (http://africanorphancrops.org), which are starting to fill the genomic 
information gap.
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4. Final remarks

In sub-Saharan Africa, countries rely mostly on agriculture as economic rev-
enue and as a base for smallholder farmers, for both household income and food. 
Considering the diversity of the farming systems along the different agroecological 
zonings, evaluating its performance under climate changes is key to determine its 
future sustainability for alleviating poverty and food security. Overall, major farm-
ing systems in SSA are under threat since they are rainfall-dependent and thus pose 
a scenario of food insecurity if no proper agriculture management and solutions 
are taken. In this chapter, the potential of pulse crops as a viable and sustainable 
strategy for upholding farming systems’ intercropping and production indices was 
highlighted. The promotion of legumes adapted to semi- and arid conditions will 
contribute to the diversity of cropping systems and diets of African people living 
in rural areas. However, there is a need to address critical knowledge gaps that will 
allow the full use and advantages to introduce successfully the so-called neglected 
and underutilized crops, native to Africa, within agricultural and food systems. By 
exploring native legumes adapted to arid conditions, namely, low rainfall periods, 
it will be a key tool for adaptation to climate change. This will also contribute to 

Scientific name Common name Assembled Stages of 
assembly

Ref.

Artocarpus heterophyllus Jack tree Reference genome [58]

Artocarpus altilis Breadfruit Reference genome [58]

Faidherbia albida Acacia (apple ring) Reference genome [69]

Moringa oleifera Drumstick tree Reference genome [69]

Sclerocarya birrea Marula Reference genome [69]

Digitaria exilis Fonio Reference genome [58]

Eleusine coracana Finger millet Reference genome [58]

Lablab purpureus Lablab bean Reference genome [70]

RNAseq [71]

Solanum aethiopicum African eggplant Reference genome [72]

Vigna subterranea Bambara 
groundnut

Reference genome [70]

RNAseq [71]

In the pipeline or soon: Abelmoschus caillei; Adansonia digitata; Allanblackia floribunda; Allanblackia stulhmannii; 
Allium cepa; Amaranthus cruentus; Amaranthus tricolor; Anacardium occidentale; Annona reticulata; Annona 
senegalensis; Balanites aegyptiaca; Basella alba; Boscia senegalensis; Brassica carinata; Canarium madagascariense; 
Carica papaya; Carissa spinarum; Casimiroa edulis; Cassia obtusifólia; Celosia argentea; Chrysophyllum cainito; 
Citrullus lanatus; Cleome gynandra; Cocos nucífera; Colocasia esculenta; Corchorus olitorius; Crassocephalum 
rubens; Crotalaria juncea; Crotalaria ochroleuca; Cucumis metuliferus; Cucurbita maxima; Cyphomandra betacea; 
Dacryodes edulis; Detarium microcarpum; Detarium senegalense; Dioscorea alata; Dioscorea dumetorum; Dioscorea 
rotundata; Diospyros mespiliformis; Dovyalis caffra; Ensete ventricosum; Eragrostis tef; Garcinia livingstonii; 
Garcinia mangostana; Gnetum africanum; Hibiscus sabdariffa; Icacina oliviformis; Ipomoea batatas; Irvingia 
gabonensis; Landolphia spp.; Lannea microcarpa; Lens culinaris; Macadamia ternifólia; Macrotyloma geocarpum; 
Mangifera indica; Momordica charantia; Morus alba; Musa acuminata AAA Group; Musa balbisiana; Opuntia 
monacantha; Parinari curatellifolia; Parkia biglobosa; Passiflora edulis; Persea americana; Phaseolus vulgaris; 
Plectranthus esculentus; Plectranthus rotundifolius; Psidium guajava; Ricinodendron heudelotii; Saba comorensis; 
Saba senegalensis; Solanum scabrum; Sphenostylis stenocarpa; Strychnos cocculoides; Strychnos spinosa; Syzygium 
guineense; Talinum fruticosum; Tamarindus indica; Telfairia occidentalis; Tylosema esculentum; Uapaca kirkiana; 
Vangueria infausta; Vangueria madagascariensis; Vicia faba; Vigna radiata; Vitellaria paradoxa; Vitex doniana; 
Xanthosoma sagittifolium; Xanthosoma spp.; Ximenia caffra; Ziziphus mauritiana

Table 2. 
Present status and progress of AOCC developing genomic resources—reference genome sequencing of 100 
accessions/species for 101 crops [58].
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improve soil fertility and enhance food, forage, and mulching quality, which is of 
main importance particularly for the developing countries. Therefore, promoting its 
cultivation and implementing different farm management practices will contribute 
to the resilience of SSA farming systems. As the world celebrated the International 
Year of Pulses in 2016, there is a need to establish the potential and invest in the 
innovation of undervalued role that pulses can play in the post-2016 agenda. In spite 
of their recognized importance, some African native legumes are still underutilized 
or overlooked crops, and its use is a viable option to raise farming productivity.
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main importance particularly for the developing countries. Therefore, promoting its 
cultivation and implementing different farm management practices will contribute 
to the resilience of SSA farming systems. As the world celebrated the International 
Year of Pulses in 2016, there is a need to establish the potential and invest in the 
innovation of undervalued role that pulses can play in the post-2016 agenda. In spite 
of their recognized importance, some African native legumes are still underutilized 
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1. Introduction

Salicylic acid and its derivatives as one of the plant hormones produced by 
the plant naturally belongs to the group of phenolic acids and consists of a ring 
linked to the group of hydroxyl and carboxyl group, and the starting ingredi-
ent to form is the cinnamic acid (Figure 1). It is mainly manufactured within 
the plant in cytoplasmic cell. This acid was first discovered in Salix spp., which 
contains the salicin compound by 9.5–11% and is present in the plant in the form 
of free phenolic acids or associated with amino compounds [1]. Symbolized by 
the symbol SA called chemical ortha hydroxyl benzoic acid chemical formula is 
C7H6O3 [2].

Salicylic acid plays an important role in the growth and development of the 
plant for important physiological roles such as increasing the plant’s response to 
stress conditions (biotic and abiotic) by increasing the resistance of the plant to 
System Acquired Resistance (SAR) by stimulating or changing the internal paper 
dissection endogenous signaling to withstand a large number of stresses. Salicylic 
acid acts as a stimulant or transmitter of the cell to withstand environmental stress 
conditions such as dryness, coldness, heat, stress of heavy elements, and conditions 
of ammonia tension and also increases the plant’s ability to withstand salt stress salt 
particularly harmful sodium chloride compound NaCl [3].

It also has the ability to bind conjugate with some amino acids such as proline 
and arginine, which increase the plant’s effectiveness in resisting environmental 
stresses and at the same time maintain systemic acquired resistance [4].

The most important effects of salicylic acid are to stimulate the production of 
antioxidants. Antioxidant against the effect of free radicals from the group Reactive 
Oxygen species (ROS) when exposed to heat stress and stress Drought stress and 
prevents the oxidation of algebraic and oxytin and cytokinein and also has a role at 
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the genetic level. It stimulates the genes of antioxidant enzymes such as manganese 
superoxide dismutase (Masud) [5].

Salicylic acid increases the plant’s response to tolerance and resistance to various 
diseases affecting plants as it is found that increasing its internal concentration acti-
vates the protective role of pathogenic pathogens [6]. The SA also has many impor-
tant physiological roles, such as stimulating the flowering, ion absorption, nutrient 
transfer, increasing the representation of CO2 gas, controlling the movement of 
stomata, photo materials, gas exchange, and protein synthesis. It also contributes to 
increasing the percentage of nucleic acids and amino acids and the accumulation of 
dry matter and speeds up the formation of various plant dyes and increasing their 
levels such as chlorophyll and carotene and prevents the representation of ethylene 
gas, and it is contrary to the work of ABA responsible for the fall of leaves. It also 
plays an important role in increasing metabolic rates, which contributes to the 
energy saving of the plant through alternative pathways accompanied by a change 
in the level of nucleic and amino acids within the plant [7].

2. Effect of salicylic acid in growth and yield

De Kock et al. [8] were the first to talk about the role of salicylic acid as a growth 
regulator during the past two decades, after which the interest in this compound 
has increased, and many studies have been conducted that showed a relationship 
between salicylic acid and the growth and development of plants. Among these 
studies is the finding of the cotton plant Gossypium hirsutum L., which belongs to 
the Malvaceae family in three levels of salicylic acid (50, 100, and 150) mg/l had it. 
The highest rate of the studied traits was the plant height (143.80) cm, the number 
of branches (34.28 branches), and the total cotton yield (3371.9) kg/Ha in relation 
to other concentrations used [9].

Najafian [10] concluded that Rosmarinus officinalis L. spraying with three levels 
of salicylic acid (450, 300, and 150) mg/l resulted in a significant increase in growth 
rates and photosynthesis compared to untreated plants. The increase was more 
pronounced when spraying plants with a concentration of 300 Mg.

Najafian [11] found that spraying SA acid at three levels (150, 300, and 
450) mMol on Thymus vulgaris L. had a significant effect on the studied traits. 
Spraying at a concentration of 150 mM gave an increase in the dry weight of the 
vegetative total and photosynthesis and increased plant tolerance for salt stress 
conditions.

In a study on the response of the Indian mustard Brassica juncea L. to spraying 
with two levels of salicylic acid (35 and 70 mg), there was a significant superiority 
in all vegetative traits studied (plant height, number of branches, and leaf area). 
In addition, there was a significant increase in all the parameters of the crop (the 
weight of one mustard, the total yield of the seed, and the seed yield), when spray-
ing the plants at a concentration of 70 mg/l in comparison with the concentration of 
35 mg/l and spraying with distilled water only [12].

Figure 1. 
Chemical structure of SA acid.
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In a study conducted in Pakistan on the Abelmoschus esculentus L., which belongs 
to the marsh family, [13] found that salicylic acid spraying with concentrations of 
50 and 75 mg/l had a significant effect on most studied traits. The effect of spray-
ing was 50 mg/l is more pronounced in increasing vegetative growth rates and leaf 
content than chlorophyll.

Abbas and Ibrahim reported [14] that the growth regulator SA was sprayed on 
Niggella sativa L. at several levels (50, 100, and 200) mg/l with significant effect 
on the studied traits. And 200 mg/l. Spraying at a concentration of 50 mg/l was the 
best in increasing growth, yield, and oil ratio indices.

Al-Mohammadi and Al-Rawi also [15] observed a study on the effect of spraying 
on some of the growth catalysts on Datura stramonium L. The spraying with acetylsal-
icylic acid at 200 ppm gave the highest rate of all vegetative and studied traits (plant 
height, dry and vegetative content of the leaves, nitrogen and potassium, number of 
fruits, plant and the total yield kg/hectare) compared to non-treated plants.

3. Effect of salicylic acid in qualitative and medical qualities

The significant phylogenetic effects reflected by the salicylic acid act towards 
the growth and development of the plant and the improvement of its health made 
it a popular vehicle for those interested in agricultural production. This has already 
been shown to improve the qualities of many plants that occupy a high economic 
position. It also activates the roles of many enzymes and also has an important 
action towards syphilis and the bio-synthesis of ethylene gas (the maturation 
hormone and aging) and the movement of stomata and contributes to plant metab-
olism and transfer of ions [16, 17].

Through research and studies on the effect of salicylic acid treatment on the specific 
qualities of plants, Gharib [18] noted that the spray of the basil plants Ocimum basili-
cum L. and the Majorana hortensi L. were planted in a 40 cm pot with three concentra-
tions of salicylic acid [10−3, 10−4, 10−5] mole resulted in a significant increase in the 
ratio of the active ingredient of both plants compared to the comparison treatment. The 
spraying of two varieties of Cymbopogon flexuous L. with a concentration of 5–10 m of 
salicylic acid developing in the plants gave a significant increase in the specific qualities 
and active substances of plants and antioxidants compared to non-treated plants [19].

Khandaker et al. showed [20] that spray of red Amaranthus tricolor L. plants 
with three concentrations of salicylic acid (10−3, 10−4, and 10−5 mm) had the most 
significant effect on plant active compounds compared to untreated plants and 
significant increase in properties (total phenols, antioxidant, and plant pigments). 
Salicylic acid spraying with concentrations (25 and 50 mg/l) on the vegetative group 
of Cumin cyminum L. resulted in a significant increase in the percentage of plant 
pigments at a concentration of 50 mg/l compared to comparison plants [21].

The addition of salicylic acid with three concentrations (30, 60, and 90 mg/l) 
resulted in a significant increase in the production of some plant antioxidants from 
blackwheat leaves when treated with concentrations of 60 and 90 mg/l compared 
with non-treated plants [22].

Majoul showed [23] a significant increase in the percentage of nutrients P, N, 
and the leaf content of chlorophyll when spraying the okra plants were measured 
at two levels of salicylic acid (78 and 155 mg/l) and in two steps compared to the 
comparison treatment.

The medicinal seeds of the Digitalis trojanaivanina collected from the Turkish 
Aida mountains with three concentrations of salicylic acid resulted in significant 
superiority in the studied active substances (pigment content, total phenols, 
phenols, and flavonoids) compared to non-treated plants [24].
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Abstract

Eggplant is one of the most widely cultivated vegetable species in the world and 
Turkey. The breeding of eggplant with high yields and quality is one of the impor-
tant efforts in the seed sector today. Traditional breeding activities cannot respond 
quickly to market mobility. With the integration of dihaploidization methods into 
the breeding cycles, breeding programs have gained significant momentum. The 
most used haploidy technique in eggplant is the anther culture based on andro-
genesis, and its use in public and private sectors has become widespread in recent 
years. To date, the use of the isolated microspore culture technique as another 
androgenesis technique is limited; however, the studies are in progress in par-
ticular for indirect microspore embryogenesis. Genotype effect is one of the most 
decisive factors determining the success of androgenesis in eggplant. Also, the 
other factors such as nutrient medium content, types and concentrations of plant 
growth regulators, age and growing conditions of donor plants, determination 
of the appropriate microspore developmental stages, different pre-treatments, 
temperature shocks and incubation conditions are also effective on androgenesis 
success. In this review, it is aimed to provide information about the in vitro egg-
plant androgenesis studies, which have been carried out and are currently being 
conducted in Turkey.

Keywords: anther culture, aubergine, haploid, doubled haploid, microspore culture, 
microspore embryogenesis

1. Introduction

The eggplant also known as Solanum melongena L. (2n = 2x = 24) from 
Solanaceae family is one of the important vegetable species in the world and in 
Turkey, and thus, great importance is given to the breeding studies of this plant. 
Although it is a perennial plant in tropical climates and annual plant in cool 
climates, its economic production is done annually. The primary gene center of 
eggplant is considered to be the Indo-Burmese region of Asia and while India and 
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China are the secondary gene centers [1]. It was first cultivated in Asia [2, 3]. While 
the wild forms of the species were small and prickly, and with bitter fruits, current 
forms of the plant have been achieved through the selections, during the period 
of cultivation, in the direction of large, thornless and tasty fruits [2, 4, 5]. Of the 
51.3 million tons of eggplants produced in the world, 93% is grown in Asia and 
only 2.5% (about 875.000 tons) across Europe. As for Turkey, with 854.049 tons of 
eggplant production, it performs almost as much as the eggplant production of all 
European countries. In addition, Turkey ranks fourth in the eggplant production of 
the world after China, India and Egypt [6].

Plants are affected by the positive or negative conditions of their environ-
ments and try to adapt to those regions. In this adaptation process, non-adaptable 
plants perish, and adapters hide or develop some properties in order to survive, 
and in this way, different variations occur in their regions. The different climatic 
features in Turkey have contributed to the formation of our local cultivars, which 
have been cultivated by the people living in Anatolia for centuries, and have 
caused Turkey to be the second diversity region of eggplant. Different research-
ers have classified the eggplants according to their being early-late, adaptation to 
the environmental conditions, origin, shape, color and other characteristics [7]. 
Zhukovsky collected eggplant samples while traveling in Turkey between the years 
1925 and 1926 and identified five different eggplant varieties on the Anatolian 
soils over those samples [8]. However, S. melongena L., which is cultivated as a cul-
ture plant in different countries, is generally considered to have four subspecies. 
These are (1) spp. esculentum, (2) spp. insanum, (3) spp. serpentium, and (4) spp. 
depressum, and they differ in color, shape, habitus, efficiency, usage area, etc. [9].

There are many different uses of eggplant in Turkish cuisine. Besides being 
consumed as fresh, dried and frozen, it is used in jams, pickles, sauces and salads. 
In addition, it has recently attracted attention with its use in diet lists due to its 
fibrous structure and low-calorie value. Eggplant, in contrast to general belief, is 
rich in vitamins and minerals. It has important nutritional value and contains very 
valuable antioxidants and phenolic substances for human health. For this reason, it 
has been used frequently in drug production and alternative medicine in the world 
since ancient times. While the fruit and leaves of eggplant have a lowering effect on 
cholesterol levels in the blood, eggplant extract is used in different treatments such 
as diabetes, asthma, bronchitis and digestive disorders [10, 11].

Eggplant cultivation in Turkey was being conducted in the field conditions 
before. Then, with the development of greenhouse and seed technologies, eggplant 
production was started in greenhouse and became one of the vegetables produced 
throughout the year. The yield of the cultivars cultivated in greenhouses has 
increased by means of the F₁ hybrid cultivars, because they have higher yield values 
than the standard cultivars and do not show phenotypic variations. Thus, hybrid 
cultivars have entered the market with great speed. This has led to a rapid decrease 
in the standard cultivars with phenotypic variations at high rate and even caused 
some local species to become near extinct. Since the 1970s, genetic erosion has 
started all over the world, and it is spreading rapidly in Turkey, too. It is compul-
sory to take serious steps toward the preservation of resources against this genetic 
erosion and to protect the local populations. It is possible to produce new eggplant 
hybrids from the local genotypes in the characteristics desired by the market by tak-
ing them into breeding programs, selfing and crossing them with the other parent 
lines. For this purpose, the combined use of classical and modern breeding methods 
will lead to speed up the progress. The use of haploidy techniques among modern 
breeding techniques provides tremendous advantages for breeders, especially since 
it allows the production of 100% homozygous pure lines only in one generation.
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2. Haploidization and doubled haploid (DH) technique

If the number of chromosomes in the somatic cells of the plant species is as 
much as the number of chromosomes found in their generative cells, these plants 
are called haploid (with n chromosome, single chromosome set), and the process of 
obtaining haploid plants is called haploidization. The implementation of chromo-
some doubling of haploid plants with spontaneous doubling or certain antimitotic 
chemicals brings the chromosome numbers to the normal chromosome numbers 
and 100% homozygous plants are produced. This stage is called doubled haploidy 
(DH) or dihaploidization [12]. With the use of DH lines, providing the desired 
properties, as a male or female parent in hybrid (F₁) seed technology, the impor-
tance of DH technology has become even better understood, and its use has become 
increasingly widespread.

Haploidy studies, which began with the discovery of spontaneous haploid 
plants in 1922 [13], gained momentum in the laboratory conditions after the 1960s, 
and they are becoming increasingly popular nowadays. As far as it is known, 
spontaneous parthenogenetic haploid plant formation in eggplant has not been 
encountered so far. In laboratory conditions, the first study to obtain this type 
of haploid plant is on anther culture and reported by Raina and Iyer [14]. It was 
later reported by the Chinese Haploid Research Group that developed first healthy 
haploid and doubled haploid (DH) eggplant plants [15]. In other anther culture 
studies [16–21] following them, the production of haploid and DH eggplant plants 
has been successfully carried out.

In the eggplant haploidy studies to date, anther culture among the androgene-
sis techniques has been mostly used. Protocols used in eggplant anther cultures are 
based on different versions of the protocol used by Dumas de Vaulx et al. [22] for 
pepper anther culture. Dumas de Vaulx and Chambonet [17] developed a protocol 
similar to pepper anther culture and started using it in eggplant and reported 
successful results. The success of this protocol is based on the treatment of anthers 
with high-temperature (+35 ⁰C) when they are first introduced into the medium. 
The positive effects of high-temperature applications on haploid embryogenesis 
have also been reported in the studies conducted on Brassicaceae family [23, 24].

In eggplant microspore culture studies, the anthers are either cultured after 
being pre-treated and isolated [25], or different pre-treatments were applied 
to the isolated microspores [11, 26, 27]. Although the use of microspore culture 
was quite limited in eggplant breeding until today, the studies on this subject 
have been continued because of its different advantages compared to anther 
culture. In particular, the practical microspore culture protocols to be developed 
for direct embryogenesis have the potential to give great momentum to eggplant 
breeding studies.

While DH technique is used commercially in vegetable breeding for certain 
species (pepper, eggplant, melon, cucumber, squash) in Turkey, it is in the process 
of being improved to an effective level for a variety of vegetables (onion, leek, 
gherkin, tomato, watermelon, cabbage, carrot, spinach). The use of DH technique 
is restricted due to the response of haploid plant formation varying on the species. 
This is because haploid response is under the effect of various factors. For instance, 
each of the different genotypes within a species reacts differently to the technique 
used, or several genotypes respond positively, while some genotypes do not 
respond at all. The basis of these differences is due to genotype. In addition to the 
genotype, the growing conditions of plants used as donor parents, climatic effect, 
season, temperature, light intensity, the age of the plant, irrigation and fertilization 
regimes, type of stress factors and severity of exposure, and the chemicals used for 
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plant protection have also a great effect on success. The healthier the donor plant 
is grown, the greater the chance of success in obtaining haploid plants. Another 
important issue is the nutrient medium consisting of macro- and micro-elements, 
vitamins, plant growth regulators (PGRs), carbohydrate sources and other uniden-
tified substances. On the other hand, the correct determination of the period of tak-
ing the buds and the culture of the microspores at the appropriate stage also directly 
affects the success. Although different staining techniques are used to determine 
the bud stage, the most practical method used today is the 4′-6-diamidino-2-phe-
nylindole (DAPI) staining method. As the pretreatments prior to culture, different 
pre-temperature applications (such as 4, 10, 28, 35°C) are applied to the anthers or 
buds. However, incubation in the dark at +35°C for 8 days is generally used success-
fully in eggplant anther cultures. To date, a number of factors affecting microspore 
embryogenesis have been investigated, and their effects have been demonstrated 
in several eggplant haploidy studies [11, 17–19, 28–34] conducted in the world and 
Turkey; however, this article will mainly focus on studies in Turkey.

3. Eggplant androgenesis studies conducted in Turkey

When the public and private sectors’ vegetable breeding studies in Turkey were 
examined, it can be seen that the use of biotechnology, and in particular the use 
of DH technology based on embryo formation from male gamete cells, namely, 
androgenesis, is not going far back. The first DH study in vegetables was made in 
the 1980s in pepper, and then, studies on other species followed. The haploidy stud-
ies in eggplant consist of anther, isolated microspore or shed-microspore culture 
applications in the world. The first haploidization study in eggplant began in 1991 
in Turkey with Karakullukçu’s [19] anther culture study. This was followed by other 
anther culture [20, 35–46], isolated microspore culture [32, 34, 47] and shed-
microspore culture [19] studies. Although the number of studies on this subject 
is small at the beginning, the efforts to obtain DH plants through anther culture 
have been accelerated in recent years thanks to the increase in the state-supported 
projects and the engagement of private sector. Androgenesis studies on eggplant 
have a history of 45 years worldwide and 30 years in Turkey.

4.  Factors affecting success of eggplant androgenesis studies conducted 
in Turkey

4.1 Genotype

‘Genotype’ as being one of the most important factors affecting androgenesis in 
eggplant was also revealed with the studies conducted in Turkey [19, 20, 31, 33, 38, 
43, 48, 49].

Karakullukçu [19], in various anther culture trials, reported the differences 
between genotypes in regard to embryo and haploid plant formations. The anthers of 
13 genotypes of eggplant were cultured in the nutrient medium containing 5 mg L−1 
kinetin and 5 mg L−1 2–4 D, but only four genotypes have shown androgenesis 
response. While only embryoid occurred in Kemer and Prelane F1, both embryo and 
haploid plants were achieved from Halep Karası and Baluroi F1 genotypes. In this 
study, no embryos could be obtained from the other nine genotypes (Dourga, Pala, 
Şeytan, Birecik Yerlisi, Adana Topağı, Fabina F1, Galine F1, Black Beauty, Marfa F1).

In the anther cultures of Alpsoy [38], conducted with 15 genotypes consist-
ing of Pala, Kemer, Topan, Aydın Siyahı, Manisa, Adana, Urfa Yerlisi, Munica, 
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Baluroi, Mileda, Ancha, Leila, Barbentane, Bellissima and Purpurea, haploid 
embryo and plants were obtained from Kemer, Urfa Yerlisi, Adana, Barbentane 
and Leila genotypes and he reported that the genotype influenced the success of 
anther cultures.

In the microspore culture study of Özdemir [34], Faselis, Amadeo and Aydın 
Siyahı were used as the genotypes. Microspores were subjected to the same pretreat-
ment and cultivated in the same nutrient medium. In Aydın Siyahı, no multinucle-
ated structure happened, and only symmetric nucleus divisions were observed; 
however, symmetrical nucleus divisions and also multinucleated structures formed 
in Phaselis and Amadeo genotypes. It was stated that these differences are caused by 
genotype. It has also been reported in previous anther culture studies [38, 41, 43] that 
the genotype Aydın Siyahı has the low ability to form embryos.

Using the anthers of Yamula, Karabaş F1, Malkara F1, Çantalı F1, and Tatlıcan 
F1 genotypes, as explants, Doksöz [20] obtained 136 and 25 embryos and 77 
and 15 plants only from Yamula (9.4%) and Karabaş F1 (1.73%) genotypes, 
respectively.

According to the literature, there are big differences in embryo formation 
and haploid plant yield responses of genotypes, even though all the procedures 
starting from the growing conditions of donor plants until obtaining haploid 
plants are the same. The basis of genotype-related differences was associated with 
different internal amino acid contents of different genotypes by Dunwell [50]. 
As a result of different androgenesis studies, it has been demonstrated that the 
genotype effect is related to the genetics of the plant and that it is not possible to 
alter the androgenetic response caused by the genotype even if the conditions of 
donor plant growth, medium, culture and other factors affecting androgenesis 
were optimized [12, 51].

Thanks to genetic studies conducted in different plants, it is known that haploid 
formation is under the effects of genes, and in some species, certain genes initiating 
haploid formation were identified. For example, in some in vivo studies, ig gene 
in the corn [52] and hap gene in the barley [53] were defined as the genes respon-
sible for haploid formation [54]. Thus, in vitro androgenesis is also under genetic 
control, and this property can be transferred to F1 progeny by crossing androgenic 
genotypes with non-androgenic ones. In this respect, Tuberosa et al. [55] cultured 
the anthers of 8 different eggplant cultivars collected from different countries and 
16 hybrid genotypes obtained from their crosses. While parents formed embryos at 
17.3%, hybrids generated 42% embryo formation. A similar study was conducted by 
Başay and Ellialtioglu [44] in Turkey. The researchers examined the androgenesis 
response of the F1 hybrid plants, which were obtained from the crosses among 
responsive genotypes Topan and Halep Karası and unresponsive three different 
genotypes. From the crosses, haploid plants were obtained from Topan × Vd-1, 
while embryo and haploid plant occurred from Topan × Teorem F1 and Teorem F1 
× Topan crosses. These and similar studies show that the success of androgenesis in 
eggplant is highly dependent on genotype.

One of the most commonly used genotypes as the donor plant in eggplant 
androgenesis studies in Turkey is Aydın Siyahı. The first embryo formation from 
this genotype (1.25%) was reported by Başay et al. [41]. However, in other studies 
[34, 38, 43], the androgenic response of Aydin Siyahı is reported to be lower.

From the anther culture studies of Yücel [56] on Solanum torvum, only cal-
lus was obtained from Aydın Siyahı and Kemer cultivars in 2012. Haploid plants 
were produced by using DDV protocol at 4.6% from Aydın Siyahı in 2014. The 
highest haploid plant yield (36.4%) was obtained in the fall season of 2015 
from the anthers of Aydın Siyahı cultured in the medium containing 1 mg L−1 
2,4-D + 1 mg L−1 kinetin. This yield was followed by Kemer cultivar (33.8%) 
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plant protection have also a great effect on success. The healthier the donor plant 
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respectively.
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starting from the growing conditions of donor plants until obtaining haploid 
plants are the same. The basis of genotype-related differences was associated with 
different internal amino acid contents of different genotypes by Dunwell [50]. 
As a result of different androgenesis studies, it has been demonstrated that the 
genotype effect is related to the genetics of the plant and that it is not possible to 
alter the androgenetic response caused by the genotype even if the conditions of 
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formation is under the effects of genes, and in some species, certain genes initiating 
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response of the F1 hybrid plants, which were obtained from the crosses among 
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genotypes. From the crosses, haploid plants were obtained from Topan × Vd-1, 
while embryo and haploid plant occurred from Topan × Teorem F1 and Teorem F1 
× Topan crosses. These and similar studies show that the success of androgenesis in 
eggplant is highly dependent on genotype.

One of the most commonly used genotypes as the donor plant in eggplant 
androgenesis studies in Turkey is Aydın Siyahı. The first embryo formation from 
this genotype (1.25%) was reported by Başay et al. [41]. However, in other studies 
[34, 38, 43], the androgenic response of Aydin Siyahı is reported to be lower.

From the anther culture studies of Yücel [56] on Solanum torvum, only cal-
lus was obtained from Aydın Siyahı and Kemer cultivars in 2012. Haploid plants 
were produced by using DDV protocol at 4.6% from Aydın Siyahı in 2014. The 
highest haploid plant yield (36.4%) was obtained in the fall season of 2015 
from the anthers of Aydın Siyahı cultured in the medium containing 1 mg L−1 
2,4-D + 1 mg L−1 kinetin. This yield was followed by Kemer cultivar (33.8%) 
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cultured in the medium supplemented with 5 mg L−1 2,4-D + 5 mg L−1 kinetin. Of 
the 79 plants obtained from above anther cultures and examined in terms of ploidy 
level, 60 were identified as haploid, 13 were diploid, 4 were triploid, 1 was tetra-
ploid and 1 was mixoploid.

In the most recent study, Vural [46] used A117 F1, Anamur F1 and Darko F1 in 
the anther culture studies. The most embryo response was obtained from A117 F1 up 
to 320 embryos/100 anthers.

4.2 Growing conditions of donor plants

Even though the androgenic response of the donor genotype is high, if the 
conditions of the growing environment are not suitable, the chance of success 
decreases. The climatic conditions applied during the in vitro haploid culture of a 
plant should generally be consistent with the environmental conditions required 
for the cultivation of that plant, except for special temperature shocks. Dunwell 
[57] stated that the growing conditions of donor plants affect the development of 
microspores and hence the embryo yield and that successful results will only be 
achieved when the appropriate temperature, light intensity and lighting period for 
the plant are optimized. Therefore, although the optimum environmental condi-
tions in donor plant growth vary depending on plant species, various parameters 
such as temperature in the growth season, amount of daily lighting and light 
intensity reaching to plant, amount of CO₂ in the environment, fertilization, 
irrigation and other cultural practices must be met at the right time and in the 
right amount [12]. Suitable environmental conditions for eggplant cultivation are 
stated as places where the temperature is 15–20°C at night and 21–30°C at daytime 
and where the lighting time and light intensity are high [58]. It should also be 
considered that artificial lighting is not as efficient as sunlight [59]. As another 
important issue, pesticide applications of donor plants should be ceased at least 
3-4 days before the culture to prevent microspores from getting stressed during 
their development [38, 60].

The effect of growing season of the donor plants is important for the andro-
genic response of anthers. In the last anther culture study conducted in Turkey, 
Vural [46] compared the spring- and autumn-season anther cultures in her thesis. 
Interestingly, the performances of anthers grown in the autumn gave much more 
successful results. Furthermore, the same genotype may show different responses 
under different conditions. The best example of this is the eggplant genotype called 
‘Dourga’. Although this genotype showed high success in forming embryos and 
haploid plants in the study of Dumas de Vaulx and Chambonnet [17], it showed 
low success in embryo formation in studies of Tuberosa et al. [55] and Rotino et al. 
[61]. Also, Karakullukçu [19] reported that it did not generate embryos at all. This 
study with Dourga and other genotypes grown at two different locations (Adana 
and Ankara) revealed once again the importance of the growth conditions of donor 
plants and climate differences. Different results were obtained from this study even 
though the anthers were cultured in the same laboratory conditions by the same 
person and the same practices were carried out. Karakullukçu [19] also reported 
that the anthers taken from the buds of plants grown in short days and low-tem-
perature conditions (greenhouse conditions in winter, especially in December and 
January) did not produce embryos.

Alpsoy [38] could not receive any androgenesis response from the plants culti-
vated in the greenhouse in 1994 and 1995. However, the embryo and haploid plants 
were able to be obtained from the plants grown in field conditions in 1996 and 1998. 
The researcher obtained embryo and haploid plants in 5 genotypes (Kemer, Urfa 
Yerlisi, Adana, Barbentane, Leila) out of 15 genotypes by optimizing cultivation 
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conditions with different applications in Bursa and Ankara locations. This study 
emphasizes the importance of cultivation conditions of the donor plant and the 
need to optimize conditions.

The first embryo formation in Aydın Siyahı (1.25%), which is one of the most 
focused genotypes in eggplant androgenesis studies in Turkey, was reported by 
Basay et al. [41] who cultured the anthers of the donor plants grown in humid and 
temperate greenhouse conditions in Yalova province. With the same genotype, no 
success was obtained in Ankara and Yalova locations at the same time, which shows 
again that donor plant growth is affected by the environmental growing period 
conditions. In the same study in 2015, it was shown that androgenetic embryos at 
36.4% ratio were obtained in warm and humid Adana province conditions from 
genotype of Aydın Siyahı.

The effect of growing season of the donor plants is important for the 
androgenic response of anthers. In the last anther culture study conducted in 
Turkey, Vural [46] compared the spring- and autumn-season anther cultures. 
Interestingly, the performances of anthers grown in the autumn gave much more 
successful results.

The ratio of androgenesis response of the donor plants grown in natural growth 
conditions is higher than that of the plants grown in artificial conditions such as 
climatic chambers or aquacultures. However, compared to the plants grown in 
natural conditions in open fields, higher anther culture success is obtained from the 
plants grown in the soil in greenhouses under optimized conditions [12].

In the microspore and anther culture studies conducted by Özdemir Çelik [47] in 
two F1 cultivars (A117 and Amadeo F1), DH plants and lines were produced. In this 
first successful microspore culture study conducted in Turkey, appropriate culture 
season has been determined, and haploid plants were produced indirectly from callus 
regeneration. Significant differences were found among the genotypes in androgenic 
response not only in anther culture but also in microspore culture. These develop-
ments would allow for new prospects for the future eggplant androgenesis studies.

4.3 Developmental stages of buds and microspores

The other important factor affecting the androgenesis success is determina-
tion of the suitable microspore development stage for the culture. There will be no 
embryogenic induction from the microspores unless they are cultured in appro-
priate development stage. In different eggplant androgenesis studies, it has been 
reported that no progress took place in microspores cultured in the early or late 
stages, and also necrosis formed starting from the first days of culture [18, 19].

The suitable microspore stage for androgenesis studies varies to species, geno-
type, growing conditions of donor plants and the androgenesis technique used 
[62], which requires a cytological examination step prior to culture on the basis 
of each species and even genotypes within each species. In this step, one of the 
classic staining methods such as acetocarmine [60], Feulgen [63] or taking sec-
tions with paraffin [64, 65] can be used. However, if the laboratory infrastructure 
is appropriate, the easiest, fastest and most reliable staining method using DAPI 
(4′,6-diamidino-2-phenylindole) [66] specific to DNA should be preferred [67]. In 
various studies carried out in different species, it has been shown that the appropri-
ate microspore covers the time period beginning from the formation of the tetrad’s 
after meiosis to the starch accumulation after the first mitotic division [68, 69].

In order to detect the appropriate microspore stage and bud morphology of 
four different eggplant genotypes, Karakullukçu [19] primarily divided buds into 
eight different groups according to their morphological characteristics and, then, 
determined the microspore development stages of these buds with paraffin and 
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conditions with different applications in Bursa and Ankara locations. This study 
emphasizes the importance of cultivation conditions of the donor plant and the 
need to optimize conditions.

The first embryo formation in Aydın Siyahı (1.25%), which is one of the most 
focused genotypes in eggplant androgenesis studies in Turkey, was reported by 
Basay et al. [41] who cultured the anthers of the donor plants grown in humid and 
temperate greenhouse conditions in Yalova province. With the same genotype, no 
success was obtained in Ankara and Yalova locations at the same time, which shows 
again that donor plant growth is affected by the environmental growing period 
conditions. In the same study in 2015, it was shown that androgenetic embryos at 
36.4% ratio were obtained in warm and humid Adana province conditions from 
genotype of Aydın Siyahı.

The effect of growing season of the donor plants is important for the 
androgenic response of anthers. In the last anther culture study conducted in 
Turkey, Vural [46] compared the spring- and autumn-season anther cultures. 
Interestingly, the performances of anthers grown in the autumn gave much more 
successful results.

The ratio of androgenesis response of the donor plants grown in natural growth 
conditions is higher than that of the plants grown in artificial conditions such as 
climatic chambers or aquacultures. However, compared to the plants grown in 
natural conditions in open fields, higher anther culture success is obtained from the 
plants grown in the soil in greenhouses under optimized conditions [12].

In the microspore and anther culture studies conducted by Özdemir Çelik [47] in 
two F1 cultivars (A117 and Amadeo F1), DH plants and lines were produced. In this 
first successful microspore culture study conducted in Turkey, appropriate culture 
season has been determined, and haploid plants were produced indirectly from callus 
regeneration. Significant differences were found among the genotypes in androgenic 
response not only in anther culture but also in microspore culture. These develop-
ments would allow for new prospects for the future eggplant androgenesis studies.
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The other important factor affecting the androgenesis success is determina-
tion of the suitable microspore development stage for the culture. There will be no 
embryogenic induction from the microspores unless they are cultured in appro-
priate development stage. In different eggplant androgenesis studies, it has been 
reported that no progress took place in microspores cultured in the early or late 
stages, and also necrosis formed starting from the first days of culture [18, 19].

The suitable microspore stage for androgenesis studies varies to species, geno-
type, growing conditions of donor plants and the androgenesis technique used 
[62], which requires a cytological examination step prior to culture on the basis 
of each species and even genotypes within each species. In this step, one of the 
classic staining methods such as acetocarmine [60], Feulgen [63] or taking sec-
tions with paraffin [64, 65] can be used. However, if the laboratory infrastructure 
is appropriate, the easiest, fastest and most reliable staining method using DAPI 
(4′,6-diamidino-2-phenylindole) [66] specific to DNA should be preferred [67]. In 
various studies carried out in different species, it has been shown that the appropri-
ate microspore covers the time period beginning from the formation of the tetrad’s 
after meiosis to the starch accumulation after the first mitotic division [68, 69].

In order to detect the appropriate microspore stage and bud morphology of 
four different eggplant genotypes, Karakullukçu [19] primarily divided buds into 
eight different groups according to their morphological characteristics and, then, 
determined the microspore development stages of these buds with paraffin and 
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acetocarmine methods. Four eggplant genotypes (Baluroi F1, Prelane F1, Pala 
and Kemer) were used in this study where anthers of the suitable bud groups are 
cultured on equal conditions and pre-treated at 35°C for 8 days in dark conditions. 
While all anthers in the first, second, third, seventh and eight groups among the 
anther groups turned to dark color and did not show any development, the anthers 
in groups 5 and 6 were found to be in the correct stage for anther culture. The mor-
phological appearance of buds in these stages was as follows: The sepals and petals 
were equal for the fifth group, while the sepals were slightly opened, and the petals 
were extended for 1–2 mm for the sixth group [35]. The appropriate microspore 
stages in these groups were determined as the uninucleate microspores before the 
first pollen mitosis or binucleated microspores at the beginning of cytokinesis.

In addition to these indicators in eggplant, anther color can also be a determin-
ing feature for the buds in the appropriate stage. Considering the fact that bud 
selection based on only bud morphologies may be inaccurate with the aging of the 
plants, it is also recommended to look at the color of the anthers. It is stated that the 
color of the anthers at the right stage for eggplant anther culture is greenish yellow, 
while yellow and dark yellow anthers are in late stage, and yellowish green anthers 
are in the early stage [43]. These criteria and phenotypic markers determined by 
Karakullukçu [19] constitute the basis for the bud selection phase of all androgen-
esis studies made in eggplant in Turkey.

In Şeker’s study [70], in which DAPI staining technique was used to determine 
the appropriate microspore stage, DAPI stain and phosphate-buffered saline (PBS) 
buffer solutions were prepared, and PBS buffer solution was autoclaved. Anthers 
of each of different sized buds were crushed with PBS buffer in the petri dish. 
After the second addition of PBS buffer together with DAPI stain onto the crushed 
anthers, they were incubated in dark conditions for 5 min. Then, 1–2 drops of 
incubated microspores were placed on a slide and monitored under a fluorescent 
microscope. As the result of the study, the most appropriate microspore stage for 
anther culture was determined to be the late uninucleate microspore development 
stage. Bud morphology of this stage was confirmed as that the calyx and the corolla 
in the flower buds should be in the same length, or the corolla may be a little longer.

4.4 The nutrient media and additives

In the culture media prepared for androgenesis studies, several components 
in different proportions are added to induce microspores to divide and form 
embryos. These components cover macro- and microelements, vitamins, amino 
acids, carbohydrates as the energy source, PGRs, solidifying agents and sub-
stances called unidentified substances such as activated carbon, coconut milk, 
etc. In addition, other factors like how to prepare the nutrient medium (solid, 
biphasic or liquid) and the pH of the medium should be handled with care. In the 
eggplant androgenesis studies in Turkey, C and R media of Dumas de Valux et al. 
[22] were used as the basal nutrient media in all anther cultures. Differently, 
Özzambak and Atasayar [71] used MS [72] and NN [73] media, while Alpsoy 
[38] and Doksöz [20] investigated the effect of MS medium as well as DDV-C and 
DDV-R media. In the microspore culture studies [32, 34, 47], NLN [74] medium 
was used.

It is mandatory to use PGRs to convert gametophytic development to sporo-
phytic development in eggplant microspore embryogenesis. For this purpose, 
initially an auxin (such as 2,4-D, NAA, IAA, IBA, etc.) is needed, while the cyto-
kinin (such as kinetin, BAP, zeatin, etc.)-type PGR is required in the regeneration 
phase. In eggplant androgenesis studies, sucrose was generally preferred as the 
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carbon source, whereas maltose and glucose were used in some studies. In the initial 
stage of culture, adding of sucrose at 12% encourages the formation of embryos and 
haploid plantlets in eggplant [17, 19].

In the first eggplant anther culture study in Turkey, Karakullukçu [19] examined 
the effects of sucrose and glucose, different types and concentrations of PGRs and 
activated charcoal in different ratios on 13 genotypes. Among the different medium 
trials, the nutrient medium consisting of 120 g L−1 sucrose, 5 mg L−1 2–4 D and 
5 mg L−1 kinetin was determined as the most successful as in the original DDV 
medium. In this, embryos were obtained at a rate of 12.1% from Balouri F1, 3.8% 
from Halep Karası and 1.5% from Kemer. No positive response was received from 
trials with activated charcoal. In this study [19] a total of 22 embryos and 13 haploid 
plants were achieved from all genotypes.

Özzambak and Atasayar [71] investigated the effects of BAP (0.1, 4, 8, 10, 
15 mg L−1), kinetin (1, 2, 4 mg L−1), 2,4-D (2 mg L−1) and NAA (0.1 and 2 mg L−1) 
added to the MS and NN basic nutrient media on callus formation in an anther 
culture study. The highest callus ratio (8%) was obtained from the medium consist-
ing of NN + NAA 2 mg L−1 + kinetin 1 mg L−1 + 40 g L−1 sucrose.

Alpsoy [38] tested different combinations of NAA (0.3, 1, 2, 4 mg L−1), BA (0.7, 
1, 3 mg L−1), kinetin (0.1, 1, 5 mg L−1) and 2,4-D (5 mg L−1) as PGR in his anther 
culture study in which MS and DDV-C were used as the basic nutrient medium. As 
the result, DDV-C medium with 5 mg L−1 2,4-D and 5 mg L−1 kinetin was found to 
be the most successful medium for haploid plant production as in Karakullukçu’s 
study [19], which was followed by MS medium with 4 mg L−1 NAA and 1 mg L−1 
kinetin.

Ellialtioglu et al. [75] used a total of 36 eggplant genotypes consisting of local 
accessions and commercial F1 hybrid cultivars in an anther culture to increase hap-
loid plant yield to be used as parents in the hybrid breeding. The protocol developed 
by Dumas de Vaulx and Chambonnet [17] was implemented in this study which is 
carried out in the Serene Laboratories of Dikmen Agriculture Co. According to the 
DDV protocol. The anthers containing uninucleate microspores were first cultured 
in C medium and kept in darkness at +35°C for 8 days and in photoperiod at +25°C 
for 4 days and then transferred to R medium. Haploid embryos were seen after 
30–50 days and transferred to MS medium. The haploid embryo formation rates 
ranged from 0 to 45% depending on the genotypes. There was no embryo develop-
ment in the genotypes with foreign origin, whereas more or fewer haploid embryos 
were formed in local genotypes.

In the anther culture study of Doksöz [20], MS and DDV-C media with vitamin 
B12 (0.03 mg L−1) were compared. 2,4-D (0.01 mg L−1) + kinetin (0.01 mg L−1) 
was used in the DDV-C medium, while only kinetin (0.1 mg L−1) was added in the 
DDV-R medium. In the result, DDV-C medium was found to be more successful in 
terms of embryo yield than MS medium.

Ellialtioglu et al. [76] cultured the anthers of Tombak, Malkara and Mabel 
eggplant cultivars on DDV-C medium. Maltose and sucrose were used as the 
carbon source, and different concentrations of kinetin and 2,4-D or NAA and BAP 
combinations were tested as PGRs. The ratio of haploid embryo formation ranging 
between 0 and 59.6% differed according to the ‘cultivar × carbon source × PGR 
applications’ basis. The highest haploid embryo formation frequency occurred in 
Mabel cultivar, cultured in C medium with 120 g L−1 sucrose and 5 mg L−1 2,4-D 
and 5 mg L−1 kinetin.

Geboloğlu et al. [45] compared the effects of different types of carbohydrate 
sources and PGR concentrations on anthers cultured in DDV-C medium supple-
mented with 0.03 mg L−1 vitamin B12. Different combinations and concentrations 
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acetocarmine methods. Four eggplant genotypes (Baluroi F1, Prelane F1, Pala 
and Kemer) were used in this study where anthers of the suitable bud groups are 
cultured on equal conditions and pre-treated at 35°C for 8 days in dark conditions. 
While all anthers in the first, second, third, seventh and eight groups among the 
anther groups turned to dark color and did not show any development, the anthers 
in groups 5 and 6 were found to be in the correct stage for anther culture. The mor-
phological appearance of buds in these stages was as follows: The sepals and petals 
were equal for the fifth group, while the sepals were slightly opened, and the petals 
were extended for 1–2 mm for the sixth group [35]. The appropriate microspore 
stages in these groups were determined as the uninucleate microspores before the 
first pollen mitosis or binucleated microspores at the beginning of cytokinesis.

In addition to these indicators in eggplant, anther color can also be a determin-
ing feature for the buds in the appropriate stage. Considering the fact that bud 
selection based on only bud morphologies may be inaccurate with the aging of the 
plants, it is also recommended to look at the color of the anthers. It is stated that the 
color of the anthers at the right stage for eggplant anther culture is greenish yellow, 
while yellow and dark yellow anthers are in late stage, and yellowish green anthers 
are in the early stage [43]. These criteria and phenotypic markers determined by 
Karakullukçu [19] constitute the basis for the bud selection phase of all androgen-
esis studies made in eggplant in Turkey.

In Şeker’s study [70], in which DAPI staining technique was used to determine 
the appropriate microspore stage, DAPI stain and phosphate-buffered saline (PBS) 
buffer solutions were prepared, and PBS buffer solution was autoclaved. Anthers 
of each of different sized buds were crushed with PBS buffer in the petri dish. 
After the second addition of PBS buffer together with DAPI stain onto the crushed 
anthers, they were incubated in dark conditions for 5 min. Then, 1–2 drops of 
incubated microspores were placed on a slide and monitored under a fluorescent 
microscope. As the result of the study, the most appropriate microspore stage for 
anther culture was determined to be the late uninucleate microspore development 
stage. Bud morphology of this stage was confirmed as that the calyx and the corolla 
in the flower buds should be in the same length, or the corolla may be a little longer.

4.4 The nutrient media and additives

In the culture media prepared for androgenesis studies, several components 
in different proportions are added to induce microspores to divide and form 
embryos. These components cover macro- and microelements, vitamins, amino 
acids, carbohydrates as the energy source, PGRs, solidifying agents and sub-
stances called unidentified substances such as activated carbon, coconut milk, 
etc. In addition, other factors like how to prepare the nutrient medium (solid, 
biphasic or liquid) and the pH of the medium should be handled with care. In the 
eggplant androgenesis studies in Turkey, C and R media of Dumas de Valux et al. 
[22] were used as the basal nutrient media in all anther cultures. Differently, 
Özzambak and Atasayar [71] used MS [72] and NN [73] media, while Alpsoy 
[38] and Doksöz [20] investigated the effect of MS medium as well as DDV-C and 
DDV-R media. In the microspore culture studies [32, 34, 47], NLN [74] medium 
was used.

It is mandatory to use PGRs to convert gametophytic development to sporo-
phytic development in eggplant microspore embryogenesis. For this purpose, 
initially an auxin (such as 2,4-D, NAA, IAA, IBA, etc.) is needed, while the cyto-
kinin (such as kinetin, BAP, zeatin, etc.)-type PGR is required in the regeneration 
phase. In eggplant androgenesis studies, sucrose was generally preferred as the 
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carbon source, whereas maltose and glucose were used in some studies. In the initial 
stage of culture, adding of sucrose at 12% encourages the formation of embryos and 
haploid plantlets in eggplant [17, 19].

In the first eggplant anther culture study in Turkey, Karakullukçu [19] examined 
the effects of sucrose and glucose, different types and concentrations of PGRs and 
activated charcoal in different ratios on 13 genotypes. Among the different medium 
trials, the nutrient medium consisting of 120 g L−1 sucrose, 5 mg L−1 2–4 D and 
5 mg L−1 kinetin was determined as the most successful as in the original DDV 
medium. In this, embryos were obtained at a rate of 12.1% from Balouri F1, 3.8% 
from Halep Karası and 1.5% from Kemer. No positive response was received from 
trials with activated charcoal. In this study [19] a total of 22 embryos and 13 haploid 
plants were achieved from all genotypes.

Özzambak and Atasayar [71] investigated the effects of BAP (0.1, 4, 8, 10, 
15 mg L−1), kinetin (1, 2, 4 mg L−1), 2,4-D (2 mg L−1) and NAA (0.1 and 2 mg L−1) 
added to the MS and NN basic nutrient media on callus formation in an anther 
culture study. The highest callus ratio (8%) was obtained from the medium consist-
ing of NN + NAA 2 mg L−1 + kinetin 1 mg L−1 + 40 g L−1 sucrose.

Alpsoy [38] tested different combinations of NAA (0.3, 1, 2, 4 mg L−1), BA (0.7, 
1, 3 mg L−1), kinetin (0.1, 1, 5 mg L−1) and 2,4-D (5 mg L−1) as PGR in his anther 
culture study in which MS and DDV-C were used as the basic nutrient medium. As 
the result, DDV-C medium with 5 mg L−1 2,4-D and 5 mg L−1 kinetin was found to 
be the most successful medium for haploid plant production as in Karakullukçu’s 
study [19], which was followed by MS medium with 4 mg L−1 NAA and 1 mg L−1 
kinetin.

Ellialtioglu et al. [75] used a total of 36 eggplant genotypes consisting of local 
accessions and commercial F1 hybrid cultivars in an anther culture to increase hap-
loid plant yield to be used as parents in the hybrid breeding. The protocol developed 
by Dumas de Vaulx and Chambonnet [17] was implemented in this study which is 
carried out in the Serene Laboratories of Dikmen Agriculture Co. According to the 
DDV protocol. The anthers containing uninucleate microspores were first cultured 
in C medium and kept in darkness at +35°C for 8 days and in photoperiod at +25°C 
for 4 days and then transferred to R medium. Haploid embryos were seen after 
30–50 days and transferred to MS medium. The haploid embryo formation rates 
ranged from 0 to 45% depending on the genotypes. There was no embryo develop-
ment in the genotypes with foreign origin, whereas more or fewer haploid embryos 
were formed in local genotypes.

In the anther culture study of Doksöz [20], MS and DDV-C media with vitamin 
B12 (0.03 mg L−1) were compared. 2,4-D (0.01 mg L−1) + kinetin (0.01 mg L−1) 
was used in the DDV-C medium, while only kinetin (0.1 mg L−1) was added in the 
DDV-R medium. In the result, DDV-C medium was found to be more successful in 
terms of embryo yield than MS medium.

Ellialtioglu et al. [76] cultured the anthers of Tombak, Malkara and Mabel 
eggplant cultivars on DDV-C medium. Maltose and sucrose were used as the 
carbon source, and different concentrations of kinetin and 2,4-D or NAA and BAP 
combinations were tested as PGRs. The ratio of haploid embryo formation ranging 
between 0 and 59.6% differed according to the ‘cultivar × carbon source × PGR 
applications’ basis. The highest haploid embryo formation frequency occurred in 
Mabel cultivar, cultured in C medium with 120 g L−1 sucrose and 5 mg L−1 2,4-D 
and 5 mg L−1 kinetin.

Geboloğlu et al. [45] compared the effects of different types of carbohydrate 
sources and PGR concentrations on anthers cultured in DDV-C medium supple-
mented with 0.03 mg L−1 vitamin B12. Different combinations and concentrations 
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of sucrose (30, 60, 90, 120 and 150 g L−1), honey (30, 60, 90, 120 and 150 g L−1), 
kinetin and 2,4-D (1, 3 and 5 mg L−1) were tested. Then, anthers were transferred to 
DDV-R medium supplemented with 30 g L−1 sucrose and 0.1 mg L−1 kinetin and sub-
cultured at the fourth week. The highest embryo yield was obtained from the appli-
cation of 120 g L−1 sucrose +1 mg L−1 kinetin +3 mg L−1 2,4-D in Yamula genotype 
(10.7 embryos/10 anthers). In this study, the effect of ‘honey’ was investigated for 
the first time in eggplant androgenesis in the world. Although the results obtained 
from the honey are lower than the sucrose applications, it has been reported that the 
honey concentrations can be optimized and the protocol can be improved.

In the studies of Ellialtioglu et al. [77] in which anthers of 12 eggplant geno-
types are cultured in different laboratories in Ankara, Antalya and Tokat, the 
anthers with uninucleate microspores, determined by DAPI, are placed on DDV-C 
medium supplemented with different PGR concentrations. The cultures were first 
subjected to the heat shock at 35°C in dark conditions for 8 days and then moved to 
photoperiod conditions at 25°C for 4 days. At the end of fourth day, cultures were 
transferred to DDV-R medium. In the result, the highest embryo formation (38.4%) 
was determined in the anthers of Anamur F1 cultured in DDV-C medium contain-
ing 120 g L−1 sucrose, 1 mg L−1 2,4-D and 1 mg L−1 kinetin. Also, an interaction was 
found between the most suitable hormone combinations in compliance with the 
genotypes.

Vural [46] compared the effect of several culture media modified from DDV-C 
and DDV-R medium with the addition of certain carbohydrate sources and uniden-
tified substances.

As to the media used in the microspore cultures conducted in Turkey, Bal 
et al. [32] who made the first study modified a protocol used for tobacco micro-
spore culture and tested this protocol on Bambino eggplant cultivar. According 
to the modified protocol, microspores were pre-cultured in the B medium and 
then transferred to the AT3 medium containing 0.25 M maltose. No embryo was 
formed, but symmetrical nucleus divisions and multinucleated structures were 
detected in the study.

In the ovary co-cultured microspore culture study of Özdemir [34], the effects 
of different concentrations of 2,4-D, kinetin, NAA and BAP in NLN medium 
were investigated on microspores of three different genotypes (Phaselis, Amadeo 
and Aydın Siyahı) cultured together with wheat ovaries. As for the pretreatment, 
eggplant anthers were incubated in 0.3 M mannitol solution under dark conditions 
at +35°C for 8 days, and then microspores were isolated from the anthers at the 
end of the eighth day and cultured in NLN medium supplemented with 5 mg L−1 
2,4-D + 5 mg L−1 kinetin or 5 mg L−1 NAA + 5 mg L−1 BAP for embryogenic stimula-
tion. After that, microspores were co-cultured with wheat ovaries in NLN medium 
containing 0.5 mg L−1 2,4-D + 0.5 mg L−1 kinetin or 0.5 mg L−1 NAA + 0.5 mg L−1 
BAP. In the study, a combination of kinetin and 2,4-D was observed to be more 
effective in inducing eggplant androgenesis. Multinucleated structures were 
obtained only in the medium containing 0.5 mg L−1 2,4-D + 0.5 mg L−1 kinetin + 
ovary, while no embryo and plant were formed.

4.5 Pretreatment shocks applied to cultures

In order to encourage embryo formation in androgenesis studies, the buds 
prior to culturing or the anthers or microspores after their transfer to the nutrient 
medium are subjected to different pre-temperature shocks. In addition to the com-
monly used temperature shocks, keeping under dark–light conditions at different 
times, using different rates of different PGRs, starvation applications, high osmotic 
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pressure, centrifugation, ethanol treatment, low atmospheric pressure, the use of 
radiation sources such as UV and Co60 and the use of various chemicals are among 
the other applications. The most common shock application used in eggplant 
androgenesis is the incubation of cultured anthers in high temperatures (35°C) in 
the first days.

Dumas de Valux et al. [22] who observed the positive effects of 35°C tempera-
ture applied in the first days of pepper anther cultures established a similar experi-
ment in eggplant according to their previous results. The anthers cultivated at 35°C 
in dark conditions for the first 8 days of culture gave higher success rate than the 
control anthers cultivated at 25°C [17].

In the first eggplant anther culture study in Turkey, after the application of 12, 
24 or 48 h of cold shock at 4°C to the buds, the dissected anthers were transferred 
to the culture medium and subjected to heat shock at 35°C for 8 days [19]. All of the 
cold-pretreated anthers turned to black and could not further develop. In another 
experiment, the anthers were exposed to different heat shock applications at 25, 30 
and 35°C for 4 and 8 days after culture in DDV-C medium, and then they were kept 
in the climate room with 16-h light/8-h dark photoperiod regime at 25°C for 12 days 
without cold application to the buds. After 12 days, the cultures were transferred 
to DDV-R medium. In the trials, there were regular increases in the rate of embryo-
genesis with the increase in temperature. Based on these results, it was reported that 
cold pretreatment was not suitable for eggplant anther cultures, and the application 
of 35°C in 8 days under dark conditions was more successful to encourage embryo-
genic development than other applications.

Alpsoy [38] could not obtain any embryos from the anthers cultivated without 
shock pretreatment, during 1994–1995. In the experiments in 1996–1998, he 
achieved embryo and haploid plant formation from anthers pretreated at 35°C in 
dark for 8 days and reported that high-temperature application to anther cultures in 
dark had a direct effect on the success of androgenesis.

Ellialtioglu and Tıpırdamaz [37] applied cold shock to the flower buds of Kemer 
cultivar at 4°C for 80 h or 9°C for 5 days, besides the control group to which any 
shock was not applied. In addition, they investigated the effects of activated char-
coal, added to the nutrient medium, on the amount of internal abscisic acid (ABA), 
in the anthers. Cold shocks and activated charcoal decreased the amount of ABA 
in eggplant anthers but did not have a positive effect on embryo formation. The 
formation of the embryos was provided by only the pre-treatments of anthers with 
heat shock at 35°C in dark conditions for 8 days and the control group (7.75%).

In anther culture studies of Doksöz [20], 24 h of cold shock at 4°C were applied 
to the flower buds as pre-shock application. The post-culture incubation of the 
anthers was carried out at 9 or 35°C for 8 days in the dark. As in the previous study 
[37], the anthers coming from control group buds that were not pretreated were 
found to be more successful. Generally, no result was obtained from the anthers 
subjected to 9°C for 8 days in the dark. However, the embryo and regenerated plant 
yield of the anthers pre-shocked at 35°C in dark conditions for 8 days has the high-
est value consisting of 161 embryos and 88 plants.

In microspore culture study of Bal et al. [32], the isolated microspores of 
Bambino cultivar were first subjected to 4, 25 or 33°C for 2 days in R medium, then 
transferred to the AT3 medium and cultured at 25°C in the dark. No embryo was 
formed, but the symmetrical divisions and the formation of multinucleated struc-
tures (19.4%) were observed only in the microspores pretreated at 32°C for 2 days. 
As the result, it was stated that the modified tobacco protocol was effective and the 
high-temperature shock as the pre-treatment had an inducing effect for eggplant 
microspore embryogenesis.
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of sucrose (30, 60, 90, 120 and 150 g L−1), honey (30, 60, 90, 120 and 150 g L−1), 
kinetin and 2,4-D (1, 3 and 5 mg L−1) were tested. Then, anthers were transferred to 
DDV-R medium supplemented with 30 g L−1 sucrose and 0.1 mg L−1 kinetin and sub-
cultured at the fourth week. The highest embryo yield was obtained from the appli-
cation of 120 g L−1 sucrose +1 mg L−1 kinetin +3 mg L−1 2,4-D in Yamula genotype 
(10.7 embryos/10 anthers). In this study, the effect of ‘honey’ was investigated for 
the first time in eggplant androgenesis in the world. Although the results obtained 
from the honey are lower than the sucrose applications, it has been reported that the 
honey concentrations can be optimized and the protocol can be improved.

In the studies of Ellialtioglu et al. [77] in which anthers of 12 eggplant geno-
types are cultured in different laboratories in Ankara, Antalya and Tokat, the 
anthers with uninucleate microspores, determined by DAPI, are placed on DDV-C 
medium supplemented with different PGR concentrations. The cultures were first 
subjected to the heat shock at 35°C in dark conditions for 8 days and then moved to 
photoperiod conditions at 25°C for 4 days. At the end of fourth day, cultures were 
transferred to DDV-R medium. In the result, the highest embryo formation (38.4%) 
was determined in the anthers of Anamur F1 cultured in DDV-C medium contain-
ing 120 g L−1 sucrose, 1 mg L−1 2,4-D and 1 mg L−1 kinetin. Also, an interaction was 
found between the most suitable hormone combinations in compliance with the 
genotypes.

Vural [46] compared the effect of several culture media modified from DDV-C 
and DDV-R medium with the addition of certain carbohydrate sources and uniden-
tified substances.

As to the media used in the microspore cultures conducted in Turkey, Bal 
et al. [32] who made the first study modified a protocol used for tobacco micro-
spore culture and tested this protocol on Bambino eggplant cultivar. According 
to the modified protocol, microspores were pre-cultured in the B medium and 
then transferred to the AT3 medium containing 0.25 M maltose. No embryo was 
formed, but symmetrical nucleus divisions and multinucleated structures were 
detected in the study.

In the ovary co-cultured microspore culture study of Özdemir [34], the effects 
of different concentrations of 2,4-D, kinetin, NAA and BAP in NLN medium 
were investigated on microspores of three different genotypes (Phaselis, Amadeo 
and Aydın Siyahı) cultured together with wheat ovaries. As for the pretreatment, 
eggplant anthers were incubated in 0.3 M mannitol solution under dark conditions 
at +35°C for 8 days, and then microspores were isolated from the anthers at the 
end of the eighth day and cultured in NLN medium supplemented with 5 mg L−1 
2,4-D + 5 mg L−1 kinetin or 5 mg L−1 NAA + 5 mg L−1 BAP for embryogenic stimula-
tion. After that, microspores were co-cultured with wheat ovaries in NLN medium 
containing 0.5 mg L−1 2,4-D + 0.5 mg L−1 kinetin or 0.5 mg L−1 NAA + 0.5 mg L−1 
BAP. In the study, a combination of kinetin and 2,4-D was observed to be more 
effective in inducing eggplant androgenesis. Multinucleated structures were 
obtained only in the medium containing 0.5 mg L−1 2,4-D + 0.5 mg L−1 kinetin + 
ovary, while no embryo and plant were formed.

4.5 Pretreatment shocks applied to cultures

In order to encourage embryo formation in androgenesis studies, the buds 
prior to culturing or the anthers or microspores after their transfer to the nutrient 
medium are subjected to different pre-temperature shocks. In addition to the com-
monly used temperature shocks, keeping under dark–light conditions at different 
times, using different rates of different PGRs, starvation applications, high osmotic 
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pressure, centrifugation, ethanol treatment, low atmospheric pressure, the use of 
radiation sources such as UV and Co60 and the use of various chemicals are among 
the other applications. The most common shock application used in eggplant 
androgenesis is the incubation of cultured anthers in high temperatures (35°C) in 
the first days.

Dumas de Valux et al. [22] who observed the positive effects of 35°C tempera-
ture applied in the first days of pepper anther cultures established a similar experi-
ment in eggplant according to their previous results. The anthers cultivated at 35°C 
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According to the studies conducted in Turkey and the world, the cold shocks 
applied to the eggplant buds taken at the appropriate stage did not generally 
resulted in positive response for microspore embryogenesis. On the contrary, it is 
generally accepted that high-temperature shocks such as 35°C for 8 days at dark 
conditions have positive effects on induction of microspore embryogenesis and 
regeneration.

4.6 Culture conditions

Ellialtioglu et al. [77], of which details were mentioned above previously, 
compared the growth performance of haploid embryos cultured under fluorescent 
lamps or LED lighting conditions. The ratio of haploid embryo formation ranging 
between 0 and 38.4% was reported to differ under the interaction of ‘cultivar × light 
source × PGR application’.

After the anthers or microspores are isolated and cultured in a nutrient medium 
and a heat shock treatment is applied, the culture conditions based on climate data 
of the growth environment greatly affect the androgenesis success. The tempera-
ture and light to be two important variables of environmental conditions should 
be optimized. In in vitro conditions, light intensity can be used between 300 and 
10,000 lux depending on the plant species, explant type, nutrient medium [78] 
and culture stage. It is recommended that light intensity should be low for anther 
cultures or even in the dark during the early days of culture. Thus, anthers are usu-
ally cultivated in the dark during the first period of culture, and then the 300–1,500 
lux light intensity is applied to the cultures for embryo development. The embryos 
are germinated at 2,000–3,000 lux [12].

As a result of the large number of studies made in both the world and Turkey, 
the climatic conditions preferred for eggplant anther cultures are:

• Firstly, to exposure the cultures in DDV-C medium to a heat shock pretreat-
ment consisting of 35°C in the dark for 8 days temperature shock

• As additional pretreatment, to keep the cultures in the same nutrient medium 
for 4 more days but under photoperiod conditions consisting of 16/8 h of light/
darkness at 25°C

• At the end of 12 (8 + 4) days, to transfer the cultures to DDV-R medium and 
culture them under photoperiod conditions consisting of 16/8 h of light/dark-
ness at 25°C

5. Ploidy detection and chromosome doubling

The use of haploid plants, which are very valuable for breeding, depends on 
chromosome doubling of these plants, thus bringing their chromosome number to 
the number before haploidization and making them 100% homozygous. Following 
haploidization procedures, chromosomal set numbers of the regenerated plants are 
determined by using different ploidy analysis techniques. Although various meth-
ods have been used to determine the ploidy in eggplant, flow cytometry analysis is 
becoming more widespread, since it is more practical and faster.

For chromosome doubling, haploid plants are exposed especially to colchicine 
or oryzalin, trifluralin and other chemicals with antimitotic effect in either in vitro 
or in vivo conditions. It has been reported that the lanolin treatment with 0.5% 
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colchicine for 48 h in darkness to the buds starting from the secondary axillary buds 
in in vivo conditions resulted in 50–70% doubling [21].

In Turkey, Ellialtioglu et al. [40] compared in vitro and in vivo colchicine treat-
ments. In in vitro treatment, micro shoots were incubated in the colchicine solution 
containing 0.5 or 1%, for 1 or 2 h. In in vivo treatment, the acclimatized haploid 
plants transferred to greenhouse were pruned, and then the cotton pieces absorbed 
with same concentrated colchicine (0.5 or 1%) were placed in their axillary buds 
for 1 or 2 h. One hundred percent chromosome doubling and dihaploid shoots 
can be achieved in in vivo by using both 0.5% colchicine treatment for 2 h and 1% 
colchicine for 1 h from the well-grown haploid plants, of which leaves were pruned 
after the development of four to five nodes. However, this way takes longer time 
than in vitro method. Each of the waiting steps in in vivo method consisting of the 
plant growth in greenhouse, shooting of the buds, formation of the first flower and 
finally selfing requires some time. In addition, all the procedures may need to be 
repeated if the doubling did not happen. The in vitro method has been identified 
as a way that can be an alternative to in vivo and may even be seen as advantageous 
for saving time. Although there have been a few losses in in vitro method during the 
applications and acclimatization, these losses will remain unimportant when work-
ing with a large number of materials. It has been shown by Ellialtioglu et al. [40] 
that especially the application of 0.5% colchicine for 2 h in in vitro can be used for 
dihaploidization of haploid shoots in the eggplant. The most important advantage 
of this method is that the regenerated plants developed from this application thrive 
as the complete diploid plants, which offers earlier flowering and thus the possibil-
ity of earlier selfing.

In the study conducted by Özdemir Çelik [47], the in vitro method described by 
Ellialtioglu et al. [40] was used to double the chromosome numbers of haploid plants 
obtained from anther culture, and chromosome doubling was successfully performed.

6. Microspore embryogenesis efficiency

Among the eggplant androgenesis studies conducted in Turkey so far, anther 
culture technique has been used predominantly, and feasible androgenetic results 
are generally derived from these cultures. The highest microspore embryogenesis 
rate in all the anther culture studies conducted in Turkey was recorded as 320 
embryos/100 anthers from A117 F1 [46] cultivar. This was followed by 59.6% from 
Mabel cultivar [76], 38.4% from Anamur F1 [77] and 36.4% [56] from open pol-
linated cultivar Aydın Siyahı.

As for the efficiency of microspore embryogenesis in eggplant androgenesis 
studies in the world, as far as we know, the highest embryogenesis rates obtained 
from anther culture studies were 237.5% (237.5 embryos/100 anthers) from DH36 
line developed from Bandera F1, 146.5% from Bandera F1, the parent of DH36 line 
[79], 60% from Ecavi F1 [33] and 53% from Cristal F1 [80].

In the studies of isolated microspore culture, the first remarkable improve-
ment was achieved by Corral-Martinez et al. [27]. After the refinement studies, 
the highest success was reported by Rivas-Sendra et al. [81] from the first gen-
eration of DH population lines (DHS1 lines) developed from Bandera F1. The 
callus yields were obtained to be 65.08 callus mL−1, 76.86 callus mL−1, 92 callus 
mL−1, 149.11 callus mL−1 and 267.36 callus mL−1 from Bandera F1 (control) and 
DH15, DH41, DH40 and DH36 lines, respectively. According to the literature, in 
order to obtain DH eggplant plants via isolated microspore culture nowadays, 
it is attempted to get callogenesis at first and then to develop regenerated plants 



Sustainable Crop Production

78

According to the studies conducted in Turkey and the world, the cold shocks 
applied to the eggplant buds taken at the appropriate stage did not generally 
resulted in positive response for microspore embryogenesis. On the contrary, it is 
generally accepted that high-temperature shocks such as 35°C for 8 days at dark 
conditions have positive effects on induction of microspore embryogenesis and 
regeneration.

4.6 Culture conditions

Ellialtioglu et al. [77], of which details were mentioned above previously, 
compared the growth performance of haploid embryos cultured under fluorescent 
lamps or LED lighting conditions. The ratio of haploid embryo formation ranging 
between 0 and 38.4% was reported to differ under the interaction of ‘cultivar × light 
source × PGR application’.

After the anthers or microspores are isolated and cultured in a nutrient medium 
and a heat shock treatment is applied, the culture conditions based on climate data 
of the growth environment greatly affect the androgenesis success. The tempera-
ture and light to be two important variables of environmental conditions should 
be optimized. In in vitro conditions, light intensity can be used between 300 and 
10,000 lux depending on the plant species, explant type, nutrient medium [78] 
and culture stage. It is recommended that light intensity should be low for anther 
cultures or even in the dark during the early days of culture. Thus, anthers are usu-
ally cultivated in the dark during the first period of culture, and then the 300–1,500 
lux light intensity is applied to the cultures for embryo development. The embryos 
are germinated at 2,000–3,000 lux [12].

As a result of the large number of studies made in both the world and Turkey, 
the climatic conditions preferred for eggplant anther cultures are:

• Firstly, to exposure the cultures in DDV-C medium to a heat shock pretreat-
ment consisting of 35°C in the dark for 8 days temperature shock

• As additional pretreatment, to keep the cultures in the same nutrient medium 
for 4 more days but under photoperiod conditions consisting of 16/8 h of light/
darkness at 25°C

• At the end of 12 (8 + 4) days, to transfer the cultures to DDV-R medium and 
culture them under photoperiod conditions consisting of 16/8 h of light/dark-
ness at 25°C

5. Ploidy detection and chromosome doubling

The use of haploid plants, which are very valuable for breeding, depends on 
chromosome doubling of these plants, thus bringing their chromosome number to 
the number before haploidization and making them 100% homozygous. Following 
haploidization procedures, chromosomal set numbers of the regenerated plants are 
determined by using different ploidy analysis techniques. Although various meth-
ods have been used to determine the ploidy in eggplant, flow cytometry analysis is 
becoming more widespread, since it is more practical and faster.

For chromosome doubling, haploid plants are exposed especially to colchicine 
or oryzalin, trifluralin and other chemicals with antimitotic effect in either in vitro 
or in vivo conditions. It has been reported that the lanolin treatment with 0.5% 

79

Development of Androgenesis Studies on Eggplant (Solanum melongena L.) in Turkey…
DOI: http://dx.doi.org/10.5772/intechopen.88299

colchicine for 48 h in darkness to the buds starting from the secondary axillary buds 
in in vivo conditions resulted in 50–70% doubling [21].

In Turkey, Ellialtioglu et al. [40] compared in vitro and in vivo colchicine treat-
ments. In in vitro treatment, micro shoots were incubated in the colchicine solution 
containing 0.5 or 1%, for 1 or 2 h. In in vivo treatment, the acclimatized haploid 
plants transferred to greenhouse were pruned, and then the cotton pieces absorbed 
with same concentrated colchicine (0.5 or 1%) were placed in their axillary buds 
for 1 or 2 h. One hundred percent chromosome doubling and dihaploid shoots 
can be achieved in in vivo by using both 0.5% colchicine treatment for 2 h and 1% 
colchicine for 1 h from the well-grown haploid plants, of which leaves were pruned 
after the development of four to five nodes. However, this way takes longer time 
than in vitro method. Each of the waiting steps in in vivo method consisting of the 
plant growth in greenhouse, shooting of the buds, formation of the first flower and 
finally selfing requires some time. In addition, all the procedures may need to be 
repeated if the doubling did not happen. The in vitro method has been identified 
as a way that can be an alternative to in vivo and may even be seen as advantageous 
for saving time. Although there have been a few losses in in vitro method during the 
applications and acclimatization, these losses will remain unimportant when work-
ing with a large number of materials. It has been shown by Ellialtioglu et al. [40] 
that especially the application of 0.5% colchicine for 2 h in in vitro can be used for 
dihaploidization of haploid shoots in the eggplant. The most important advantage 
of this method is that the regenerated plants developed from this application thrive 
as the complete diploid plants, which offers earlier flowering and thus the possibil-
ity of earlier selfing.

In the study conducted by Özdemir Çelik [47], the in vitro method described by 
Ellialtioglu et al. [40] was used to double the chromosome numbers of haploid plants 
obtained from anther culture, and chromosome doubling was successfully performed.

6. Microspore embryogenesis efficiency

Among the eggplant androgenesis studies conducted in Turkey so far, anther 
culture technique has been used predominantly, and feasible androgenetic results 
are generally derived from these cultures. The highest microspore embryogenesis 
rate in all the anther culture studies conducted in Turkey was recorded as 320 
embryos/100 anthers from A117 F1 [46] cultivar. This was followed by 59.6% from 
Mabel cultivar [76], 38.4% from Anamur F1 [77] and 36.4% [56] from open pol-
linated cultivar Aydın Siyahı.

As for the efficiency of microspore embryogenesis in eggplant androgenesis 
studies in the world, as far as we know, the highest embryogenesis rates obtained 
from anther culture studies were 237.5% (237.5 embryos/100 anthers) from DH36 
line developed from Bandera F1, 146.5% from Bandera F1, the parent of DH36 line 
[79], 60% from Ecavi F1 [33] and 53% from Cristal F1 [80].

In the studies of isolated microspore culture, the first remarkable improve-
ment was achieved by Corral-Martinez et al. [27]. After the refinement studies, 
the highest success was reported by Rivas-Sendra et al. [81] from the first gen-
eration of DH population lines (DHS1 lines) developed from Bandera F1. The 
callus yields were obtained to be 65.08 callus mL−1, 76.86 callus mL−1, 92 callus 
mL−1, 149.11 callus mL−1 and 267.36 callus mL−1 from Bandera F1 (control) and 
DH15, DH41, DH40 and DH36 lines, respectively. According to the literature, in 
order to obtain DH eggplant plants via isolated microspore culture nowadays, 
it is attempted to get callogenesis at first and then to develop regenerated plants 



Sustainable Crop Production

80

through organogenesis [47, 81]. However, an efficient direct embryogenesis 
protocol have not yet been developed in the isolated microspore culture studies in 
eggplant so far.

7. Overview of an efficient anther culture protocol used in eggplant

The stages of an eggplant anther culture protocol (applied in TUBITAK TEYDEB 
Project No. 68989 conducted by Antalya Tarim Co. R&D Center) which can be used 
effectively and practically in breeding studies were briefly summarized in Figures 1–9.

Figure 2. 
Suitable bud morphology for eggplant anther culture.

Figure 1. 
Donor plant growing under biotic and abiotic stress-free conditions.
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Figure 3. 
Culture of anthers under aseptic conditions after appropriate surface sterilization treatment and nutrient 
medium preparation.

Figure 4. 
Pretreatments (temperature applications) and incubation of cultures.
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Figure 5. 
Direct androgenesis and haploid embryo formation.

Figure 6. 
In vitro regeneration and development of haploid plantlets.
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Figure 7. 
Acclimatization of in vitro regenerated plantlets.

Figure 8. 
Plants obtained from anther culture at the different ploidy levels. Application of chromosome doubling in the 
greenhouse.
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Acclimatization of in vitro regenerated plantlets.

Figure 8. 
Plants obtained from anther culture at the different ploidy levels. Application of chromosome doubling in the 
greenhouse.



Sustainable Crop Production

84

8. Conclusion and recommendations

Each of the androgenesis methods including anther, shed-microspore and iso-
lated microspore culture has advantages or disadvantages from each other. Among 
the eggplant androgenesis studies in the world, there are applicable protocols for 
anther culture, the most commonly used method, while the use of shed-microspore 
culture is not widespread and has not been given enough attention. As for the 
isolated microspore culture, the studies on indirect microspore embryogenesis have 
been tried to develop for a long time, and successful protocols have been improved 
in recent years. However, a practical direct embryogenesis protocol in isolated 
microspore culture is still missing.

When the recent eggplant androgenesis studies were evaluated, in the 
 latest anther culture study, Vural informed the highest embryo yield to be 320 
embryos/100 anthers [46]. Another striking improvement was performed by a 
Spanish research group who recently made major advances in eggplant microspore 
culture, that the microspore embryogenesis response is generally caused by geno-
type rather than by the culture protocol. This group has developed a superior DH 
eggplant line with very high androgenic response from a DH population improved 
from a hybrid cultivar with high androgenic response and their inbred lines. The 
haploidy performance of this superior line has folded the performance of its hybrid 
parent 1.6 times in anther culture and 4.1 times in microspore culture. These impor-
tant improvements have shown the significance of population development and the 
use of DH lines to obtain haploid plant in eggplant, which is still considered to be 
recalcitrant between tomato and tobacco in Solanaceae [82].

It has long been known that hybrids and DH lines exhibit higher haploid per-
formance than their parents. Therefore, at the beginning of the recommendations 
to increase the efficacy of microspore embryogenesis in eggplant, the development 
of populations, carrying the genes responsible from high androgenic performance, 

Figure 9. 
Colchicine treatment with lanolin. Fruits on the DH branches.
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comes first by means of the crosses between the high androgenic hybrids, genotypes 
and in particular DH lines and non-androgenic elite genotypes. Other suggestions 
are to focus more on the isolated microspore culture technique which has a much 
higher embryo or callus yield potential than the anther culture and to improve 
more practical protocols in particular for direct embryogenesis. Therefore, it may 
be dwelt on the development of shed-microspore culture protocols since it has an 
application between anther culture and isolated microspore culture. However, 
shed-microspore culture is more practical than isolated microspore culture and has 
the potential for higher embryo yield than anther culture. In addition, the culture 
media and also the culture conditions can be optimized to increase embryo yield, 
embryo quality and plant regeneration rate in eggplant androgenesis by different 
chemical, biochemical, PGR or especially phytohormones that were tested and 
proved in other plant species.

Finally, it is considered beneficial to increase in vitro androgenesis studies also in 
wild Solanum species to develop rootstock.

Icons and abbreviations

Icons
% percent
°C degrees Celsius
Co60 cobalt 60
CO2 carbon dioxide
g L−1 gram/liter
M molar
mg L−1 milligrams/liter
L liter
UV ultraviolet

Abbreviations

ABA abscisic acid
AT3 medium consisted of 13 mM KNO3, 8.6 mM (NH4)2 SO4, 2.9 mM KH2 PO4, 

1.1 mM CaCl2 .2H2O, 0.7 mM MgSO4 .7H2O, 10 mM MES buffer, 
8.6 mM glutamine, 0.25 M maltose and Fe-EDTA, vitamins and 
microelements according to Murashige and Skoog [72]

AgNO3 silver nitrate
AVG aminoethoxy-vinylglycine
BA N6-benzyladenine
BAP 6-benzylaminopurine
B medium Kyo and Harada (1986) nutrient medium (consisted of KCl, 

1.49 g L−1; MgSO4.7H2O, 0.25 g L−1; CaCl2, 0.11 g L−1 and Mannitol 
(0.3 M) 54.63 g L−1 and 1 mM phosphate buffer of pH 7) [83]

DAPI 4′-6-diamidino-2-phenylindole
DDV-C Dumas de Vaulx—C medium [17]
DDV-R Dumas de Vaulx—R medium [17]
DH doubled haploid
IAA indole-3-acetic acid
IBA indole-3-butyric acid
LED light-emitting diode
NAA α-naphthalene acetic acid
MS Murashige and Skoog [72] nutrient medium
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Chapter 6

SSR Markers in the Genus Pistacia
Salih Kafkas

Abstract

Simple sequence repeats (SSRs) are one of the most powerful molecular marker 
systems due to abundance in the genomes, its codominant nature, and high repeat-
ability. P. vera L. is cultivated species in the genus Pistacia due to commercial value 
of its edible nuts. Other species in the genus are in the wild and are important espe-
cially for rootstock sources as well as for ornamental and forest trees. There were 
a very limited number of SSR markers for Pistacia species until several years ago; 
however, next-generation sequencing (NGS) technology has allowed to develop 
plenty of SSRs since 2016 in the genus. There are currently about 1500 published 
SSR markers developed from cultivated P. vera. There are also several studies 
generating SSR loci from wild Pistacia species. In a conclusion, there are currently 
an adequate number of SSR markers for cultivated pistachio and that can be used in 
wild Pistacia species due to their high level of transferability rate between Pistacia 
species. These SSRs can be used for assaying diversity in natural populations, 
marker discovery, germplasm characterization, parental identification, genetic 
linkage mapping, and evolutionary studies in the genus Pistacia.

Keywords: Pistacia, SSR, microsatellite, pistachio, repeats

1. Introduction

Pistacia is a genus in the Anacardiaceae family which also contains cashew, 
mango, poison ivy, poison oak, pepper tree, and sumac plants [1]. The genus is 
estimated to be about 80 million years old [2]. It contains at least 11 species, and 
P. vera L. (pistachio) is the only cultivated one for its edible nuts [3]. In addition, 
its nuts are considerably larger than all the other species in the genus. The other 
species grow in the wild, and several of them have been used for many years as 
rootstock seed sources for P. vera. Furthermore, most of them have also been used as 
forest trees [4]. According to the Food and Agriculture Organization of the United 
Nations, the world production of pistachios in 2017 was 1,115,066 MT, ranking 
fifth in world tree nut production behind cashews (Anacardium occidentale L.), 
walnuts (Juglans regia L.), chestnuts (Castanea spp.), and almonds [Prunus dulcis 
(Mill.) D.A. Webb], and currently, Iran, the United States, and Turkey are the main 
pistachio producers in the world [5].

Pistacia species are dioecious and wind pollinated; however monoecious indi-
viduals within P. atlantica were also reported [6]. P. vera is believed to be the most 
ancestral species in the genus, and the other species are probably its derivatives 
[7]. There are two centers of diversity of cultivated pistachio: one comprises the 
Mediterranean region of Europe, Northern Africa, and the Middle East countries. 
The second comprises the Eastern part of Zagros Mountains from Crimea to the 
Caspian Sea. Pistachio cultivation extended westward from its center of origin to 



Sustainable Crop Production

92

haploid population and a doubled 
haploid line with high androgenic 
response. Euphytica. 2017;213(4):89

[80] Salas P, Rivas-Sendra A, Prohens J, 
Seguí-Simarro JM. Influence of the 
stage for anther excision and heterostyly 
in embryogenesis induction from 
eggplant anther cultures. Euphytica. 
2012;184:235-250

[81] Rivas-Sendra A, Corral-Martínez P, 
Camacho-Fernández C, Seguí-Simarro 
JM. Improved regeneration of eggplant 
doubled haploids from microspore-
derived calli through organogenesis. 
Plant Cell, Tissue and Organ Culture. 
2015;122:759-765

[82] Seguí-Simarro JM. Androgenesis in 
Solanaceae. In: Germana M, Lambardi 
M, editors. In Vitro Embryogenesis in 
Higher Plants, Methods in Molecular 
Biology. Vol. 1359. New York: Humana 
Press; 2016. pp. 209-244

[83] Kyo M, Harada H. Control of the 
developmental pathway of tobacco 
pollen in vitro. Planta. 1986;168:427-432

93

Chapter 6

SSR Markers in the Genus Pistacia
Salih Kafkas

Abstract

Simple sequence repeats (SSRs) are one of the most powerful molecular marker 
systems due to abundance in the genomes, its codominant nature, and high repeat-
ability. P. vera L. is cultivated species in the genus Pistacia due to commercial value 
of its edible nuts. Other species in the genus are in the wild and are important espe-
cially for rootstock sources as well as for ornamental and forest trees. There were 
a very limited number of SSR markers for Pistacia species until several years ago; 
however, next-generation sequencing (NGS) technology has allowed to develop 
plenty of SSRs since 2016 in the genus. There are currently about 1500 published 
SSR markers developed from cultivated P. vera. There are also several studies 
generating SSR loci from wild Pistacia species. In a conclusion, there are currently 
an adequate number of SSR markers for cultivated pistachio and that can be used in 
wild Pistacia species due to their high level of transferability rate between Pistacia 
species. These SSRs can be used for assaying diversity in natural populations, 
marker discovery, germplasm characterization, parental identification, genetic 
linkage mapping, and evolutionary studies in the genus Pistacia.

Keywords: Pistacia, SSR, microsatellite, pistachio, repeats

1. Introduction

Pistacia is a genus in the Anacardiaceae family which also contains cashew, 
mango, poison ivy, poison oak, pepper tree, and sumac plants [1]. The genus is 
estimated to be about 80 million years old [2]. It contains at least 11 species, and 
P. vera L. (pistachio) is the only cultivated one for its edible nuts [3]. In addition, 
its nuts are considerably larger than all the other species in the genus. The other 
species grow in the wild, and several of them have been used for many years as 
rootstock seed sources for P. vera. Furthermore, most of them have also been used as 
forest trees [4]. According to the Food and Agriculture Organization of the United 
Nations, the world production of pistachios in 2017 was 1,115,066 MT, ranking 
fifth in world tree nut production behind cashews (Anacardium occidentale L.), 
walnuts (Juglans regia L.), chestnuts (Castanea spp.), and almonds [Prunus dulcis 
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viduals within P. atlantica were also reported [6]. P. vera is believed to be the most 
ancestral species in the genus, and the other species are probably its derivatives 
[7]. There are two centers of diversity of cultivated pistachio: one comprises the 
Mediterranean region of Europe, Northern Africa, and the Middle East countries. 
The second comprises the Eastern part of Zagros Mountains from Crimea to the 
Caspian Sea. Pistachio cultivation extended westward from its center of origin to 
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Italy, Spain, and other Mediterranean regions of Southern Europe, North Africa, 
and the Middle East, as well as to China and more recently to the United States and 
Australia [8–10].

The Pistacia genus is distributed mainly across subtropical regions of the north-
ern hemisphere and consists of both evergreen and deciduous species with shrub 
and/or tree-like growth habits [7]. Although P. vera is a commercially grown species 
in a number of semi-arid regions worldwide, the species remains quite underex-
ploited when its wide native range and inherent genetic diversity are considered [8, 
11, 12]. For instance, commercial pistachio cultivation is done in only a few coun-
tries in the world. Besides, pistachio production is done with a very limited number 
of cultivars in those countries, and most of them are seedling selections from 
the nature [1, 13]. This narrow genetic base in the production presents a threat in 
pistachio against new diseases and pests as well as changing ecological conditions. 
Therefore, the germplasm collections have great potentials to increase the genetic 
diversity and to develop pistachio cultivars for current production areas and/or to 
expand the regions where reliable commercial production is possible.

Dioecy and a long juvenile period are the primary difficulties encountered in 
breeding and genetic studies of Pistacia. The long juvenile period in combination 
with dioecious character causes large investments of time and land for characteriza-
tion and evaluation of progenies in a breeding program. Furthermore, the genetic 
control of the most economically significant traits is not clearly understood, includ-
ing disease and pest resistance, yield, nut quality characteristics, and alternate 
bearing in pistachio. Therefore, current technologies such as molecular markers are 
good facilities to overcome such difficulties in the breeding programs. Pistachio is 
a diploid plant which has a haploid chromosome number of n = 15. It is also highly 
heterozygous species due to dioecy [1, 14].

DNA markers have played a major role in breeding programs for several decades 
in plants. Several molecular markers such as randomly amplified polymorphic DNA 
(RAPD) [15], simple sequence repeat (SSR) [16, 17], sequence-related amplified 
polymorphism (SRAP) [18], amplified fragment length polymorphism (AFLP) 
[4], inter-simple sequence repeat (ISSR) [19], selectively amplified microsatellite 
polymorphic loci (SAMPL) [20], and single-nucleotide polymorphisms (SNPs) [21] 
have been used to assess the genetic diversity, fingerprinting, phylogenetic relation-
ships, germplasm characterization, sex determination, genetic linkage mapping, 
and QTL analysis in cultivated and wild Pistacia species.

In pistachio, most of the cultivars in the production are earlier selections either 
by growers or breeders. Pistachio cultivars from controlled crosses are in a limited 
number, and selected genotypes in the current breeding programs are under 
evaluations in different countries. Using molecular tools in conventional breeding 
programs can be a good advance in pistachio. Initial molecular studies in pistachio 
were mainly on germplasm characterization by using different molecular marker 
techniques. Identification of molecular markers linked to sex determination was 
also studied that allows early selections of females in a cultivar breeding program 
[21–23]. Recently, the markers linked to sex have been used in a cultivar breeding 
program in Turkey [24].

SSRs are useful as molecular markers and very polymorphic due to the high 
mutation rate affecting the number of repeat units [25]. They are very useful for 
assaying diversity in natural populations or germplasm collections and for finger-
printing and parental identification. They are also very valuable markers especially 
for genetic linkage mapping and evolutionary studies [26] and have a high level of 
transferability between closely related species. The development of SSR markers 
from P. vera [14, 16, 17, 27–29] and from wild Pistacia species was performed in 
several studies [30–33].
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The first complete genetic linkage map was constructed in pistachio by [34] 
who used SRAP, ISSR, and AFLP markers in an inter-specific F1 population derived 
from a cross between P. vera and P. atlantica. Recently, Khodaeiaminjan et al. [28] 
constructed the first complete SSR-based linkage map of pistachio using an intra-
specific F1 population. More recently, Motalebipour et al. [35] constructed a genetic 
linkage map and performed the first QTL analysis in pistachio by using an inter-
specific F1 population.

Next-generation sequencing (NGS) has provided a new perspective for research, 
owing to its high throughout and speed of data generation. It made easy to per-
form whole genome and transcriptome sequencing in a short time and low cost. 
Motalebipour et al. [14] performed genome survey study in pistachio and estimated 
genome size of pistachio as 600 Mb.

In this chapter, SSR abundance, distribution of their use as useful markers in the 
characterization of germplasm resources, taxonomy and phylogenetic analysis in 
the genus, as well as their transferability among Pistacia species are discussed.

2. SSR distribution in P. vera
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repeat motif types were AAAT/ATTT (2.1%) and AAAAT/ATTTT (0.44%), 
respectively (Figure 2). Among hexanucleotide motifs, AAAAAT/ATTTTT and 
GCCCAA/TTGGGC (0.07%) were the most abundant motifs. The authors calcu-
lated one SSR per 8.67 kb in the pistachio genome.

Khodaeiaminjan et al. [28] had about 10x Illumina data of three P. vera (Siirt, 
Ohadi, and Bağyolu) cultivars and one P. atlantica genotype (Pa-18) to find pair-
wise polymorphic SSR loci in silico. The authors detected a total of 3821, 3833, 
2024, and 4597 SSRs in Siirt, Ohadi, and Bağyolu P. vera cultivars and in P. atlantica 
genotype, respectively. The dinucleotide motifs were the most abundant type of 
repeats (48.6%) in four genotypes followed by hexa- (21.3%) and trinucleotide 
motifs (19.4%) (Figure 3).

Khodaeiaminjan et al. [28] calculated the number of repeats in 4 genotypes, and 
4 and 11 repeated motifs were the most abundant followed by 12, 8, 5, and 13 times 
repeated motifs (Figure 4).

Jazi et al. [29] performed a transcriptome study by RNA sequencing of a pooled 
sample representing 24 different tissues of 2 pistachio cultivars with contrasting 
salinity tolerance under control and salt treatment in pistachio. The authors searched 
SSR motifs in transcriptome sequences of pistachio, and 11,337 SSRs were defined 
as di- to hexanucleotide motifs in 11,130 contigs. Di- and trinucleotide repeats were 
the most abundant SSRs, accounting for 40–44% of total SSRs, followed by tetra- 
(9.5%), penta- (3.1%), and hexanucleotide repeats (2.2%). The pistachio transcrip-
tome was rich in GA/TC (12.13%), AG/CT (11.02%), AT/AT (8.32%), TA/TA  
(8.04%), GAA/TTC (5%), and AGA/TCT (4.02%). To make these SSRs useful, a 
total of 7605 primer pairs were generated from the microsatellites with sufficient 
flanking sequences. However, none of them were tested in Pistacia species.

Figure 2. 
Distribution of SSR motifs in pistachio at 40× coverage sequencing data. The X-axis represents motif types, and 
the Y-axis represents the count of motifs in the genome of pistachio. Obtained from Motalebipour et al. [14].
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3. Development of SSRs from P. vera

In P. vera, the first SSR markers were developed by Ahmad et al. [37] using 
enrichment method from Kerman pistachio cultivar. The authors constructed 
dinucleotide (CT and CA) and trinucleotide (CTT)-enriched genomic DNA librar-
ies. Eighty-nine clones randomly selected from 295 clones for “CT/GA”-enriched 
library and 57 clones (64%) contained the repeats. Sixty-two clones out of 250 
clones, randomly selected from “CA/GT”-enriched library, and 37 (59%) clones 
contained the repeats. Of the total 151 clones, 67 (44%) clones had sufficient flank-
ing sequence for primer design. Thirty-three clones were selected randomly for 
“CTT/GAA”-enriched library. Eight (24%) clones had sufficient flanking sequence 
for primer design. The authors tested these primer pairs in commercially important 
American, Iranian, Turkish, and Syrian pistachio cultivars, and 14 (56%) SSR loci 
successfully produced PCR products.

Figure 3. 
The number of di-, tri-, tetra-, penta-, and hexanucleotide SSRs in Siirt, Ohadi, and Bağyolu P. vera cultivars 
and in P. atlantica. Obtained from Khodaeiaminjan [36].

Figure 4. 
The number of motif repeats in P. vera Siirt, Ohadi, and Bağyolu cultivars and in P. atlantica. Obtained from 
Khodaeiaminjan [36].
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Kolahi-Zonoozi et al. [27] developed SSRs using the FIASCO protocol (Fast Isolation 
by AFLP of Sequences Containing Repeats) from genomic DNA of P. vera cv Akbari. A 
total of 234 clones were sequenced, and 125 (53.4%) contained SSR motifs. A total of 
90 clones having repeats close to the edge of the insert was eliminated, and 35 clones 
remained and were used to design 42 primer pairs. The authors tested 42 SSR primer 
pairs in 45 Iranian pistachio cultivars for amplification and polymorphism. Sixteen 
primer pairs (38.1%) successfully produced scorable bands, and 12 pairs (28.6%) 
showed polymorphism in 45 pistachio cultivars. The most common repeat motifs in 
our study were dinucleotides. A total of 32 alleles was obtained with an average of 2.75. 
The PIC values ranged from 0.19 to 0.56 with an average of 0.33. The expected hetero-
zygosity (He) varied from 0.081 to 0.518 with an average of 0.345, while the observed 
heterozygosity (Ho) ranged from 0.023 to 0.930 with a mean of 0.490.

Zaloğlu et al. [16] used enrichment method and developed SSR markers from P. 
vera cv Siirt. Genomic libraries enriched with the repeats of “CA,” “GA,” and “AAC” 
and “AAG” were constructed. A total of 94 clones (58.8%) contained repeats, and the 
CA-enriched library contained the highest number (32 clones; 86.5%), followed by 
the GA-enriched library (25 clones; 61%), whereas the AAC (16 clones; 45.7%)- and 
AAG (22 clones; 46.8%)-enriched libraries had the lowest number of clones contain-
ing repeats. From each library 57 clones were selected and a total of 228 clones was 
sequenced. A total of 84 primer pairs was designed, 59 generated (70.2%) bands, and 
47 polymorphic in the characterization of 7 diverse pistachio cultivars. The number 
of alleles ranged from two to nine with an average of 3.6. A higher number and fre-
quency of SSRs was obtained from dinucleotide-enriched libraries than trinucleotide 
libraries. The SSR loci from the CA enriched library (Ho = 0.49) were more homozy-
gous than those from the other libraries (Ho = 0.59–0.61). The AAC-enriched library 
(He = 0.55) was the least informative, whereas the GA library (He = 0.71) was the 
most informative; the CA and AAG libraries had intermediate values. As a result, 
the GA-enriched library was the best, whereas the AAC library was the worst among 
the four libraries in terms of perfect repeats, number of alleles, polymorphism, and 
informativeness. The AAG-enriched library was also good because of its perfect 
repeats, observed heterozygosity, and numbers of amplified and polymorphic loci. 
The authors suggested to use the GA- and AAG-enriched libraries in further SSR 
marker development studies in pistachio. A higher frequency of SSRs was obtained 
from the dinucleotide-enriched (73.1%) libraries than the trinucleotide-enriched 
(46.3%) ones. The dinucleotide-enriched libraries had a higher number of alleles 
(Na = 3.8) and effective number of alleles (Ne = 3.0) than the trinucleotide-enriched 
libraries (3.3 and 2.5, respectively). The dinucleotide-enriched libraries (He = 0.67) 
were more informative than the trinucleotide ones (He = 0.59). The 59 SSR primer 
pairs were tested in 8 different Pistacia species, and 54 were transferable to at least 1 
Pistacia species. The SSR loci in trinucleotide (72.7%)-enriched libraries had higher 
transferability than dinucleotide (54.7%) ones.

Topçu et al. [17] sequenced more clones from GA- and AAG-enriched libraries 
based on suggestion done by Zaloglu et al. [16]. A total of 192 clones was sequenced 
from each library, 135 primer pairs were designed, and 110 generated PCR products. 
Topçu et al. [17] tested 110 SSR loci in 12 diverse pistachio cultivars for amplification 
and polymorphism. A total of 46 loci from the GA library and 18 loci from the AAG 
library was polymorphic in P. vera. A total of 64 polymorphic loci produced 264 alleles 
with an average of 4.13 alleles per locus. The observed (Ho) and expected heterozygos-
ity (He) values were 0.52 and 0.56, respectively, while average polymorphism informa-
tion content (PIC) was 0.51. One hundred out of 110 SSR loci were transferable to at 
least one of the tested 10 Pistacia species. P. eurycarpa that is the closest species to P. 
vera had the highest number of transferable loci, whereas Pistacia texana and P. lentis-
cus that are the farthest species to P. vera had the lowest number of transferable loci.
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Motalebipour et al. [14] obtained 40× sequencing data from P. vera cv. Siirt to 
develop SSR markers. A total of 59,280 SSR motifs was detected with a frequency of 
8.67 kb in pistachio. The authors randomly selected 950 SSR loci and screened them 
in three P. vera cultivars (Siirt, Ohadi, and Bağyolu) in one P. atlantica genotype 
(Pa-18). A total of 610 loci (64.2%) generated amplification products, 197 (20.7%) 
loci were monomorphic, and the remaining 143 (15.1%) SSR loci failed to generate 
amplification products. Of the 610 that amplified, 204 produced polymorphic and 
easily scorable bands. Of these, 193 were perfect (94.6%), 8 (3.9%) were com-
pound, and 3 (1.5%) were interrupted repeats. Dinucleotide motifs were the most 
abundant (63.2%), followed by tri- (18.0%), hexa- (12.8%), tetra- (3.8%), and 
pentanucleotide motifs (2.2%). Two SSR primer pairs amplified at two loci, and 206 
SSR loci were obtained and used to study genetic diversity in Pistacia. The authors 
tested these 206 loci in 24 pistachio cultivars along with 20 wild accessions belong-
ing to five Pistacia species (four accessions from each one). A total of 2036 alleles 
was obtained from 206 SSR loci ranging from 2 to 19 alleles with an average of 
9.88 in testing 44 Pistacia accessions. Of the analyzed 206 SSR loci, 41 were poly-
morphic, and 136 had amplifications in all tested 6 Pistacia species. The observed 
heterozygosity (Ho) ranged from 0.0 to 0.82 with an average of Ho = 0.41. The aver-
age He value was 0.74, which ranged between 0.08 and 0.91. The PIC values ranged 
from 0.08 to 0.90, with an average of 0.71. All 206 SSR loci generated amplification 
products in 24 P. vera culticars, and a total of 897 alleles was produced with an 
average of 4.5 alleles per locus. Two hundred (97.1%) SSR loci were polymorphic in 
24 pistachio cultivars. The observed heterozygosity (Ho) value ranged from 0.00 to 
1.00 with an average of 0.46. The expected heterozygosity (He) values varied from 
0.04 to 0.87 with an average of 0.55. The polymorphism information content values 
ranged between 0.04 and 0.85 with an average of 0.50.

Khodaeiaminjan et al. [28] used in silico approach to develop polymorphic SSR 
markers in pistachio. The authors compared 10× Illumina sequencing data of three 
P. vera (Siirt, Ohadi, and Bağyolu) cultivars and one P. atlantica genotype (Pa-18) 
to find pairwise polymorphic SSR loci in silico, and 750 loci were detected. The 
authors tested all 750 loci in 18 P. vera cultivars and 6 P. atlantica genotypes, and they 
obtained 625 polymorphic loci from 618 SSR primer pairs. A total of 3947 alleles was 
obtained from 625 loci with an average of 6.2 allele per locus. A total of 613 (98.1%) 
SSR loci in 18 P. vera cultivars and 544 SSR loci (87.0%) in six P. atlantica genotypes 
was polymorphic. The numbers of alleles were 2631 within P. vera and 2183 in P. 
atlantica. The lowest genetic diversity values were obtained from the Bagyolu-Pa-18 
pairwise combination, while in silico SSR loci from Ohadi-Pa-18 pair produced 
high genetic diversity values. In the analysis of 24 Pistacia genotypes, a total of 
613 (98.1%) loci was polymorphic, and the average number of alleles (Na) was 
6.3 ranging from 2 to 20. The average expected heterozygosity (He) and observed 
heterozygosity (Ho) values were 0.67 and 0.53, respectively. The average polymor-
phism information content value was 0.63. The highest genetic diversity values were 
produced by SSR loci from the Ohadi-Pa18 and Ohadi-Siirt pairwise combinations, 
whereas the lowest values were in SSR loci from the Bagyolu-Pa18 pair.

4. SSRs in wild Pistacia species

4.1 P. atlantica

There is only one study using P. atlantica DNAs to develop SSRs by 
Khodaeiaminjan et al. [28]. The authors used 10× coverage sequencing data of 
monoecious P. atlantica genotype, namely, Pa-18, and generated 4597 SSR loci. 
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The authors tested 625 loci in 6 P. atlantica genotypes, and all had amplification, 
while 544 (87.0%) were polymorphic. The number of alleles (Na) ranged from 
1.0 to 8.0 with a mean of 3.5. The mean of observed heterozygosity (Ho) was 0.51, 
while the average PIC and expected heterozygosity (He) values were 0.53 and 0.52, 
respectively.

Motalebipour et al. [14] developed 206 SSR loci from P. vera and tested them 
in 4 diverse P. atlantica genotypes. A total of 200 SSR loci generated amplification 
products with a high rate of transferability (97.1%). Thirty-nine (19.5%) of the 
amplified SSR loci were monomorphic, and the rest were polymorphic (80.5%). A 
total of 527 alleles was produced by 161 polymorphic SSR loci, ranging from 2 to 7 
per locus with an average of 3.3 alleles per locus. The observed heterozygosity (Ho) 
ranged from 0.0 to 1.00 with an average of Ho = 0.48. The average He value was 
0.56, which ranged from 0.22 to 0.84. The PIC values ranged from 0.19 to 0.82, with 
an average of 0.49.

Zaloğlu et al. [16] and Topçu et al. [17] developed 59 and 110 SSRs from P. 
vera and tested them for amplification in P. atlantica, and a total of 47 and 96 SSR 
loci was amplified, respectively. So, the authors published a total of 143 SSR loci 
for further studies in P. atlantica from both studies. The authors did not test their 
polymorphism levels in P. atlantica.

4.2 P. khinjuk

Arabnezhad et al. [31] were the first in developing SSRs from P. khinjuk, who 
constructed two enriched DNA libraries with dinucleotide (AG) and trinucleotide 
(ATG) microsatellite motifs. Thirty-six contained microsatellite motifs from 44 
sequenced clones. Among them, a higher proportion of microsatellites (71%) were 
simple perfect, and the remaining SSRs identified as interrupted perfect (17%) and 
complex imperfect (11%) repeats. Nine of the sequences contained too short flank-
ing DNA sequence to design primer pairs; thus only 27 primer pairs were designed 
and tested in six Pistacia species. Of 27 primer pairs, 25 pairs successfully ampli-
fied SSR loci in P. khinjuk with expected size. Five primer pairs were subsequently 
discarded due to low rate of amplification across six Pistacia species. The authors 
tested the remaining SSRs in a total of 18 Pistacia genotypes (13 P. vera cultivars 
and 1 genotype from each of P. khinjuk, P. atlantica, P. mutica, P. integerrima, and P. 
palaestina). The primer pairs produced 114 alleles in 18 Pistacia genotypes. In 13 P. 
vera cultivars, the average number of alleles per locus was 2.8, ranging from one to 
six. In all Pistacia accessions, the average values of He and PIC were 0.61 and 0.56, 
respectively, while values of these diversity parameters calculated 0.45 and 0.38 
when only P. vera genotypes were considered.

Zaloğlu et al. [16] and Topçu et al. [17] developed 59 and 110 SSRs from P. vera 
using enrichment method, and a total of 39 and 96 SSR loci had amplification, 
respectively. It is still necessary to test 135 SSR loci for polymorphism in P. khinjuk 
for further studies.

4.3 P. lentiscus

The first SSR development study in P. lentiscus was published by Albaladejo et al. 
[30] who used di- (GA, GT, AT, GC), tri- (CAA, ATT, GCC), and tetranucleotide 
(GATA, CATA, ATAG) genomic-enriched libraries. The authors randomly selected 
163 clones and 75 (46%) had microsatellite motifs. A total of 21 primer pairs was 
designed and tested in 16 individuals. Eight of 21 primer pairs displayed consistent 
and polymorphic patterns, whereas the others were discarded due to producing 
monomorphic and multibanding patterns and failing in amplification. Forty-two 
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individuals from two populations sampled in Southern Spain were used for charac-
terization of eight loci. A total of 59 alleles was detected, ranging from 3 to 13 per 
locus. The expected heterozygosity ranged from 0.139 to 0.895.

Motalebipour et al. [14] developed 206 SSR loci from P. vera and tested them 
in four P. lentiscus genotypes. A total of 151 SSR loci was amplified with a 73.3% 
transferability rate. Of the amplified SSR loci, 83 (55.0%) were polymorphic. 
A total of 217 alleles was obtained from 83 polymorphic SSR loci in P. lentiscus, 
ranging from 1 to 6, with an average of 2.6 alleles per locus. The observed heterozy-
gosity (Ho) values ranged from 0.00 to 1.00 with an average of 0.50. The expected 
heterozygosity (He) values varied from 0.22 to 0.78 with an average of 0.49. The 
polymorphic information content (PIC) values ranged between 0.19 and 0.75 with 
an average of 0.41.

Zaloğlu et al. [16] and Topçu et al. [17] developed 59 and 110 SSRs from P. vera 
and tested them for amplification in P. lentiscus, and a total of 31 (52.5%) and 76 
(69.1%) SSR loci was amplified, respectively. The authors did not test their poly-
morphism levels in P. lentiscus. Therefore, there are 107 SSR loci for P. lentiscus from 
both studies to use them in the future.

4.4 P. chinensis

Ding and Lu [33] developed 12 polymorphic microsatellite loci from P. chinensis 
using a microsatellite-enriched genomic library based on magnetic beads. These loci 
were characterized in 24 individuals from 3 populations located on Thousand Island 
Lake, Zhejiang Province, China. The number of alleles per locus varied from 3 to 
16. The mean number of alleles per locus was between 3.3 and 4.0 at the population 
level. The observed and expected heterozygosity ranged from 0.12 to 0.87 and 0.23 
to 0.89, respectively.

Motalebipour et al. [14] developed 206 SSR loci from P. vera and tested them in 
4 diverse P. chinensis genotypes, and 177 SSR loci produced amplification products 
with 85.9% transferability rate. Of the amplified loci, 119 loci (67.2%) were poly-
morphic. A total of 365 alleles was amplified by 119 polymorphic SSR loci with an 
average of 3.1 alleles per locus. The average observed heterozygosity (Ho) was 0.48, 
and it ranged between 0.00 and 1.00. The expected heterozygosity (He) values 
varied from 0.22 to 0.84 with an average of 0.54. The polymorphism information 
content (PIC) values ranged between 0.19 and 0.82 with an average of 0.48 in P. 
chinensis.

Zaloğlu et al. [16] and Topçu et al. [17] developed SSRs from P. vera and tested 
them for amplification in P. chinensis. A total of 121 SSR loci had amplification PCR 
products in P. chinensis, with 71.6% transferability rate. However, the authors did 
not test polymorphism levels of the amplified SSR loci in P. chinensis. Chen et al. 
[32] developed 14 SSR loci from P. weinmannifolia, and 9 of them (64.3%) were 
amplified in P. chinensis.

4.5 P. weinmannifolia

Chen et al. [32] developed SSRs using the FIASCO protocol (Fast Isolation by 
AFLP of Sequences Containing Repeats) from genomic DNA of P. weinmannifolia. 
A total of 205 clones was sequenced, 147 contained SSR motifs, and 94 allowed 
primer design with sufficient flanking regions. The primer pairs were tested for 
polymorphism in 24 individuals from 2 populations, and 14 produced polymorphic 
microsatellite loci with an average of 4.1 alleles (ranging from 1 to 9) per locus in 
P. weinmannifolia. The expected (He) and observed (Ho) heterozygosities ranged 
from 0.000 to 0.906 and from 0.000 to 0.933, respectively. Ten of these loci 
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individuals from two populations sampled in Southern Spain were used for charac-
terization of eight loci. A total of 59 alleles was detected, ranging from 3 to 13 per 
locus. The expected heterozygosity ranged from 0.139 to 0.895.

Motalebipour et al. [14] developed 206 SSR loci from P. vera and tested them 
in four P. lentiscus genotypes. A total of 151 SSR loci was amplified with a 73.3% 
transferability rate. Of the amplified SSR loci, 83 (55.0%) were polymorphic. 
A total of 217 alleles was obtained from 83 polymorphic SSR loci in P. lentiscus, 
ranging from 1 to 6, with an average of 2.6 alleles per locus. The observed heterozy-
gosity (Ho) values ranged from 0.00 to 1.00 with an average of 0.50. The expected 
heterozygosity (He) values varied from 0.22 to 0.78 with an average of 0.49. The 
polymorphic information content (PIC) values ranged between 0.19 and 0.75 with 
an average of 0.41.

Zaloğlu et al. [16] and Topçu et al. [17] developed 59 and 110 SSRs from P. vera 
and tested them for amplification in P. lentiscus, and a total of 31 (52.5%) and 76 
(69.1%) SSR loci was amplified, respectively. The authors did not test their poly-
morphism levels in P. lentiscus. Therefore, there are 107 SSR loci for P. lentiscus from 
both studies to use them in the future.

4.4 P. chinensis

Ding and Lu [33] developed 12 polymorphic microsatellite loci from P. chinensis 
using a microsatellite-enriched genomic library based on magnetic beads. These loci 
were characterized in 24 individuals from 3 populations located on Thousand Island 
Lake, Zhejiang Province, China. The number of alleles per locus varied from 3 to 
16. The mean number of alleles per locus was between 3.3 and 4.0 at the population 
level. The observed and expected heterozygosity ranged from 0.12 to 0.87 and 0.23 
to 0.89, respectively.

Motalebipour et al. [14] developed 206 SSR loci from P. vera and tested them in 
4 diverse P. chinensis genotypes, and 177 SSR loci produced amplification products 
with 85.9% transferability rate. Of the amplified loci, 119 loci (67.2%) were poly-
morphic. A total of 365 alleles was amplified by 119 polymorphic SSR loci with an 
average of 3.1 alleles per locus. The average observed heterozygosity (Ho) was 0.48, 
and it ranged between 0.00 and 1.00. The expected heterozygosity (He) values 
varied from 0.22 to 0.84 with an average of 0.54. The polymorphism information 
content (PIC) values ranged between 0.19 and 0.82 with an average of 0.48 in P. 
chinensis.

Zaloğlu et al. [16] and Topçu et al. [17] developed SSRs from P. vera and tested 
them for amplification in P. chinensis. A total of 121 SSR loci had amplification PCR 
products in P. chinensis, with 71.6% transferability rate. However, the authors did 
not test polymorphism levels of the amplified SSR loci in P. chinensis. Chen et al. 
[32] developed 14 SSR loci from P. weinmannifolia, and 9 of them (64.3%) were 
amplified in P. chinensis.

4.5 P. weinmannifolia

Chen et al. [32] developed SSRs using the FIASCO protocol (Fast Isolation by 
AFLP of Sequences Containing Repeats) from genomic DNA of P. weinmannifolia. 
A total of 205 clones was sequenced, 147 contained SSR motifs, and 94 allowed 
primer design with sufficient flanking regions. The primer pairs were tested for 
polymorphism in 24 individuals from 2 populations, and 14 produced polymorphic 
microsatellite loci with an average of 4.1 alleles (ranging from 1 to 9) per locus in 
P. weinmannifolia. The expected (He) and observed (Ho) heterozygosities ranged 
from 0.000 to 0.906 and from 0.000 to 0.933, respectively. Ten of these loci 
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contained dinucleotide repeat motifs, and four loci had complex repeat motifs. The 
authors tested 14 primer pairs in P. chinensis and P. mexicana for their transferability, 
and 9 (64.2%) loci in P. chinensis and 4 (28.6%) loci in P. mexicana were successfully 
transferable.

Zaloğlu et al. [16] developed 59 SSRs from P. vera and tested them for amplifica-
tion in P. weinmannifolia, and a total of 23 SSR loci was amplified with a 39.0% 
transferability rate. However, the authors did not test their polymorphism levels 
within P. weinmannifolia.

4.6 P. integerrima

There is no study in the literature developing SSRs from P. integerrima tissues. 
Arabnezhad et al. [31] developed 27 SSR loci in P. khinjuk, and 18 (66.7%) were suc-
cessfully amplified in P. integerrima. Two previous studies [16, 17] developed a total 
of 169 SSRs from P. vera and tested them for amplification in P. integerrima. A total 
of 147 SSR loci had amplification products with 87.0% transferability rate. There is a 
necessity to test the amplified loci for polymorphism within P. integerrima.

Motalebipour et al. [14] developed 206 SSR loci from P. vera and tested them in 
four diverse P. integerrima genotypes. A total of 193 SSR loci generated amplifica-
tion products with a high rate of transferability (93.7%). Of the amplified SSR loci, 
157 (81.3%) were polymorphic in P. integerrima. A total of 416 alleles was produced 
by 157 SSR loci with an average of 2.70 alleles per locus. The average observed (Ho) 
and expected (He) heterozygosities were 0.50 and 0.52, respectively. The expected 
heterozygosity (He) values varied from 0.22 to 0.78 with an average of 0.55. The 
polymorphism information content (PIC) values ranged between 0.19 and 0.75 
with an average of 0.44.

4.7 P. terebinthus

There is no SSR development study also from P. terebinthus tissues in the lit-
erature. Motalebipour et al. [14] generated 206 SSR loci from P. vera and tested 
them in P. terebinthus genotypes, and 183 SSR loci produced amplification products 
with 88.8% transferability rate. Of amplified SSRs, 142 were polymorphic. A total 
of 416 alleles was produced by 142 polymorphic SSR loci. The number of alleles 
(Na) ranged from 1 to 7 with an average of 3.4 alleles per locus. The observed 
heterozygosity (Ho) ranged from 0.0 to 1.0 with an average of 0.47. The expected 
heterozygosity (He) values varied from 0.22 to 0.84 with an average of 0.56. The 
polymorphic information content (PIC) values changed between 0.19 and 0.82 with 
an average of 0.50.

Zaloğlu et al. [16] and Topçu et al. [17] developed 169 SSRs from P. vera and 
analyzed them in P. terebinthus for amplification. A total of 128 SSR loci had PCR 
products in P. terebinthus, with 71.6% transferability rate. However, the authors did 
not test polymorphism levels of the amplified SSR loci in P. terebinthus.

4.8 P. texana, P. mexicana, and P. eurycarpa

Chen et al. [32] developed 14 SSR loci from P. weinmannifolia, and 4 of 
them (28.6%) were amplified in P. mexicana. Zaloğlu et al. [16] and Topçu et al. 
[17] developed 59 and 110 SSRs from P. vera and tested them for amplification 
in P. mexicana, and a total of 33 and 77 SSR loci was amplified in P. mexicana, 
respectively. Topçu et al. [17] generated 110 SSRs from P. vera and tested them 
for amplification in P. eurycarpa and P. texana. A total of 100 and 76 SSR loci was 
amplified with a 90.9 and 69.1% transferability rates. However, Zaloğlu et al. [16] 
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and Topçu et al. [17] did not test polymorphism levels of the SSR loci in P. mexi-
cana, P. texana, and P. eurycarpa.

5. Use of SSR markers in the genus Pistacia

There are only several studies characterizing Pistacia species and P. vera acces-
sions using SSR markers. Pazouki et al. [38] used SSR markers and characterized 
304 Pistacia accessions belonging to P. khinjuk, P. vera, and P. atlantica subsp. 
kurdica. The authors indicated lower level of polymorphism and variation within 
P. atlantica subsp. kurdica than P. vera and P. khinjuk. Motalebipour et al. [14] used 
1505 alleles amplified by 136 SSR primer pairs for phylogenetic analysis of 6  
Pistacia species. The closest species to P. vera was P. atlantica, and P. integerrima,  
P. chinensis, P. terebinthus followed it, while P. lentiscus was the most diverse species 
to the cultivated pistachio. The structure analysis confirmed the cluster analysis as 
well. Albaladejo et al. [30] used 8 SSR loci to characterize 42 P. lentiscus accessions 
belonging to 2 P. lentiscus populations. The number of alleles changed between 
3 and 13 by obtaining a total of 59 alleles. The expected heterozygosity ranged 
from 0.139 to 0.895. Two P. lentiscus populations were separated clearly in cluster 
analysis. Chen et al. [32] characterized 24 P. weinmannifolia accessions using 14 SSR 
loci. The number of allele changed between one and nine with an average of 4.1. Ho 
values were between 0.000 and 0.933, while He values ranged from 0.000 to 0.906.

Ahmad et al. [37] used 14 SSR loci to characterize Iranian, Turkish, and Syrian 
pistachio cultivars. A total of 46 alleles was produced by 14 SSR loci ranging from 2 
to 5 allele per loci. Cluster analysis placed most of the Iranian samples in one group, 
while the Syria samples were the most diverse and did not group in a single cluster. 
Kolahi-Zonoozi et al. [27] described 45 Iranian pistachio accessions by 12 SSR loci. 
The PIC values changed between 0.19 and 0.56 with an average of 0.33. The average 
Ho and He values were 0.490 and 0.345, respectively. Khodaeiaminjan et al. [28] 
characterized 18 pistachio cultivars from different origins by 2631 SSR alleles using 
625 SSR loci. The constructed dendrogram separated pistachio cultivars mainly 
in two groups according to their geographical origin: one group contained the 
cultivars originated from Iran, and the second group included cultivars originated 
from Mediterranean countries such as Turkey, Syria, Greece, and Italy. Siirt cultivar 
(origin is Southeast part of Turkey) placed between two main groups. The results 
were in agreement with a hypothesis on diffusion of pistachio cultivars suggested by 
Kafkas et al. [19] who hypothesized that the Siirt cultivar is in a transition subclus-
ter between Iranian and Mediterranean cultivars and pistachio cultivation diffused 
from its center of origin, the Iranian-Caspian region, via southeastern Turkey to 
Syria, the Mediterranean region of Europe, and North Africa. Motalebipour et al. 
[14] used 1505 alleles from 136 SSR primer pairs for genetic diversity analysis of 24 
pistachio cultivars, and similar results were obtained with the study performed by 
Khodaeiaminjan et al. [28].

The SSR markers in the genus Pistacia were also used for genetic linkage map 
construction and QTL analysis. Khodaeiaminjan et al. [28] constructed the first 
SSR-based genetic linkage map of pistachio using an F1 segregating population 
derived from a cross between “Siirt” and “Bağyolu” cultivars. A total of 385 SSR 
markers was mapped along with 15 chromosomes, and the consensus map had 
1511.3 cM length with an average of 25.6 SSR markers per LG, and the average 
distance between the markers was 3.9 cM with a 0.25 marker density. The first QTL 
study in pistachio was performed by Motalebipour et al. [35] who constructed a 
genetic linkage map of pistachio using an inter-specific F1 population and SSR 
markers. The authors mapped a total of 388 SSR markers along with 15 linkage 
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and Topçu et al. [17] did not test polymorphism levels of the SSR loci in P. mexi-
cana, P. texana, and P. eurycarpa.

5. Use of SSR markers in the genus Pistacia

There are only several studies characterizing Pistacia species and P. vera acces-
sions using SSR markers. Pazouki et al. [38] used SSR markers and characterized 
304 Pistacia accessions belonging to P. khinjuk, P. vera, and P. atlantica subsp. 
kurdica. The authors indicated lower level of polymorphism and variation within 
P. atlantica subsp. kurdica than P. vera and P. khinjuk. Motalebipour et al. [14] used 
1505 alleles amplified by 136 SSR primer pairs for phylogenetic analysis of 6  
Pistacia species. The closest species to P. vera was P. atlantica, and P. integerrima,  
P. chinensis, P. terebinthus followed it, while P. lentiscus was the most diverse species 
to the cultivated pistachio. The structure analysis confirmed the cluster analysis as 
well. Albaladejo et al. [30] used 8 SSR loci to characterize 42 P. lentiscus accessions 
belonging to 2 P. lentiscus populations. The number of alleles changed between 
3 and 13 by obtaining a total of 59 alleles. The expected heterozygosity ranged 
from 0.139 to 0.895. Two P. lentiscus populations were separated clearly in cluster 
analysis. Chen et al. [32] characterized 24 P. weinmannifolia accessions using 14 SSR 
loci. The number of allele changed between one and nine with an average of 4.1. Ho 
values were between 0.000 and 0.933, while He values ranged from 0.000 to 0.906.

Ahmad et al. [37] used 14 SSR loci to characterize Iranian, Turkish, and Syrian 
pistachio cultivars. A total of 46 alleles was produced by 14 SSR loci ranging from 2 
to 5 allele per loci. Cluster analysis placed most of the Iranian samples in one group, 
while the Syria samples were the most diverse and did not group in a single cluster. 
Kolahi-Zonoozi et al. [27] described 45 Iranian pistachio accessions by 12 SSR loci. 
The PIC values changed between 0.19 and 0.56 with an average of 0.33. The average 
Ho and He values were 0.490 and 0.345, respectively. Khodaeiaminjan et al. [28] 
characterized 18 pistachio cultivars from different origins by 2631 SSR alleles using 
625 SSR loci. The constructed dendrogram separated pistachio cultivars mainly 
in two groups according to their geographical origin: one group contained the 
cultivars originated from Iran, and the second group included cultivars originated 
from Mediterranean countries such as Turkey, Syria, Greece, and Italy. Siirt cultivar 
(origin is Southeast part of Turkey) placed between two main groups. The results 
were in agreement with a hypothesis on diffusion of pistachio cultivars suggested by 
Kafkas et al. [19] who hypothesized that the Siirt cultivar is in a transition subclus-
ter between Iranian and Mediterranean cultivars and pistachio cultivation diffused 
from its center of origin, the Iranian-Caspian region, via southeastern Turkey to 
Syria, the Mediterranean region of Europe, and North Africa. Motalebipour et al. 
[14] used 1505 alleles from 136 SSR primer pairs for genetic diversity analysis of 24 
pistachio cultivars, and similar results were obtained with the study performed by 
Khodaeiaminjan et al. [28].

The SSR markers in the genus Pistacia were also used for genetic linkage map 
construction and QTL analysis. Khodaeiaminjan et al. [28] constructed the first 
SSR-based genetic linkage map of pistachio using an F1 segregating population 
derived from a cross between “Siirt” and “Bağyolu” cultivars. A total of 385 SSR 
markers was mapped along with 15 chromosomes, and the consensus map had 
1511.3 cM length with an average of 25.6 SSR markers per LG, and the average 
distance between the markers was 3.9 cM with a 0.25 marker density. The first QTL 
study in pistachio was performed by Motalebipour et al. [35] who constructed a 
genetic linkage map of pistachio using an inter-specific F1 population and SSR 
markers. The authors mapped a total of 388 SSR markers along with 15 linkage 
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groups. The length of consensus map was 1492 cM with an average marker distance 
of 3.7 cM. The QTL analysis was performed for 5 morphological traits such as leaf 
length, leaf width, number of leaflets, young shoot color, and leaf color, and 17 
stable QTLs during 2 consecutive years were identified. The released SSR-based 
genetic linkage maps and reported QTLs can be useful genetic resources for future 
genetic studies in pistachio.

6. Conclusions

SSR is a very useful molecular marker system due to abundance in the genomes 
and its codominant inheritance as well as high repeatability. They have also a high 
level of transferability between closely related species as in the genus Pistacia. They 
have been used for assaying diversity in natural populations, marker discovery, 
germplasm characterization, parental identification, genetic linkage mapping, 
and evolutionary studies. There were a very limited number of SSR markers for 
Pistacia species until several years ago; however, next-generation sequencing (NGS) 
technology has allowed to develop plenty of SSRs since 2016 in Pistacia.

P. vera is the most important species in the genus Pistacia due to commercial 
value of its nuts. There are about 1500 published SSR markers, and 2/3 of them 
are polymorphic that were developed from P. vera tissues. There are also published 
polymorphic SSR markers for wild Pistacia species. They were developed mostly 
from cultivated pistachio due to their high transferability rate. The published SSRs 
were also used to construct SSR-based genetic linkage maps in pistachio.

In a conclusion, there are currently an adequate number of SSR markers for 
cultivated P. vera and for several wild Pistacia species such as P. atlantica. It is still 
necessary to develop polymorphic SSR loci for some other Pistacia species such as 
P. integerrima and P. eurycarpa which have been used as rootstock for cultivated 
pistachio.
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Chapter 7

Soil Management in Sustainable 
Agriculture
Koç Mehmet Tuğrul

Abstract

People need food to live, and this is largely due to natural resources. However, time 
is also required to meet these limited resources and increased consumption demands, 
and for a renewal cycle. This cycle can be traditional, industrial and commercial, as 
well as be sustainable. So, what is sustainable agriculture? Sustainable agriculture is 
the way to increase productivity in agriculture and to increase the level of economic 
prosperity by protecting all living things on earth, living spaces and natural resources. 
It is clear that the continuity of all the living things is possible with the food provided 
by natural resources. At this point, sustainable production, consumption and preser-
vation of the natural balance are of great importance. Today, the world population is 
rapidly increasing and resources are consumed at the same rate; creating awareness 
about sustainable food, transferring this consciousness to future generations in a 
more permanent way, increasing the number of conscious producers and consumers, 
strengthening awareness for sustainable foods, respecting the natural balance, and 
gaining a sense of responsibility, saving consumption habits should be our main target.

Keywords: sustainable agriculture, new approaches, natural balance,  
soil management, cultivation

1. Introduction

Today, the greatest success in agriculture will be to achieve the desired increase 
in production by reducing the negative environmental conditions. This can only be 
achieved by implementing sustainable methods and sustainable solutions in agricul-
ture. The fact that the agricultural activities and practices are compatible with the 
environment and being permanent is great importance in terms of contributing to 
the sustainability of the ecology. There are many definitions and explanations about 
sustainable agriculture [1]. Sustainable Agriculture includes all of the systems and 
practices that will improve the protection of the environment and natural agricultural 
resources necessary to ensure the production of adequate and high quality foodstuffs 
at affordable costs which the rapidly growing world population needs. To be fully self-
sufficient for sustainable agriculture is not a requirement. Long-term stability and 
efficiency is required. For this purpose, the minimum and most economical and fast-
est way of implementation of each application in agriculture is one of the priorities 
that should be focused on the protection of agricultural areas and natural resources.

If an awareness of sustainable practices is to be created, it is necessary to rethink 
in detail what the concept of agriculture means first. The questions such as: What 
is agriculture and how should a production be made to meet increasing agricultural 
demands? Is agriculture only an activity on the field, or is it possible to produce 
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more qualified by applying new production techniques? What methods should be 
applied to obtain sufficient product without damaging nature? are required to find 
answers firstly [2].

All of the work done on soil in order to grow the necessary and useful plants and 
animals for the survival of the people and to obtain the products is called agriculture. 
In order to meet the growing agricultural needs in a healthy manner, water resources 
should be protected and soil should be developed and original seeds should be stored 
and reproduced for the future. At the same time, an increase in soil fertility, protection 
of water, protection of valuable seeds and biodiversity need to be taken into account.

In general, many methods are applied under the definitions of traditional, 
organic, industrial, ecological, smart and integrated, and each method differs from 
the others [3]. Sustainable agriculture mainly focuses on increasing the productivity 
of the soil and reducing the harmful effects of agricultural practices on climate, 
soil, water, environment and human health. Reduces the use of non-renewable 
sources and inputs from petroleum-based products and uses renewable resources 
to generate production. In general, it focuses on the needs, knowledge, skills and 
socio-cultural values of the local people.

2. Principles of sustainable agriculture

Some general principles of sustainable agriculture can be listed as follows:

• Soil must be protected and developed: Soil is absolutely necessary for good 
and healthy products. Soil should be enriched with natural fertilizers such as 
organic and green manure and compost. Natural fertilizers are healthier for 
soil, plants, water, air and people than chemical fertilizers.

• Water and water resources should be protected: As in life, it needs absolute 
water in agriculture. In arid regions, the best way to protect water is to grow 
plants that are suitable for the ecology of the region or that only need water 
during the rainy season. Green manure and mulch are useful in keeping water 
in soil. The contour barriers protect the water by preventing the water flow. 
Another method for preserving water is to apply drip irrigation instead of 
traditional irrigation methods and to make irrigation time planning.

• To control pests and diseases naturally: Instead of chemical control, natural 
or integrated protection management should be applied to balance nature, 
products, pests, diseases, weeds and soil. In this regard, techniques such as 
choosing durable varieties, keeping proper distance between plants in plant-
ing, determining the timing of agricultural practices correctly, using natural 
predators and crop rotation are important for the success of the method.

• Cultivate different agricultural products: This is called product rotation. 
According to the characteristics of the products, for 3–6 years rotation or 
cultivating multiple crops are the methods of preventing diseases and pests. 
Thus, nutrients are kept in the soil and diversity in agriculture is ensured and 
healthy food is provided.

• Start with small changes first: Most agricultural techniques have been devel-
oped over a long period of time. However, new methods may not always be 
successful. New ideas should first be tried in small areas, and should be applied 
when it becomes clear and successful.
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3. Why sustainable agriculture is important?

The world population is growing at a great pace. There are countries with 
a population expressed in billions of Asian countries, and in Europe and the 
Americas it is estimated that the population will soon find billions. This will 
certainly create a serious need for food in the future. One of the main objectives 
of industrial agriculture is to ensure that everyone has access to basic needs in the 
present and future years.

Industrial agriculture, on the one hand, uses more chemical input to meet 
the increasing demand, on the other hand, agricultural and soil resources are 
polluted by chemical residues and production potential is reduced. In fact, this 
is a contradiction. At this point, the sustainable farming method protects both 
the soil and the environment and ensures the production and the long-term 
agricultural production. In summary, the benefits of sustainable agriculture are 
as follows:

• With sustainable agriculture method, it is possible to produce more than one 
product in small areas and high efficiency.

• An enterprise with sustainability will have a positive impact on the ecosys-
tem. Efficient soils will have a habitat for animals, but will also contribute to 
agricultural production.

• The fertilization of the soil will ensure long-term use and increase of 
productivity.

• In addition to the benefits to agriculture, contributes to the creation of new 
areas of employment.

4. Sustainable agriculture practices

As a result of long years of practices and scientific studies, several common 
sustainable agricultural practices have been put forward in Figure 1.

4.1 Precision chemical application

It can be defined as a set of methods that include mechanical and biological con-
trols to reduce the use of pesticides and control pest populations [5]. In this method, 
Variable Rate Application Technologies (VRA) is applied and unlike traditional 
agriculture, instead of homogeneous input, it is the application of measurement of 
productivity differences in the field and appropriate input according to the spatial 
needs resulting from these differences.

4.2 Conservation reserve program (CRP)

CRP is a land conservation program administered by the Farm Service Agency 
(FSA). In return for a contract with farmers involved in the program, it is an incen-
tive for farmers to make agricultural production that is sensitive to the environment 
and improves the environmental health and quality [6]. Contracts for land enrolled 
in CRP are 10–15 years in length. The long-term aim of the program is to restore 
valuable land cover to help improve water quality, prevent soil erosion and reduce 
loss of wildlife areas.
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4.3 Terraces

In particular, in order to make agriculture in high slope areas, it is the name 
given to the arrangement of the land in the form of steps and supported by walls. 
Thus agricultural applications are possible in these areas.

4.4 Scouting

Scouting is the most fundamental act of traveling in crop fields and make 
observations. The farmer is required to identify how different areas of develop-
ment change in his land. If there are problems during the growing season, these 
problems affect the yield at the time of harvest, so the farmer tries to reduce them. 
If the problems are not noticed or resolved during the growing season, they may 
limit the yield, thus reducing the revenue generated. Traditional methods include 
walking in the field and observing plants manually, while methods such as global 
positioning systems (GPS) and drones (UAVs) help to make a more accurate deci-
sion by making fast and reliable measurements with the help of special equipment 
and precision sensors.

4.5 Cover crops

Cover plants (alfalfa, vetch, etc.) can be cultivated during off-season periods 
when the soil is bare and can be grown between the main plant rows. These prod-
ucts prevent soil erosion, renew soil nutrients, keep weeds under control, and 
protect soil health by reducing the need for herbicides [5].

4.6 Crop rotation/diversity

It is the process of producing various products in the field one after the other 
from year to year respectively. Thus, different parts of the soil are utilized with 
different products, and pests and diseases that are specific to each product are 
prevented from spreading.

Figure 1. 
Common sustainable agricultural practices [4].
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4.7 No-till/conservation tillage

Intensive or traditional agriculture causes physical and chemical degradation of 
soil, loss of organic matter, reduced biological activity in the soil and consequently a 
decrease in crop production. On the contrary, the method of sustainable agriculture 
envisages a sustainable and profitable farming system based on three basic rules, 
including soil-free agriculture, continuous soil surface covered with plant or plant 
debris, and crop rotation [7, 8].

4.8 Precision nutrient management

Fertilization, which constitutes 10–15% of the costs of agricultural inputs, is critical 
for increasing product productivity by up to 50%. The application time and method 
are of great importance in the fertilization process which is applied to soil in order to 
meet the basic nutrients (nitrogen, phosphorus, potassium etc.) which are not enough 
in agricultural soils. Data’s such as climate and weather conditions, soil characteristics 
and product types are important in determining the appropriate fertilization time.

4.9 Reducing fuel use

Mechanization tools that reduce labor requirements in agriculture generally 
use fossil fuels. Nowadays, the use of fossil fuel energies directly or indirectly in 
agriculture has not been economically profitable for producers. In developing coun-
tries, large amounts of fossil fuels are used in agricultural production, in particular 
fertilizer production and machinery use. It is not possible to carry out modern 
agricultural production processes without using fuel. However, the use of combined 
agricultural tools and machinery in one pass and the use of renewable energy 
sources instead of fossil fuels will reduce both the cost of fuel in agriculture and 
reduce the carbon emissions and make the agriculture sensitive to the environment.

4.10 Irrigation

Effective irrigation is possible by determining the optimum water amount 
using different parameters such as soil humidity, effective precipitation rate and 
evapotranspiration and by determining the correct irrigation time with climate, 
weather forecasts and real-time weather data. In this way, effective and economical 
irrigation will be provided by protecting the limited water resources and the envi-
ronmental and agricultural negative effects of leaching, salinity and fungal diseases 
caused by excess water will be prevented.

4.11 Water storage ponds

Agricultural ponds are important water sources for irrigated areas. These 
structures collect water from small sources and allow for efficient storage and use of 
large flow rates when needed and help to regulate water flow.

5. Sustainable soil management

Sustainable land management includes many components. The multiplicity 
of components and the different prescriptions are due to the delicate but com-
plex structure of the method and its applications. According to the FESLM: An 
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Figure 1. 
Common sustainable agricultural practices [4].
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4.7 No-till/conservation tillage

Intensive or traditional agriculture causes physical and chemical degradation of 
soil, loss of organic matter, reduced biological activity in the soil and consequently a 
decrease in crop production. On the contrary, the method of sustainable agriculture 
envisages a sustainable and profitable farming system based on three basic rules, 
including soil-free agriculture, continuous soil surface covered with plant or plant 
debris, and crop rotation [7, 8].

4.8 Precision nutrient management

Fertilization, which constitutes 10–15% of the costs of agricultural inputs, is critical 
for increasing product productivity by up to 50%. The application time and method 
are of great importance in the fertilization process which is applied to soil in order to 
meet the basic nutrients (nitrogen, phosphorus, potassium etc.) which are not enough 
in agricultural soils. Data’s such as climate and weather conditions, soil characteristics 
and product types are important in determining the appropriate fertilization time.

4.9 Reducing fuel use

Mechanization tools that reduce labor requirements in agriculture generally 
use fossil fuels. Nowadays, the use of fossil fuel energies directly or indirectly in 
agriculture has not been economically profitable for producers. In developing coun-
tries, large amounts of fossil fuels are used in agricultural production, in particular 
fertilizer production and machinery use. It is not possible to carry out modern 
agricultural production processes without using fuel. However, the use of combined 
agricultural tools and machinery in one pass and the use of renewable energy 
sources instead of fossil fuels will reduce both the cost of fuel in agriculture and 
reduce the carbon emissions and make the agriculture sensitive to the environment.

4.10 Irrigation

Effective irrigation is possible by determining the optimum water amount 
using different parameters such as soil humidity, effective precipitation rate and 
evapotranspiration and by determining the correct irrigation time with climate, 
weather forecasts and real-time weather data. In this way, effective and economical 
irrigation will be provided by protecting the limited water resources and the envi-
ronmental and agricultural negative effects of leaching, salinity and fungal diseases 
caused by excess water will be prevented.

4.11 Water storage ponds

Agricultural ponds are important water sources for irrigated areas. These 
structures collect water from small sources and allow for efficient storage and use of 
large flow rates when needed and help to regulate water flow.

5. Sustainable soil management

Sustainable land management includes many components. The multiplicity 
of components and the different prescriptions are due to the delicate but com-
plex structure of the method and its applications. According to the FESLM: An 
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International Framework for Evaluating Sustainable Land Management definitions 
by FAO, sustainable land management combines socio-economic principles with 
environmentally sensitive technologies, policies and activities [9]. In order for 
sustainable land management to be feasible, five objectives have been identified as 
Efficiency, Security, Protection, Vitality and Acceptability, and the implementation 
and findings of the SLM regulation have been identified as the main pillars to be 
tested and monitored. Each target has its own characteristics and can be explained 
as follows:

• Efficiency: The return obtained from SLM is more than just evaluating with 
financial gains, it is evaluated to include the benefits that will be obtained from 
the protective, health and esthetic purposes of land use.

• Security: The management models that support the balance between land 
use and the existing environmental conditions reduce the production risks, 
whereas only those approaches that emphasize commercial anxiety increase 
this risk.

• Protection: Soil and water resources should be taken under strict protection for 
future generations. Locally, there may be additional protection priorities, such 
as the protection of genetic diversity or the need to protect specific plant or 
animal species.

• Vitality: If the applied land uses do not match the local conditions, the use 
cannot survive.

• Acceptability: If the social effects of land use methods are negative, it is inevi-
table to fail over time. The part directly affected by social and economic impact 
is not always clear.

Considering this framework, it should be produced safely in the field, estab-
lished a production model that will protect the natural resources, the model 
should be economically feasible and socially acceptable. However, it should also be 
accepted that the system cannot be sustainable with the practices where the agricul-
tural structure is not properly managed and the land is constantly destroyed. This 
method requires, in principle, to protect and improve soil fertility, to prevent and 
correct soil degradation and to prevent environmental damage.

5.1 Maintaining and improving soil productivity

5.1.1 Managing soil nutrients

In agriculture, healthy nutrition of the plants and increasing the use of fertilizers 
depends on the application of nutrients at the time of need, with sufficient and 
correct methods. Correct plant nutrition management is in interaction with many 
factors. For example, increasing fertilizer usage efficiency depends on reducing 
the losses of plant nutrients from soil due to leaching, denitrification, evaporation, 
surface flow. In fertilizer applications not suitable for the technique, the nitrogen 
is leaching from the soil or away from the gaseous state and the nutrients such as 
phosphorus and potassium are transformed into non-volatile forms. As a matter of 
fact, while 50% of the nitrogen applied to the soil is lost in various ways, 90% of 
the phosphorus cannot be taken by plants [10, 11]. Studies have shown that fertil-
izer nitrogen use efficiency is very low for wheat, paddy and corn, and nitrogen 
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utilization rate is between 29 and 42% [12]. High nitrogen losses lead to significant 
environmental problems such as groundwater pollution, lake and river water 
eutrophication.

On the other hand, soil quality, soil organic matter and nutrient availability also 
show significant differences between methods such as minimum soil tillage, con-
ventional tillage, conservational tillage and no-till agricultural systems. Totally used 
soil quality indicators in minimum data sets include total organic carbon, volume 
weight, aggregate resistance, usable moisture content, pH and EC [13]. Soil water 
retention capacity, soil water movement in soil, soil compaction and soil tempera-
ture also show significant changes depending on the agricultural system. Therefore, 
soil management has a special place in terms of fertilizer usage efficiency. In this 
respect, soil management includes more factors such as chemical fertilizers and the 
use of organic fertilizers (applied fertilizer type, dose, fertilizer application time, 
method) and irrigation. Fertilizer application methods are extremely important in 
terms of fertilizer economy. With the method to be applied, the efficiency of the 
fertilizers is increased and the larger areas can be fertilized with less fertilizer. In the 
case of slow and controlled conversion of fertilizers into a useful form, the loss of 
nutrients, especially nitrogen, is prevented and the plant will be used for a longer 
period of time and increased usage efficiency.

Soil analysis and soil sampling technique are very important in terms of fertilizer 
usage efficiency. In fact, it is a known fact that the physical and chemical proper-
ties of soils are highly variable in agricultural areas. Regionally, even on field level, 
soil properties show significant differences depending on distance. In fertilization 
without considering this feature of the land, some parts of the land will be applied 
more than the need and in some places less fertilizer will be applied. In this case, 
fertilizer will be deposited or washed in the soil in areas where fertilizer is given, 
and in areas where less fertilizer is needed, the yield will be low. Increased fertilizer 
use efficiency and the decrease in nutrient loss are proportional to each other [14]. 
Therefore, precision farming practices are one of the most important components 
of sustainable soil fertility and plant nutrition management.

The aim of this course is to evaluate the soil conditions, product characteristics 
and the variable productivity related to agricultural conditions within the bound-
aries of agricultural land in variable rate fertilization technologies in precision 
farming and to determine the time and amount of fertilization. Variable Rate 
Fertilization Maps used in this direction indicate the variable applications to differ-
ent geographical coordinates based on the analysis of these conditions. This tech-
nology is also effective in deciding the nature of the fertilizer to be used. Different 
areas within the field can be evaluated separately and variable nutritional needs can 
be calculated. With the use of advanced technologies, the topographic structure of 
the field (different slope levels and depressions), the soil color which varies accord-
ing to the organic matter content and the temporal yield variability in the field are 
taken into consideration. With the inclusion of land sampling data, all information 
is classified and analyzed in different databases; accordingly, the need for qualita-
tive and quantitative fertilizers of the field subfields is determined.

5.1.2 Managing soil physical conditions

The soils under natural vegetation normally support the population of organ-
isms and soil animals in an active biological activity. They live in plant roots and 
trash, digging and loosening the soil and use it as a nest. The vegetation is normally 
compressed by exposure to the effects of rain and soil processing and the effects 
of humans, animals and machinery. A certain proportion of compaction makes it 
suitable for the growth of plant roots in the soil and increases the ability of plants 
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soil quality indicators in minimum data sets include total organic carbon, volume 
weight, aggregate resistance, usable moisture content, pH and EC [13]. Soil water 
retention capacity, soil water movement in soil, soil compaction and soil tempera-
ture also show significant changes depending on the agricultural system. Therefore, 
soil management has a special place in terms of fertilizer usage efficiency. In this 
respect, soil management includes more factors such as chemical fertilizers and the 
use of organic fertilizers (applied fertilizer type, dose, fertilizer application time, 
method) and irrigation. Fertilizer application methods are extremely important in 
terms of fertilizer economy. With the method to be applied, the efficiency of the 
fertilizers is increased and the larger areas can be fertilized with less fertilizer. In the 
case of slow and controlled conversion of fertilizers into a useful form, the loss of 
nutrients, especially nitrogen, is prevented and the plant will be used for a longer 
period of time and increased usage efficiency.

Soil analysis and soil sampling technique are very important in terms of fertilizer 
usage efficiency. In fact, it is a known fact that the physical and chemical proper-
ties of soils are highly variable in agricultural areas. Regionally, even on field level, 
soil properties show significant differences depending on distance. In fertilization 
without considering this feature of the land, some parts of the land will be applied 
more than the need and in some places less fertilizer will be applied. In this case, 
fertilizer will be deposited or washed in the soil in areas where fertilizer is given, 
and in areas where less fertilizer is needed, the yield will be low. Increased fertilizer 
use efficiency and the decrease in nutrient loss are proportional to each other [14]. 
Therefore, precision farming practices are one of the most important components 
of sustainable soil fertility and plant nutrition management.

The aim of this course is to evaluate the soil conditions, product characteristics 
and the variable productivity related to agricultural conditions within the bound-
aries of agricultural land in variable rate fertilization technologies in precision 
farming and to determine the time and amount of fertilization. Variable Rate 
Fertilization Maps used in this direction indicate the variable applications to differ-
ent geographical coordinates based on the analysis of these conditions. This tech-
nology is also effective in deciding the nature of the fertilizer to be used. Different 
areas within the field can be evaluated separately and variable nutritional needs can 
be calculated. With the use of advanced technologies, the topographic structure of 
the field (different slope levels and depressions), the soil color which varies accord-
ing to the organic matter content and the temporal yield variability in the field are 
taken into consideration. With the inclusion of land sampling data, all information 
is classified and analyzed in different databases; accordingly, the need for qualita-
tive and quantitative fertilizers of the field subfields is determined.

5.1.2 Managing soil physical conditions

The soils under natural vegetation normally support the population of organ-
isms and soil animals in an active biological activity. They live in plant roots and 
trash, digging and loosening the soil and use it as a nest. The vegetation is normally 
compressed by exposure to the effects of rain and soil processing and the effects 
of humans, animals and machinery. A certain proportion of compaction makes it 
suitable for the growth of plant roots in the soil and increases the ability of plants 
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to retain the water they need to survive. Exposing the soil to compressing and then 
drying may cause the surfaces to crust. This reduces the water penetration rate and 
may cause water to flow from the surface and soil erosion.

Larger land resources were needed to supply food to the growing population, 
and soils were put under intensive use for overproduction. On the other hand, as 
a result of the pressure of increasing population, the deterioration in the fertile 
soil resources and the result of the structuralization show the effects of the loss of 
the area. As a result of the increase in the need for land resources, many countries 
around the world need to map their land in detail and use the land according to their 
capabilities. When the sustainability of natural resources is mentioned, first of all, 
soil erosion and its negative effects on the environment are one of the first issues that 
come to mind. Under normal conditions, climate, soil, topography and vegetation 
are the main elements that complement each other. Soil erosion is the result of this 
interaction. It is clear that the risk of erosion in agricultural areas is high, and if the 
conservation measures required by sustainable agricultural techniques are not taken, 
it will be possible to reach irreversible levels. Moreover, our resources, which are 
already limited by accelerated soil erosion, may be under great threat in the future.

Managing the physical properties of the soil includes the protection of the soil 
structure necessary for agricultural production, as well as the application of agricul-
tural techniques and processing techniques to increase the long-term efficiency of the 
soil. Under these conditions, environment-friendly, healthy, economic and quality 
production conditions will be provided. Soil cultivation is also important for weed 
control, and this is usually one of the most important reasons for cultivating the soil. 
However, the introduction of herbicides has resulted in zero or minimum soil tillage 
techniques that eliminate the need to soil cultivation. Zero and minimum soil tillage 
techniques protect the soil from the direct impact of rain and wind by leaving crop 
remains on the surface. Surface residues prevent soil aggregates from being dispersed, 
transported by water or wind, the infiltration capacity of the soil is preserved, conse-
quently there is no flow on the soil surface and erosion problem decreases. Generally, 
56% water and 28% wind erosion are effective in soil degradation types. Among these 
reasons, agriculture has an important place with 28% (Figure 2) [15].

Intensive and timeless machine operations cause compression on the soil 
surface, especially in deeper layers and deterioration of the soil structure. Soil 
compaction is a state of degradation of soil aggregates and reduced pores between 
aggregates. Reduction of pore density reduces soil aeration, water drainage and 
water penetration into the deep layers, causing surface flow in rainy conditions. Soil 
compaction also complicates germination of the seed, limits the growth of plant 
roots, affects the biodiversity of the soil and causes the surface soil crusting.

Figure 2. 
Types and causes of soil degradation [15].
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Some of the issues to be taken into consideration for the protection of soil 
 physical structure can be listed as follows [15];

• Reduce the number and frequency of vehicle traffic, avoid unnecessary 
operations.

• Select suitable machines for the soil properties and the work to be carried out, 
check the tire pressure to reduce the pressure on the surface and reduce it if 
necessary.

• Agricultural practices that will increase soil organic matter and encourage soil 
structure, such as soil aeration, water leakage, heat transfer and root growth 
should be favored.

• In grazing systems, grazing intensity and timing should be planned well.

5.1.3 Water management

The most important means of ensuring healthy growth of the plant in sustain-
able agriculture is the sufficient amount of moisture in the root area of the soil 
during the plant’s growing season. The first source of this moisture is the natural 
rainfall. In cases where sufficient water cannot be met by rainfall, the water needed 
should be given by irrigation water. Inadequate or too much soil moisture in the 
plant root area usually results in a decrease in yield.

The sustainability of water resources is a social, physical, economic and ecologi-
cal concept. Sustainable water management encompasses the water needs of future 
generations, drinking and using, irrigation, industrial and recreational water 
conservation and ecosystem conservation services. In order to ensure sustainability, 
the following points should be taken into account:

• Irrigation system should be continuously controlled, pumps should be oper-
ated at optimum performance, water amount should be measured and water 
distribution evenness should be ensured.

• The irrigation time and amount should be planned by determining the plant 
water requirement and the most effective use of water should be ensured.

• Irrigation should be avoided in the middle of day and windy weather, irrigation 
should be done at night, and if possible drip irrigation method should be used.

• The system should be operated at optimum pressure, pipelines should be 
checked and leaks should be prevented.

• In any case, water, water sources and drainage channels should be avoided 
contamination.

• To reduce waterborne erosion; it should be ensured that the water is infiltrated 
to the soil with the principle of agriculture and irrigation method which is 
perpendicular to the direction of inclination.

• Production planning should be made considering the water quantity and the 
distance of water resources.
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• Discharge of untreated farm wastes and wastewater into natural surface waters 
should be avoided. Measures should be taken to reduce the negative effects of 
irrigation on the ecosystem.

In addition, drone and sensor technologies can be used to collect necessary data 
for the development of an effective irrigation methodology. According to this:

• Determination of soil water potential with soil moisture sensors,

• Thermal images obtained from drones concerning soil and crop moisture 
content,

• Nitrogen deficiency can be measured by multispectral camera,

• A variable-rate irrigation program is created in line with weather data and 
weather forecasts.

• Variable rate applications can be done in optimum timing in fields varying in 
the field in terms of water requirement.

5.1.4 Pests and diseases management

Integrated Pest Management (IPM), as one of the effective methods used in 
modern agriculture, takes into account all plant protection methods available in the 
application. IPM implies the integration of appropriate measures that minimize the 
risks for human health and the environment by preventing the development of pest 
populations and by ensuring the use of plant protection products and other forms 
of intervention at economic and ecologically justified and reduced levels.

A well-designed integrated pest management program (IPM) includes three 
main steps for maximum effectiveness and minimum environmental impact in pest, 
weed and disease control [16]:

Find: Producers should first identify pests, diseases or weeds. Then, physical, 
chemical, biological and regulatory compliance options should be decided.

Watch: Reproduction rates are noted after the identification of harmful species. 
The determination of the effects of the protection methods and the limit threshold 
where the plant protection products will be used should be determined.

Select: When the density of harmful species reaches the threshold, many protec-
tion options are activated. With other protection methods, the use of pesticides that 
cause the least damage to the environment is the most effective protection method 
with harmful species. In addition, early harvesting or other physical protec-
tion methods can help minimize crop damage. When deciding on the protection 
method, the existence of useful species should be taken into consideration, and 
harmful species can be fought with the species which are the enemy of the pests 
without any application.

IPM for the prevention or suppression of harmful organisms as well as chemical 
control; crop rotation, use of appropriate breeding techniques (planting dates and 
densities, protected cultivation, pruning and direct sowing), use of tolerant variet-
ies and certified seed and planting materials, use of balanced fertilization, liming 
and irrigation/drainage applications and prevention of spread of harmful organ-
isms by hygiene measures (regular cleaning of machinery and equipment), which 
can be considered as a number of methods are important for sustainable agriculture 
[16]. Energy-based innovative cultural techniques: leguminous rotations, use of 
organic wastes as well as farm based by-products, integrated pest management 
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(IPM), pest and disease prediction, biological and cultural pest control, mulching 
and mechanical weed control, conservational tillage or no-till, mixed sowing and 
trap crops should be applied within the system [17].

5.1.5 Cover crop and rotation

Covered plants provide important contributions to agricultural production at 
the point of protection of soil, temperature, humidity or light at the desired level, 
pest and weed control. The reduction of soil cultivation in sustainable agriculture 
has brought with it the weed problem. Many plants such as clover, vetch, trefoil, 
oats, rye, sorghum vary widely according to usage and production purpose. For 
example, cereals are preferred for weed control, and legumes cultivation is pre-
ferred for providing nitrogen to the crop plant. The most important point in the 
cultivation of cover plants is to know the balance between the cost and the benefits 
of the system.

The system should both reduce the input cost and increase the product effi-
ciency. Apart from its main purpose, cover crops have many other contributions 
to agriculture and production. The use of these plants allows increasing the 
amount of organic matter in the soil by protecting plant biomass and vegetative 
waste in the field. In this way, soil weathering improves, root growth of plants is 
encouraged and surface water flow decreases and aggregate formation increases. 
In addition, an increase in the population of living things such as microorganisms 
and worms, which contribute to the improvement of the nutritional cycle and soil 
structure, is achieved.

On the other hand, it is possible to reduce soil tillage, increase soil organic 
matter, benefit from different depths of nutrients, protect soil moisture, increase 
soil water holding capacity and weed control. For this reason, cover crop and crop 
rotation in sustainable agriculture is one of the important applications to reduce 
production inputs and to make economic agriculture.

6. Conclusions

The management of agricultural areas by traditional methods, the evaluation 
and processing of soil characteristics using traditional habits alone are not sufficient 
for the past, present situation and future productivity of the soil. Therefore, an 
evaluation of the tillage systems where soil tillage is appropriate to the management 
objectives and the effects on soil functions can be determined precisely. In deter-
mining the soil tillage system, the most suitable tillage system should be selected 
by evaluating the soil structure and quality, not only for the purpose of loosening 
and aerating the soil and destroying weeds. In order to compare soil management 
and processing systems, different indicators can be used in soil quality assessments 
according to soil conditions.

Today, the most important issue of researchers is the question of whether or not 
food can be produced enough to feed so many people in parallel with the rapidly 
increasing population. As a matter of fact, while focusing on this issue, it should not 
only be focused on the subject to feed of human, and should not be overlooked for 
the healthy and sustainable feeding. In particular, the non-cultivation agricultural 
system and protective agriculture in general are facing an ecologically and economi-
cally large potential for cultivated areas, whose productivity is decreasing day by 
day and becoming more open to erosion every day. On the other hand, the relation-
ship between fertilizer, pesticide, tillage and crop rotation issues in sustainable 
systems and their effects on product yield and income should be well established.
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for the development of an effective irrigation methodology. According to this:

• Determination of soil water potential with soil moisture sensors,

• Thermal images obtained from drones concerning soil and crop moisture 
content,

• Nitrogen deficiency can be measured by multispectral camera,

• A variable-rate irrigation program is created in line with weather data and 
weather forecasts.

• Variable rate applications can be done in optimum timing in fields varying in 
the field in terms of water requirement.

5.1.4 Pests and diseases management

Integrated Pest Management (IPM), as one of the effective methods used in 
modern agriculture, takes into account all plant protection methods available in the 
application. IPM implies the integration of appropriate measures that minimize the 
risks for human health and the environment by preventing the development of pest 
populations and by ensuring the use of plant protection products and other forms 
of intervention at economic and ecologically justified and reduced levels.

A well-designed integrated pest management program (IPM) includes three 
main steps for maximum effectiveness and minimum environmental impact in pest, 
weed and disease control [16]:

Find: Producers should first identify pests, diseases or weeds. Then, physical, 
chemical, biological and regulatory compliance options should be decided.

Watch: Reproduction rates are noted after the identification of harmful species. 
The determination of the effects of the protection methods and the limit threshold 
where the plant protection products will be used should be determined.

Select: When the density of harmful species reaches the threshold, many protec-
tion options are activated. With other protection methods, the use of pesticides that 
cause the least damage to the environment is the most effective protection method 
with harmful species. In addition, early harvesting or other physical protec-
tion methods can help minimize crop damage. When deciding on the protection 
method, the existence of useful species should be taken into consideration, and 
harmful species can be fought with the species which are the enemy of the pests 
without any application.

IPM for the prevention or suppression of harmful organisms as well as chemical 
control; crop rotation, use of appropriate breeding techniques (planting dates and 
densities, protected cultivation, pruning and direct sowing), use of tolerant variet-
ies and certified seed and planting materials, use of balanced fertilization, liming 
and irrigation/drainage applications and prevention of spread of harmful organ-
isms by hygiene measures (regular cleaning of machinery and equipment), which 
can be considered as a number of methods are important for sustainable agriculture 
[16]. Energy-based innovative cultural techniques: leguminous rotations, use of 
organic wastes as well as farm based by-products, integrated pest management 

121

Soil Management in Sustainable Agriculture
DOI: http://dx.doi.org/10.5772/intechopen.88319

(IPM), pest and disease prediction, biological and cultural pest control, mulching 
and mechanical weed control, conservational tillage or no-till, mixed sowing and 
trap crops should be applied within the system [17].

5.1.5 Cover crop and rotation

Covered plants provide important contributions to agricultural production at 
the point of protection of soil, temperature, humidity or light at the desired level, 
pest and weed control. The reduction of soil cultivation in sustainable agriculture 
has brought with it the weed problem. Many plants such as clover, vetch, trefoil, 
oats, rye, sorghum vary widely according to usage and production purpose. For 
example, cereals are preferred for weed control, and legumes cultivation is pre-
ferred for providing nitrogen to the crop plant. The most important point in the 
cultivation of cover plants is to know the balance between the cost and the benefits 
of the system.

The system should both reduce the input cost and increase the product effi-
ciency. Apart from its main purpose, cover crops have many other contributions 
to agriculture and production. The use of these plants allows increasing the 
amount of organic matter in the soil by protecting plant biomass and vegetative 
waste in the field. In this way, soil weathering improves, root growth of plants is 
encouraged and surface water flow decreases and aggregate formation increases. 
In addition, an increase in the population of living things such as microorganisms 
and worms, which contribute to the improvement of the nutritional cycle and soil 
structure, is achieved.

On the other hand, it is possible to reduce soil tillage, increase soil organic 
matter, benefit from different depths of nutrients, protect soil moisture, increase 
soil water holding capacity and weed control. For this reason, cover crop and crop 
rotation in sustainable agriculture is one of the important applications to reduce 
production inputs and to make economic agriculture.

6. Conclusions

The management of agricultural areas by traditional methods, the evaluation 
and processing of soil characteristics using traditional habits alone are not sufficient 
for the past, present situation and future productivity of the soil. Therefore, an 
evaluation of the tillage systems where soil tillage is appropriate to the management 
objectives and the effects on soil functions can be determined precisely. In deter-
mining the soil tillage system, the most suitable tillage system should be selected 
by evaluating the soil structure and quality, not only for the purpose of loosening 
and aerating the soil and destroying weeds. In order to compare soil management 
and processing systems, different indicators can be used in soil quality assessments 
according to soil conditions.

Today, the most important issue of researchers is the question of whether or not 
food can be produced enough to feed so many people in parallel with the rapidly 
increasing population. As a matter of fact, while focusing on this issue, it should not 
only be focused on the subject to feed of human, and should not be overlooked for 
the healthy and sustainable feeding. In particular, the non-cultivation agricultural 
system and protective agriculture in general are facing an ecologically and economi-
cally large potential for cultivated areas, whose productivity is decreasing day by 
day and becoming more open to erosion every day. On the other hand, the relation-
ship between fertilizer, pesticide, tillage and crop rotation issues in sustainable 
systems and their effects on product yield and income should be well established.
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According to most of the researches, agricultural production programs will 
begin to decrease as a result of rapid soil deterioration with the applied agricultural 
production programs, carbon balance will deteriorate and it will be difficult to 
obtain a healthy, sufficient and qualitative product in the not too distant future. 
Therefore, it is now necessary to increase the agricultural production in a way to 
protect nature and it is inevitable that sustainable agricultural techniques will be 
applied to reduce soil erosion, salinization, pollution of water resources and other 
damages. When planning production growth in agriculture, we are faced with the 
need and the necessity to develop new methods that guarantee natural resources 
instead of intensive input techniques, which cause irreversible microorganism losses 
in agricultural areas.

By applying the yield mapping system in agricultural production, it is necessary 
to determine the changes in the product characteristics in the land and thus the 
effective and economic planning of the amount of agricultural inputs to be used. In 
this direction, precision farming and variable rate applications are the most suitable 
methods to achieve maximum output by using the optimum and limited input. 
In contrast to traditional agricultural activities, this practice does not apply the 
amount of input to be applied to the field equal to each point, and applies variable 
rate according to the input maps created in line with the yield map. This application 
determines the need of appropriate input considering the specific conditions and 
the requirements of the land and weather conditions. Data maps are generated with 
the help of geospatial data, geographic information system (GIS) technologies and 
software which are acquired by various sensors on the harvesting machines. Drone 
and satellite technologies facilitate the creation of visuals that provide important 
information about land, soil and product structure. In this context, high resolution 
terrain and plant structure visuals, high resolution relief, slope and product maps 
can be obtained and thus it is possible to create drainage maps, to evaluate the effect 
of the slope factor in land efficiency and to obtain various data and base map that 
can be used in farm management.

Nowadays, with the introduction of Industry 4.0 technology, it is possible to 
reduce the costs of using natural resources at the required level by ensuring the 
communication of objects in agriculture. Similarly, all the factors necessary for 
production with smart systems in the farm are analyzed and presented to the 
manufacturer simultaneously. With the machines that are in contact with each 
other and working synchronously, a quick decision can be taken, resource wastage 
is prevented and quality products are produced. With systems equipped with digital 
sensors, it is aimed to maximize productivity by providing detailed and real-time 
information such as the type and amount of fertilizer to be given to the regions, 
weather conditions, plant mineral need, irrigation time, soil condition, estimated 
harvest time. Workload and cost are reduced with machines that work together and 
work synchronously. The producer is given the opportunity to manage and observe 
the whole farm from a tablet or telephone and by reducing the labor force, efficient, 
fun, high quality and natural production facilities are created.
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Chapter 8

Managing Soil Nitrogen 
under Rain-Fed Lowland Rice 
Production Systems in the Forest 
Agroecological Zones in Ghana
Mohammed Moro Buri and Roland Nuhu Issaka

Abstract

Rice is the second most important cereal in Ghana after maize. However, 
current production levels are about 47% of the country’s requirements resulting 
in huge annual imports of the crop. One major constraint to production has been 
low soil nutrients and poor nitrogen management. Nitrogen is not only a major 
nutrient but also most often the most limiting nutrient element in lowland ecolo-
gies. With the introduction of improved soil and water management (“sawah” 
system) for lowland rice production, a study was conducted to determine the 
optimum nitrogen rates required. A randomized complete block design arranged 
in a split plot consisting of five levels of nitrogen as main treatments and three 
improved rice varieties as sub-treatments was adopted. Results showed that the 
total number of tillers per m2 increased significantly with increasing levels of N as 
was total dry matter production. However, total number of panicles did not show 
the same relationship. Total biomass yield increased significantly and linearly with 
increasing levels of N. Paddy yield significantly increased from 1.7 t ha−1 (control) 
to a maximum of 9.4 t ha−1 (90 kg N ha−1) before declining to 5.8 t ha−1 (150 kg N 
ha−1) in the order 0 < 30 < 60 < 150 < 120 = 90 kg N ha−1, respectively. This result 
significantly and positively reflected on grain harvest index (GHI) in the order 
0.27 < 0.38 < 0.46 < 0.47 < 0.57 < 0.68 for 0, 30, 60, 150, 120 and 90 kg N ha−1, 
respectively. Nitrogen at 90–120 kg ha−1 was therefore recommended. These rice 
varieties in addition to other improved ones will also perform well in other envi-
ronments with similar biophysical characteristics across the country.

Keywords: grain yields, mineral fertilization, “sawah” technology, soil nutrients

1. Introduction

Poor and declining soil fertility remains the most important biophysical (abi-
otic) stress that accounts for the decline in agricultural productivity particularly in 
rice-growing environment in sub-Saharan Africa and in Ghana in particular [1–13]. 
Another notable and critical factor contributing to low agricultural productivity 
especially rice in Ghana is the low use of fertilizers [10, 14]. In highly weathered 
soils with low clay content and low activity clay minerals [13] as those of West 
Africa including Ghana, technology development for increased and sustainable 
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nutrient management under improved soil and water management is very para-
mount. In Ghana where over 80% of rice farmers are poorly resourced, rice produc-
tion levels will continue to be low unless technology development for increased and 
efficient use of inputs such as fertilizer is critically and urgently promoted.

Rice consumption has been on the increase in Ghana over the past few decades. 
According to the Ministry of Food and Agriculture, Ghana [15] rice has become the 
second most important staple food after maize, and its consumption keeps increas-
ing. This has led to large annual imports of the crop as production constantly falls 
short of demand. On the average, annual rice import for Ghana is about 400,000 
tons. The self-sufficiency ratio of rice in Ghana declined from 38% in 1999 to 24% 
in 2006. Rice yields in Ghana average about 2 tons per hector due to inherent poor 
soils and improper soil management practices [5, 6, 8]. With a potential available 
lowland area of over 700,000 ha, rice is cultivated across all the agroecological 
zones of Ghana. However, there are significant differences in the production 
potential (area available and suitability) among these ecosystems due to differences 
in soil, climate, and economic conditions.

The high rain forest and semi-deciduous rain forest agroecological zones have 
a comparative advantage due to their good rainfall and better water availability 
throughout a greater part of the year. While the impact of fertilizer use for crop pro-
duction is considered large in regions of extremely low soil fertility (particularly N 
and P), the application of chemical fertilizer to crops in Ghana is one of the lowest 
in West Africa [3, 16]. Rice is grown within these zones with very little or sometimes 
no application of mineral fertilizers. There are also no structures put in place to 
manage water. Efficiency of applied fertilizer is therefore very low due to poor water 
control. With the recent introduction of improved soil and water management, rice 
framers’ yield of at least 4.0 t ha−1 is ensured [4, 7]. However, for higher yields and 
improved/sustained productivity, mineral fertilization is necessary. Previous studies 
have shown that rice responds to mineral fertilization in these lowlands [5–7]. 
Hence, for site-specific management and the bulk of rice growers being resource-
poor small-scale farmers, it is necessary to develop technologies (optimum levels of 
critical nutrients such as nitrogen) that are easily transferrable and adaptable.

With the increasing use of lowlands in the forest agroecological zones for rice 
production, this chapter looks at the relevance and how effective nitrogen can be 
managed for increased rice grain yields and developing a sustainable production 
system.

2. Forest agro-ecology and rice-growing soils

In Ghana, there are two main forest agroecological zones, namely, the high rain 
forest and semi-deciduous rain forest (Figure 1). These agroecological zones lie 
between latitude 5°N and 7°N and longitude 0°W and 3°W. The agro-ecology covers 
a total land area of about 3.45 million hectares representing 18.9% of total land 
area of country. The agroecological zones cover the whole of the Western, Western 
North, parts of the Ashanti, Central and Eastern regions. Lowlands (inland valleys, 
floodplains) are spread across the area where rice cultivation is gradually intensify-
ing due to water availability.

Rice is grown mainly in the valley bottoms, valley fringes, floodplains, colluvial 
foot slopes, and generally hydromorphic sites. Water is readily available throughout 
greater portions of the year. Rice is mainly grown under partially irrigated and 
rain-fed conditions. Within very limited areas, however, rice is also grown under 
irrigation. The main soils of rice-growing sites include valley bottoms (Gleysols), 
foot slopes, and valley fringes (Humic Ferralsol and Gleyic Lixisols).
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3. Materials and methods

3.1 Experimental setup

The site was initially slashed and vegetative cover removed. The area was then 
ploughed using a mini-tractor (power tiller). The plowed site was demarcated into 
four main blocks through the construction of bunds. Using a split plot design with 
nitrogen rate (level) as main treatment and rice variety as sub-treatment, each 
block was divided into six main plots using minor bunds (100 cm wide and 50 cm 
high) representing six nitrogen rates (0, 30, 60, 90, 120, 150) kg N per ha. Each 
main plot was again subdivided to three plots, each measuring 2 m × 2 m for the 
three rice varieties (Sikamo, Jasmine 85, Marshall). The characteristics of these 
rice varieties are indicated in Table 1. Each subplot was then puddled and manu-
ally leveled. A composite soil sample (0–30 cm) was initially collected from the 
site for laboratory analysis before land preparation. Three-week-old rice seedlings 
were transplanted to their respective plots using the specified varieties at a spacing 
of 20 cm × 20 cm and at two seedlings per hill. A uniform level of 60 kg P ha−1 as 

Figure 1. 
Location of the two forest agroecological zones of Ghana.

Rice variety Days to 
maturity

Av. yield (t ha−1) Yield potential 
(t ha−1)

Comments

Sikamo 130–135 6.5 8.5 Nonaromatic

Jasmine 85 120–130 6.5 8.5 Aromatic

Marshall 120–130 6.0 8.0 Nonaromatic

AGRA 125–130 6.0 8.0 Aromatic

Amankwatia 120–125 6.0 8.0 Aromatic

CRI-Dartey 120–125 6.5 9.0 Aromatic

Table 1. 
Characteristics of the varieties used and other existing varieties.
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nutrient management under improved soil and water management is very para-
mount. In Ghana where over 80% of rice farmers are poorly resourced, rice produc-
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foot slopes, and generally hydromorphic sites. Water is readily available throughout 
greater portions of the year. Rice is mainly grown under partially irrigated and 
rain-fed conditions. Within very limited areas, however, rice is also grown under 
irrigation. The main soils of rice-growing sites include valley bottoms (Gleysols), 
foot slopes, and valley fringes (Humic Ferralsol and Gleyic Lixisols).
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P2O5 using triple superphosphate as phosphorus source, 60 kg K ha−1 as K2O using 
Muriate of Potash as potassium source, and 50% N using urea as nitrogen source 
was applied to each subplot immediately after transplanting as basal fertilizer. All 
fertilizer was uniformly broadcasted on the field manually. The remaining 50% N 
was applied as split, at 25 days after transplanting (maximum tiller formation) and 
55 days after transplanting (at panicle initiation) using the same broadcast method. 
Weed control was manual, mainly by handpicking. Crop growth was then moni-
tored until harvest.

3.2 Soil analysis

Soil sample was air dried at room temperature. Dried sample was then ground 
and passed through a 2 mm sieve. Soil pH was measured in a soil/water ratio of 
1:2.5 [17]. Total carbon was measured by the method of [18] and total nitrogen 
by the micro Kjeldahl method [17]. Available P was measured by the method of 
[19]. Exchangeable cations (Ca, Mg, K, Na) were extracted using a 1.0 M ammo-
nium acetate solution and determined by atomic absorption spectrometry [20]. 
Exchangeable acidity was determined by titration and eCEC calculated as sum of 
exchangeable cations and acidity.

3.3 Growth characteristics

Number of tillers was counted after maximum tiller formation stage and 
mean number of tillers determined, while plant height was measured at harvest.

3.4 Yield characteristics

At maturity, an area of 1m2 excluding border rows was measured out in each 
subplot and harvested. Grain and stover yield were measured and yield per hectare 
estimated. Panicles were also collected from non-border rows and mean individual 
weight per panicle determined. The weight of 1000 grains was measured using an 
electronic balance. Grain harvest index (HI) was calculated as ratio of grain yield to 
total yield (grain + stover).

3.5 Statistical analysis

The statistical software STATISTIX 8 was used to analyze the data, and LSD 
(0.05) was used as the mean separator.

4. Characteristics of growing environment

The agroecological zones have a bimodal rainfall pattern (Figure 2) and therefore 
have two main cropping seasons (major and minor). The major season has its peak 
rainfall in June to July, while that of the minor is in September to October. The two 
agroecological zones have a comparative advantage over other agroecological zones 
due to their good rainfall and higher water availability throughout a greater part of 
the growing season. The physicochemical properties of the soils of these zones are 
shown in Table 2. The soils are typically low in inherent fertility and poor in plant 
nutrients particularly total nitrogen (N) and available phosphorus (P). Soil texture 
ranges from pure sandy soils through loam to clay soils. Under such low levels of 
fertility, improved/efficient nutrient management is critical if higher rice yields are to 
be obtained and when increased and sustained total productivity are to be achieved.
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5. Responses to nitrogen fertilizer application

5.1 Effect of nitrogen on growth parameters

5.1.1 Number of tillers m2

The number of effective tillers produced is a good indicator as it is a major deter-
minant of yield. Tiller number increased with increasing N levels, but the increased 
was more pronounced from 0 kg N to 30 kg N than from 30 to 60, 60 to 90, 90 
to 120, and 120 to 150 kg N ha−1 (Table 3). Generally, total number of tillers per 
m2 significantly increased by 53, 70, 72, 77, and 103% over the control for 30, 60, 
90, 120, and 150 kgN ha−1, respectively. There was also a corresponding increase 
in total dry matter production with increasing levels of N. These observations are 

Figure 2. 
Rainfall amounts and distribution in the three main agroecological zones of Ghana.

Parameter Units High rain forest Semi-deciduous rain forest Savannah

pH (water) — 5.7 5.7 4.6

Total carbon g kg−1 10.3 12 6.1

Total nitrogen g kg−1 0.90 1.10 0.65

Av. phosphorus mg kg−1 1.4 4.9 1.5

Ex. potassium cmol (+) kg−1 0.22 0.42 0.22

Ex. calcium cmol (+) kg−1 2.25 7.50 2.10

Ex. magnesium cmol (+) kg−1 1.12 4.10 1.00

Ex. sodium cmol (+) kg−1 0.26 0.32 0.12

Ex. acidity cmol (+) kg−1 0.65 0.31 1.00

Effective CEC cmol (+) kg−1 4.49 12.65 4.44

Clay g kg−1 110 127 66

Silt g kg−1 240 620 607

Sand g kg−1 650 300 327

Table 2. 
Mean physicochemical properties of soils of the main agroecological zones.
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similar to other findings. In 2006 [21], working on the effect of N and P fertilizers 
reported application of N up to 120 kg ha−1 increased the number of panicles per m2 
significantly apparently by increasing the number of productive tillers. However, 
the authors also reported that there was a reduction in the number of panicles per 
m2 at the highest N application, attributing this observation to excessive vegetative 
growth of the rice crop. However, paddy yield did not show a similar trend with 
increasing levels of N. At higher levels of N (> 90 kg ha−1), more tillers tended to be 
unproductive resulting in lower paddy yield. There were also no significant dif-
ferences in the number of effective tillers produced in the variety × N rate interac-
tion in line with an observation earlier made by [22] who noted that interactions 
between N and variety were not significant for all measured traits for four lowland 
NERICA varieties in Nigeria and those of [23], who worked on the effect of miner-
als N and P on the yield and yield components of flooded lowland rice in Ethiopia.

5.1.2 Plant height

Plant height was significantly affected by N application (Table 4). Plant height 
was similar for 0 and 30 kg N ha−1 levels but significantly shorter than for 60, 90, 
120, and 150 kg N ha−1. The initial nutrient levels were probably good enough to 
produce plants of similar height to 30 kg N ha−1. Nitrogen is a major contributor 

Nitrogen rate Rice variety

(kg ha−1) Sikamo Jasmine 85 Marshall Mean

0 84 85 72 80

30 101 95 94 97

60 119 105 99 108

90 122 117 105 115

120 128 118 110 119

150 124 115 112 117

Mean 108 105 99

LSD (0.05) Fertilizer = 14; LSD (0.05) Variety = 5; LSD (0.05) Fertilizer × Variety = 16.

Table 4. 
Effect of the interaction of nitrogen levels and rice varieties on plant height (cm).

Nitrogen rate (kg ha−1) Rice variety

Sikamo Jasmine 85 Marshall Mean

0 218 198 232 216

30 303 358 333 331

60 368 377 358 368

90 385 370 368 374

120 383 410 355 383

150 440 407 475 440

Mean 350 353 354

LSD (0.05) Fertilizer = 86; LSD (0.05) Variety = 36; LSD (0.05) Fertilizer × Variety = 112.

Table 3. 
Effect of the interaction of nitrogen levels and rice varieties on the number of tillers m−2.

133

Managing Soil Nitrogen under Rain-Fed Lowland Rice Production Systems in the Forest…
DOI: http://dx.doi.org/10.5772/intechopen.89446

to crop growth, size, and total dry matter production. The increase in height with 
increasing levels of N could not be explained better. While [23] in a similar study 
in Bida, Nigeria, observed that there were significant increases in plant height with 
increasing levels of N when compared with the Control, Metwally [24] also reported 
that plant height was significantly affected by nitrogen rate of 110 and 165 kg N ha−1 
over the control. Ref. [24] further indicated that the interaction between mineral N 
rates and organic materials had a significant effect on plant height. [25], however, 
reported that there were no significant differences in N rates × variety interaction, 
while significant N effects were only found in plant height. In this study, compar-
ing the three varieties, Sikamo and Jasmine 85 had similar plant heights which were 
significantly taller than Marshall. Two varieties (Sikamo and Jasmine 85) interacted 
with 60 kg N ha−1 level and above to give significantly taller plants. Similar taller 
plants were also observed when Marshall interacted with 60 kg N ha−1 level and 
above. Generally when N was not applied, plants were significantly shorter.

5.2 Effect of nitrogen on yield parameters

5.2.1 Total biomass

The total biomass (straw + grain) increased with increasing levels of N 
(Table 5). Total biomass increased from 9.9 t ha−1 at 0 kg N ha−1 to a maximum 
of 18.5 t ha−1 at 150kg N ha−1. At N rates of 30, 60, and 90 kg N ha−1, biomass 
yields were significantly higher than 0 kg N ha−1. Higher N rates of 120 and 
150 kg N ha−1 further significantly produced higher biomass yields. Total biomass 
increased by 4.0, 5.4, 6.1, 8.4, and 8.6 t ha−1 over the control for 30, 60, 90, 120, and 
150 kg N ha−1, respectively. Between varieties, total biomass production for Sikamo 
was similar to Jasmine 85 but significantly higher than Marshall. The effect of both 
N and variety interaction showed that Sikamo at 120 and 150 kg N ha−1 gave sig-
nificantly higher biomass than Sikamo or Jasmine 85 fertilized at 0 or 30 kg N ha−1. 
Marshall fertilized from 0 to 90 kg N ha−1 produced lower total biomass than both 
Sikamo and Jasmine 85. Generally Sikamo and Jasmine 85 were taller than Marshall 
(Table 3), and higher N rates had more tillers than the control (Table 4). This 
largely explains the observed differences in biomass production.

Reference [23] while looking at the effect of water management and N rates in 
a similar study reported that there were significant differences in straw and grain 
yield in other treatments compared with the control. According to the authors, yield 
and N use efficiency generally increased with increasing levels of N but declined at 

Nitrogen rate Rice variety

(kg ha−1) Sikamo Jasmine 85 Marshall Mean

0 10.27 9.60 9.90 9.92

30 14.30 14.47 13.00 13.92

60 16.73 16.70 13.17 15.53

90 16.57 15.97 15.47 16.00

120 20.20 18.03 16.67 18.30

150 19.67 17.77 18.00 18.50

Mean 16.29 15.42 14.37

LSD (0.05) Fertilizer = 2.612; LSD (0.05) Variety = 1.148; LSD (0.05) Fertilizer × Variety = 3.475.

Table 5. 
Effect of different levels of nitrogen on total biomass (t ha−1) for the three varieties.
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80 kg N ha−1. Ref. [24] while investigating the effect of mineral N fertilizer on rice 
reported that increasing N fertilizer levels resulted in a corresponding increase in 
straw yields, stating that the highest straw yields were obtained with the highest N 
rates of 165 and 110 kg N ha−1. Ref. [24] attributed these observations mainly due 
to the fact that N fertilizer increased dry matter, leaf area index, and number of 
tillers. In this study, while total biomass increased with increasing levels of N up to 
150 kg N ha−1, grain yield declined after 90 kg N ha−1. After 90 kg N ha−1, further 
N addition seemed to contribute more to vegetative growth (greater straw produc-
tion) at the expense of reproductive growth (grain production).

5.2.2 Mean panicle weight

The mean weight of individual panicles was determined for each level of N 
applied (Figure 3). Panicle weight was significantly affected by N application. 
Lowest individual panicle weights (< 3.0 g panicle−1) were obtained under the 
control where N was not applied. Individual panicle weight increased significantly 
(> 4.0 g panicle−1) with 30kgN ha−1 additions, rising to above 5.0 g per panicle−1 
at 90 and 120 kg N ha−1. Significantly lower panicle weights were recorded at 
150 kg N ha−1 than 90 and 120 kg N ha−1. These results are in conformity with other 
findings. Ref. [23] reported that plant height, grain yield, panicle weight, 1000 grain 
weight, and grain harvest index (GHI) were significantly influenced by N and geno-
type treatments. In the same vain, [24] also reported that mineral N and organic 
material application to rice significantly affected the number of grains per panicle. 
Treatments that received mineral N fertilizer in addition to organic materials had 
significantly higher panicle weights over those that did not, and it increased with 
increasing levels of fertilizer and organic materials. In this study, the significantly 
higher panicle weights of 90 and 120 kg N ha−1 significantly contributed to higher 
grain yields recorded for those treatments, particularly at 90 kg N ha−1 (Figure 3).

5.2.3 Grain yield

Grain yield produced for the different levels of N applied is presented in Figure 4. 
Grain yield ranged from 1.7 t ha−1(lowest) to 9.4 t ha−1 (highest) across N levels 
and varieties. Grain yield was significantly higher for Sikamo and Jasmine 85 fertil-
ized at 90 kg N ha−1 than all the other N x variety interactions except Marshall × 
90 kg N ha−1 and both Sikamo and Jasmine fertilized at 120 kg N ha−1. Grain yield 
for all the varieties was almost similar at both 60 and 150 kg N ha−1. Generally grain 

Figure 3. 
Effect of varying levels of nitrogen on individual panicle weight (g) of rice.
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yield increased with increasing levels of N from 1.7 t ha−1 (0kgN ha−1) to a maximum 
of 9.4 t ha−1 (90 kg N ha−1) and thereafter declined, indicating that higher levels of N 
suppressed yield. This is in accordance with the earlier findings of [25] who reported 
that excessive nitrogen application to rice in China caused environmental pollution, 
increased cost of farming, reduced grain yield, and contributed to global warming. 
Furthermore, [24] indicated that, filled grain percentage was affected by nitrogen 
fertilizer and organic materials, adding that plants that did not receive nitrogen 
produced the lowest number of filled grains while those that received 165 kg N ha−1 
produced the highest filled grains, followed by those that received 110 kg N ha−1 . 
Ref. [21] working on the effect of N and P fertilizers on yield, and yield components 
of rice also reported that N had a marked effect on grain yield and that grain yield 
increased from 3240 to 3962 kg ha−1 with an increase in the levels of N from the con-
trol (no N) to 60 kg N ha−1 and decreased further with increase in applied N fertilizer. 
Ref. [21] further reported that the magnitude of increase in grain yield over the con-
trol due to application of 30 and 60 kg of N ha−1 was 13.5% and 22.3%, respectively. 
Grain yield was generally very high compared to the mean grain yield of 2.0 t ha−1 
reported by the Ministry of Food and Agriculture, Ghana [15]. Such high levels of 
grain yield for the rain-fed lowlands could be attributed to the use of good varieties, 
fertilizer additions, and improved soil and water management under the “sawah” 
system (bunded and leveled fields). Ref. [8] reported that lowland rice significantly 
responded to N, P, and K additions in selected sites in southern Ghana. Ref. [26] 
also observed that while bunding significantly increased yield across sites in La Cote 
d’Ivoire by almost 40% and controlled weeds, mineral fertilizer N application sig-
nificantly increased yield by 18% with N use efficiency being 12 kg compared to 4 kg 
of rice grain per kg of N applied in open field. Ref. [26] further indicated that across 
environments, about 60% of observed variability in rice grain yield was explained 
by water control and agronomic management (N application, weed control). With 
improved soil and water management under the “sawah” system, N use efficiency is 
increased, and higher grain yields are obtained when compared to open fields with 
poor soil management and no water control [4]. Under this study, N utilization was 
improved due to improved water management. Hence moderate levels of N recorded 
higher grain yields. Evaluating the response of four rain-fed NERICA varieties to 
N fertilization, [22] also reported that even though the interactions between N and 
variety were not significant for all measured traits, yield response to N was linear and 
significantly increased with increasing levels of N up to 100 kg N ha−1.

Figure 4. 
Effect of varying levels of nitrogen on rice paddy yield.
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With results showing a linear trend and yield increase of 3 tons ha−1 
(100 kg N ha−1) over the control, the authors recommended further studies to 
establish optimum levels for the rain-fed lowlands of the northern Guinea savanna 
zone of Nigeria. In a similar study, [27] reported that N fertilization significantly 
increased dry matter and grain yield with maximum yield (6.4 t ha−1) obtained 
at 120 kg N ha−1 during year 1 and maximum yield (6.3 t ha−1) obtained at 
90 kg N ha−1 in year 2. Ref. [27] further observed that other yield components 
such as panicle length and panicle number per m2 were significantly affected by N 
fertilization with panicle number per m2 showing the highest correlation (r = 0.70 
and 0.78) for 2 years. In this study, however, mean maximum yields were obtained 
at 90 kg N ha−1 for all three varieties over the period confirming the findings of [9] 
who recommended 90 kg N ha−1 as the optimum rate.

5.2.4 Weight of 1000 grains

The effect of varying levels of N on 1000 grains is presented in Table 6. Lowest 
1000 grain weight recorded was 22.04 g, while the highest was 26.91 g, both under 
Jasmine 85. The application of N significantly affected the weight of 1000 grains 
over the control. However, there were no significant differences in 1000 grain 
weight between 30, 60, 120, and 150 kg N ha−1 application. Jasmine 85 interacted 
with 60 kg N ha−1 to produce the highest 1000 grain weight, followed closely by 
Sikamo at 90 kg N ha−1.

5.2.5 Correlation between grain yield and yield components.

Table 7 shows the relationships between grain yield and yield components. All 
the yield components strongly correlated with grain yield with plant height, bio-
mass, and panicle weight giving the highest correlations. This signifies that changes 
in these components will affect grain yield, as was observed.

5.2.6 Grain harvest index (GHI)

The grain harvest index (GHI) calculated for the different levels of N applied is 
shown in Figure 5. This is a measure of the ratio of economic yield (grain) to total 
yield (grain + straw). The higher the value, the better or higher the returns/gain from 
any fertilizer additions. GHI was significantly affected by N application for all the 
three varieties. The lowest GHI (0.27) was recorded for the control (no N applied), 
while the highest GHI (0.68) was recorded at 90 kg N ha−1. Harvest index was in 

Nitrogen Rice variety

Rate (kg ha−1) Sikamo Jasmine 85 Marshall Mean

0 22.32 22.04 22.20 22.19

30 24.17 25.46 26.65 25.42

60 26.46 26.91 26.66 26.68

90 26.88 26.74 26.66 26.76

120 26.51 26.42 26.69 26.54

150 25.44 25.58 25.86 26.17

Mean 16.29 15.42 14.37

LSD (0.05) Fertilizer = 1.35; LSD (0.05) Variety = 0.66; LSD (0.05) Fertilizer x Variety = 1.89.

Table 6. 
Effect of different levels of nitrogen on 1000 grain weight (g) for the three varieties.
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the order 0 < 30 < 60 < 150 < 120 < 90 kg N ha−1. GHI showed a similar trend for 
the three varieties and was significantly and positively correlated with grain yield. 
A similar observation was also reported by [23]. The above observations clearly 
show that higher doses of nitrogen for rice production in these lowlands do not only 
result in significant yield reductions but also lead to higher cost of production for the 
mostly resource-poor farmers as cost of mineral fertilizer is high.

6. Conclusion

Results show that fertilizer use significantly affects rice yield. However, higher 
rates of N tended to suppress grain yield but promote straw production. The optimum 
rate was observed to be 90 kg N ha−1, but this could be increased to 120 kg N ha−1 
depending on soil type, rainfall regime, and affordability of individual farmer. In the 
lowlands therefore appropriate crop, soil and water management practices can result 
in high rice grain yield of over 9000 kg ha−1. The introduction of such improved 
technologies can help to significantly improve yields over the current national mean 
of 2000 kg ha−1 and contribute to enhancing food availability and security in the 
country. The three rice varieties are highly productive under these nitrogen rates.

6.1 Recommendations

It is therefore recommended that, to sustain rice production and for increased 
yields, N application is best within 90–120 kg ha−1 based on location, specific 
rainfall amounts, and soil types. The three tested rice varieties (Sikamo, Jasmine 
85, Marshall) are all suitable for cultivation within the high rain forest and 

Growth parameter Grain yield

Plant height 0.7474***

Biomass 0.7533***

Tillers m−2 0.5881***

Panicle weight 0.7567***

1000 seed weight 0.5718***

***indicates significance at 1% probability level.

Table 7. 
Correlation between grain yield and yield components.

Figure 5. 
Effect of varying levels of nitrogen on grain harvest index (GHI).
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semi-deciduous rain forest agroecological zones of the country. Furthermore these 
rice varieties, in addition to other improved varieties like AGRA, Amankwatia, and 
CRI-Dartey, are suitable and recommended for lowlands in the other agroecological 
zones with similar biophysical and physicochemical characteristics. Land prepara-
tion methods and water management remain key and very critical factors, and the 
adoption of the “sawah” technology (bunding, puddling, and leveling) with easy-
to-adapt water control structures is most suitable for these areas.
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Abstract

The aim of this study is to examine the determining factors of plant nutrition
and sustainable crop production in Nigeria. The study applied an in-depth review of
literature and observed that different biotic and abiotic factors interact together to
determine the outcome of plant nutrition and sustainable crop production in
Nigeria. These factors include; types of fertilizers applied, atmospheric emissions,
level of technological development, infrastructural facilities, climatic conditions,
irrigation method, and level of skilled labour force. The study recommended that
there should be increased and equal access to credit facilities, social protection
incentives, and more innovation and technological involvement in the agricultural
sector in order to increase productivity and efficiency.

Keywords: credit access, crop production, plant nutrition, productivity

1. Introduction

Farmers experience various problems in the quest to produce enough crops in
order to meet the demand of the ever-teaming population and still keep constant
and without comprising the standard of the available resources for generations to
come. Mechanisms are needed to enhance soil and plants nutrients in order to
increase crop yields, and plant nutrients are one of the requirements to enhance
crop production [1, 2].

Plants’ nutritional quality directly affects human nutrition in terms of produc-
tivity. It is therefore no gainsaying that the quality of food consumed in a country
determines the quality of its populace. In many developing and developed coun-
tries, deficiency of micronutrients in pastures and crops has a negative effect on the
health of both plants and animals [3]. In addition, the adequate provision of sun-
light, air and water is a major prerequisite for optimum plant yield and improved
crop management. In a bid to achieve these, various countries have devised means
to reduce the negative effects of both abiotic and biotic factors in plants. After
dedicating sufficient time and capital for farming, the goal of many Nigerian
farmers is to produce sustainable crop yield [1].

However, certain factors come into play which might not augur well for agri-
cultural yield in general and crop production in particular. Considering the rate of
food insecurity in most developing countries, resulting from unfavourable weather
condition owing to global climate change, the improved sustainable management of
plant nutrition has been considered a precondition to reduce the challenge of
prevailing hunger in the affected countries, Nigeria not excluded [1].
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determines the quality of its populace. In many developing and developed coun-
tries, deficiency of micronutrients in pastures and crops has a negative effect on the
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crop management. In a bid to achieve these, various countries have devised means
to reduce the negative effects of both abiotic and biotic factors in plants. After
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farmers is to produce sustainable crop yield [1].

However, certain factors come into play which might not augur well for agri-
cultural yield in general and crop production in particular. Considering the rate of
food insecurity in most developing countries, resulting from unfavourable weather
condition owing to global climate change, the improved sustainable management of
plant nutrition has been considered a precondition to reduce the challenge of
prevailing hunger in the affected countries, Nigeria not excluded [1].
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Owing to inadequate mechanisation and the small-scale nature of agricultural
production, Nigeria has not been able to achieve self-sufficiency in food
production.

According to Obasi et al. [4], which noted that the sub-Saharan Africa region is
among the countries that have continued to experience significant food shortages,
more than 40% of the region population is estimated to be suffering from hunger
and poor nutrition. Just like many other developing countries, the Food and Agri-
cultural Organisation identified that widespread poverty, poor economic condi-
tions, institutional failure and constraints in logistics, among many other
challenges, significantly affect crop production in Nigeria.

In a bid to tackle these challenges, the Nigerian government over the years has
intensified efforts towards improving both plant nutrient and crop production
mainly through better land use, human resource development in the agricultural
sector, research in diversification of types of crops and seeds, fight against pests and
diseases and increased use of fertilisers. However, despite the resources devoted to
crop production in Nigeria, the productive efficiency of farmers for most crops still
fall below 60% [4]. Globally, both socioeconomic and ecological factors interact to
determine plant nutrients and sustainable crop production. Efforts to intensify
agricultural production in Nigeria has been a continuous process which is taking
place through several pathways; therefore, we examined how some of these factors
affects plant nutrition and crop production in the case of Nigeria.

2. Literature review

Crop production has continued to play a major role in sustaining economic
growth in Nigeria. However, its sustainability has been threatened with major
challenges overtime. These challenges range from deficiency in plant nutrient as a
result of unfavourable biotic and abiotic factors which includes unfavourable cli-
matic conditions, low level of technological development in the agricultural sector,
misapplication of fertilisers, infrastructural decay and so on. Various policies have
been recommended overtime to address the issue of low crop production in Nigeria.
However, it is salient to know how some of these factors have affected plant
nutrition and crop production in Nigeria; examined below are some of the factors as
identified in the literature.

In an attempt to correct the deficiencies of nutritional elements in crops, a wide
range of Nigerian farmers often apply organic and inorganic fertilisers as both play
a prominent role in improving soil fertility. However, fertiliser application is a
necessary condition for crop yield but not a sufficient condition for an improved
crop yield. According to Awodun et al. [5] cited in Ayeni et al. [6], both organic
manure and fertilisers play different roles in improving soil fertility, but they both
cannot supply all the nutrients in plants that can solely feed a teeming Nigerian
population. Nottidge [7] further identified that fertiliser application leads to nutri-
ent imbalance and low infiltration rate, all of which hinders the uptake of nutrients
by plants. Also, Ayeni et al. [6] identified that the constant use of inorganic
fertilisers can increase the level of soil acidity thereby leading to soil damage.

It has been globally recognised that the most serious threat to agricultural pro-
ductivity is environmental issue [8]. For countries with higher temperature, the
consequences of climate change tend to be more severe. This is most especially true
for many developing countries with little adaptive capacity [9]. In recent times,
atmospheric emission has been on the increase due to the improper use of agro
chemicals, low level of land and environmental management and inadequate
manure management. According to Yobannes [9], one of the most important
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emissions that affects crop productivity and plant nutrient is nitrous oxide, which is
determined by fertiliser application, irrigation methods and animal feeds.

Ufiobor [10] further identified that one of the major factors that determines
crop yield in Nigeria is the climatic condition. From 1970 to 2018, temperature has
increased from an average of 1.4–1.9°C [11] cited in Ufiobor [10]. The northwest,
northeast and southwest of the country are especially being affected by extreme
harsh weather conditions. The consequence of this is that higher temperature will
decrease soil moisture which will have an attendant effect on plant nutrients and
crop production.

In the developed economies, most especially Europe and North America, sus-
tainable crop production has been increasing rapidly due to the developed nature of
their farming system which has been made possible as a result of innovation and
technological enhancement [10]. Farmers in these countries have accepted the
evolving change and are now actively engaged in research and training for a sus-
tainable cropping system [10]. In these countries, the government has also
implemented programmes to support rigorous scientific investigation that will
improve plant nutrition to produce healthy food for its populace. However, Nigeria
has not yet witnessed the kind of agricultural evolution that has taken place in
developed countries. One major constraint to agricultural development in Nigeria
has been the slow response to technological adoption which in turn leads to low
productivity and poor farming system, which affects plant nutrients. Nigeria
majorly depends on traditional farming system which has an effect on the use of
farmlands as the farming system is mainly carried out without the use of machines.

Just like other developing countries, the role of labour force in determining the
level of output in all the sectors cannot be undermined. The agricultural system in
Nigeria is highly labour intensive as labour force is a crucial part of its production
system. According to Ufiobor [10], labour force accounts for over 90% of its total
farm operations. Ufiobor [10] further envisaged that this could be as a result of the
fact that many of its educated youth have shown little interest in the agricultural
sector over the years, thus causing a shortage of skilled labour force in the agricul-
tural sector that can also affect the nutritional value of plants and total crop pro-
duction itself.

According to the Nations Encyclopedia [12], major crops cultivated in Nigeria
include sesame, beans, nuts, cashew, beans, groundnut, cassava, cocoa, gum Ara-
bic, millet, melon, rice, palm kernels, rubber sorghum, banana, plantain, beans and
yams. However, the most widely produced crops are cassava and yams in the south
and millet and sorghum in the north. Nigerian farmers also grow many fruits and
vegetables. In recent years, the use of fertiliser in many countries has been increas-
ing overtime. However, the use of organic wastes for pasture has been more feasible
in the developed countries especially China, than in all other countries including
Nigeria [13]. This is an indication of the fact that the Nigerian government has not
really encouraged the use and development of organic fertiliser in Nigeria which
might be responsible for the low level of manure generated for the purpose of
farming.

The International Food Policy Research Institute [14] identified that there are
signs of an increase use of fertilisers in countries where fertiliser subsidies are being
granted to farmers by the government. Prominent among these countries are
Malawi, Nigeria and Zambia. The use of fertiliser by Nigerian farmers is however
quite common especially among the shareholder farmers. In some cases, these
farmers also use some inorganic fertiliser which covers 70% of plots of lands [14].
Since the 1970s, efforts by the Nigerian government to stimulate the demand for
fertiliser have been on the increase. This aim has been achieved by growing com-
mercial fertiliser sector through price reduction, extension services to boost soil
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fertility, increased use of technology and increased access to credit facilities by
farmers [15] (Figure 1).

In the year 1980, fertiliser production (kilogrammes per hectare of arable land)
in Nigeria was 9,220,000. Over the past 36 years, its highest value was 436,957,273
in the year 2013, while its lowest value was 70,115,000 in the year 2007. The
upward and downward movement of this trend is an indication that the level of
fertiliser production in Nigeria has not witnessed a stable movement.

According to the International Food Policy Research Institute [14], the types of
fertiliser commonly produced and used in Nigeria include urea, nitrogen-
phosphorus-potassium (NPK) and superphosphate (SSP). The most commonly
used NPK blends are 15-15-15, 20-10-10, 12-12-17 + 2 MgO and 25-10-10. NPK
fertilisers are further formulated to be site and crop specific. In a bid to further
boost the effective procurement and distribution of fertiliser, the Nigerian govern-
ment at various times has introduced several measures for its production, procure-
ment and distribution.

In Nigeria, emphasis on increased agricultural productivity of farmers from the
perspective of soil conditioning has been on chemical fertiliser, while there has been
less emphasis on the impact of the bio-organic input [16]. Even as the quest to
ensure the eradication of hunger and poverty has been on the increase, the Nigerian
government has taken measures to ensure national self-sufficiency through local
fertiliser production, supplemented by importation to ensure adequate and timely
fertiliser supply to all farmers. The government also offers a subsidy on the market
price of fertiliser so as to make fertiliser affordable to smallholder farmers. Given
that the agenda of most successive government is to boost local food production and
ensure national self-sufficiency, various efforts has to be intensified to synergise the
use of both organic and inorganic medium of improving soil fertility for plant
nutrition.

3. Methodology

The method used in this study is the survey of literature and stylised facts
approach. Relevant data was collected from Food and Agricultural Organization
data (FA) data base and the National Bureau of Statistics (NBS) of the Nigerian
statistical bulletin for the indicators of crop production and other major agriculture
commodities in Nigeria. Tables were used to describe the yields and prices of
various agriculture commodities and determinants. Table 1 presents crop

Figure 1.
Agricultural fertiliser use. Source: Authors’ computation using excel [13].
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fertility, increased use of technology and increased access to credit facilities by
farmers [15] (Figure 1).

In the year 1980, fertiliser production (kilogrammes per hectare of arable land)
in Nigeria was 9,220,000. Over the past 36 years, its highest value was 436,957,273
in the year 2013, while its lowest value was 70,115,000 in the year 2007. The
upward and downward movement of this trend is an indication that the level of
fertiliser production in Nigeria has not witnessed a stable movement.

According to the International Food Policy Research Institute [14], the types of
fertiliser commonly produced and used in Nigeria include urea, nitrogen-
phosphorus-potassium (NPK) and superphosphate (SSP). The most commonly
used NPK blends are 15-15-15, 20-10-10, 12-12-17 + 2 MgO and 25-10-10. NPK
fertilisers are further formulated to be site and crop specific. In a bid to further
boost the effective procurement and distribution of fertiliser, the Nigerian govern-
ment at various times has introduced several measures for its production, procure-
ment and distribution.

In Nigeria, emphasis on increased agricultural productivity of farmers from the
perspective of soil conditioning has been on chemical fertiliser, while there has been
less emphasis on the impact of the bio-organic input [16]. Even as the quest to
ensure the eradication of hunger and poverty has been on the increase, the Nigerian
government has taken measures to ensure national self-sufficiency through local
fertiliser production, supplemented by importation to ensure adequate and timely
fertiliser supply to all farmers. The government also offers a subsidy on the market
price of fertiliser so as to make fertiliser affordable to smallholder farmers. Given
that the agenda of most successive government is to boost local food production and
ensure national self-sufficiency, various efforts has to be intensified to synergise the
use of both organic and inorganic medium of improving soil fertility for plant
nutrition.

3. Methodology

The method used in this study is the survey of literature and stylised facts
approach. Relevant data was collected from Food and Agricultural Organization
data (FA) data base and the National Bureau of Statistics (NBS) of the Nigerian
statistical bulletin for the indicators of crop production and other major agriculture
commodities in Nigeria. Tables were used to describe the yields and prices of
various agriculture commodities and determinants. Table 1 presents crop

Figure 1.
Agricultural fertiliser use. Source: Authors’ computation using excel [13].
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production index, employment in agriculture (male, female and total employment
in the agricultural sector) and agricultural land.

From Table 1, crop production in Nigeria shows an increase and decrease trend;
it was observed among those that are employed in the agriculture; the number of
women in agriculture is more than the number of men in agriculture. The price of
various agricultural items across Nigeria in 2017 is presented in Table 2.

In Table 3, prices of agriculture commodities resulting from production are
presented. Such commodities include eggs; beans: brown; beef; rice (Ofada); catfish
(obokun), fresh; catfish, dried; catfish, smoked; chicken feet; chicken wings; dried
fish sardine; evaporated tinned milk carnation 170 g; and evaporated tinned milk
(peak) 170 g. Frozen chicken; gari, white, sold loose; gari, yellow; groundnut oil;
iced sardine; Irish potato; mackerel; maize grain; mudfish (aro), fresh; mudfish,
dried; onion bulb; palm oil; plantain (ripe); plantain (unripe); sweet potato; tilapia
fish (epiya) fresh; titus (frozen); tomato; vegetable oil; wheat flour, prepacked
(golden penny 2 kg); and yam tuber, among other commodities not included. The
prices of those commodities vary from January to December in 2017. This is also
similar in 2018 as presented in Table 3.

Table 4 presents the area of crops harvested (ha), yield of crop production
(hg/ha) and output level of various crops (tonnes) from 1980 to 2015.

Various crops presented in Table 4 include bast fibres, carrots and turnips,
cashew nuts (with shell), cassava, chillies and peppers (dry), chillies and peppers
(green), cocoa, beans, coconuts, coffee (green), cotton (lint), cottonseed, cow peas
(dry), fibre crops (nes), fruit, citrus (nes), garlic, groundnuts, karite nuts (shea
nuts), kola nuts, maize, maize (green), mangoes, mangosteens, guavas, melon seed,
millet, nuts (nes), nuts (nes), oil palm fruit, oilseeds (nes), okra, onions (dry),
shallots (green), palm kernels, papayas, potatoes, pulses (nes), rice (paddy), rubber
(natural), seed cotton, sesame seed, sorghum, soybeans, spices (nes), sugar cane,
sweet potatoes, taro (cocoyam), tobacco, unmanufactured, tomatoes, vegetables
(fresh nes), wheat, yams, cereals (rice milled eqv), cereals (total), citrus fruit
(total), coarse grain (total), fibre crops primary, fruit primary, oil crops, cake
equivalent, pulses (total), roots and tubers (total), tree nuts (total), vegetables
primary, etc.

Therefore, to ensure sustainable crop production, the agricultural sector needs to
be invested on through various means like credit facilities and incentives such as
social protection for the mitigation of risk and shocks [1]. Also, the nutritional level
of plants should be improved through fertiliser application among other means to
enhance crop yields [17].

4. Conclusion

The study aims at examining factors that improve agricultural production,
especially crop yields that can be made possible by plant nutrients. Increase in crop
production (food and cash crops) will lead to food security in the long run. The
study employed a review of literature and stylised fact approach using tables to
know the level of crop production in Nigeria. From the stylised facts and the
reviewed literature, authors noticed that there are fluctuations of prices of food
items in Nigeria.

With respect to the factors contributing to crop and agricultural production,
employment in agriculture was observed to be a major factor. Also, the proportion
of women in agriculture is higher than the proportion of men in agriculture;
this invariably implies that women actually contribute more to production level.
In this regard, to further enhance productivity, there should be equal access to
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production index, employment in agriculture (male, female and total employment
in the agricultural sector) and agricultural land.

From Table 1, crop production in Nigeria shows an increase and decrease trend;
it was observed among those that are employed in the agriculture; the number of
women in agriculture is more than the number of men in agriculture. The price of
various agricultural items across Nigeria in 2017 is presented in Table 2.

In Table 3, prices of agriculture commodities resulting from production are
presented. Such commodities include eggs; beans: brown; beef; rice (Ofada); catfish
(obokun), fresh; catfish, dried; catfish, smoked; chicken feet; chicken wings; dried
fish sardine; evaporated tinned milk carnation 170 g; and evaporated tinned milk
(peak) 170 g. Frozen chicken; gari, white, sold loose; gari, yellow; groundnut oil;
iced sardine; Irish potato; mackerel; maize grain; mudfish (aro), fresh; mudfish,
dried; onion bulb; palm oil; plantain (ripe); plantain (unripe); sweet potato; tilapia
fish (epiya) fresh; titus (frozen); tomato; vegetable oil; wheat flour, prepacked
(golden penny 2 kg); and yam tuber, among other commodities not included. The
prices of those commodities vary from January to December in 2017. This is also
similar in 2018 as presented in Table 3.

Table 4 presents the area of crops harvested (ha), yield of crop production
(hg/ha) and output level of various crops (tonnes) from 1980 to 2015.

Various crops presented in Table 4 include bast fibres, carrots and turnips,
cashew nuts (with shell), cassava, chillies and peppers (dry), chillies and peppers
(green), cocoa, beans, coconuts, coffee (green), cotton (lint), cottonseed, cow peas
(dry), fibre crops (nes), fruit, citrus (nes), garlic, groundnuts, karite nuts (shea
nuts), kola nuts, maize, maize (green), mangoes, mangosteens, guavas, melon seed,
millet, nuts (nes), nuts (nes), oil palm fruit, oilseeds (nes), okra, onions (dry),
shallots (green), palm kernels, papayas, potatoes, pulses (nes), rice (paddy), rubber
(natural), seed cotton, sesame seed, sorghum, soybeans, spices (nes), sugar cane,
sweet potatoes, taro (cocoyam), tobacco, unmanufactured, tomatoes, vegetables
(fresh nes), wheat, yams, cereals (rice milled eqv), cereals (total), citrus fruit
(total), coarse grain (total), fibre crops primary, fruit primary, oil crops, cake
equivalent, pulses (total), roots and tubers (total), tree nuts (total), vegetables
primary, etc.

Therefore, to ensure sustainable crop production, the agricultural sector needs to
be invested on through various means like credit facilities and incentives such as
social protection for the mitigation of risk and shocks [1]. Also, the nutritional level
of plants should be improved through fertiliser application among other means to
enhance crop yields [17].

4. Conclusion

The study aims at examining factors that improve agricultural production,
especially crop yields that can be made possible by plant nutrients. Increase in crop
production (food and cash crops) will lead to food security in the long run. The
study employed a review of literature and stylised fact approach using tables to
know the level of crop production in Nigeria. From the stylised facts and the
reviewed literature, authors noticed that there are fluctuations of prices of food
items in Nigeria.

With respect to the factors contributing to crop and agricultural production,
employment in agriculture was observed to be a major factor. Also, the proportion
of women in agriculture is higher than the proportion of men in agriculture;
this invariably implies that women actually contribute more to production level.
In this regard, to further enhance productivity, there should be equal access to
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production resources such land, credit facilities, access to social protection
incentives to mitigate risks and shocks and more innovation and technological
advancement in the agricultural sector thereby improving the sustainability of crop
production.

Author details

Romanus Osabohien* and Toun Ogunbiyi
Department of Economics and Development Studies, Covenant University, Ota,
Nigeria

*Address all correspondence to: romanus.osabohien@covenantuniversity.edu.n

©2019 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

162

Sustainable Crop Production

References

[1] Osabohien R, Matthew O,
Aderounmu B, Olawande T.
Greenhouse gas emissions and crop
production in West Africa: Examining
the mitigating potential of social
protection. International Journal of
Energy Economics and Policy. 2019;
9(1):57-66

[2] United State Institute of Agriculture
and National Institute of Agriculture.
Crop Production. 2019. Available
from: https://nifa.usda.gov/topic/
crop-production

[3] International Atomic Energy Agency.
Crop Nutrition. 2018. Retrieved from:
https://www.iaea.org/topics/crop-
nutrition

[4] Obasi PC, Henri-Ukoha A,
Ukewuihe IS, Chidiebere-Mark NM.
Factors affecting agricultural
productivity among arable crop farmers
in Imo state Nigeria. American Journal
of Experimental Agriculture. 2013;3(2):
443-454

[5] Awodun MA, Otaru MS, Ojeniyi SO,
Akintunde AY, Obigbesan GO, Kiru SK,
et al. Effect of inorganic fertilizer and
foliage of Azadirachta and Parkia
species on the productivity of maize.
Asian Journal of Agricultural Research,
2000;1(1):35-44

[6] Ayeni FA, Sánchez B, Adeniyi BA,
Clara G, Margolles A, Ruas-Madiedo P.
Evaluation of the functional
potential of Weissella and Lactobacillus
isolates obtained from Nigerian
traditional fermented foods and
cow’s intestine. International Journal
of Food Microbiology. 2011;147(2):
97-104

[7] Nottidge DO, Ojeniyi SO,
Aswalam DO. A comparative effect of
plant residue and NPK fertilizer on
nutrient status and yield of maize in a

humid. Soil Nigerian Journal of Soil
Science. 2005;15:1-8

[8] Enete AA, Amusa TA. Challenges of
agricultural adaptation to climate
change in Nigeria: A synthesis from the
literature. Field Actions Science Reports.
The Journal of Field Actions. 2010;4.
Available from: https://journals.
openedition.org/factsreports/678

[9] Yobannes H. A review on
relationship between climate change
and agriculture. Journal of Earth
Science and Climate Change. 2016;7(2):
335

[10] Ufiobor KA. Nigerian Agriculture
and Sustainability: Problems and
Solutions. 2017. https://www.theseus.fi/
handle/10024/132525

[11] Nwajiuba CU, Amazu GO, Nwosu
CS, Onyeneke RU. Motivation factors
and constraints to the growth of small
scale food processing enterprises in
Owerri metropolis, Imo State, Nigeria.
International Journal of
Entrepreneurship and Small Business.
2013;19(4):488-497

[12] Nations Encyclopedia. 2019.
Retrieved from: https://www.
nationsencyclopedia.com/Africa/
Nigeria-AGRICULTURE.html

[13] Food and Agricultural Organisation
of the United Nations. 2017. Retrieved
from: http://www.fao.org/faostat/en/
#data/EE

[14] International Food Policy Research
Institute. 2010. Retrieved from: http://
nssp.ifpri.info/files/2010/11/nssp-
report-9_final.pdf

[15] Ayoola GB, Chude VO,
Abdulsalam AA. Towards a Fertilizer
RegulatoryPolicy for Nigeria: An
Inventorization of the Fertilizer Sector.
2002

163

Plant Nutrition and Sustainable Crop Production in Nigeria
DOI: http://dx.doi.org/10.5772/intechopen.88975



production resources such land, credit facilities, access to social protection
incentives to mitigate risks and shocks and more innovation and technological
advancement in the agricultural sector thereby improving the sustainability of crop
production.

Author details

Romanus Osabohien* and Toun Ogunbiyi
Department of Economics and Development Studies, Covenant University, Ota,
Nigeria

*Address all correspondence to: romanus.osabohien@covenantuniversity.edu.n

©2019 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

162

Sustainable Crop Production

References

[1] Osabohien R, Matthew O,
Aderounmu B, Olawande T.
Greenhouse gas emissions and crop
production in West Africa: Examining
the mitigating potential of social
protection. International Journal of
Energy Economics and Policy. 2019;
9(1):57-66

[2] United State Institute of Agriculture
and National Institute of Agriculture.
Crop Production. 2019. Available
from: https://nifa.usda.gov/topic/
crop-production

[3] International Atomic Energy Agency.
Crop Nutrition. 2018. Retrieved from:
https://www.iaea.org/topics/crop-
nutrition

[4] Obasi PC, Henri-Ukoha A,
Ukewuihe IS, Chidiebere-Mark NM.
Factors affecting agricultural
productivity among arable crop farmers
in Imo state Nigeria. American Journal
of Experimental Agriculture. 2013;3(2):
443-454

[5] Awodun MA, Otaru MS, Ojeniyi SO,
Akintunde AY, Obigbesan GO, Kiru SK,
et al. Effect of inorganic fertilizer and
foliage of Azadirachta and Parkia
species on the productivity of maize.
Asian Journal of Agricultural Research,
2000;1(1):35-44

[6] Ayeni FA, Sánchez B, Adeniyi BA,
Clara G, Margolles A, Ruas-Madiedo P.
Evaluation of the functional
potential of Weissella and Lactobacillus
isolates obtained from Nigerian
traditional fermented foods and
cow’s intestine. International Journal
of Food Microbiology. 2011;147(2):
97-104

[7] Nottidge DO, Ojeniyi SO,
Aswalam DO. A comparative effect of
plant residue and NPK fertilizer on
nutrient status and yield of maize in a

humid. Soil Nigerian Journal of Soil
Science. 2005;15:1-8

[8] Enete AA, Amusa TA. Challenges of
agricultural adaptation to climate
change in Nigeria: A synthesis from the
literature. Field Actions Science Reports.
The Journal of Field Actions. 2010;4.
Available from: https://journals.
openedition.org/factsreports/678

[9] Yobannes H. A review on
relationship between climate change
and agriculture. Journal of Earth
Science and Climate Change. 2016;7(2):
335

[10] Ufiobor KA. Nigerian Agriculture
and Sustainability: Problems and
Solutions. 2017. https://www.theseus.fi/
handle/10024/132525

[11] Nwajiuba CU, Amazu GO, Nwosu
CS, Onyeneke RU. Motivation factors
and constraints to the growth of small
scale food processing enterprises in
Owerri metropolis, Imo State, Nigeria.
International Journal of
Entrepreneurship and Small Business.
2013;19(4):488-497

[12] Nations Encyclopedia. 2019.
Retrieved from: https://www.
nationsencyclopedia.com/Africa/
Nigeria-AGRICULTURE.html

[13] Food and Agricultural Organisation
of the United Nations. 2017. Retrieved
from: http://www.fao.org/faostat/en/
#data/EE

[14] International Food Policy Research
Institute. 2010. Retrieved from: http://
nssp.ifpri.info/files/2010/11/nssp-
report-9_final.pdf

[15] Ayoola GB, Chude VO,
Abdulsalam AA. Towards a Fertilizer
RegulatoryPolicy for Nigeria: An
Inventorization of the Fertilizer Sector.
2002

163

Plant Nutrition and Sustainable Crop Production in Nigeria
DOI: http://dx.doi.org/10.5772/intechopen.88975



[16] Ukojie J, Yusuf R. Organic fertilizer:
The underestimated component in
Agricultural Transformation Initiatives
for Sustainable Small Holder Farming in
Nigeria. Ethiopian Journal of
Environmental Studies and
Management. 2013;6:794-801

[17] Osabohien R, Afolabi A, Godwin A.
An econometric analysis of food
security and agricultural credit facilities
in Nigeria. The Open Agriculture
Journal. 2018;12:227-239

164

Sustainable Crop Production

Chapter 10

Enhancing Soil Properties and
Maize Yield through Organic
and Inorganic Nitrogen and
Diazotrophic Bacteria
Arshad Jalal, Kamran Azeem,
Marcelo Carvalho Minhoto Teixeira Filho and Aeysha Khan

Abstract

In arid and semiarid ecosystems, low organic matter is an important threat to
soil fertility, crop productivity, and economic returns. Sustainable approaches are
required to build organic matter in such soils to improve nutrient use efficiency and
food security. Therefore, we conducted an experiment on spring maize to test with
and without diazotrophic bacteria (BM) (Azotobacter chroococcum and Azospirillum
brasilense) on crop productivity and soil properties when applied with organic (farm
yard manure FYM) and inorganic (commercial fertilizer) nitrogen (N) sources
(with percentile of 0, 25, 50, 75, and 100%) in 2014. The analysis of the study
showed that the application of BM and organic and inorganic N ratio were signifi-
cant and have a positive effect in crop yield and soil properties. BM with a 50:50
ratio of organic and inorganic N was improved biological yield (kg ha�1), grain
yield (kg ha�1), stover nitrogen (%), and grain nitrogen (%). However, soil organic
matter (%) and soil total nitrogen (%) were enhanced with the application of BM
with 100% organic source. Soil bulk density (g cm�3) was significantly reduced by
BM with 100% organic. From overall results, it is concluded that the application of
beneficial microbes and organic and inorganic N positively improved maize yield
and quality and soil health in Peshawar valley.

Keywords: plant growth-promoting bacteria, nitrogen fertilization, soil quality,
grain yield

1. Introduction

Maize (Zea mays L.) is the third most important cereal crop after wheat and rice,
while in the farming system of Khyber Pakhtunkhwa, it ranks third after wheat and
rice in its importance [1, 2]. It is an exhaustive and multipurpose cereal crop that
provides food for human, feed for animals, and raw material for the industries [3].
It has greater nutritional value as it contains about 72% starch, 10.4% proteins, and
4.5% fats, minerals, and non-cholesterol oil [2, 4].

To mitigate the problem of low yield and contamination in an eco-friendly
way is to use effective microorganisms (EM) [5] also known as beneficial
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In arid and semiarid ecosystems, low organic matter is an important threat to 
soil fertility, crop productivity, and economic returns. Sustainable approaches are 
required to build organic matter in such soils to improve nutrient use efficiency and 
food security. Therefore, we conducted an experiment on spring maize to test with 
and without diazotrophic bacteria (BM) (Azotobacter chroococcum and Azospirillum 
brasilense) on crop productivity and soil properties when applied with organic (farm 
yard manure FYM) and inorganic (commercial fertilizer) nitrogen (N) sources
(with percentile of 0, 25, 50, 75, and 100%) in 2014. The analysis of the study 
showed that the application of BM and organic and inorganic N ratio were signifi-
cant and have a positive effect in crop yield and soil properties. BM with a 50:50 
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yield (kg ha�1), stover nitrogen (%), and grain nitrogen (%). However, soil organic 
matter (%) and soil total nitrogen (%) were enhanced with the application of BM 
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BM with 100% organic. From overall results, it is concluded that the application of 
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and quality and soil health in Peshawar valley.
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1. Introduction

Maize (Zea mays L.) is the third most important cereal crop after wheat and rice,
while in the farming system of Khyber Pakhtunkhwa, it ranks third after wheat and
rice in its importance [1, 2]. It is an exhaustive and multipurpose cereal crop that
provides food for human, feed for animals, and raw material for the industries [3].
It has greater nutritional value as it contains about 72% starch, 10.4% proteins, and
4.5% fats, minerals, and non-cholesterol oil [2, 4].

To mitigate the problem of low yield and contamination in an eco-friendly
way is to use effective microorganisms (EM) [5] also known as beneficial

165



microorganism (BM). Microorganisms economically support the farmer commu-
nity by improving the soil activities [6] and assimilate accumulation in the final
product of the production which in turn maintains the balance of organic and
inorganic mechanisms of the soil and plant [7]. Many researches reflected advanta-
geous effects of BM on soil physicochemical status [8, 9]. Beneficial microorganism
increases the decomposition rate of organic fertilizer and increases nutrients avail-
ability [10]. Beneficial microorganism also promotes soil fertility, crop growth,
and yield [11]; also improves soil health, soil quality, yield, and quality [12] of
various physiological attributes; and regulates various metabolites and atmospheric
nitrogen [13].

Nitrogen significantly improves crop productivity [14]. Fertilizers are usually
applied to soil for increasing or maintaining crop yields to meet the increasing
demand of food [15, 16]. The application of inorganic fertilizers results in higher
soil organic matter (SOM) accumulation and biological activity due to increased
plant biomass production and organic matter return to the soil in the form of
decaying roots, litter, and crop residues [17, 18]. The addition of SOM enhances soil
organic carbon (SOC) content, which is an important indicator of soil quality and
crop productivity [19]. Chemical fertilizer applications could also affect soil
physical properties directly or indirectly such as aggregate stability, water holding
capacity, porosity, infiltration rate, hydraulic conductivity, and bulk density due to
increases in SOM and SOC content [20, 21]. In turn, the formation of stable
aggregates enhances physical protection of SOM against microbial decomposition
[22]. Some fertilizer additions also affect the chemical composition of soil solution
which can be responsible for dispersion/flocculation of clay particles and thus
affect the soil aggregation stability [21, 23]. We can see the plant and microbial
interaction in the retention and improvement of N cycle for better plant growth
(Figure 1).

The present study aimed to investigate the effect of organic and inorganic
nitrogen ratios along with the effect of beneficial diazotrophic bacteria on maize
yield and quality and physio-chemical properties of soil.

Figure 1.
Plants and microbial interaction in the retention and improvement of N cycle for better plant growth [24].
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2. Materials and methods

2.1 Experimental site

The impact of beneficial microbes on enhancing efficiency of organic and inor-
ganic N fertilizers sources was studied on spring maize cropping system in the year
of 2014 at Agronomy Research Farm, The University of Agriculture Peshawar,
Pakistan. The research area is geographically located at 17°, 350 N and 35°, 410 Wand
altitude of 450 m above sea level. The soil of the experimental farm was silt loam,
well drained, and fine textured. The experimental site has a semiarid subtropical
continental climate with a mean annual rainfall of about 550 mm. The soil is
deficient in total N (<0.5%) and AB-DTPA extractable P (<4.0 mg kg�1 soil) but
has adequate AB-DTPA extractable K (>100 mg kg�1 soil) with a pH of 7.60 and
organic matter content <1% (Table 1). Rainfall and temperature data were col-
lected from the weather station of Agronomy Research Farm and summarized in
Figure 2. In addition to rainfall, crop water requirement was fulfilled by supplying
water through surface irrigation according to crop requirement.

2.2 Materials and treatments

The experimental field was irrigated before sowing for weed germination and
then plowed with cultivator to prepare a fine seed bed for sowing. The experiment
consisted of two factors, i.e., beneficial diazotrophic bacteria (Azotobacter
chroococcum and Azospirillum brasilense) (with BM and without BM) and organic
(FYM) and inorganic (urea commercial fertilizer) N ratios (0:100, 25:75, 50:50,
75:25 and 100:0). The recommended doses of phosphorus (90 kg ha�1) and potas-
sium (60 kg ha�1) were applied at the time of seed bed preparation from the sources
of DAP and SOP. The fertilizer of nitrogen was applied in two equal splits, and
organic N was applied 4 weeks before sowing.

2.3 Experimental design

The experiment was conducted at three factorial randomized complete block
designs (RCBD) with three replications. The size of plots was 4.2 � 4 m. Row-to-row

Property Unit Data

Clay % 2.8

Silt % 50

Sand % 47.2

Textural class — Silty loam

pH (1:5) — 7.60

EC (1:5) dS m�1 0.18

Organic matter % 0.39

Total nitrogen % 0.06

Phosphorus ppm 2.86

Potassium Ppm 120.48

Mineral nitrogen mg kg�1 35

Table 1.
Pre-sowing physicochemical properties of soil (0–0.30 m depth).
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microorganism (BM). Microorganisms economically support the farmer commu-
nity by improving the soil activities [6] and assimilate accumulation in the final
product of the production which in turn maintains the balance of organic and
inorganic mechanisms of the soil and plant [7]. Many researches reflected advanta-
geous effects of BM on soil physicochemical status [8, 9]. Beneficial microorganism
increases the decomposition rate of organic fertilizer and increases nutrients avail-
ability [10]. Beneficial microorganism also promotes soil fertility, crop growth,
and yield [11]; also improves soil health, soil quality, yield, and quality [12] of
various physiological attributes; and regulates various metabolites and atmospheric
nitrogen [13].

Nitrogen significantly improves crop productivity [14]. Fertilizers are usually
applied to soil for increasing or maintaining crop yields to meet the increasing
demand of food [15, 16]. The application of inorganic fertilizers results in higher
soil organic matter (SOM) accumulation and biological activity due to increased
plant biomass production and organic matter return to the soil in the form of
decaying roots, litter, and crop residues [17, 18]. The addition of SOM enhances soil
organic carbon (SOC) content, which is an important indicator of soil quality and
crop productivity [19]. Chemical fertilizer applications could also affect soil
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capacity, porosity, infiltration rate, hydraulic conductivity, and bulk density due to
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which can be responsible for dispersion/flocculation of clay particles and thus
affect the soil aggregation stability [21, 23]. We can see the plant and microbial
interaction in the retention and improvement of N cycle for better plant growth
(Figure 1).

The present study aimed to investigate the effect of organic and inorganic
nitrogen ratios along with the effect of beneficial diazotrophic bacteria on maize
yield and quality and physio-chemical properties of soil.

Figure 1.
Plants and microbial interaction in the retention and improvement of N cycle for better plant growth [24].
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2. Materials and methods
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distances for maize crop were 0.70 m, whereas plant-to-plant distances were 0.20 m.
Each plot had six rows. There were 30 plots having treatment combination of two
beneficial diazotrophic bacteria and five organic and inorganic source ratios.

2.4 Observations recorded

Biological yield data was recorded by harvesting four central rows in each plot,
sundried and weighed by electronic balance whereas harvested central rows were
threshed individually through electric thresher and weighed through electronic bal-
ance to obtain grain yield and then converted into kg ha�1 by the following formula:

Grain yield kg ha�1� � ¼ grain yield in four central rows
row� row distance mð Þ � row length mð Þ � no:of rows

� 10, 000

(1)

Organic matter in soil was determined by the modified method of Nelson and
[25]. The nitrogen content in soil, stover, and grains were determined by following
Kjeldahl method according to the proposed methodology of Bremner and
Mulvaney [26].

2.5 Statistical analysis

The data recorded was analyzed statistically using analysis of variance tech-
niques appropriate for randomized complete block design. Statistical analysis was
done with Statistic-X software. Means were compared using LSD test at 0.05 level
of probability, when the F-values was significant [27]. The possible interactions
were graphically made using a software of Microsoft Excel 365.

3. Results and discussion

3.1 Biological and grain yield as influenced by organic and inorganic N with BM

Beneficial microbes significantly influenced biological yield (Table 2). Highest
biological yield (11,708 kg ha�1) has been observed with the application of

Figure 2.
Weather data of spring maize growing season from March to June, 2014.
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beneficial diazotrophic bacteria as compared to without beneficial microbes. This
may be due to diazotrophic bacteria increase the speed of decomposition and
mineralization that improve nutrients’ availability to the crop and total dry matter
production [28]. Similarly, the application of organic and inorganic fertilizers also
significantly affects the biological yield, and greater biological yield (12,092 kg ha�1)
was achieved with the application of 50:50 N ratio of organic and inorganic fertil-
izers. Lower biological yield (10,961 kg ha�1) was attained with the application of
100% N from inorganic source. It might be due to the reason that nitrogen from
organic sources are slow release, while inorganic nitrogen is readily available to
plant which may not be available at later stages. The combined application of N
from inorganic source (urea) and organic source in a ratio of 75:25 improved grain
yield, straw yield, and biological yield, whereas 50:50 N ratio increased uptake of
nitrogen [29]. Biological and grain yield was significantly improved with the appli-
cation of 50% nitrogen from inorganic sources in combination with the application
of 25% N from FYM and 25% N from poultry manure [30]. The applications of
organic and inorganic N fertilizers significantly enhanced biological yield and grain
yield [31, 32]. The application of organic and inorganic nitrogen 50% from urea and
50% from FYM or 50% poultry manure significantly enhanced biological yield,
grain yield, and harvest index (%) [28].

The graph trend showed that biological yield increased with organic and inor-
ganic nitrogen ratio from 0:100 to 50:50, whereas a decreased trend in biological
yield was observed from 50:50 to 100:0 with both beneficial microbes (Figure 3).
This might be due to the fact that beneficial microbes rapidly decomposed organic
matter, provided nutrients, and increased availability of nitrogen from both organic
and inorganic sources [28].

Beneficial diazotrophic bacteria significantly increased the grain yield (Table 2).
Highest grain yield (3803 kg ha�1) has been noted with the application of beneficial
microbes as compared to without beneficial microbes. This may be due to the
reason that beneficial microbes increase decomposition and mineralization and
improve nutrients availability for more total dry matter production [28].

Beneficial
microbes

Biological yield
(kg ha�1)

Grain yield
(kg ha�1)

Soil organic matter
(%)

Bulk density
(g cm�3)

Without BM 10,733 b 3662 b 0.87 b 1.19 a

With BM 11,708 a 3803 a 1.19 a 1.17 b

LSD 602.29 79.52 0.08 0.02

Organic and inorganic ratios

0:100 10,961 b 3592 b 0.87 c 1.23 a

25:75 11,401 ab 3793 ab 0.94 bc 1.22 ab

50:50 12,092 a 3907 a 1.02 b 1.19 b

75:25 10,621 b 3684 b 1.10 ab 1.15 c

100:0 11,027 ab 3686 b 1.22 a 1.09 d

LSD 952.3 125.7 0.13 0.03

Interaction

BM � R Figure 3 ns Figure 4 ns

Mean values of the different categories in each column with different letters discloses significant differences (p ≤ 0.05) using LSD test.

Table 2.
Biological yield and grain yield of spring maize and soil organic matter and soil bulk density as influenced by
beneficial microbes and organic and inorganic ratios.
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beneficial diazotrophic bacteria as compared to without beneficial microbes. This
may be due to diazotrophic bacteria increase the speed of decomposition and
mineralization that improve nutrients’ availability to the crop and total dry matter
production [28]. Similarly, the application of organic and inorganic fertilizers also
significantly affects the biological yield, and greater biological yield (12,092 kg ha�1)
was achieved with the application of 50:50 N ratio of organic and inorganic fertil-
izers. Lower biological yield (10,961 kg ha�1) was attained with the application of
100% N from inorganic source. It might be due to the reason that nitrogen from
organic sources are slow release, while inorganic nitrogen is readily available to
plant which may not be available at later stages. The combined application of N
from inorganic source (urea) and organic source in a ratio of 75:25 improved grain
yield, straw yield, and biological yield, whereas 50:50 N ratio increased uptake of
nitrogen [29]. Biological and grain yield was significantly improved with the appli-
cation of 50% nitrogen from inorganic sources in combination with the application
of 25% N from FYM and 25% N from poultry manure [30]. The applications of
organic and inorganic N fertilizers significantly enhanced biological yield and grain
yield [31, 32]. The application of organic and inorganic nitrogen 50% from urea and
50% from FYM or 50% poultry manure significantly enhanced biological yield,
grain yield, and harvest index (%) [28].

The graph trend showed that biological yield increased with organic and inor-
ganic nitrogen ratio from 0:100 to 50:50, whereas a decreased trend in biological
yield was observed from 50:50 to 100:0 with both beneficial microbes (Figure 3).
This might be due to the fact that beneficial microbes rapidly decomposed organic
matter, provided nutrients, and increased availability of nitrogen from both organic
and inorganic sources [28].

Beneficial diazotrophic bacteria significantly increased the grain yield (Table 2).
Highest grain yield (3803 kg ha�1) has been noted with the application of beneficial
microbes as compared to without beneficial microbes. This may be due to the
reason that beneficial microbes increase decomposition and mineralization and
improve nutrients availability for more total dry matter production [28].

Beneficial
microbes

Biological yield
(kg ha�1)

Grain yield
(kg ha�1)

Soil organic matter
(%)

Bulk density
(g cm�3)

Without BM 10,733 b 3662 b 0.87 b 1.19 a

With BM 11,708 a 3803 a 1.19 a 1.17 b

LSD 602.29 79.52 0.08 0.02

Organic and inorganic ratios

0:100 10,961 b 3592 b 0.87 c 1.23 a

25:75 11,401 ab 3793 ab 0.94 bc 1.22 ab

50:50 12,092 a 3907 a 1.02 b 1.19 b

75:25 10,621 b 3684 b 1.10 ab 1.15 c

100:0 11,027 ab 3686 b 1.22 a 1.09 d

LSD 952.3 125.7 0.13 0.03

Interaction

BM � R Figure 3 ns Figure 4 ns

Mean values of the different categories in each column with different letters discloses significant differences (p ≤ 0.05) using LSD test.

Table 2.
Biological yield and grain yield of spring maize and soil organic matter and soil bulk density as influenced by
beneficial microbes and organic and inorganic ratios.
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Organic and inorganic fertilizer significantly influenced grain yield, and higher
grain yield (3907 kg ha�1) was achieved with the application of 50:50 N organic and
inorganic ratio, whereas lower grain yield (3592 kg ha�1) was observed with the
application of 100% N from inorganic. It might be due to the reason that N from
organic sources is slow release, whereas inorganic nitrogen is readily available to
plant that may function in vegetative growth. The application of organic and inor-
ganic N with a ratio of 75:25 prominently improved yield and yield indices, whereas
a 50:50 ratio increases nitrogen uptake [29]. Biological and grain yield was signifi-
cantly higher with the application of 50% nitrogen from inorganic sources with the
application of 25% N from FYM and 25% N from poultry manure [30]. The appli-
cation from organic and inorganic N fertilizer significantly influenced biological
yield and grain yield [31, 32]. The application of organic and inorganic nitrogen 50%
from urea and 50% from FYM or 50% poultry manure significantly enhanced
biological yield, grain yield, and harvest index % [28].

3.2 Soil nitrogen analysis as influenced by organic and inorganic N with BM

Beneficial microbes significantly affected soil organic matter (Table 2). Highest
soil organic matter (1.19%) has been perceived with the application of beneficial
microbes as compared to without diazotrophic bacteria. This may be due to the
beneficial microbe increases the speed of decomposition and increase mineraliza-
tion and produced more exudes [28]. Organic and inorganic ratios significantly
affected soil organic matter. More soil organic matter (1.22%) was achieved with
the application of a 100:0 ratio of organic and inorganic fertilizer, whereas less soil
organic matter (0.87%) was perceived by the application of 100% from inorganic
fertilizer. It might be due to beneficial microbe rate of decomposition of organic
fertilizer which improves soil organic matter and soil organic carbon. The combined
application of organic and inorganic fertilizers improved soil organic matter and
total nitrogen [33]. Organic manure linearly increased soil organic matter [34]. The
integration of organic with inorganic fertilizer significantly improved crop produc-
tion and N, P, K, soil pH, soil EC, and organic matter [35, 36]. Organic sources
improved soil nutrient, soil organic matter, and soil organic carbon [37]. The graph
trend showed that soil organic matter increased linearly with the increased of
organic and inorganic ratio from 0:100 to 100:0 in both beneficial and without
beneficial microbes (Figure 4). This might be due to organic matter was applied

Figure 3.
Biological yield as affected by beneficial microbes and organic and inorganic ratios.
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100% from organic sources, and beneficial microbes rapidly decomposed organic
matter, thus increasing mineralization and soil organic matter [28].

Beneficial microbes significantly affected soil bulk density as highest soil bulk
density (1.19 g cm�3) has been perceived without the application of beneficial
microbes as compared to with beneficial microbes (Table 2). This may be due to
beneficial microbes increase the speed of decomposition and increase mineraliza-
tion and provide nutrients, thus decreasing bulk density; these results are in line
with Muhammad et al. [28]. Organic and inorganic ratios significantly affected soil
bulk density. Soil bulk density (1.23 g cm�3) was recorded with the application of a
0:100 ratio of organic and inorganic, whereas less soil bulk density (1.09 g cm�3)
was determined by the application of 100% of organic. It might be due to the
integration of organic and inorganic fertilizer which improved soil bulk density.
Bulk density decreased with the application of FYM and poultry manure to soil [38].
Bulk density linearly decreased with soil organic matter [34]. The integration of
organic with inorganic fertilizer significantly decreased bulk density of soil [35, 36].

Beneficial diazotrophic bacteria significantly affected soil nitrogen content
(Table 3). Highest soil nitrogen content (0.39%) has been received with the appli-
cation of beneficial microbes as compared to without beneficial microbes. It may be
due to beneficial microbe increases the speed of decomposition and increases min-
eralization and provides nutrients, thus more nitrogen in soil; these results are in
line with Muhammad et al. [28]. Organic and inorganic ratios significantly affected
soil nitrogen content. More soil nitrogen content (0.47%) was achieved with the
application of 50:50 ratio of organic and inorganic, whereas less soil nitrogen con-
tent (0.24%) was recorded by the application of 100% from inorganic. It might be
due to the decomposition of organic matter is slow and the slow release of nutrients;
therefore, plots of organic sources have higher N, P, and K than plots having
inorganic fertilizer. Organic sources improved soil nutrient and organic carbon [37].
Soil mineral nitrogen increased (22.4%) with the addition of organic fertilizers like
FYM, poultry, and legume residues [39]. For better crop growth and sustainability,
addition of organic matter is best source of nutrient availability [34]. The integra-
tion of organic with inorganic fertilizer significantly improved crop production and
N, P, K, soil pH, soil EC, and organic matter [35, 36].

The graph trend showed that soil organic matter increased linearly with the
increased of organic and inorganic ratio from 0:100 to 100:0 in both beneficial and
without beneficial microbes (Figure 5). This might be due to organic matter was

Figure 4.
Soil organic matter as affected by beneficial microbes and organic and inorganic ratios.
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Organic and inorganic fertilizer significantly influenced grain yield, and higher
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100% from organic sources, and beneficial microbes rapidly decomposed organic
matter, thus increasing mineralization and soil organic matter [28].

Beneficial microbes significantly affected soil bulk density as highest soil bulk
density (1.19 g cm�3) has been perceived without the application of beneficial
microbes as compared to with beneficial microbes (Table 2). This may be due to
beneficial microbes increase the speed of decomposition and increase mineraliza-
tion and provide nutrients, thus decreasing bulk density; these results are in line
with Muhammad et al. [28]. Organic and inorganic ratios significantly affected soil
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was determined by the application of 100% of organic. It might be due to the
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Bulk density linearly decreased with soil organic matter [34]. The integration of
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line with Muhammad et al. [28]. Organic and inorganic ratios significantly affected
soil nitrogen content. More soil nitrogen content (0.47%) was achieved with the
application of 50:50 ratio of organic and inorganic, whereas less soil nitrogen con-
tent (0.24%) was recorded by the application of 100% from inorganic. It might be
due to the decomposition of organic matter is slow and the slow release of nutrients;
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applied 100% from organic sources, and beneficial microbes rapidly decomposed
organic matter, thus increasing mineralization and soil organic matter [28].

3.3 Plant nitrogen analysis as influenced by organic and inorganic N with BM

Beneficial diazotrophic bacteria significantly affected stover nitrogen content
(Table 3). Highest stover nitrogen content (1.1%) has been perceived with the
application of beneficial microbes as compared to without beneficial microbes. It
can be due to beneficial microbes increase the speed of decomposition and increase
mineralization and provide nutrients for crop to achieved more total nutrient

Beneficial
microbes

Soil nitrogen content
(%)

Stover nitrogen content
(%)

Grain nitrogen content
(%)

Without BM 0.34 b 0.88 b 1.74 b

With BM 0.39 a 1.10 a 1.91 a

LSD 0.01 0.08 0.01

Organic and inorganic ratios

0:100 0.24 e 0.89 b 1.56 c

25:75 0.30 d 0.98 ab 1.81 b

50:50 0.38 c 1.11 a 2.01 a

75:25 0.44 b 0.99 ab 1.97 ab

100: 0 0.47 a 0.98 ab 1.78 b

LSD 0.02 0.13 0.16

Interaction

BM � R Figure 5 ns Figure 6

Mean values of the different categories in each column with different letters discloses significant differences (p ≤ 0.05)
using LSD test.

Table 3.
Soil nitrogen content, stover, and grain nitrogen content of spring maize as influenced by beneficial microbes
and organic and inorganic ratios.

Figure 5.
Soil nitrogen content as affected by beneficial microbes and organic and inorganic ratios.
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production [28]. Our results indicated that organic and inorganic N ratios signifi-
cantly influenced N stover content in maize crop. The application of a 50:50 ratio of
organic and inorganic nitrogen resulted in higher stover N content (1.11%), whereas
lower stover nitrogen content (0.89%) was attained with the application of 100% N
from inorganic source. It might be due to the reason that inorganic fertilizer was
quickly available, while organic fertilizer was slowly available to crop. The N, P, and
K concentration in straw was significantly increased with the combined application
of 10 t N ha�1 from poultry manure (PM) and 200 kg N ha�1 from NPK as
compared to control [40]. N, P, and K uptake by straw and grains was significantly
influenced by organic and inorganic fertilizer [41–43]. The application of chemical
fertilizers, FYM, green manures, and compost to the soil resulted in improved
uptake of N, P, and K [44, 45].

Beneficial diazotrophic bacteria significantly increase grain nitrogen content
(Table 3). Highest grain nitrogen content (1.91%) has been perceived with the
application of beneficial microbes as compared to without beneficial microbes. This
may be due to beneficial microbes increase the speed of decomposition and increase
mineralization, and more nitrogen content was transferred to grain [28]. Organic
and inorganic ratios significantly improved grain nitrogen content, and higher grain
nitrogen content (2.01%) was achieved with the application of a 50:50 organic and
inorganic N ratio, whereas less grain nitrogen content (1.56%) was achieved with
the application of 100% inorganic fertilizer. It may be due to the quick availability
of inorganic fertilizer, whereas organic fertilizer is slowly available to the crop.
Nitrogen and phosphorus are higher in grains than straw, while potassium content
was higher in straw as compared to grains. N, P, and K content was significantly
improved by organic fertilizer both in straw and grain [46]. Growth, yield, and
NPK concentrations were significantly increased with integrated organic and inor-
ganic fertilizers [3]. Macro- and micronutrients in the grains and straw of wheat
were significantly improved with the application of FYM as inorganic N fertilizer
[47]. Higher N, P, and K uptake by crop was observed with organic N sources [48].

The graph showed that grain nitrogen increased with organic and inorganic
N ratio from 0:100 to 50:50. This trend was declined with N ratio from 50:50 to
100:0 for both beneficial microbes (Figure 6). This might be due to the reason
that beneficial microbes rapidly decomposed organic matter, provided nutrients,
and also increased availability of nitrogen from both organic and inorganic
sources [28].

Figure 6.
Grain nitrogen content as affected by beneficial microbes and organic and inorganic ratios.
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applied 100% from organic sources, and beneficial microbes rapidly decomposed
organic matter, thus increasing mineralization and soil organic matter [28].

3.3 Plant nitrogen analysis as influenced by organic and inorganic N with BM

Beneficial diazotrophic bacteria significantly affected stover nitrogen content
(Table 3). Highest stover nitrogen content (1.1%) has been perceived with the
application of beneficial microbes as compared to without beneficial microbes. It
can be due to beneficial microbes increase the speed of decomposition and increase
mineralization and provide nutrients for crop to achieved more total nutrient
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75:25 0.44 b 0.99 ab 1.97 ab

100: 0 0.47 a 0.98 ab 1.78 b

LSD 0.02 0.13 0.16

Interaction

BM � R Figure 5 ns Figure 6

Mean values of the different categories in each column with different letters discloses significant differences (p ≤ 0.05)
using LSD test.

Table 3.
Soil nitrogen content, stover, and grain nitrogen content of spring maize as influenced by beneficial microbes
and organic and inorganic ratios.

Figure 5.
Soil nitrogen content as affected by beneficial microbes and organic and inorganic ratios.
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production [28]. Our results indicated that organic and inorganic N ratios signifi-
cantly influenced N stover content in maize crop. The application of a 50:50 ratio of
organic and inorganic nitrogen resulted in higher stover N content (1.11%), whereas
lower stover nitrogen content (0.89%) was attained with the application of 100% N
from inorganic source. It might be due to the reason that inorganic fertilizer was
quickly available, while organic fertilizer was slowly available to crop. The N, P, and
K concentration in straw was significantly increased with the combined application
of 10 t N ha�1 from poultry manure (PM) and 200 kg N ha�1 from NPK as
compared to control [40]. N, P, and K uptake by straw and grains was significantly
influenced by organic and inorganic fertilizer [41–43]. The application of chemical
fertilizers, FYM, green manures, and compost to the soil resulted in improved
uptake of N, P, and K [44, 45].

Beneficial diazotrophic bacteria significantly increase grain nitrogen content
(Table 3). Highest grain nitrogen content (1.91%) has been perceived with the
application of beneficial microbes as compared to without beneficial microbes. This
may be due to beneficial microbes increase the speed of decomposition and increase
mineralization, and more nitrogen content was transferred to grain [28]. Organic
and inorganic ratios significantly improved grain nitrogen content, and higher grain
nitrogen content (2.01%) was achieved with the application of a 50:50 organic and
inorganic N ratio, whereas less grain nitrogen content (1.56%) was achieved with
the application of 100% inorganic fertilizer. It may be due to the quick availability
of inorganic fertilizer, whereas organic fertilizer is slowly available to the crop.
Nitrogen and phosphorus are higher in grains than straw, while potassium content
was higher in straw as compared to grains. N, P, and K content was significantly
improved by organic fertilizer both in straw and grain [46]. Growth, yield, and
NPK concentrations were significantly increased with integrated organic and inor-
ganic fertilizers [3]. Macro- and micronutrients in the grains and straw of wheat
were significantly improved with the application of FYM as inorganic N fertilizer
[47]. Higher N, P, and K uptake by crop was observed with organic N sources [48].

The graph showed that grain nitrogen increased with organic and inorganic
N ratio from 0:100 to 50:50. This trend was declined with N ratio from 50:50 to
100:0 for both beneficial microbes (Figure 6). This might be due to the reason
that beneficial microbes rapidly decomposed organic matter, provided nutrients,
and also increased availability of nitrogen from both organic and inorganic
sources [28].

Figure 6.
Grain nitrogen content as affected by beneficial microbes and organic and inorganic ratios.
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4. Conclusion

High maize yield and nitrogen content was better observed with the application
of beneficial microbes and organic and inorganic nitrogenous fertilizer with a ratio
of 50:50. Soil bulk density, soil organic matter, and soil total nitrogen were signifi-
cantly improved with beneficial microbes combinedly apply with organic and inor-
ganic nitrogenous fertilizer in a ratio of 100:0. Therefore, the application of
beneficial microbes and organic and inorganic nitrogenous fertilizer with a ratio of
50:50 has been recommended for better nitrogen uptake and higher yield of spring
maize in Peshawar valley.
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4. Conclusion

High maize yield and nitrogen content was better observed with the application
of beneficial microbes and organic and inorganic nitrogenous fertilizer with a ratio
of 50:50. Soil bulk density, soil organic matter, and soil total nitrogen were signifi-
cantly improved with beneficial microbes combinedly apply with organic and inor-
ganic nitrogenous fertilizer in a ratio of 100:0. Therefore, the application of
beneficial microbes and organic and inorganic nitrogenous fertilizer with a ratio of
50:50 has been recommended for better nitrogen uptake and higher yield of spring
maize in Peshawar valley.
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Chapter 11

Microwave Soil Treatment and
Plant Growth
Graham Brodie, Muhammad Jamal Khan and Dorin Gupta

Abstract

Crop yield gaps can be partially overcome by soil sanitation strategies such as
fumigation; however, there are fewer suitable fumigants available in the market-
place and growing concerns about chemical impacts in the environment and human
food chain. Therefore, thermal soil sanitation has been considered for some time
and microwave soil treatment has some important advantages over other thermal
soil sanitation techniques, such as steam treatment. It is also apparent that micro-
wave soil sanitation does not sterilize the soil, but favors beneficial species of soil
biota making more nutrients available for better plant growth. From these perspec-
tives, microwave soil treatment may become an important pre-sowing soil sanita-
tion technology for high value cropping systems, allowing agricultural systems to
better bridge the crop yield gap.

Keywords: microwave pasteurization, agriculture, pathogen control, nutrient,
production response

1. Introduction

Crop yield gaps are a significant issue for food security and agricultural sustain-
ability. Crop yield gaps are defined as the differences between optimal yield poten-
tial and actual crop yield [1]. Yield potential (Yp) is the yield of a crop cultivar when
grown in an environment to which it is adapted, with non-limiting water and
nutrient supplies, and with pests, weeds, and diseases being effectively controlled
[1]. For example, the impact of weeds on crop yield potential has been widely
demonstrated [2] and modeled [3–5]. Noling and Ferris [6] demonstrated that
nematodes can reduce alfalfa yields by more than 70%. Similarly, fungi can signif-
icantly reduce crop yield potential [7, 8]. The impact of various pathogens on crop
yield potential can be demonstrated with some simple models.

According to Noling and Ferris [6], the impact of nematode populations on
perennial crops, such as alfalfa, can be described by:

Yloss ¼ a 1� e�bN� �
(1)

where Yloss is the yield loss, a is the maximum yield loss for the system, b is a
population sensitivity parameter for the crop (i.e., damage rate), and N is the
nematode population. Therefore, the potential crop yield is described by:

Y ¼ Yo 1� a 1� e�bN� �� �
(2)

where Yo is the optimal yield.
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In a resource limited environment, the rate of population growth is described by:

dN
d°D

¼ r
k�N

k

� �
N (3)

where °D is the degree days which are suitable for the growth of the pest or
pathogen, k is the maximum sustainable population of the pest or pathogen (i.e., the
carrying capacity), and r is the base population growth rate. One Degree Day is
determined according to some basis temperature (Tb):

°D≝
Tmax � Tmin

2
� Tb>0:0 (4)

Equation (3) can be rearranged to become:

dN
k�N
k

� �
N

¼ r ∙ d°D (5)

Integrating both sides of Eq. (5) gives:

2 tanh �1 2N
K

� 1
� �

¼ r ∙ °Dþ C (6)

Therefore, Eq. (6) becomes:

N ¼ K
2

1þ tanh
r ∙ °D
2

þ C
2

� �� �
(7)

To evaluate the constant of integration (C), it is appropriate to choose a bound-
ary condition on the problem. It is noted that at the start of any study (i.e., when
°D = 0 for this study period), the population will have some starting population
value “No.” Substituting this into Eq. (7) and setting °D = 0 gives:

No ¼ K
2

1þ tanh
C
2

� �� �
(8)

or:

C ¼ 2 ∙ tanh �1 2 ∙No
K

� 1
� �

(9)

Therefore,

N ¼ K
2

1þ tanh
r ∙ °D
2

þ tanh �1 2 ∙No
K

� 1
� �� �� �

(10)

Usingdata fromNoling andFerris [6] as a guide, thepopulationofMeloidogyne hapla
nematodes in their studywould increase as shown inFigure 1.When these population
models are applied to the crop yieldmodel in Eq. (2), the apparent crop yield decline is
similar in form to that presented inNoling and Ferris [6], as shown in Figure 2.

Different crops require differing numbers of degree days to reach maturity. For
example, maize requires between 800 and 2700 degree days while barley requires
between 1290 and 1540 degree days. Using the data presented in Figure 2 to
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illustrate the importance of the impact of pathogens and pests on crop yield, if a
crop requiring 1500 growing degree days to mature is exposed to an initial
Meloidogyne hapla nematode population of 1085 individuals kg�1 of soil, the yield
potential would be 0.3 at the end of crop maturation; however, if the crop was
exposed to an initial population of only 4 individuals kg�1 of soil because of some
pre-sowing soil sanitation strategy, the crop yield potential would be approximately
0.7. Therefore, pre-sowing soil sanitation could provide a crop yield increase (com-
pared with untreated soil) of: 0:7�0:3ð Þ

0:3 � 100 ¼ 133%.
Although this may appear to be a significant crop yield increase, the pre-sowing

soil sanitation is simply bridging a little more of the crop yield gap by treating the
soil to remove crop inhibiting organisms before sowing the crop. In fact, the
modeling suggests that the crop growing on the sanitized soil may still not have
reached its full crop yield potential.

Figure 1.
Population growth inMeloidogyne hapla nematodes as a function of degree days, based on the initial inoculum
of the soil (calculated from Eq. (10)).

Figure 2.
Crop yield potential for Alfalfa affected by Meloidogyne hapla nematodes as a function of degree days, based
on the initial inoculum of the soil (calculated from Eq. (2)).
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2. Soil sanitation

Many soilborne plant pathogens flourish during the crop growing season and
survive between seasons, either in the soil or above-ground, by means of resting
structures, such as propagules that are either free or embedded in infected plant
debris. Soil sanitation aims to reduce or eliminate the pest population from all
sources, thus breaking the continuity of survival in time and space between crops.
Soil sanitation (e.g., by fumigation or heating) is a routine procedure in many
agricultural systems [9].

3. Fumigation

Soilborne diseases, plant-parasitic nematodes, and weeds can be devastating,
and preplant soil fumigation is commonly relied upon to mitigate the risk of crop
loss [10]. Methyl bromide has been widely used for soil sanitation in the past;
however, because of its ozone depleting impacts it has been included in the 1987
Montreal Protocol as a substance whose use should be reduced and eventually
eliminated. Under the Montreal Protocol exemptions were granted for substances
(like Methyl Bromide) where no economic alternative existed [11]. Even so, espe-
cially in the Strawberry runner industry, alternative treatments have been investi-
gated and found to be wanting [12, 13]. Most alternative treatments involve other
fumigants, such as Metam sodium or chloropicrin [14], or thermal processes, such
as solarization or applying steam.

Klose et al. [14] showed that weed seeds and soil pathogens exhibit a logistic
dose-response to a commercial soil fumigant formulation of 1,3-dichloropropane
(1,3-D; 61%) and chloropicrin (33%). It has been shown elsewhere [15] that a more
physically meaningful representation of logistic dose responses can be described by:

S ¼ a ∙ erfc b D� cð Þ½ � (11)

where S is the surviving portion of the population, erfc(x) is the Complementary
Gaussian Error Function, D is the fumigant dose (μmol kg�1), and a, b and c are
constants that are determined experimentally. Equation (11) is based on an under-
lying normally distributed population susceptibility to some treatment; therefore,
the cumulative effect (mortality) in the population becomes the integral of the
normal distribution function, which is described by the Gaussian Error Function,
and population survival, which is the whole population minus the mortality rate, is
therefore described by the Complementary Gaussian Error Function. Therefore, it
is anticipated that the crop yield response to varying doses of pre-sowing soil
fumigation treatment should also have a Gaussian Error form, as a function of
applied pre-sowing fumigant dose.

Growing concern over the use of excessive chemicals in agriculture, with
adverse effects on on-farm and off-farm environments, has prompted a search for
alternative soil sanitation options. Soil heating has provided some similar pest and
pathogen control to chemicals.

4. Soil heating

The fatal impacts of high temperatures on botanical and zoological specimens
have been studied in detail for over a century [16]. In particular, a thoroughly
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demonstrated empirical relationship between lethal temperature and temperature
holding time has been developed by Lepeschkin [17]:

T ¼ 79:8� 12:8 ∙ log 10Z (12)

where T is the lethal temperature (°C), and Z is the lethal temperature holding
time, in minutes [16]. Individual relationships for different species of plants and
pathogens [9, 17, 18] have been developed over time (Figure 3). Ultimately, heat
can provide similar lethal effects to chemicals and therefore has been used in soil
sanitation processes for some time.

5. Steam treatment

It has been demonstrated that steam soil treatment is as effective as some soil
fumigants at reducing pre-sowing soil pathogen loads [19]; however, if the steam is
applied to the surface of the soil (i.e., not injected), effective treatment is shallow
compared with conventional soil fumigation techniques. This is due to limitations of
heat being transferred from the steam into the soil. The governing equation for heat
transfer from a hot fluid (air, water or steam) with a temperature of Tf into a solid,
such as soil, with an initial temperature of Ts, is expressed as:

q
A
¼ h Ts � T f

� �
(13)

where q is the heat flow (W), A is the cross sectional area through which the
heat passes (m2), and h is the convective heat flow coefficient of the soil’s surface
[20]. When studying thermodynamic processes, temperatures are usually expressed
in absolute (Kelvin) values.

The convective heat flow coefficient depends on a number of other parameters
and conditions [21]. For example, the convective heat flow coefficient for a vertical
surface where natural convection achieves turbulent fluid flow conditions over the
surface is given by [21]:

Figure 3.
Lethal temperature/time functions for several important pathogenic organisms.
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where k is the thermal conductivity of the heating fluid (W m�1 K�1), Pr is the
Prandtl number, and L is the characteristic length of the object being heated (m).

The Rayleigh number (RaL) in Eq. (14) is also based on a complex relationship
between temperature and the physical properties of the fluid. It is given by [21]:

RaL ¼ gβ
να

Ts � T∞ð ÞL3 (15)

where g is the acceleration due to gravity; β is the thermal expansion coefficient
of the fluid; υ is the kinematic viscosity of the fluid medium; α is the thermal
diffusivity of the fluid medium; and L is the characteristic length of the surface.

Finally, the Prandtl number used in Eq. (14) is a relationship between the fluid’s
viscous and thermal diffusion rates given by [21]:

Pr ¼ ν

α
(16)

where v is the kinematic viscosity (m2 s�1) and α is the thermal diffusivity
(m2 s�1).

Close examination of these equations shows that the convective heat transfer
coefficient is dependent on the temperature differential between the fluid and the
surface of the soil (see Figure 4) and the apparent surface area of the heat transfer
interface. Injecting the steam into the soil through hollow tines effectively increases
the surface area of the heat transfer interface between the cool soil and hot steam.

Semi-commercial steam soil sanitation systems have been in operation for some
time [13, 19]. They are functional, though their application is limited, because they
are energy expensive and difficult to use due to their large and heavy operation
systems. Soil heat treatment may be better achieved through direct heating of the
soil.

Figure 4.
Convective heat transfer coefficient (h) for air as a function of temperature differential between an object and
the air.
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6. Microwave soil heating

Microwaves are non-ionizing electromagnetic waves (Figure 5) with a fre-
quency of about 300 MHz to 300 GHz and the wavelength range of 1 m to 1 mm
[23]. Biological and agricultural systems are electro-chemical in nature [24] and a
mixture of organic and dipole molecules, i.e., H2O, arranged in different geometries
[25, 26].

Interest in the study of the interactions of ultra-high frequency electromagnetic
energy with complex biological system dates back to the nineteenth century [27].
The interactions of microwave energy with living systems are characterized at
atomic, molecular, cellular and subcellular level [24].

The basic consideration in measuring the influence of microwave irradiation on
living systems is the determination of the induced electromagnetic field and its
spatial distribution. The bio-effects of microwave treatments can be described
solely by differences in temperature profile between microwave and conventionally
heated systems [28]. The energy of microwave photon at 2.45 GHz is 0.0016 eV
[29]. This is not enough energy to break the structure of organic molecules [30].
The basic interactive mechanism of microwave energy with biological system/
materials is inducing torsion on polar molecules, i.e., H2O, Proteins and DNA, by
induced electric field [31]. Oscillations in this torsion occur 2.45 billion times/
second for 2.45 GHz waves. These oscillations manifest as internal kinetic energy in
the material, which is heat.

Microwave (electromagnetic) heating has major advantages over conventional
heating techniques. Some of these include: rapid volumetric heating as opposed to
surface heating only, precise control, rapid start up and shut down [32], and in the
case of soil, having a lighter apparatus than a steam generator to avoid soil compac-
tion issues.

Many of the earlier experiments on plant material focused on the effect of radio
frequencies [33] on seeds [27]. In many cases, exposure to low energy densities
resulted in increased germination and vigor of the emerging seedlings [34, 35];
however, exposure to higher energy densities usually resulted in seed death
[27, 36, 37].

Figure 5.
The electromagnetic spectrum (adapted from [22]).
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Davis et al. [38, 39] were among the first to study the lethal effects of microwave
heating on weed seeds. They treated seeds, with and without any soil, in a micro-
wave oven and showed that seed damage was mostly influenced by a combination
of seed moisture content and the energy absorbed in each seed. In addition, they
suggested that both the specific mass and specific volume of the seeds were strongly
related to a seed’s susceptibility to damage by microwave fields. The association
between the seed’s volume and its susceptibility to microwave treatment may be
linked to the “radar cross-section” [40] presented by seeds to propagating micro-
waves. Large radar cross-sections allow the seeds to intercept, and therefore absorb,
more microwave energy.

Ferriss [8] conducted experiments on soil samples with moisture contents
between 7 and 37% (wet/dry-weight) and showed that treatment in a microwave
oven for 150 seconds eliminated populations of Pythium, Fusarium and all nematode
species, except Heterodera glycines in the soil samples. Compared with autoclaving or
Methyl bromide (MB) treatment, he found that microwave treatments released less
nutrient into the soil solution but had less effect on soil prokaryotes and resulted in
less recolonization of the soil by Fusarium and other fungi after treatment. Similar
observations were made by Mattner and Brodie [41] during a preliminary experi-
ment in soils growing strawberry runners at Toolangi, Victoria.

Speir et al. [42] examined the effect of microwave energy on low fertility soil (100
randomly selected cores at a depth of 50 mm), microbial biomass, nitrogen, phos-
phorus, and phosphatase activity. They reported that an increase in microwave treat-
ment duration (90 seconds) dramatically increased the nitrogen level in the soil by a
factor of approximately 10 times (106 μg N g–1) compared with untreated soil (9–
10 μg N g–1), but available phosphorus concentration declined as treatment time
increased. Furthermore, relevant to soil productivity, Gibson et al. [43], demon-
strated that shoot and root growth of birch (Betula pendula) significantly increased
in microwave irradiated soil. Their experiment evaluated the effect of microwave
treatment of soil supplemented with two mycorrhizas on birch seedlings. Shoot
growth progressively increased with irradiation duration, with the highest dry shoot
weight of 84 mg coinciding with the highest irradiation duration (of 120 seconds)
compared to non-irradiated soil which resulted in 25 mg of growth. This result was
achieved with no mycorrhizal supplementation. In addition, a recent study reported
that microwave (915 MHz; different power � duration) soil treatment increased the
dissolved organic carbon (+1.6-fold compared with the control), inorganic phospho-
rus (+1.2-fold compared with the control), and nitrate content in soil [44]. In addi-
tion, they grew the pregerminated seeds ofMedicago truncatulaGaertn. in microwave
treated soil and found that its dry biomass accumulation significantly increased in
response to soil heating (75–80°C), compared with the untreated control soils.

Since then there has been ongoing research interest in microwave soil treatment
and weed management. Table 1 lists a subset of the papers that have been published
on these and related topics. The consensus from these studies is that: microwave
treatment can kill plants; moderate microwave treatment can break dormancy in
some hard-seeded species; and high energy microwave treatment can sanitize soil.

Typically, responses of weed seeds and soil biota are both energy and depth
dependent, because of the absorption of microwave energy with soil depth. The
relationships between applied microwave energy and seed or biota survival at
different depths are given by:

S ¼ a ∙ erfc b ∙ Ψ ∙ e�2cd � f
� �� �

(17)

where Ψ is the microwave energy density at the soil surface (J cm�2), d is the
depth in the soil (m) and a, b, c, and f are constants to be determined

186

Sustainable Crop Production

experimentally. This is illustrated by the relationships for weed seeds and bacteria
in (Figures 6 and 7).

Unlike in the case of chemical soil fumigants, microwave soil treatment does not
sterilize the soil. Although there is a general reduction in soil bacteria after

Paper title Reference

Douglas- fir tree seed germination enhancement using microwave energy [45]

Microwave processing of tree seeds [46]

Increasing legume seed-germination by VHF and microwave dielectric heating [47]

Effects of low-level microwave radiation on germination and growth rate in corn seeds [48]

Effects of microwave energy on the strophiole, seed coat and germination of acacia seeds [35]

The effect of microwave-energy on germination and dormancy of wild oat seeds [49]

The effect of externally applied electrostatic fields, microwave radiation and electric
currents on plants and other organisms, with special reference to weed control

[50]

Control of field weeds by microwave radiation [51]

Effect of microwave irradiation on germination and initial growth of mustard seeds [52]

Inhibition of weed seed germination by microwaves [53]

A possibility of correction of vital processes in plant cell with microwave radiation [54]

Microwave irradiation of seeds and selected fungal spores [7]

Response surface models to describe the effects and phytotoxic thresholds of microwave
treatments on barley seed germination and vigor

[55]

Energy efficient soil disinfestation by microwaves [56]

Microwave effects on germination and growth of radish (Raphanus sativus L.) seedlings [57]

Report on the development of microwave system for sterilization of weed seeds: stage I –
feasibility

[58]

Design, construction and preliminary tests of a microwave prototype for weed control [59]

Thermal effects of microwave energy in agricultural soil radiation [60]

Influence of low-frequency and microwave electromagnetic fields on seeds [61]

An improved microwave weed killer [62]

Observations on the potential of microwaves for weed control [63]

Plant response to microwaves at 2.45 GHz. [64]

Germination inhibition of undesirable seed in the soil using microwave radiation [65]

Effect of microwave radiation on seed mortality of rubber vine (Cryptostegia grandiflora R.
Br.), parthenium (Parthenium hysterophorus L.) and bellyache bush (Jatropha
gossypiifolia L.)

[36]

Effects of microwave treatment on growth, photosynthetic pigments and some
metabolites of wheat

[66]

Microwave seed treatment reduces hardseededness in Stylosanthes seabrana and promotes
redistribution of cellular water as studied by NMR relaxation measurements

[67]

Effect of microwave fields on the germination period and shoot growth rate of some seeds [68]

Germination of Chenopodium album in Response to Microwave Plasma Treatment [69]

Work conditions for microwave applicators designed to eliminate undesired vegetation in
a field

[70]

Table 1.
Literature addressing the application of microwave technology to seed and weed treatment.
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microwave treatment (Figure 7), Khan et al. [72] demonstrated that immediately
after microwave soil treatments, the relative abundance of Firmicutes increased
while the relative abundance of Proteobacteria decreased significantly. They also
showed that the relative abundances of beneficial soil microbes (Micromonos-
poraceae, Kaistobacter and Bacillus) were significantly higher, as soils recovered
from high heating intensities induced by microwave soil treatment, compared with
untreated soils.

Figure 6.
Response of multiple species of weed seeds as a function of applied microwave energy and soil depth [71].

Figure 7.
Response of soil bacteria as a function of applied microwave energy and soil depth [71].
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There is also considerable evidence that microwave soil treatment releases more
nitrogen sources in the soil for the crop growth [73]. This may be due to the
resilience of nitrifying bacteria and archaea to microwave soil heating. Khan et al.
[72] showed that microwave soil treatment did not significantly affect ammonia
oxidizing bacteria or ammonia oxidizing archaea. Vela et al. [74] also demonstrated
that nitrifying bacteria in the soil were resilient to 40 kJ cm�2 of microwave energy
at the soil surface; which is 70 times higher than the energy densities used during
experimental work undertaken by the current authors.

7. Crop responses

Fully replicated pot and field plot experiments have been undertaken over an
extended period of time by the authors to better understand the impact of pre-
sowing microwave soil treatment on crop growth. In all cases, the experiments had
at least 5 experimental replicates and in many cases, they used 10 experimental
replicates. Experiments were undertaken to explore the effect of pre-sowing
microwave soil treatments on plant growth and yield of wheat (Triticum spp.), rice
(Oryza sativa), maize (Zea mays), canola (Brassica napus), processing tomatoes and
strawberry runners. In most cases the potted experiments were repeated two or
three times and in some cases the field experiments were also repeated. Microwave
energy was applied to the soil in pots or in situ using a trailer mounted microwave
prototype system with 4 individual 2 kW microwave generators (see Figure 8).

The crops were planted within hours of the microwave treatment, once the soil
had returned to ambient temperature. Plant growth rate, final plant height, and
crop yield showed significant increases with increasing microwave energy
(Table 2). In the potted trials and in one wheat field trial, hand weeded controls
were included in the experiments to determine whether crop growth response was
simply due to less weed competition.

Pre-sowing microwave soil treatment was found to have significant beneficial
effects on subsequent crop growth. Most crops showed a typical Gaussian Error
Function response to increasing microwave soil treatment dosage (Figure 6), as
would be expected if the pre-sowing soil treatment were acting as a soil fumigant
(Figure 9).

Figure 8.
Prototype 4 by 2 kW microwave weed killer in a strawberry runner field at Toolangi, Victoria.
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8. Conclusions

Pre-sowing microwave soil treatment acts as a soil sanitation technology and
results in significant increases in crop yield, as would be expected from other soil
sanitation techniques. Microwave treatment has some major advantages over other
soil sanitation techniques in that it is purely thermal in nature and allows immediate

Microwave treatment Control Hand
weeded

Microwave energy
(J cm�2)

LSD
(P = 0.05)

Change from
hand weeded/
control (%)

136 318 545

Pot trials

Canola pod yield (g pot�1) 0.27a 0.56a 0.36a 1.25b 1.95c 0.55 250%

Wheat grain yield (g pot�1) 0.66a 0.67a 0.68a 0.75a 1.25b 0.3 87%

Rice grain yield (g pot�1) 40.0a 41.3a 43.3a 59.0ab 64.0b 18.9 55%

Maize (g pot�1) 5.3a 6.6a __ 10.3ab 12.8b 4.8 92%

Field trials

Rice (t ha�1) – Dookie Year 1 (2015/
2016)

7.5a __ __ __ 10.1b 2 35

Rice (t ha�1) – Dookie Year 2 –
(2016/2017) - crop was cold
affected at panicle initiation

2.1a __ __ __ 3.9b 1.3 84

Rice (t ha�1) – Old Coree – (2016/
2017)

7.7a __ __ __ 9.1b 1.2 19

Wheat (t ha�1) 5.7a 6.6ab __ __ 7.8b 1.4 18

Tomato (t ha�1) 64.1a 65.2a __ __ 89.6b 24.7 37

Strawberry runner production
(daughter plants m�2)

6970a __ __ __ 8445b 670 21

Means with different superscript letters (i.e. a, b, c etc) are statistically different from one another at a probability of 0.05.

Table 2.
Summary of pot and field trial crop yields in response to microwave soil treatment.

Figure 9.
Canola pod yield response to increasing microwave treatment.
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access to the site once the soil has cooled to ambient temperatures. Unlike, other
thermal treatment systems, such as steam treatment, microwave systems can be
light and highly controllable, reducing other impacts on the soil such as compaction.

Also, unlike other soil sanitation techniques, it is evident that microwave treat-
ment does not sterilize the soil, but favors beneficial species of soil biota making
more nutrients available for better plant growth. From these perspectives, micro-
wave soil treatment may become an important pre-sowing soil sanitation technol-
ogy for high-value cropping systems, allowing agricultural systems to better bridge
the crop yield gap.
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Chapter 12

Fertilizer Use Issues for 
Smallholder Agriculture in 
Tropical Africa
Charles S. Wortmann, Anthony O. Esilaba, Kayuki C. Kaizzi, 
Catherine Kibunja, Keziah W. Ndungu-Magiroi  
and Nouri Maman

Abstract

Fertilizer is an essential input for wide-scale sustainable intensification 
of crop productivity in tropical Africa, but its use by smallholders is often 
financially constrained. Four fertilizer use issues are addressed. Smallholders 
need high net returns from their investments, with acceptable risk, which can 
be achieved with good crop-nutrient-rate choices made in consideration of the 
farmer’s financial and agronomic context. Soil acidification, which is affected 
by crop N supply, is best managed with the use of slightly more acidifying but 
less costly common N fertilizer, e.g., urea, coupled with lime use compared with 
the use of more costly but less acidifying N fertilizer such as calcium ammonium 
nitrate. This chapter addresses the feasibility of tailored fertilizer blends for 
maximizing farmer profit with respect to the nutrient supply cost, the need for 
flexibility in nutrient application according to the farmer’s context, and the weak 
justification for tailoring blends based on soil test results. The use of a well-
formulated blends is justified in some cases, e.g., for some crops in Rwanda, but 
the supply of blends does not justify restricting the supply of common fertilizers. 
Farmers need to be aware that unregulated nontraditional products very often 
fail to provide the claimed benefits. Fertilizer use, sometimes with timely lime 
application, can be highly profitable with modest risk with good crop-nutrient-
rate choices, adequate free-market fertilizer supply, and avoiding products with 
unsubstantiated claims.

Keywords: Africa, smallholder, fertilizer, profit, blends, soil acidity,  
non-traditional products

1. Introduction

Fertilizer use is essential for widespread sustainable increases in crop pro-
ductivity and for the preservation of the cropland resource base in tropical 
Africa. Smallholder farmers in tropical Africa generally have severe financial 
constraints and need high returns to justify an investment, often >100% within a 
year [1]. Risk needs to be low given the vulnerability of their livelihoods to failed 
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ductivity and for the preservation of the cropland resource base in tropical 
Africa. Smallholder farmers in tropical Africa generally have severe financial 
constraints and need high returns to justify an investment, often >100% within a 
year [1]. Risk needs to be low given the vulnerability of their livelihoods to failed 
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investments. Fertilizer use can have a high probability of high profit with well-
informed crop-nutrient-rate choices but also with efficient input supply, favor-
able credit terms, subsidies, and efficient marketing of the commodity produced 
[2–4]. The objective of this chapter was to explore four issues affecting the profit 
potential of fertilizer use by financially constrained smallholder farmers: (1) the 
choice of fertilizer use options with the greatest potential return on investment, 
(2) the choice of N source and management of soil acidification, (3) the use of 
tailored fertilizer blends as alternatives to common straight fertilizers, and (4) the 
alternative nontraditional products for managing soil productivity. The implica-
tions for farm profitability are fundamental to the discussion of these issues.

2. Fertilizer use for maximization of the farmer’s profit

Smallholder cropping systems are typically diverse, and each crop or inter-
crop has some level of profit potential for each nutrient that might be applied 
[2, 3, 5–13]. Crop-nutrient response functions typically have a diminishing 
profit-to-cost ratio as the nutrient rate approaches the agronomic optimum. A 
financially constrained farmer maximizes net returns through optimized choice 
of crop-nutrient-rate options (Figure 1; [4]). In contrast, when fertilizer use is 
not financially constrained, the profit-oriented farmer targets to apply at the rate 
at which net returns per hectare are maximized. Fertilizer use decisions can be 
made by integrating crop-nutrient response functions using linear optimization 
through computer-based and simple paper decision tools that have been developed 
for 73 recommendation domains across 15 nations of tropical Africa by the project 
Optimizing Fertilizer Recommendations in Africa [2, 3, 14].

Figure 1. 
Net returns in Kenyan shillings (KSh) to investment in nutrient application vary with crop-nutrient-rate 
choices, exemplified for Central Kenya with fertilizer use costs and on farm commodity values typical in 
2016 [4].
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3. Management of soil acidification and nitrogen sources

Supply of nitrogen to cropland typically contributes to soil acidification 
whether the N is supplied through fertilizer, organic materials, biological fixation 
of atmospheric N, or wet and dry deposition of atmospheric NH4-N [15]. Soil 
acidification also occurs with NH4

+ uptake by plants with subsequent release of 
cations, mostly H+. Soil acidification is greater if NO3

−-N is leached from the soil 
rather than recovered by plants. Soil acidification associated with N sources can be 
slowed by avoiding excessive application of N and leaching of NO3

−-N and by the 
use of less acidifying but more costly NO3

−-N fertilizers [16]. Very often, it is most 
economical to use relatively less expensive but more acidifying NH4

+-N fertil-
izers and occasionally amend the soil with lime application rather than using less 
acidifying fertilizers.

Soil acidification concerns are important in Kenya, for example, especially in 
some high elevation and high yield potential areas (Figure 2). The promoted N 
fertilizer for these areas is calcium ammonium nitrate (CAN) rather than urea. 
The chemical composition of CAN varies, but CAN of 27% N contains about 
13.5% each of NH4

+-N and NO3
−-N, and calcium carbonate or calcium-magnesium 

carbonate (dolomite) may be added to give the fertilizer about 20% calcium 
carbonate equivalent (CCE). The acidification effect of ammonium nitrate and 
urea is 3.65 kg CCE for each kg of N applied. If the CCE of CAN is neutralized in 
the soil, it reduces the net acidification effect of CAN-N by about 22% to about 
2.85 kg CCE kg−1 N. Therefore, urea is about 28% more acidifying per kg of N 
compared with CAN. Calcium is supplied by CAN but cannot be credited with 
economic value to farmers if the yield response to CA is not profitable.

Figure 2. 
Soil pH distribution across Kenya determined using AfSIS data.
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The farm-level 2015 costs in western Kenya were 1.3 US$ kg−1 for urea-N, 
2.0 $ kg−1 for CAN-N, and 0.17 $ kg−1 for effective CCE of lime. The retail cost of 
fertilizer N plus lime to neutralize the N effect on soil acidity was $1.30 + 0.166 × $
3.65 = $1.91 kg−1 for urea-N and $2.00 + 0.166 * $2.85 = $2.47 kg−1 for CAN-N and 
30% more costly for the CAN compared with urea option. The CAN compared with 
the urea option remains less profitable at these fertilizer prices if the cost for effec-
tive CEC of lime is <0.90 $ kg−1 (Figure 3).

4. Blended and compound fertilizers

Blended and compound fertilizers are mixtures of common or straight fertiliz-
ers. Blended fertilizers are mixtures of common fertilizers which are distinguishable 
in the mix. Compound fertilizers are formulated by re-granulating the component 
common fertilizers to have some of each fertilizer in each granule. Hereafter, 
blended and compound fertilizers are referred to as blends. Common fertilizers 
often used in dry blends include urea, triple super phosphate (TSP), diammonium 
phosphate (DAP), and potassium chloride (KCl).

The flexibility in nutrient application with common fertilizers is often impor-
tant for profit optimization. For example, cereal yield response to N followed by 
P often has more profit potential than the application of K, secondary nutrients, 
and micronutrients. The application of several nutrients in a blend can result in 
increased yield compared to the application of fewer nutrients with the farmer’s 
chosen combination of common fertilizers such as for wheat and maize production 
in Rwanda, but the profit potential is more often greater with common fertilizers  
[5, 7, 12, 17]. Blending adds to the cost of nutrient supply, and blends often contain 
one or more nutrients that have low or no profit potential for the farmer. For exam-
ple, maize (Zea mays L.) yield responses to K included 57% of 164 cases in tropical 
Africa with increases and 18% with decreases >0.1 Mg ha−1 [18]. This indicates an 
NPK blend may be advantageous in some cases compared to common fertilizers but 
there are many cases where K use needs to be highly selective. Unfortunately, gov-
ernmental policy decisions in some countries limit farmer access to some potentially 
valuable common fertilizers such as TSP, DAP, and KCl. Three concerns of enabling 

Figure 3. 
Comparison of the retail costs of N supply using urea and calcium ammonium nitrate, plus the cost of 
agricultural lime for neutralizing the fertilizer acidification effects (US$), based on common fertilizer and lime 
costs in Kenya in 2016.
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supply of blends while restricting the supply of common fertilizers are addressed 
here. (1) Claims of profit increases for farmers, with less soil acidification, with the 
use of blends compared with the judicious use of common fertilizers, are often not 
true. (2) Tailoring of blends for smallholders in Africa should not be based on soil 
test information which is scarce and likely to be highly variable across a farm but 
especially due to the weak basis for interpreting soil test results relative to crop yield 
response to applied nutrients [19]. (3) Smallholder farmers generally need high 
return on investment with little risk of failed returns to justify an investment.

5. Blended and compound fertilizers: yield and soil acidification

The acidifying effect of blends depends on their ingredients. Common fertilizers 
that are generally available on the world market at very competitive prices and with 
relatively high nutrient content are commonly used to produce blends. The nutrient 
contents of blends need to be reported, but the constituent fertilizers commonly 
do not need to be reported. However, a dry NPK blend is expected to contain urea, 
DAP or mono-ammonium phosphate, and KCl or potassium sulfate. Applying basic 
algebra for a 17-17-17, for example, it could be composed of 22.5, 37.0, 28.3, and 
12.2% of urea, DAP, KCl, and bulking material, respectively, but it could not be 
37.0, 37.0, and 28.3% of urea, TSP, and KCl as these total to >100%. The soil acidi-
fication effect of the blend depends on the constituent fertilizers. The acidification 
effect of the urea-DAP-KCl blend could be only slightly reduced by replacing some 
of the DAP with TSP since TSP is a non-acidifying P source for acid soils or using 
lime as the 12.2% of bulk material. Therefore, a fertilizer user should not expect a 
fertilizer blend to be a much less acidifying means for nutrient application com-
pared with judicious application of common fertilizers.

6. Tailoring of blends based on soil test information

Soil test values vary considerably within and across smallholder farming opera-
tions with soil texture, depth, and pH generally stronger determinants of crop yield 
and yield response to nutrients than are soil test results for nutrient availability 
[20, 21]. However, the probability of maize yield response to N and P is high for 
agricultural soils not having severe edaphic and other abiotic and biotic constraints. 
Of 727 N and 672 P yield response functions determined from field maize trials in 
tropical Africa, yield increases were >0.1 Mg ha−1 for 87% of the N functions and 
69% of the P functions [18].

Interpretation of soil test results for the estimation of the probability and 
magnitude of profitable yield response to applied nutrients is generally weak glob-
ally for most secondary and micronutrients, with Zn being a possible exception, 
even where nutrient management is strongly based on field research results. Soil 
test information has a low or negligible predictive value for crop yield response to 
applied nutrients in tropical Africa [19]. Soil S tests have been less indicative of crop 
yield response to S than the use of soil organic matter content and soil texture [22, 
23]. Situation-specific interpretations of soil test results for micronutrients have 
been useful but are unconfirmed for extensive use across geographic and climatic 
conditions [24]. Hot water extraction of B has been useful in predicting alfalfa yield 
response to B, but prediction is improved by consideration of soil texture [25]. 
Different nutrient extraction procedures for soil tests require different interpreta-
tions. Mehlich-3 extraction [26] is increasingly used for good reasons but does not 
correlate well with DTPA extraction for most micronutrients with R2 values of  
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0.88 and 0.90 for Zn; 0.42 and 0.63 for Fe; 0.50 and 0.88 for Cu; 0.50 for B; and 
0.05 for Mn [27–30]. Therefore, interpretation of Mehlich-3 extraction results is 
appropriate where crop yield response has been calibrated directly with Mehlich-3 
data.

Interpretation of soil test results in terms of probability of profitable yield 
response to an applied nutrient can be expected to be weak in tropical Africa 
because crop yield and yield response to inputs in the tropics typically encounter 
numerous unmitigated constraints that are periodically more constraining than 
a nutrient deficiency [31, 32]. Each of these constraints not only limits yield but 
also crop yield response to attempts to mitigate another constraint and ability to 
predict response. Wendt and Rijpma [33] did not find a relationship between soil 
test information and crop yield response to applied S, Zn, and B in Malawi for 
individual fields. Kaizzi et al. [34, 35] did not find a soil test relationship for maize 
and sorghum yield response to N, P, and K in Uganda. In the analysis of >1100 cases 
of crop yield response linked to soil test information, Mehlich-3 extracted P and K 
accounted for <1% of the variation in yield response to application of these nutri-
ents [19]. With more research, interpretation of soil test results for tropical Africa 
is expected to improve, but soil test results do not provide a practical basis for the 
tailoring of fertilizer blends in tropical Africa at this time.

7. Blends and the farmer’s financial context

The greatest profit/cost potential is likely to be with the application of one or 
two most limiting nutrients, often N and P for non-legumes and P or P plus another 
nutrient for legumes [5, 7, 12, 17]. Positive synergistic effects of applying the two 
most limiting nutrients occur infrequently but tend to account for relatively little 
yield response compared with the additive effects of individual nutrients e.g., 
[6, 8–11, 17, 34–37]. Therefore the highest profit/cost ratio can generally be achieved 
by at least partly alleviating the most limiting nutrient deficiency constraint fol-
lowed by the second most limiting deficiency.

Farmer profit from fertilizer use may be maximized in some situations through 
the use of relatively more costly blends compared with common fertilizers such as 
cited above for wheat and maize in Rwanda [5, 17]. The blends may then at least 
partly meet the needs for those two most limiting nutrients as well, commonly 
applied near planting time. Blends should not contain nutrients with inadequately 
verified yield response unless the added cost to the farmer is minimal as any money 
that a financially constrained farmer uses for relatively costly fertilizer implies less 
money available for common fertilizers that may have higher profit potential.

8. Nontraditional materials for crop production

Small bottles of nutrients or other solutions or suspensions are commonly 
sold in agricultural input shops in Africa with claims that use of small amounts 
can substitute partly or fully for fertilizer. The price per small bottle, even with 
a wide profit margin, compared to the price of a 50-kg bag of fertilizer is small, 
but the nutrient quantity is also very small, and the cost per kg of nutrient may 
be extremely high. These may contain micronutrients, often as low solubility 
oxides and carbonates, but the form and solubility are usually not specified. 
Some such products are sometimes vaguely referred to as bio-fertilizers and 
bio-stimulants and are mostly unregulated. These may have claims of increased 
crop growth, yield, or tolerance to insect pests, diseases, or drought or more 
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efficient nutrient cycling. The Compendium of Research Reports on Use of 
Non-Traditional Materials for Crop Production [38] addresses a fraction of 
such products that have been marketed in the USA, most of which are no longer 
available or occur under a different name. Others have been found to be effective 
for specific situations and have an enduring history of use. No such compendium 
exists for tropical Africa.

Bio-fertilizers may contain microbes or microbial metabolites claimed to fix 
atmospheric N, convert insoluble P into soluble forms, or stimulate plant growth. 
Some products such as Rhizobium inoculums for increased symbiotic N fixation 
with legumes can be very effective in the right situations [39]. A product may 
contain other N-fixing microbes such as Azospirillum and Azotobacter which may 
be effective if they can successfully compete with indigenous Azospirillum and 
Azotobacter and the rest of the soil microbial community. The well-targeted use 
of Bacillus and Pseudomonas microbes can improve soil P availability but may not 
compete effectively with the indigenous microbial community [40]. The value of 
vascular arbuscular mycorrhizal fungi, especially to P and Zn uptake, has been long 
known, but inoculation very often fails to improve mycorrhizal effectiveness. Such 
products tend to broadly marketed as effective for all situations, but their use needs 
to be narrowly targeted to specific conditions. Handling, storage, and application 
timing and method affect bio-fertilizer effectiveness [41, 42].

Bio-stimulates often are of unknown contents but often contain hormones or 
humic acid. Hormone application can be effective for specific crops in specific 
situations, but use across a broad spectrum of production situations is unlikely to be 
effective for well-adapted crop varieties grown on at least moderately good agricul-
tural soil. Humic acid is important to plant growth but is already abundant in soil. 
A soil of 3% organic matter may have 1–1.5 Mg ha−1 of humic acid in the surface 
20-cm soil depth, and adding humic acid at a few kg ha−1 has a low probability of 
increasing yield [35].

9. Conclusion

Fertilizer use is essential for wide-scale sustainable improvement of crop 
productivity in tropical Africa even though smallholder farmers commonly are 
severely constrained financially. They require high profit/cost ratios of their 
investments, with acceptable risk, to gradually reduce the limitations of poverty. 
Fertilizer use can be highly profitable with good crop-nutrient-rate choices made 
in consideration of the farmer’s financial and agronomic context. Maximizing the 
profit/cost ratio usually requires adequate access to common fertilizers. Soil acidifi-
cation is a concern and is a partly an unavoidable consequence of N supply to crops. 
The most cost-effective means for management of soil acidification often involve 
avoiding excessive N application and the use of slightly more acidifying but less 
costly common NH4

+-N fertilizers coupled with lime use compared with NO3
−-N 

fertilizers and less lime use. The feasibility of tailored blends has been addressed in 
consideration of the cost of nutrient supply, the need for flexibility in fertilizer use 
for maximization of farmer profit, and the weakness of tailoring blends based on 
soil test results in tropical Africa. However, justification for blends for exceptions 
such as for wheat and maize in Rwanda should not restrict the supply of common 
fertilizers. Farmers need to be aware that unregulated products sold in small bottles 
or packets very often fail to provide the claimed benefits. Fertilizer use, sometimes 
with timely lime application, can be highly profitable with modest risk if based on 
good crop-nutrient-rate choices, with adequate fertilizer supply and avoidance of 
products with unconfirmed claims.
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but the nutrient quantity is also very small, and the cost per kg of nutrient may 
be extremely high. These may contain micronutrients, often as low solubility 
oxides and carbonates, but the form and solubility are usually not specified. 
Some such products are sometimes vaguely referred to as bio-fertilizers and 
bio-stimulants and are mostly unregulated. These may have claims of increased 
crop growth, yield, or tolerance to insect pests, diseases, or drought or more 
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efficient nutrient cycling. The Compendium of Research Reports on Use of 
Non-Traditional Materials for Crop Production [38] addresses a fraction of 
such products that have been marketed in the USA, most of which are no longer 
available or occur under a different name. Others have been found to be effective 
for specific situations and have an enduring history of use. No such compendium 
exists for tropical Africa.

Bio-fertilizers may contain microbes or microbial metabolites claimed to fix 
atmospheric N, convert insoluble P into soluble forms, or stimulate plant growth. 
Some products such as Rhizobium inoculums for increased symbiotic N fixation 
with legumes can be very effective in the right situations [39]. A product may 
contain other N-fixing microbes such as Azospirillum and Azotobacter which may 
be effective if they can successfully compete with indigenous Azospirillum and 
Azotobacter and the rest of the soil microbial community. The well-targeted use 
of Bacillus and Pseudomonas microbes can improve soil P availability but may not 
compete effectively with the indigenous microbial community [40]. The value of 
vascular arbuscular mycorrhizal fungi, especially to P and Zn uptake, has been long 
known, but inoculation very often fails to improve mycorrhizal effectiveness. Such 
products tend to broadly marketed as effective for all situations, but their use needs 
to be narrowly targeted to specific conditions. Handling, storage, and application 
timing and method affect bio-fertilizer effectiveness [41, 42].

Bio-stimulates often are of unknown contents but often contain hormones or 
humic acid. Hormone application can be effective for specific crops in specific 
situations, but use across a broad spectrum of production situations is unlikely to be 
effective for well-adapted crop varieties grown on at least moderately good agricul-
tural soil. Humic acid is important to plant growth but is already abundant in soil. 
A soil of 3% organic matter may have 1–1.5 Mg ha−1 of humic acid in the surface 
20-cm soil depth, and adding humic acid at a few kg ha−1 has a low probability of 
increasing yield [35].

9. Conclusion

Fertilizer use is essential for wide-scale sustainable improvement of crop 
productivity in tropical Africa even though smallholder farmers commonly are 
severely constrained financially. They require high profit/cost ratios of their 
investments, with acceptable risk, to gradually reduce the limitations of poverty. 
Fertilizer use can be highly profitable with good crop-nutrient-rate choices made 
in consideration of the farmer’s financial and agronomic context. Maximizing the 
profit/cost ratio usually requires adequate access to common fertilizers. Soil acidifi-
cation is a concern and is a partly an unavoidable consequence of N supply to crops. 
The most cost-effective means for management of soil acidification often involve 
avoiding excessive N application and the use of slightly more acidifying but less 
costly common NH4

+-N fertilizers coupled with lime use compared with NO3
−-N 

fertilizers and less lime use. The feasibility of tailored blends has been addressed in 
consideration of the cost of nutrient supply, the need for flexibility in fertilizer use 
for maximization of farmer profit, and the weakness of tailoring blends based on 
soil test results in tropical Africa. However, justification for blends for exceptions 
such as for wheat and maize in Rwanda should not restrict the supply of common 
fertilizers. Farmers need to be aware that unregulated products sold in small bottles 
or packets very often fail to provide the claimed benefits. Fertilizer use, sometimes 
with timely lime application, can be highly profitable with modest risk if based on 
good crop-nutrient-rate choices, with adequate fertilizer supply and avoidance of 
products with unconfirmed claims.
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Chapter 13

Fungal Endophyte-Host Plant 
Interactions: Role in Sustainable 
Agriculture
Tamanreet Kaur

Abstract

Fungal endophytes that live inside plant tissues without causing any apparent 
symptoms in the host plant are important components of plant micro-ecosystems. 
Endophytic fungi confer profound impacts on their host plants by enhancing their 
growth, increasing their fitness, strengthening their tolerances to pests and dis-
eases. Moreover, fungal endophytes symbiotic with host plant produce a plethora of 
bioactive secondary metabolites that are expressed as defensive weapons to protect 
the host plant against various abiotic stresses. Currently, main focus in endophytic 
fungi research is associated with the ability of these microorganisms to produce 
and accumulate biologically active metabolites as these are potent source of novel 
natural products useful in agriculture sector.

Keywords: fungal endophyte, symbiosis, secondary metabolites, stress, sustainable 
agriculture

1. Introduction

Over reliance of synthetic pesticides in crop fields from late 1940 to mid-1960s 
resulted in a number of adverse environmental impacts such as secondary pest 
outbreak, insect resurgence, effects on non-target organisms, residual problem, 
environmental pollution, prompted an urgent need for alternative tactics to help 
make crop protection more sustainable. Biological control using micro-organism 
has gained much interest, being specific, low relative cost and low risk to ecosystem 
[1]. Among the various micro-organisms, endophytic fungi can make the chemi-
cal intensive crop production system more sustainable as it has ability to enhance 
plant growth, yield and increase plant fitness by providing biotic and abiotic stress 
tolerance [2, 3]. Endophytes (“endo” = within, “phyte” = plant) are the microorgan-
isms that inhabit interior of plants especially leaves, stems, roots without causing 
any apparent harm to the host [4]. These are ubiquitous having rich biodiversity 
and found in every plant species as nearly 3,00,000 plant species exist on earth with 
each individual plant host having one or more than one endophytes [5]. Endophytic 
fungi are considered as plant mutualists as they receive nutrition and protection 
from host plant while the host plant may benefit from enhanced competitive abili-
ties and increased resistance to herbivores, pathogens and various abiotic stresses 
[6]. It spends whole or part of their life cycle colonizing inters- and/or intra-
cellularly within the healthy tissues of the host plant without causing visible signs 
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of infection [7, 8]. Moreover, fungal endophytes have gained significant interest 
in sustainable agriculture due to their great potential to contribute to secondary 
compounds with unique structure, including alkaloids, benzopyranones, chinones, 
flavonoids, phenolic acids, quinones, steroids, terpenoids, tetralones, xanthones, 
etc. [9–11] produced by the fungi or by the plant due to interaction with the fungi. 
Among the microorganisms, fungal endophytes are the largest group produc-
ing secondary metabolites. Fungal toxins produced by these biotic metabolites 
contribute to plants tolerance towards various biotic and abiotic stresses. Fungal 
endophytes are known to produce bioactive compounds toxic to insects, nema-
todes, produces extracellular enzymes (cellulases, proteinase, lipases, esterases) 
for degradation of dead soil biomass, solubilize insoluble phosphates and produce 
plant growth-promoting hormones (auxins, cytokinins, gibberellins). Endophyte 
infected plants manage plant growth under adverse conditions of drought, salinity, 
temperature and heavy metal stress through different mechanisms. This chapter 
outlines various approaches for the use of endophytic fungal inoculants to combat 
various stresses in agricultural fields, thus increasing global crop productivity.

2. Fungal endophyte-host plant association

The association between fungal endophytes and their host plant is due to their 
unique adaptations which enable the endophytes to harmonize their growth with 
their host plant [12]. The origin of endophytes is not clear due to complex associa-
tion between the endophyte and its host plant and the multiplicity of the host’s 
living environment. Exogenous and endogenous are the two hypotheses explaining 
the origin of endophytes. According to endogenous hypothesis, endophytes are 
gaged from the mitochondria and chloroplast of the plant, and so it has compa-
rable genetic backgrounds to the host [13], whereas exogenous hypothesis believes 
that endophytes arrive from outside of the plant and got inserted into the host 
from root wound, induced channels, or surface [14]. During the long period of co-
existence and evolutionary processes, different relationships have been established 
between endophytic fungi and their host plants ranging from (i) a continuum of 
mutualism, (ii) antagonism, and (iii) neutralism. As once inside the tissues of a 
host plant, the endophytic fungi assumed a quiescent (latent) state, either for the 
whole lifetime of the host plant (neutralism) or for an extended period of time 
(mutualism or antagonism) until environmental conditions are favorable for 
endophytic fungi [15]. Endophytes due to its cryptic existence also have its role of 
decomposers in ecosystem, as they are among the primary colonizers of dead plant 
tissues [16, 17].

2.1 Fungal endophytes

2.1.1 Transmission

The life history of endophytes in symbiotum with host plant has three modes of 
reproduction (Figure 1). They can either be transmitted (i) vertically from infected 
plant to offspring via seeds (Neotyphodium spp.), (ii) horizontally by sexual spore s 
from infected individuals (e.g. Epichloe spp.) or (iii) mixture of two life cycles [19]. 
The pure vertical transmission is asexual reproduction of intercellular hyphae of 
above ground tissues with no symptoms and transmitted vertically via seeds from 
infected plants to offspring (e.g. Neotyphodium spp.). In contrast, the pure hori-
zontal transmission evolves sexual life cycle, relies on the production of contagious 
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sexual spores. These spores can only be produced on a fungal structure (stroma) 
surrounding the grass flag leaf sheath (e.g. some Epichloe spp.). Leaves accumulate 
numerous infections shortly after emergence by means of epiphytic germination 
of fungal propagules, followed by cuticular penetration or entry through stomata’s 
[20–22] and grow intercellularly within healthy tissues [20, 23]. However, many 
Epichloe spp. use a third mode of reproduction. In this fungi choke some flowering 
tillers and produce sexual spores leaving majority of tillers uninfected and trans-
mitted asexually via seeds [18]. Endophytes are transmitted vertically (systemic) 
and horizontally (non-systemic). Vertically transmitted endophytes are mutualis-
tic, whereas those transmitted horizontally depict antagonism to the host [6, 24].

3. Fungal endophytes for sustainable agriculture

In view of escalating pollution and cost due to indiscriminate use of chemical 
pesticides, diverted researchers interest towards alternative eco-friendly and safe 
approaches to meet increasing demand of agriculture productivity. Sustainable 
agriculture requires the use of various strategies to increase or maintain the current 
rate of food production while minimizing damage to the environment and human 
health. Symbiotic endophytic fungal associations with crops offer wide range 
of benefits ranging from the promotion of plant growth to improvements in the 
tolerance of various biotic and abiotic stresses. Moreover, loss of useful endophytic 
microbes from crop plants during their domestication and long term cultivation 
also requires transfer of endophytes from wild relatives of crops to crop species.

4. Fungal endophytes: Biotic stress management

Endophytic fungi have gained importance in the area of agriculture because 
of their ability to confer resistance to various biotic stress conditions like insect 
herbivory, nematicidal attack and by aiding plant growth processes.

Figure 1. 
Asexual and sexual life cycles of Epichloe festucae symbiotic with Festuca spp. [18].
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4.1 Fungal endophytes

4.1.1 Biocontrol agents

Fungal endophytes act as biocontrol agents as they can protect their host plants 
from pathogens and pests [25, 26]. The mechanism whereby endophytes deter 
herbivory is through production of antiherbivory/bioactive compounds [27–29] or 
complex interacting factors of metabolic processes in both the fungus and the plant 
after infection [26, 30]. These defensive compounds may deter feeding (antixeno-
sis) or reduce insect performance (antibiosis) [31, 32]. Endophytic fungi release the 
specialized biologically active compounds without any observable damage to their 
host tissues [33]. Defensive compounds may be categorized into various functional 
groups: alkaloids, terpenoids, isocoumarin derivatives, quinones, flavonoids, 
chlorinated metabolites, phenol and phenolic acids and many others [7, 34].

1. Alkaloids: Alkaloids are the first reported fungal metabolites to have insec-
ticidal activity. Alkaloids produced by the fungus or by plant in response to 
fungal infection increase host resistance to herbivores [4, 35]. Endophyte in-
fected grasses contain a variety of alkaloids such as peramines, ergot alkaloids, 
lolitrems, loline alkaloids and which are absent in non-infected conspecifics 
[36, 37]. Alkaloids are the first reported fungal metabolites to have insecticidal 
activity. Most of the alkaloids have been detected in the cultures of grass as-
sociated endophytic fungi, such as sexual Epichloe spp. and asexual Neotypho-
dium spp. Fungal isolate determines the types of alkaloids produced and plant/
fungal genotype interaction can modify the quantities of these alkaloids [38].
The alkaloids from fungal endophytes are categorized into three groups, amines 
and amides, indole derivatives and pyrrolizidines. Among amines and amides, 
peramine is toxic to insects without being harmful to mammals [39, 40]. It is 
a strong feeding deterrent for argentine stem weevil and several other insects 
[41, 42]. The levels of alkaloids and other toxins may be altered qualitatively de-
pending on the plants physiological state. Ball et al. [43] verified that with plant 
aging, the amount of peramine decreases in leaves and reaches lower levels 
during inflorescence phase. The second group of amine and amide alkaloids is 
ergot alkaloids that also provide significant resistance against insect pests [44]. 
Feeding experiments with a variety of mammals indicate that ergot alkaloids 
have significant detrimental effects on mammalian health and reproduction 
[45, 46]. Among indole derivatives, the lolitrem C and F have been shown to 
confer resistance against a number of insect species [47]. Other indole deriva-
tives namely chanoclavine, agroclavine and elymoclavine isolated from culture 
of Neotyphodium endophyte [34] were reported to be toxic to some insects 
and mammals [48]. Among Pyrrolizidines, the saturated aminopyrrolizidine 
alkaloids as norloline, N-formylloline, N-acetylnorloline, N-acetylloline were 
exclusively found in endophyte infected grasses of F. arundinacea (infected 
with Neotyphodium coenophialum) and Festuca pratensis (with Neotyphodium un-
cinatum) [49]. A number of feeding experiments have demonstrated the insec-
ticidal and insect feeding deterrent activities of these lolines [50–52]. Lolines in 
addition to the well documented effect on insects are also nematicidal [53].

2. Terpenoids: Second group of endophytic toxins include terpenoids isolated 
from some endophytic cultures originating from a variety of host plants. 
Sesquiterpenes and diterpenes are among the identified terpenoids. Sesquiter-
penes as of heptelidic acid and hydroheptelidic acid isolated from Phyllosticta 
sp., an endophytic fungus of balsam fir (Abies balsamea) exhibited toxicity to 
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spruce budworm, Choristoneura fumiferana (Clemens) larvae [54]. Two insect 
toxins, pimarane and diterpene were isolated from an unidentified endophytic 
fungus symbiotic with needle of A. balsamea [54]. Two benzofuran carrying 
normonoterpene derivatives, toxic to spruce budworm larvae were charac-
terized from an endophytic culture obtained from wintergreen (Gaultheria 
procumbens) [55].

3. Isocoumarin derivatives: Toxicity of isocoumarin related metabolites from 
the conifer endophyte cultures showed toxicity against cells and/ or larvae of 
spruce budworm [56].

4. Quinones: Rugulosin, a metabolite of endophytic fungus Hormonema dema-
tioides from balsam fir has been reported to have insecticidal activity [54]. An 
unidentified endophytic culture isolated from eastern larch (Larix laricina) 
produced a quinone derivative, which was toxic to spruce budworm larvae [55].

5. Flavonoids: Among the flavonoids, tricin and related flavone glycosides 
isolated from endophyte infected blue grass (Poa ampla) exhibited toxicity 
against mosquito larvae [56].

6. Chlorinated metabolites: Insecticidal chlorinated metabolite, heptelidic acid 
chlorohydrins were isolated from cultures of balsam fir needle endophyte Phyl-
losticta spp. [57].

7. Phenol and phenolic acids: Phenol and phenolic acids are frequently detected 
in cultures of endophytes and have pronounced biological activities. Singh 
et al. [58] purified phenolic compound from ethyl acetate extract of endo-
phytic Cladosporium sp. isolated from guduchi (Tinospora cordifolia), which 
induced significant mortality and adversely affected development and survival 
of tobacco cutworm, Spodoptera litura (Fabricius).

Since the 1980s, there is accumulating evidence about factors that influence the 
outcome of grass–endophyte–insect interactions. Webber [59] was probably 
the first worker to report plant protection given by fungal endophyte Phomop-
sis oblonga in elm trees (Ulmus spp.) against the elm bark beetle, Physocnemum 
brevilineum (Say). Majority of studies for herbivore performance on native grass 
species symbiotic with endophytic fungi are more consistent showing negative 
effects including increased mortality [60], reduced mass [61, 62] and deceler-
ated development time [63]. Afkhami et al. [62] reported that bird cherry oat 
aphid, Rhopalosiphum padi (Linnaeus) damaged more endophyte free nodding 
fescue (Festuca subverticillata) than endophyte symbiotic F. subverticillata, while 
positive effect of endophyte infection was reported on eastern lubber grasshop-
per, Romalea guttata (Houttuyn) that preferentially consumed endophyte sym-
biotic F. subverticillata over endophyte free. Similarly increase in growth rate 
was recorded in third to fifth instars of fall armyworm, Spodoptera frugiperda 
(J.E. Smith) feeding on N. coenophialum infected tall fescue [63].

4.2 Fungal endophytes

4.2.1 Nematicidal agents

Fungal endophytes act as nematicidal agents as they are known to produce some 
compounds which are toxic to nematodes. Diedhiou et al. [64] demonstrated reduced 
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spruce budworm, Choristoneura fumiferana (Clemens) larvae [54]. Two insect 
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nematicidal activity by an endophytic fungus, Fusarium oxysporum, against the plant 
parasitic nematode Meloidogyne incognita in tomato plant. Schwarz et al. [65] reported 
that several endophytic fungi isolated from above-ground plant organs produced bio-
active compound, 3-hydroxypropionic acid (HPA) extracted by bioactivity-guided 
fractionation of fungal extracts that showed selective nematicidal activity against 
M. incognita with LD50 values of 12.5–15 μg/ml. Similarly, Felde et al. [66] found 
that combined inoculations of endophytic fungal isolates Trichoderma atroviride 
and F. oxysporum is considered an alternative to improve and increase banana yield 
that reduces the population of burrowing nematode, Radopholus similis (Cobb), an 
important parasitic nematode on banana.

4.3 Fungal endophytes

4.3.1 Phytohormone production

Endophytes can actively or passively regulate the plant growth by solubilization 
of phosphate, enhance uptake of phosphorus (P), and/ or plant hormones such as 
auxin, abscisins, ethylene, gibberellic acid (GA), and indole acetic acid (IAA) [67, 68], 
among these Gibberellic acid is an important phytohormone. The phytohormone GA, 
a diterpenoid complex, controls the growth of plants, and promotes flowering, stem 
elongation, seed germination, and ripening [69, 70]. Fungal endophytes Sebacina 
vermifera, Piriformospora indica, Colletotrichum and Penicillium are distinguished to 
have better plant growth promoting effects under unfavorable conditions due to their 
ability to synthesize enzymes and bioactive metabolites [71–73]. Hamayun et al. [69] 
reported that fungal endophyte, Cladosporium sphaerospermum isolated from soybean 
plant (Glycine max) produced gibberellic acid that induced plant growth in rice and 
soybean. Metabolite pestalotin analogue, isolated from the endophytic Pestalotiopsis 
microspora exhibited significant gibberellin activity in winter-hazel seeds (Distylium 
chinense) and increased their germination rate [74]. Endophytes, Fusarium tricinctum 
and Alternaria alternata produced derivatives of plant hormone indole acetic acid 
that enhanced the plant growth [75]. A study conducted by Johnson et al. [76] on root 
colonizing endophyte P. indica found that association of fungal endophytes with roots 
modulated phytohormones involved with growth and development of host plant and 
enhanced nutrient uptake and translocation especially of phosphorus and nitrogen 
from the soil.

4.4 Fungal endophytes

4.4.1 Agriculturally important enzyme production

Degradation of the dead soil biomass by fungal endophytic is a major step in 
bringing the utilized nutrients back to the ecosystem that improves soil quality. 
Endophytic fungi is reported to produce various extracellular hydrolases includ-
ing cellulase, laccase, pectinase, phosphatase, lipase, xylanase, and proteinase as 
a resistance mechanism against pathogenic invasion [77] and to obtain nutrition 
from host as these enzymes break macromolecules such as lignin, sugar-based 
polymers, proteins, organic phosphate, and carbohydrates to micromolecules 
that are transported throughout the cells for metabolism and help in host sym-
biosis process [78]. Sunitha et al. [79] isolated and identified approximately 50 
endophytic fungal strains having amylase, laccase, cellulase, pectinase, lipase and 
protease enzymes. Study conducted by He et al. [80] explained that endophytic 
fungal species have ability to decompose organic components, including lignin, 
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cellulose, and hemicelluloses that facilitates nutrient cycling. Chathurdevi and 
Gowrie [81] reported that the endophytic fungi species isolated from medicinal 
plant Cardiospermum halicacabum can support plant growth to overcome the 
adverse conditions through producing different extracellular enzymes. Fungal 
chitinases enzyme have vital role in degradation and cycling of carbon and 
nitrogen from chitin molecule. Chitin molecule is a linear homopolymer of 
β-1,4N-acetylglucosamine can be obtained from insect’s exoskeleton, crustacean’s 
shells, and fungal cell wall. Many fungal endophytes isolated from leaves of trees 
of Southern India have shown the production of chitinases [82]. An endophyte, 
Acremonium zeae, isolated from maize is reported to produce the extracellular 
enzyme hemicellulase, which may be used in the bioconversion of lignocellulosic 
biomass into fermentable sugars [83].

5. Fungal endophytes: Abiotic stress management

Agricultural productivity is significantly threatened by various abiotic stresses. 
Environmental stresses such as drought, salinity, temperature can collectively cause 
more than 50% yield losses worldwide [84]. Plants can tolerate abiotic stress by two 
mechanisms: (i) via activation of response systems directly after exposure to stress 
[67] (ii) biochemical compounds that are synthesized by fungal endophytes, acts as 
anti-stress agents [85]. Experimental studies also confirmed that endophytic fungi 
can help the host plants from environmental stress conditions such as drought, 
salts, high temperatures and heavy metals and can thus increase the plant growth.

5.1 Drought stress

Among the abiotic stresses, water stress commonly, known as ‘drought’, is con-
sidered as one of the major challenges to crop production worldwide [86]. Drought 
has a negative impact on the plant growth rate, germination rates, membrane 
loss of its integrity, repression of photosynthesis, and increase in the productiv-
ity of reactive oxygen species [87, 88]. Fungal endophyte infected plants enhance 
drought tolerance by increased accumulation of solutes in tissues, or by reduced leaf 
conductance and a slowdown of the transpiration stream, or due to formation of 
thicker cuticle as compared to non-infected plants [67]. Chippa et al. [89] reported 
that endophytic, Neotyphodium spp. is reported to enhance drought tolerance in 
grass plant by stomatal and osmoregulations and protect plants in drought and 
nitrogen starvation. Experimental studies on lavender plants inoculated with 
Glomus spp. showed that these plants accumulated solutes in tissues thereby 
exhibiting better drought tolerance by improving water contents, N and P contents 
and root biomass [90, 91]. Moreover, plants harboring endophytes consumes 
significantly less water and had enhanced biomass than non-symbiotic plants. For 
instance, endophytes Chaetomium globosum and P. resedanum isolated from sweet 
pepper (Capsicum annuum) plants enhanced shoot length and biomass of the host 
plants challenged by drought stress [92, 93]. Similarly, Redman et al. [72] found 
that inoculation of endophytes Fusarium culmorum and Curvularia protuberata in 
drought-affected rice plants resulted in increased biomass than of non-inoculated 
plants. Fungal endophyte colonization also results in higher chlorophyll content and 
leaf area in plants under drought stress than non-colonized plant. Higher chloro-
phyll concentration is related with higher photosynthetic rate [94]. For instance, 
enhanced photosynthesis rate was recorded in drought stressed C. annuum plants 
colonized by endophytes C. globosum [95] and P. resedanum [96].
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5.2 Salinity stress

High salinity due to extreme climatic conditions and misuse of agricultural land 
over the past few decades has led to high salinity, which is a limiting factor to global 
agricultural productivity [97]. Soil salinity is the accumulation of water soluble 
salts in soil that affects its physical and chemical properties thereby reducing soil’s 
agricultural output [98]. Reactive oxygen species (SOD, CAT, APX) are formed in 
plants on onset of salt and osmotic stress. Endophytic Piriformospora indica induces 
salt stress tolerance by elevation of antioxidant enzymes [99]. These are involved in 
the removal of reactive oxygen species either directly or indirectly via regeneration 
of ascorbate and glutathione in the cell. Experimental studies by Rodriguez et al. 
[100] reported that constant exposure of non-symbiotic plants dunegrass (Leymus 
mollis) to 500 mmol/l NaCl solution, became severely wilted and desiccated within 
7 days and were dead after 14 days. In contrast, symbiotic plants infected with F. 
culmorum showed wilting symptoms only after they were exposed to 500 mmol/l 
NaCl solution for 14 days.

5.3 Temperature stress (low and high)

High temperature is a major obstacle in crop production that results in major 
cellular damage such as protein degradation and aggregation [101]. Whereas, 
low temperature can cause impaired metabolism due to inhibition of enzyme 
reactions, interactions among macromolecules, changes in protein structure, 
and modulating cell membrane properties [102]. Endophytic, Curvularia spp. is 
proven to confer thermal tolerance ability plants like tomato, watermelon, and 
wheat [103]. Herbal plant wooly rosette grass (Dichanthelium lanuginosum) that 
lives in the areas where soil temperatures can reach up to 57°C, the presence of 
endophytic fungi Curvularia sp. protects the plant from temperature stress better 
than endophyte free plants [104]. Experimental demonstration by Redman et al. 
[103] showed that grass D. lanuginosum survival in soil temperatures ranging 
between 38 and 65°C is directly linked to its association with the fungus C. 
protuberata and its mycovirus, Curvularia thermal tolerance virus (CThTV). 
Moreover, cold stress tolerance was conferred in germinated seeds of rice under 
laboratory conditions by C. protuberata isolated from D. lanuginosum thriving in 
geothermal soils [72].

5.4 Heavy metal stress

Heavy metal contamination due to increased industrialization has recently 
received attention because heavy metals cannot be itself degraded [105]. Toxicity 
by heavy metals can cause the loss of about 25–80% of various cultivated crops. 
Heavy metals being very toxic to roots of cultivated crop plants can cause poor 
development of the root system [106]. Endophytic fungi possess metal sequestra-
tion or chelation systems that increases tolerances of their host plants to heavy 
metals via enhancements of antioxidative system thereby changing heavy metal 
distribution in plant cells and detoxification of heavy metal, thus assisting their 
hosts to survive in contaminated soil [107, 108]. For instance, dark septate root 
endophytes (DSEs), Phialocephala fortinii can produce the black biopolymer 
melanin, which can be synthesized from phenolics and binds heavy metals [109] 
that keep heavy metal ions away from living, plant cells [110]. Siderophores being 
metal-chelating compounds [111, 112] released from roots into the rhizosphere can 
be helpful in inhibiting absorption of heavy metals into plant cells as siderophores 
can form complexes with heavy metals which are not easily absorbed by plant 

219

Fungal Endophyte-Host Plant Interactions: Role in Sustainable Agriculture
DOI: http://dx.doi.org/10.5772/intechopen.92367

roots. Yamaji et al. [113] recorded that endophytes P. fortinii and Rhizodermea 
veluwensis showed an ability to produce siderophores that probably affects heavy 
metal exclusion in the rhizosphere.

6. Conclusion

Fungal endophytes can be a significant component of sustainable agriculture, 
being safe, cost-effective, have ability to produce various compounds like phytohor-
mones, defensive compounds, solubilize phosphates, extracellular enzymes, sidero-
phore production, inhibiting plant pathogens, and promoting plant growth. Over 
the last decade, sharp rise in study of fungal endophytes is seen as they hold huge 
potential in agricultural sector. However, most of the research on endophytes is still 
at an experimental level in lab or greenhouse. For permitting the practical use of 
these endophytes in agriculture it is extremely necessary to encourage field experi-
ments to determine the effectiveness of the endophytes under real world conditions. 
Simultaneously, it is also necessary to build awareness of this new research field 
among farmers to improve interactions and collaboration with scientists working 
in different fields, thereby encouraging the adoption of endophytes in agriculture 
and maximizing their benefits. If endophytes become feasible in agricultural sector, 
their practical aspects will also have to be researched so that farmers can learn how 
to integrate these endophyte species within pre-existing eco-friendly agricultural 
methods so as to ensure continuity in the approach to sustainability. Moreover, 
scientific research has to be also focused on use of genetically modified endophytes 
made by combining endophytes having two or more different ecological roles, such 
as the suppression of diseases and insect pests to simultaneously improve plant 
yields and its defensive properties. Thus, optimization of microbial functions to 
enhance crop production and protection is also required.
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Abstract

The endophytic microorganisms have the potential to improve the yield of 
agricultural crops. They can be used as biological control, plant growth promoter, 
or bioremediators. The action of endophytes in controlling phytopathogens, insects, 
and weeds that harm agriculture may be the result of microbial interactions with 
other organisms or the production of bioactive metabolites. Also, microorganisms 
can have the ability to favor plant growth and convert toxic compounds present 
in the soil. The presence of pollutants in the substrate reduces its quality for plant 
development, so bioremediation also impacts agricultural production. Therefore, 
prospecting endophytic microorganisms with agronomic potential may provide 
sustainable alternatives to increase crop yield.
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inoculant, bioremediator

1. Introduction

In order to apply sustainable solutions to problems related to food production, 
the biotechnological potential of endophytic microorganisms has been prospected 
in the agronomic area. The use of beneficial microorganisms in agricultural produc-
tion aims for pest control, improvement of productivity and plant development, 
and/or recovery of ecological systems. Endophytes play a role in evolution of plant 
and in resistance of stresses through the production of bioactive metabolites, 
changes in enzyme metabolism, and gene expression related to resistance [1], and 
those beneficial effects of various endophytic genera may be the combined [2].

2. Biological control

Biological control of phytopathogens occurs when living microorganisms 
repress the development of the etiological agent in the plant [3]. Endophytes can 
act inducing resistance, promoting antibiosis and/or competition in consequence 
of the mutualistic relation with the plant [4]. These processes can occur indepen-
dently, but the overlap of mechanisms may also happen [5], like is observed in the 
association of Beauveria bassiana and Metarhizium brunneum against the complex of 
Fusarium, the control ocurrs by competition and antibiosis [6].
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Fusarium, the control ocurrs by competition and antibiosis [6].
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The physiological definition of resistance is the delay or impediment of entry 
and/or subsequent activity of the pathogen in the plant [7]. Plants have numerous 
and efficient defense mechanisms naturally triggered when exposed to elicitors [8] 
that can be stimulated by the endophytes presence. The plant defense mechanisms 
are induced after the recognition of molecular patterns associated with pathogens/
microbes (PAMPs/MAMPs), or plants’ molecular patterns associated with damage 
(DAMPs) and effectors, by proteins or by nucleotide-binding leucine-rich repeat 
(NB-LRR) [9]. Endophyte induces systemic resistance on plants providing an alert 
state, the priming [10, 11]. Priming plants exhibits faster and stronger responses 
against pathogen attacks because transcription factors and signaling proteins have 
already accumulated in cells. This defense induction is a consequence of molecular 
signaling during the establishment of plant-endophyte symbiosis [10]. An example of 
the host-induced resistance by endophytes is the frequent isolation of Curtobacterium 
flaccumfaciens in plants without symptoms of citrus variegated chlorosis, suggesting 
that this endophyte has a role in the resistance of the citrus plant [12].

A reprogrammed genetic transcription occurs in plants associated with endo-
phytes. The Epichloë festucae symbiosis with ryegrass (Lolium perenne var. Lolii) 
enhances gene expression of jasmonic acid (JA) precursors [13], and the expres-
sion of the systemic defense genes HvPr17b and HvHsp70 in barley is associated 
with the presence of the endophyte Piriformospora indica [14]. Further, presence 
of endophytes may alter pathogenesis-related proteins (PR-proteins) concentra-
tion, as chitinase, peroxidase, glucanase and cellulase in cucumber inoculated 
with Trichoderma harzianum [15], lignin and cellulose in Theobroma cacao in 
symbiosis with Colletotrichum tropicale [16], and PR2, PR6, PR15, and PR16 in rice 
with Bacillus subtilis [17]. The resistance response induced by symbiosis of plant-
endophyte is systemic. Studies have shown that gene expression or protein produc-
tion related to host defense was evidenced in plant portions distant from those 
inoculated with Klebsiella pneumoniae [18], Rhizobium etli [19], and Pseudomonas 
fluorescens [20].

The resistance induction is also related with the activity of defense enzymes, 
such as phenylalanine ammonia lyase, polyphenol oxidase, superoxide dismutase, 
peroxidase, ascorbate peroxidase, and guaiacol peroxidase. Pseudomonas fluorescens 
induces resistance related to the activity of lipoxygenase, catalase, aminocyclopro-
pane carboxylate oxidase, and phenylalanine ammonia lyase [20]. Pseudomonas 
fluorescens is also capable to induce systemic resistance in plants by producing 
2,4-diacetylphloroglucinol [21].

The vast majority of endophytes are biotrophic [22]. Therefore, it is important 
to consider that when colonization of the plant by biotrophic endophytes begins, 
the salicylic acid (SA) route activates defenses, so endophytes need to be able to 
suppress this defense by specific effectors. The expression of the Ca2+/calmodulin 
kinase enzyme is capable to suppress the pathway of SA [23]. In addition, the 
possibility of recruiting gibberellic acid (GA) reduces the proportion of DELLA 
proteins, altering the salicylic acid and jasmonic acid (JA) signaling [24]. The 
suppression of the SA stimulates JA route precursors and genes, which increases 
resistance to chewing insects and necrotrophic fungi and promotes susceptibility to 
biotrophics [10, 22]. To ensure plant protection against biotrophic fungi and suck-
ing insects, endophytes have the ability to biosynthesize compounds responsible for 
antibiosis; besides they can also control these organisms through mycoparasitism 
and competition.

The endophytes are able to biosynthesize secondary metabolites, which are 
important for plant colonization processes [2] and are toxic to insects, pathogens 
[10], and algae [25]. These compounds are classified as alkaloids (amines and 
amides; indole derivatives), steroids, terpenoids (sesquiterpenes, diterpenes, 
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monoterpenes), isocoumarin derivatives, quinones, flavonoids, phenylpropanoids 
and lignans, peptides, phenol and phenolic acids, aliphatic compounds, and 
chlorinated metabolites [25]. The antagonistic activity of endophytes associated 
with antibiosis is described for different cultures, like potato [26, 27] and turmeric 
rhizome [28].

Alkaloids are an important group of metabolites produced by endophytes; 
some characterized classes are ergot alkaloids, diterpene indole, pyrrolizidines, 
and peramine. These compounds have important biological activity (antitumor, 
antimicrobial), including the reduction of insect performance [10, 13]. The resis-
tance of chickpeas (Cicer arietinum) colonized by endophytic Streptomyces spp. 
against Sclerotium rolfsii is attributed to the production of phenols and flavonoids 
by the endophyte [29]. Nematicide compounds such as 4-vinylphenol, methionine, 
piperine, and palmitic acid were evidenced to have high concentrations in soybean 
colonized by Bacillus simplex [30].

The need for nutritional factors, like carbon, nitrogen, and iron, may also 
promote biological control. Direct parasitism is a fungus-fungus antagonism, 
in which one directly attacks another and utilizes its nutrients [31]. This kind of 
control, independent of a systemic defense response, was observed with the colo-
nization of previously endophyte-free leaves of Theobroma cacao that significantly 
decreases necrosis in the local of inoculation when challenged with Phytophthora sp. 
[32]. Endophyte colonization can directly control a phytopathogen even without 
inducing defense mechanisms such as PR-proteins, like evidenced by the control of 
Trichoderma stromaticum over Moniliophthora perniciosa [33]. A scanning electron 
microscope showed that the Trichoderma endophytes cause deformities in the myce-
lia of Pythium aphanidermatum and Rhizoctonia solani, such as hyphal fragmenta-
tion, perforation, lysis, and mycelial degeneration [28]. A strain of Trichoderma 
harzianum showed in vitro growth contact points that suggest mycoparasitic 
activity against Fusarium solani [34]. Endophytic and epiphytic fungi isolated from 
fruits of organic Olea europaea were able to inhibit mycelial growth, germination, 
and sporulation and cause pathogenic hyphae abnormalities of Colletotrichum 
acutatum, particularly at mycelial contact [35]. In addition, endophytic fungi 
from Pachystachys lutea, mainly Diaporthe sp. perform antagonistic activity against 
Colletotrichum spp. and Fusarium oxysporum, in which contact interactions of the 
endophyte with the pathogen predominated [36].

Competition and direct parasitism require endophyte-pathogen contact, 
but those microorganisms have very little to no direct contact with the plant. 
Because of this, contact mechanisms are not the most important biological control 
pathway [4].

3. Plant growth promoters

Endophytic bacteria promote plant growth directly or indirectly: directly, 
producing phytohormones or enzymes [37, 38] and indirectly, contributing to plant 
nutrient uptake through nitrogen fixation, phosphate solubilization, or iron trans-
formation [39, 40]. For this, the inoculant competes with an adapted indigenous 
microbiota; therefore, for the colonization of plant, some bacterial characteristics 
are important, such as motility and polysaccharide production [41–44].

Ethylene and indole-3-acetic acid (IAA) are phytohormones that are involved 
in almost all aspects of plant growth and development, from seed germination 
to shoot growth, and they control the response of the plant to stress [45, 46]. 
Plant growth is promoted by reducing ethylene levels and increasing IAA. Biotic 
and abiotic stresses result in increased ethylene production in plants, leading to 
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Endophytic bacteria promote plant growth directly or indirectly: directly, 
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formation [39, 40]. For this, the inoculant competes with an adapted indigenous 
microbiota; therefore, for the colonization of plant, some bacterial characteristics 
are important, such as motility and polysaccharide production [41–44].

Ethylene and indole-3-acetic acid (IAA) are phytohormones that are involved 
in almost all aspects of plant growth and development, from seed germination 
to shoot growth, and they control the response of the plant to stress [45, 46]. 
Plant growth is promoted by reducing ethylene levels and increasing IAA. Biotic 
and abiotic stresses result in increased ethylene production in plants, leading to 
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inhibition of root elongation, lateral root development, and root hair formation. 
Plant-associated microorganisms can increase root growth and budding of plants 
by reducing ethylene levels [47]. The endophytic bacteria can produce an enzyme 
called 1-aminocyclopropane-1-carboxylate (ACC) deaminase, which hydrolyzes 
ACC, an ethylene immediate precursor, relieving stress and improving the growth 
of plants under disturbed conditions [42, 48, 49]. An inoculum from Burkholderia 
phytofirmans with the gene responsible for producing mutated ACC deaminase was 
unable to promote root growth of canola. The reintroduction of the ACC deaminase 
gene restored the microorganism’s ability to promote plant growth, highlighting the 
importance of the enzyme in promoting host plant growth [48]. On the other hand, 
the IAA is an auxin, a growth hormone that promotes differential cell elongation 
and functions as the plant growth regulator. Besides being produced by plants, 
IAA may also be produced by root-associated bacteria, such as Enterobacter spp., 
Pseudomonas spp., and Azospirillum spp. [50].

Endophytic bacteria can benefit the host by producing cytokines and gibberel-
lins. Corn endophytic bacteria, Azospirillum lipoferum, produce gibberellin, which 
is important in relieving plant stress [51]. Similarly, extracts of two endophytic 
bacteria from Gynura procumbens, Pseudomonas resinovorans, and Paenibacillus 
polymyxa presented cytokines [52].

Nitrogen is the most important nutrient for plant growth and productivity. 
Although abundant in the atmosphere, it is not available to plants. For this, it 
requires to be transformed by a biological nitrogen fixation (BNF) process in which 
N2 is converted to NH3 by bacteria expressing nitrogenase, such as Burkholderia 
spp., Azoarcus sp., Gluconacetobacter diazotrophicus, Herbaspirillum sp., Azospirillum 
brasilense, and Paenibacillus sp. [53–55]. Nitrogen-fixing endophytes outperform 
rhizosphere microorganisms in this process allowing plants to thrive even in 
nitrogen-limited soil environments, promoting plant health and growth [56]. 
Endophytic nitrogen-fixing bacteria can also increase the buildup and the nitrogen 
fixation rate in plants residing in soils with nitrogen limitation.

Phosphorus is an important micronutrient for the enzymatic reactions of plant 
physiological processes [57]. Although present in large quantities, most of the 
soil phosphorus is insoluble and therefore unavailable to the plant. In addition, 
almost 75% of phosphorus applied as fertilizer forms complexes in the soil, which 
prevents its absorption by the vegetable [58]. The endophytic bacteria can increase 
soil phosphorus availability to plants by solubilizing precipitated phosphates 
through mechanisms of acidification, chelation, ion exchange, and the production 
of organic acids [59]. They can also increase the availability of phosphorus in the 
soil by secreting acid phosphatase, which can mineralize organic phosphorus [60]. 
Furthermore, endophytic bacteria can prevent phosphate adsorption and fixation 
under phosphate-limiting conditions and assimilate solubilized phosphorus [61]. 
Studies show that endophytic populations of cactus, strawberry, sunflower, soy-
bean, and other legumes have the ability to solubilize phosphate [62–64]. A study 
examined the role of phosphate-solubilizing endophytic bacteria in cactus cultiva-
tion and observed that inoculated plants grew well without added nutrients and 
that their growth was comparable to fertilized plants. This indicates that endophytic 
bacteria provide the limiting nutrient to seedlings [65].

Iron is a component of proteins that control physiological processes such as 
respiration and transpiration [66]. Generally, it occurs in the ferric insoluble form, 
unavailable to the plants. The endophytic bacteria produce iron chelators called 
siderophores that may bind to insoluble ferric ions allowing this nutrient uptake by 
plants [66–68]. The action of bacterial-produced siderophores has already been cor-
related with the growth of cultivars such as corn, including shoot and root biomass 
[69], and on tomato development in hydroponic crops [70].
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The ability to promote plant growth by endophytic bacteria may be influenced 
by host genotype [71]. However, many endophytic bacteria can have a wide range 
of hosts, such as B. phytofirmans, which promote growth of Arabidopsis thaliana, 
grapes, corn, potatoes, grass, tomatoes, and wheat [72–74]. Similarly, the bacterial 
genotype also influences the capacity and potential of stimulatory effects over host 
plants. For example, the individual ability of different B. phytofirmans strains to 
promote growth of a single potato cultivar [75] and the plant colonization by dif-
ferent Salmonella enterica isolates were observed [76]. Therefore, colonization and 
growth promotion of plants by endophytic bacteria are active processes controlled 
by genetic factors of both partners.

4. Bioremediators

The prompt development of agriculture has made it possible to increase the 
food supply all over the world. However, the intensification of agricultural activi-
ties brought serious environmental impacts, which not only affect food security 
but also have impacts on socioeconomic aspects. These impacts comprise contribu-
tion to air pollution, impacts on land, waste of water, loss of biological and ecologi-
cal diversity, and perturbation of global biogeochemical cycles. The pollutants 
generated by agricultural activities can affect the global or local scale. An example 
of global-scale agro-environmental problem is the increase in atmospheric concen-
trations of the greenhouse gasses (GHG) and carbon dioxide (CO2) through defor-
estation and nitrous oxide (N2O) arising from crop production. Agriculture is the 
largest water consumer and the main source of nitrate, ammonia, and phosphate 
pollution. These pollutants affect the local scale; some examples are the saliniza-
tion of irrigated lands and the buildup of nitrate fertilizer residues in groundwater 
and surface water [77–81].

Most of the negative environmental impacts generated by the intensification of 
agricultural activities can be reduced or prevented [77]. The use of new technologi-
cal approaches, physicochemical- or biological-based, could remove pollutants from 
nature. Biological-based methods are preferred due to the low cost and because 
they are less harmful to the environment. Atlas and Pramer [82] defined the term 
bioremediation as “the use of biological agents to reclaim soils and waters polluted 
by substances hazardous to human health and/or the environment.” In other words, 
bioremediation is a biological-based method involving the use of living organisms, 
such as plants or microorganisms (bacteria, fungi, and algae), to remove pollutants 
from the environment [83].

Degradation of pollutants by a microorganism demands favorable conditions of 
nutrients, temperature, pH, and oxygen. Bacteria and fungi are commonly used in 
bioremediation strategies, because they are ubiquitous and capable in withstand-
ing different environmental conditions, so they can be used for a broader range of 
application. There are two main mechanisms of bioremediation: biosorption and 
bioaccumulation. Biosorption involves sequestration of pollutants thought bind-
ing onto surfaces, such as the cell wall. Bioaccumulation involves transport and 
accumulation of pollutants in the cells and, in some cases, the transformation of 
pollutants into less harmful compounds [78, 83]. The degradation of target pollut-
ants can also be achieved by employing nonliving subcellular entities of biological 
origin as bioremediators [84]. To overcome the instability due to the rapid decline 
in the inoculated cell amount during its competition with indigenous microorgan-
isms, some authors have proposed solutions. For example, a new strategy for the 
efficient removal of phenylurea herbicides from contaminated soil uses transgenic 
plants. Transgenic Arabidopsis thaliana plants expressing a bacterial N-demethylase 
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that their growth was comparable to fertilized plants. This indicates that endophytic 
bacteria provide the limiting nutrient to seedlings [65].
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unavailable to the plants. The endophytic bacteria produce iron chelators called 
siderophores that may bind to insoluble ferric ions allowing this nutrient uptake by 
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bioremediation strategies, because they are ubiquitous and capable in withstand-
ing different environmental conditions, so they can be used for a broader range of 
application. There are two main mechanisms of bioremediation: biosorption and 
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ing onto surfaces, such as the cell wall. Bioaccumulation involves transport and 
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plants. Transgenic Arabidopsis thaliana plants expressing a bacterial N-demethylase 
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(PdmAB) that demethylated isoproturon were constructed. The synergistic rela-
tionship between the transgenic plant and Sphingobium sp., which is capable of 
mineralizing the intermediate of isoproturon excreted from the transgenic plant in 
the rhizosphere, is an innovative strategy of treatment [85].

Endophytes can remove pollutants by employing either the biosorption or the 
bioaccumulation mechanisms [83, 86–90]. They have the ability of decreasing and/
or removing contaminants from soil, water, sediments, and air. Endophytic fungi 
have a great potential to manage toxic pollutants; many studies report those fungi 
to clean up environmental pollutants, such as white rot fungi like Phanerochaete 
chrysosporium that can degrade pesticides, dyes, and xenobiotics [91, 92]. There 
are several examples of endophytic microorganisms with promising applications 
in bioremediation [93]. As an example, symbiotic fungal endophytes from agricul-
tural, coastal, and geothermal native grasses colonized tomato plants and conferred 
disease, salt, and heat tolerance, respectively. Coastal plant endophyte colonized 
rice and conferred salt tolerance. In addition, coastal and geothermal plant endo-
phytes conferred drought tolerance to monocot and eudicot hosts [88]. In legumi-
nous plants including soybean, salinity is correlated with poor yield and reduction 
in plant growth [94]. Basidiomycetous endophytic fungus Porostereum spadiceum 
was reposted to produce six types of gibberellins that reduce the effects of salinity 
in soybean by modulating endogenous phytohormones of the seedlings [95].

Heavy metals are one example of pollutants generated by agricultural activity that 
bioremediators can remove. The use of some pesticides and fertilizers can introduce 
into the environment copper (Cu), and some insecticide and herbicides can contain 
lead (Pb). Fungi have emerged as potential biocatalysts to access heavy metals and 
transform them into less toxic compounds [92, 96]. Endophytic fungi isolated of 
Portulaca oleracea growing in metal-contaminated soils increased the biomass Brassica 
napus. The results indicated that the endophytic fungus strain had the potential to 
remove heavy metals from contaminated water and soils [97]. Bioremediation of 
Pb-contaminated soil occurs by cultivation of Solanum nigrum combined with Mucor 
circinelloides [22]. Endophyte isolates from Phragmites also showed potential to metal 
tolerance and absorption of Cu, Pb, and chromium (Cr) [98].

Phytoremediation is the process that uses plants associated with microorgan-
isms to remediate contaminants from soil, sludge, sediments, wastewater, and 
groundwater [92, 96]. Plants naturally harbor endophytes that may have natural 
tolerance and adaptation toward the pollutants. Studies explored the potential of 
using endophytes associated with plants for removal of pollutants in this process 
of phytoremediation [86, 88, 96, 99]. Plants growing in metal-contaminated soils 
accumulate the pollutant consumed directly or indirectly by humans and animals 
[100, 101]. Besides the human risk, polluted soil slows plant growth and reduces 
the biomass accumulation, compromising some crop productivity [102, 103]. 
Endophytic fungi resistant to different metals, including cadmium, lead, zinc (Zn), 
chromium, manganese (Mn), and cobalt (Co), are associated with plant species 
present in contaminated sites, indicating that these microorganisms have metal 
bioremediation potential [83, 97–99, 104, 105]. Chromium toxicity influences a 
number of processes that can lead to low yield. The accumulation of Cr from indus-
trial activities in soil is a serious threat to some crops [106–108]. To minimize the Cr 
effects from contaminated soils, it is possible to use plants that harbor endophytic 
fungi that act as bioremediators. In experiments, strains of Aspergillus fumigatus, 
Rhizopus sp., Penicillium radicum, and Fusarium proliferatum isolated from healthy 
plants were able to remove Cr from soil and culture media as well as biotransform it 
from highly toxic hexavalent to least toxic trivalent form, instead of simply storing 
it. Roots of Lactuca sativa colonized by those endophytes restored its normal growth 
into Cr-contaminated soil, making them potential candidates as biofertilizer 
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in Cr-contaminated soil. Likewise, Rhizopus sp. and F. proliferatum reduced the 
translocation of Cr to the leaves, making it safer for human consumption [102]. 
Other biofertilizer candidates to be used in fields affected with heavy metals are the 
endophytic Mucor sp. MHR-7 that presented tolerance to chromium, manganese, 
cobalt, copper, and zinc by biotransformation and/or accumulation of those metals 
in its hyphae. Co-cultivation of MHR-7 reduced in 90% the Cr absorption and 
promoted growth in mustard cultivation [103].

Studies reported the use of Mucor sp. in another remediation strategy called 
phytoextraction. Phytoextraction refers to the removal of heavy metal from the 
soil through their uptake by a metal-accumulating plant. One limitation is the long 
growth cycle of those plants. One strategy is to combine plants with endophytes 
that promote stress tolerance to toxicity and high biomass accumulation, increasing 
metal accumulation in plant tissues. Oilseed rape plants combined with Mucor sp. 
strains promoted stress tolerance to Cd and Pb, increasing biomass of plants and 
reducing the concentrations of those metals in the soil [109]. Similar results were 
found using the fungal endophyte Peyronellaea associated with maize under heavy 
metal stress [110], and the Microsphaeropsis sp. strain isolated from Solanum nigrum 
has also been studied for their biosorption capacity of cadmium [111]. Mercury 
volatilization and bioaccumulation of this metal in plant tissues mediated by 
endophytic fungi were demonstrated with Aspergillus sp. A31, Curvularia geniculata 
P1, Lindgomycetaceae P87, and Westerdykella sp. P71 on maize and Aeschynomene 
fluminensis [112].

Similar to metal pollutants, triphenylmethane (TPM) dyes are water-soluble 
organic compounds extensively used in industrial processes and have adverse 
effects on living organisms. TPM is phytotoxic for several cultivated plants, such as 
Sorghum bicolor, Triticum aestivum, Vigna radiata, Lemna minor, and Zea mays [83]. 
A Diaporthe sp. endophyte presented biosorption and biodegradation potential on 
TPM dyes. The microorganism removed TPM dyes through biodegradation and 
biosorption [113]. Other endophytes, Pleurotus ostreatus, Polyporus picipes, and 
Gloeophyllum odoratum, also demonstrate potential to remove TPM dye [114, 115].

5. Conclusion

Endophytic microorganisms are inestimable natural resources for solving prob-
lems in different areas such as human health, veterinary, industrial and ecological 
systems, and agronomy. In contrast to current agricultural practices that degrade 
systems and produce food with high concentrations of various contaminants, 
endophytes are a sustainable alternative to increase crop productivity. For this, they 
can be exploited by the ability to control pests, to promote plant growth, and by the 
bioremediation potential. This is possible because these microorganisms are able to 
induce resistance mechanisms in the host, release compounds with biological activ-
ity, compete for space and nutrients with pathogens, provide nutritional elements 
present in the soil, stimulate the production of phytohormones and cytokines, and 
neutralize the presence of pollutants in the system. Ultimately, bioprospecting and 
the use of endophytes in agriculture are a viable alternative to the need of increased 
food production with quality and sustainably.
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TPM dyes. The microorganism removed TPM dyes through biodegradation and 
biosorption [113]. Other endophytes, Pleurotus ostreatus, Polyporus picipes, and 
Gloeophyllum odoratum, also demonstrate potential to remove TPM dye [114, 115].

5. Conclusion

Endophytic microorganisms are inestimable natural resources for solving prob-
lems in different areas such as human health, veterinary, industrial and ecological 
systems, and agronomy. In contrast to current agricultural practices that degrade 
systems and produce food with high concentrations of various contaminants, 
endophytes are a sustainable alternative to increase crop productivity. For this, they 
can be exploited by the ability to control pests, to promote plant growth, and by the 
bioremediation potential. This is possible because these microorganisms are able to 
induce resistance mechanisms in the host, release compounds with biological activ-
ity, compete for space and nutrients with pathogens, provide nutritional elements 
present in the soil, stimulate the production of phytohormones and cytokines, and 
neutralize the presence of pollutants in the system. Ultimately, bioprospecting and 
the use of endophytes in agriculture are a viable alternative to the need of increased 
food production with quality and sustainably.
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Abstract

Weeds are the plants usually grown on unwanted places and are notorious for
causing interruptions in agricultural settings. Remarkable yield losses have been
reported in fields infested with weeds worldwide. So far, these weeds cause about
34% of losses to yields of major agricultural crops and pose threats to economic
condition of the farmers. Conventionally, weed control was achieved by the use of
chemical herbicides and traditional agronomic practices. But these methods are no
more sustainable as the magnitude of threats imposed by these conventionally
outdated methods such as chemical herbicides is greater than the benefits achieved
and their continuous use has disturbed biodiversity and weed ecology along with
herbicide resistance in some weeds. Herbicide residues are held responsible for
human health hazards as well. Therefore the future of weed control is to rely on
alternative approaches which may be biological agents such as bacteria and fungi.
This chapter highlights the potentials of using bacterial and fungal biocontrol agents
against weeds in farmer fields. Moreover, detailed review on merits and demerits of
conventional weed control methods is discussed in this chapter.

Keywords: biological weed control, PGPR, fungi, environment, human health,
economic losses

1. Introduction

Agriculture is an approach of deploying natural resources to grow the desired
plants. Since the induction of green revolution in the 1950s, the food production has
been substantially increased that helped to meet food demands for the ever-
increasing world population [1]. Improved irrigation practices, tillage implements,
fertilizers, and farm operations were some of the key outputs of green revolution.
Nevertheless these practices have paved the way of agricultural sustainability yet
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there are some concerns associated with these practices as, improved irrigation have
given rise to salinity of soils, intensive tillage causes deterioration of soil structure,
loss of soil organic carbon and destruction of natural habitats of different flora,
higher yielding crop cultivars depleted soil nutrients. With all of the outputs of
green revolution, introduction of pests is also acknowledged [2]. Disturbance in
agricultural production due to invasion of other living organisms for their own
existence is a natural phenomenon which cannot be stopped. These living
organisms that survive on others are called as pests which include insects, plant
pathogens, nematodes, rodents, and weeds.

Among the agricultural crop pests, weeds are the most potent crop pests reducing
crop yields by almost 34% followed by animal pests (18%) and plant pathogens (16%)
worldwide [3]. Weeds are unwelcomed plants that interfere with the management of
agricultural production systems, compete with the main crops for available nutrient
resources and space and reduce growth, yield, and quality of agricultural produce up
to a certain extent [4]. Generally, they produce a larger number of seeds, which may
remain dormant in the soil seedbank for several decades, having greater plasticity and
equipped with specialized seed dispersal mechanisms. Further, they exhibit the ability
to invade newly disturbed areas and compete with crops for scarcely available mois-
ture, nutrients, and light [5]. Apart from yield and production losses, they may also
provide niches and harbor insects, plant pathogens, and other pests, hence increasing
their incidence of attack to the main crop [6]. Weeds are the firstborn problem in
agriculture since about 10,000 BC [7] representing the main hindrance in profitable
agricultural production under natural resource management. The presence of weeds
in natural ecosystems causes various direct and indirect losses, including interference
with successful crop production, damage to biodiversity, loss of possibly fruitful land,
loss of grazing areas and livestock production, obstruction of navigational and irriga-
tion channels, and reduction of available water in water bodies. Most of the weeds
belong to families Poaceae and Asteraceae. A majority of the weeds are terrestrial
plants, a few are aquatic weeds and some are parasitic weeds [8]. Globally, reduction
losses of wheat yield due to weed infestation are 23% [2]. The economic losses
incurred due to this wheat yield reduction amount to Rs. 146 billion [9].

In the light of the abovementioned properties and harmful effects of weeds, it
becomes important to control them. Appropriate weed control strategy in arable
soils employs both the direct and indirect methods. Direct methods include those
with the prime objective of weed control such as mechanical, manual, chemical and
biological weed control and indirect being the cultural and preventive practices
reducing germination, growth and vigor of weeds [10]. Many practices are available
to control and manage weeds in agricultural crops. In ancient times when synthetic
herbicides were not introduced, people tried polyculture, crop rotation, and other
management practices that have shown sustainability with low inputs [11]. Until
recently, weeds were being controlled by manual, mechanical, and chemical
methods [12]. However there were drawbacks associated with each of these
methods that severely limited their practical use, for example, herbicides cast
detrimental effects on environment, humans, and animals [13]. They also cause
contamination of water bodies and pollute natural resources like air, soil, and
plants, thus destroying nontarget entities such as wildlife [14]. Also due to repeated
herbicide applications, there is an increasing trend in herbicide-resistant weed
species [15]. Mechanical weeding on the other side requires several repetitions and
is only feasible for crops sown in rows; therefore weeds grown near to crop plants
and within rows are escaped of control [10]. Similarly, hand weeding needs a huge
number of labor and hence cannot be applied on a large scale [10]. Therefore,
repeated manual weeding and nonavailability of labor make this method unfeasible
and uneconomic [16].
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Hence, the prevailing situation demands some weed control measures other than
chemicals, and in this context, biological control is gaining much importance
around the world. Biological control is a general term used to define the introduc-
tion of organisms mostly bacteria and fungi in order to solve one or more problems
in the farmer’s field [17, 18]. Biological control using bacteria (bacterial herbicides),
fungi (mycoherbicides), and viruses has recently gained much attention. Different
kinds of fungi showing herbicidal activity are potential candidates of Phoma and
Sclerotina genera. Among the bacteria some members of Pseudomonas and
Xanthomonas depict these attributes.

Broadly speaking the control of weeds using microbes in green areas is a green
approach that may reduce costs, decrease dependence on synthetic chemicals, and
lower the negative impressions of chemicals on the environment. Microorganisms
in the form of bioherbicides can be more selective than synthetic chemicals (herbi-
cides) and target only the desired species [19]. Bioherbicides also lessen the chances
of induction of resistance in the target weed species, due to the involvement of a
number of mechanisms [20]. Therefore, keeping in view the abovementioned (even
more) limitations of conventionally outdated methods necessitates the adoption of
newer methods based on biological agents that are environmentally safer, friendly,
economic, and feasible. We tried to highlight the need for adoption of innovative
methods of weed control with higher efficacy. We then focused on harmful aspects
of the judicious use of herbicides that in turn causes threats to environmental
quality, food security, and human health followed by future research aims for
improvement.

2. Weed control options

About one third of the total costs in field crop production is taken away by the
weed management. There exist a variety of weed control strategies that can be
applied depending upon various cropping systems [21]. Traditional farming prac-
tices generally rely on the application of herbicides and manual weeding. Generally,
weed control measures include physical, chemical, and biological methods.

2.1 Physical weed control

Physical approaches of weed control include mechanical (tillage), manual
methods, crop rotations, and crop fertilization and are separately discussed with
possible limitations.

An increase in the density of weed species has been observed where mono-
cropping was adopted. However due to the diverse nature of crop rotations, the
density of such weeds can be tackled for profitable crop production [22]. Using a
cover crop in rotation with the main crop is an attractive solution to cope with weed
infestations [23, 24]. The integration of cover crops with no-till system has shown
significant reduction (78%) in weed density in the USA [25]. The weeds with
similar life cycles that match with the crop pose serious threats to crop production.
These cover crops when used properly in rotation with the main crop compete with
weeds for available nutrients, light, space, and water sources, hence reducing their
emergence and numbers [26]. However the ability of cover crops to control weeds is
largely governed by the growth habit and performance of the cover crop in a
desired area [27]. That makes the use of this method to be only a small scale.

Increasing the competitive ability of crops against weeds is an important aspect
to avoid field losses due to weeds and has been seen as a strategy for integrated
weed management systems [28]. It can be achieved through manipulating fertilizer
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there are some concerns associated with these practices as, improved irrigation have
given rise to salinity of soils, intensive tillage causes deterioration of soil structure,
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higher yielding crop cultivars depleted soil nutrients. With all of the outputs of
green revolution, introduction of pests is also acknowledged [2]. Disturbance in
agricultural production due to invasion of other living organisms for their own
existence is a natural phenomenon which cannot be stopped. These living
organisms that survive on others are called as pests which include insects, plant
pathogens, nematodes, rodents, and weeds.
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agricultural production systems, compete with the main crops for available nutrient
resources and space and reduce growth, yield, and quality of agricultural produce up
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agricultural production under natural resource management. The presence of weeds
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losses of wheat yield due to weed infestation are 23% [2]. The economic losses
incurred due to this wheat yield reduction amount to Rs. 146 billion [9].

In the light of the abovementioned properties and harmful effects of weeds, it
becomes important to control them. Appropriate weed control strategy in arable
soils employs both the direct and indirect methods. Direct methods include those
with the prime objective of weed control such as mechanical, manual, chemical and
biological weed control and indirect being the cultural and preventive practices
reducing germination, growth and vigor of weeds [10]. Many practices are available
to control and manage weeds in agricultural crops. In ancient times when synthetic
herbicides were not introduced, people tried polyculture, crop rotation, and other
management practices that have shown sustainability with low inputs [11]. Until
recently, weeds were being controlled by manual, mechanical, and chemical
methods [12]. However there were drawbacks associated with each of these
methods that severely limited their practical use, for example, herbicides cast
detrimental effects on environment, humans, and animals [13]. They also cause
contamination of water bodies and pollute natural resources like air, soil, and
plants, thus destroying nontarget entities such as wildlife [14]. Also due to repeated
herbicide applications, there is an increasing trend in herbicide-resistant weed
species [15]. Mechanical weeding on the other side requires several repetitions and
is only feasible for crops sown in rows; therefore weeds grown near to crop plants
and within rows are escaped of control [10]. Similarly, hand weeding needs a huge
number of labor and hence cannot be applied on a large scale [10]. Therefore,
repeated manual weeding and nonavailability of labor make this method unfeasible
and uneconomic [16].
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weed management systems [28]. It can be achieved through manipulating fertilizer
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timing, rate of fertilizer, and placement methods effectively [29]. Nitrogenous
fertilizers have been known to involve in the activation of dormant weed seeds,
thus directly affecting specific weed densities. The most agricultural weeds have
shown growth rates equal to that of wheat in response to the added nitrogen [30].
However, it is not well known that phosphorus levels of soil affect weed growth and
crop as well, but it is a fact that the crop-weed competition is considerably affected
by phosphorus fertilizations, for instance, Bansal [31] reported that weed-crop
(fenugreek) competition was increased with higher P levels. Similarly, Santos et al.
[32] reported that lettuce (Lactuca sativa L.) showed a higher competitive ability
than the common purslane (Portulaca oleracea L.) but not smooth pigweed
(Amaranthus hybridus L.) with higher P levels than lower levels. Therefore, due to
this uncertainty, this method is not widely adopted and acceptable.

Manual weed control methods involve plucking, uprooting, and hoeing with
and/or without hand-driven machines [33] and are in use since ancient times.
Manual weed control is one of the most efficient methods and is applicable in areas
where the labor is easily available. However, immediate availability of labor before
the weeds have grown in crops [10], repeated hand weedings [16] and adoptation
on only small scale farming are the major limitations of this method to be adopted.
Mechanical methods use tillage implements such as cultivators, weeders, and
different types of harrows which are being drawn by animals (in the past) or by
engines (until recently) around world [34]. Tillage practices in the field affect weed
management, weed seed bank in the soil, and soil disturbance patterns. Deep
cultivation can be used to burry weeds that germinate in the upper soil layers such
as Phalaris minor in wheat. However, timely sown wheat in integration with zero
tillage has shown significant results in the reduction of Phalaris minor infestations,
obtaining higher grain yields of wheat [35, 36]. Tillage for weed control is not
suitable for all crops and is only limited to crops sown on rows with suitable row-to-
row spacing. Weeds that grow in close association with crop plants are not managed
properly by this method, and those weeds which are grown within crop rows cause
more losses than those sown in between crop rows [10, 37]. Moreover, some weeds
may regenerate which are not completely uprooted, and root injury to main crop
may occur [38]. However, the use of tillage implements for weed control are
associated with adverse environmental impacts such as deterioration of soil
structure, disturbed soil biological processes and soil erosion [39], leaching of
nutrients which would otherwise be available to plants and eutrophication [40].
Therefore the efficiency of mechanical weed control measures is less than that of
chemical weed control [22, 38]. Tillage practices done for weeding aggravate
more soil compaction than other tillage operations due to a shorter cover of wheel
tracks [38].

2.2 Chemical weed control

The application of synthetic chemicals for crop protection began after the sec-
ond world war when most of the selective herbicides for broad-leaved weeds were
commercialized in 1946 [41]. However, with the advancement in crop protection
measures usually at the start of the twentieth century, copper and sulfuric acid
containing herbicides were developed [42]. Herbicides are chemical compounds
which kill or control weeds and are largely synthesized by crop protection industries
nowadays available for almost all cultivated crops. They were rapidly adopted by
farming communities as they do not require much labor and hence are not costly;
no risks of soil erosion and energy efficiency are further advantages of herbicides
[43]. The most widely used chemicals in wheat to control grassy and non-grassy
weeds are clodinafop, tralkoxydim, Atlantis (meso-/iodosulfuron), sulfosulfuron,
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and pinoxaden. However, for the control of broad-leaved weeds, major chemical
herbicides are carfentrazone, 2,4-D, and metsulfuron [44]. Herbicides account
for 44% of all pesticides worldwide [45]. Nevertheless, chemical methods have
controlled the weeds resultantly improving the yields of diverse crops from 10 to
50% [4]. However, the continuous application of such herbicides had led to
intraspecific selection of weeds and caused the development of herbicide-resistant
biotypes of weeds [46, 47]. Approximately, 300 herbicide-resistant weeds have
been reported in 15 families of synthetic herbicides [45, 48, 49] (Table 1).

A major portion of applied herbicides falls on nontarget species and soil [50].
Some herbicides like triazines and sulphonylureas may persist in soil long enough to
affect the growth of subsequent sensitive crops [38]. Herbicides have also caused
toxicity and diseases to exposed animals [51]. Herbicides in soil however may
not reduce the population of soil microflora and microfauna but may induce
intraspecific and interspecific selections [38].

The magnitude of issues caused by herbicides is much bigger than the outcomes
of herbicides (Figure 1). Therefore it is a dire need of the hour to move toward
some newer methods other than chemicals that can ensure environmental safety
and resource conservation and sustain crop production economically.

Herbicide-resistant weeds Common names Herbicide (s)

Eichhornia crassipes Water hyacinth 2,4-D,Glyphosate

Chenopodium album Common lambsquarters Triazine

Salsola kali Russian thistle Sulfonylurea

Senecio vulgaris Common groundsel Triazine (atrazine)

Sesbania exaltata Hemp sesbania Glyphosate

Cyperus Purple nutsedge Sulfonylureas

Avena fatua Wild oat Glyphosate

Table 1.
Some worst weeds that evolved resistance against chemical herbicides.

Figure 1.
Disadvantages of herbicides to all life forms. Modified and redrawn from [1].
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this uncertainty, this method is not widely adopted and acceptable.
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Manual weed control is one of the most efficient methods and is applicable in areas
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the weeds have grown in crops [10], repeated hand weedings [16] and adoptation
on only small scale farming are the major limitations of this method to be adopted.
Mechanical methods use tillage implements such as cultivators, weeders, and
different types of harrows which are being drawn by animals (in the past) or by
engines (until recently) around world [34]. Tillage practices in the field affect weed
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cultivation can be used to burry weeds that germinate in the upper soil layers such
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obtaining higher grain yields of wheat [35, 36]. Tillage for weed control is not
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properly by this method, and those weeds which are grown within crop rows cause
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may occur [38]. However, the use of tillage implements for weed control are
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nutrients which would otherwise be available to plants and eutrophication [40].
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more soil compaction than other tillage operations due to a shorter cover of wheel
tracks [38].
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containing herbicides were developed [42]. Herbicides are chemical compounds
which kill or control weeds and are largely synthesized by crop protection industries
nowadays available for almost all cultivated crops. They were rapidly adopted by
farming communities as they do not require much labor and hence are not costly;
no risks of soil erosion and energy efficiency are further advantages of herbicides
[43]. The most widely used chemicals in wheat to control grassy and non-grassy
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and pinoxaden. However, for the control of broad-leaved weeds, major chemical
herbicides are carfentrazone, 2,4-D, and metsulfuron [44]. Herbicides account
for 44% of all pesticides worldwide [45]. Nevertheless, chemical methods have
controlled the weeds resultantly improving the yields of diverse crops from 10 to
50% [4]. However, the continuous application of such herbicides had led to
intraspecific selection of weeds and caused the development of herbicide-resistant
biotypes of weeds [46, 47]. Approximately, 300 herbicide-resistant weeds have
been reported in 15 families of synthetic herbicides [45, 48, 49] (Table 1).

A major portion of applied herbicides falls on nontarget species and soil [50].
Some herbicides like triazines and sulphonylureas may persist in soil long enough to
affect the growth of subsequent sensitive crops [38]. Herbicides have also caused
toxicity and diseases to exposed animals [51]. Herbicides in soil however may
not reduce the population of soil microflora and microfauna but may induce
intraspecific and interspecific selections [38].

The magnitude of issues caused by herbicides is much bigger than the outcomes
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and resource conservation and sustain crop production economically.
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2.3 Biological weed control

Biological control is the intentional use of biological agents (living organisms) to
control plant pathogens or weeds in fields [52, 53]. The application of herbicides for
sustaining agricultural production has created so many problems such as contami-
nation of groundwater, destruction to the nontarget species, and induction of resis-
tance against herbicides in a number of weed species [45], and other control
methods become even more unsuitable where the land value is small and
unaccessible with widespread weed infestations. This situation paved the way of
researchers to move toward biological control as an alternative option in weed
management. The chemical herbicides can persist in soil for longer periods of time,
have limitations for crop rotation, and cause damage to the nontarget organisms
[54]. Microbial herbicides on the other hand are more selective and affect only the
target species [19]. The other advantage of using microbial agents is the reduced
chance of induction of resistance in the target species [20].

Primarily there are two fields of application within the context of biological
weed control, viz., the classical and augmentative or inundative. Classical biological
control is the introduction and subsequent discharge of a natural enemy of a pest
predator with the objective to reduce its virulence without becoming a pest itself
[55]. This method is suitable for the control of perennial weeds that grow over a
range of large areas such as in the forests, rangelands, along waterways, and road-
sides and where reduction in weed competitiveness is required [56]. Several agents
might be used in this strategy such as insects, fungi, mites, and different herbivores.
The inundative biological control also called as bioherbicide approach is the

Trade name Microbe(s) involved Target weed(s) Representative/initial
report reference

BioMal Colletotrichum gloeosporioides f. sp.
nalvae

Round-leaved mallow [60]

Casst Alternaria cassia Sicklepod, coffee senna [61]

Biochon Chondrostereum purpureum Woody weeds [62]

Collego Colletotrichum gloeosporioides f. sp.
aeschynomene

Northern joint vetch [61]

Phoma Phoma macrostoma Broadleaf weeds [18, 63]

Devine Phytophthora palmivora Strangle vine [64]

Camperico
poae

Xanthomonas campestris pv. Annual bluegrass [65]

Hakatak Colletotrichum acutatum Hakea sericea [17]

Myco-tech Chondrostereum purpureum Deciduous tree species [66]

Smolder Alternaria destruens Dodder [67]

Dr. Biosedge Puccinia canaliculata Yellow nutsedge [68]

Lubao Colletotrichum gloeosporioides f. sp. Dodder [61]

Woad warrior Puccinia thlaspeos Dyer’s woad [69]

Chontrol Chondrostereum purpureum Alders and other hard
woods

[66]

Sarritor Sclerotinia minor Dandelion [70]

Table 2.
Successful microbial herbicides (registered) worldwide.
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application of mass-produced fungal spores or bacterial cultures in higher concen-
trations with the objective to eradicate invasive weeds in a managed area [57]. The
inundative biocontrol is more related to the agricultural needs and turf management
because its implementation is similar to the conventional herbicides as liquid sprays
and solid granules [58, 59]. A number of microbial herbicide formulations based on
bacteria and fungi have been registered worldwide (Table 2).

3. PGPR and stimulation of plant growth

Rhizosphere is the region of the soil surrounded by plant roots and often
extended from the surface of roots [94]. This constituency of the soil is much
wealthier in bacteria than the contiguous bulk soil [95]. The plant growth-
promoting rhizobacteria are the soil bacteria that reside in the rhizosphere and are
involved in the stimulation of plant growth through direct and indirect methods
[96]. Agricultural production currently relies on the judicious use of synthetic
fertilizers [97, 98] that have shown negative environmental impacts due to overuse
of these chemical fertilizers [99]. Therefore, the use of PGPR inoculants can be
considered as an environmentally sound alternative approach for the sustainable
management, decreasing the use of synthetic fertilizers [100–102]. Within the
context of PGPR research and their modes of actions, there has been an increasing
trend in literature to search for the best PGPR candidate in order to commercialize
as bio-fertilizer. Plant growth-promoting rhizobacteria are equipped with a plenty
of mechanisms that can result in the promotion of plant growth. For instance,
Parmar and Dadarwal [103] suggested the involvement of fluorescent pseudomonads
to promote nodulation process and increased nitrogen fixation in chickpea [104], in
another study, confirmed the ability of Azospirillum sp. inoculation on some signif-
icant agricultural crops in terms of increased dry weights of the root and shoot.
Similarly, [105], who suggested that the foliar application of rhizobacteria in apricot
and mulberry causes an increase in total surface area and chlorophyll contents as
compared to uninoculated control [106], documented the growth response in wheat
after the inoculation with rhizobacteria and revealed that the growth and develop-
ment of wheat largely depends on the nature of PGPR and environmental factors.

Spaepen et al. [107] reported that various genera of rhizobacteria use tryptophan
as a precursor to produce IAA by different pathways. However, the plant patho-
genic bacteria only use the indole acetamide pathway to synthesize IAA that causes
tumor formation in plants. Swain et al. [108] suggested that cultures of Bacillus
subtilis when applied on Dioscorea rotundata increased the root/stem ratio and
number of sprouts as compared to the uninoculated control.

A recent study by Minorsky [109] reported the excellent colonization ability
of a PGPR isolate Pseudomonas fluorescens (B16) in tomato roots. The positive
effects were increased plant height, enhanced flowering, and increased fruit
weight. Castro et al. [110] proposed that PGPR stimulates growth and development
of crops both by direct and indirect methods. The direct methods of growth
promotion may include biological nitrogen fixation, solubilization of mineral
phosphorus and iron, production of phytohormones, and synthesis of enzymes and
siderophores. Indirect growth promotion occurs through the production of
antibiotics and fungal-degrading enzymes and competition for niche exclusion in
the rhizosphere [111, 112].

As for the higher uptake of nutrients that is concerned through application of
bacterial inoculants, Qin et al. [113] reported the ability of rhizobacteria to dissolve
fixed phosphate is related to the rhizosphere acidification. The rhizobium inocula-
tion in soybean plants causes increased availability of phosphorus as compared to
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target species [19]. The other advantage of using microbial agents is the reduced
chance of induction of resistance in the target species [20].

Primarily there are two fields of application within the context of biological
weed control, viz., the classical and augmentative or inundative. Classical biological
control is the introduction and subsequent discharge of a natural enemy of a pest
predator with the objective to reduce its virulence without becoming a pest itself
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application of mass-produced fungal spores or bacterial cultures in higher concen-
trations with the objective to eradicate invasive weeds in a managed area [57]. The
inundative biocontrol is more related to the agricultural needs and turf management
because its implementation is similar to the conventional herbicides as liquid sprays
and solid granules [58, 59]. A number of microbial herbicide formulations based on
bacteria and fungi have been registered worldwide (Table 2).

3. PGPR and stimulation of plant growth

Rhizosphere is the region of the soil surrounded by plant roots and often
extended from the surface of roots [94]. This constituency of the soil is much
wealthier in bacteria than the contiguous bulk soil [95]. The plant growth-
promoting rhizobacteria are the soil bacteria that reside in the rhizosphere and are
involved in the stimulation of plant growth through direct and indirect methods
[96]. Agricultural production currently relies on the judicious use of synthetic
fertilizers [97, 98] that have shown negative environmental impacts due to overuse
of these chemical fertilizers [99]. Therefore, the use of PGPR inoculants can be
considered as an environmentally sound alternative approach for the sustainable
management, decreasing the use of synthetic fertilizers [100–102]. Within the
context of PGPR research and their modes of actions, there has been an increasing
trend in literature to search for the best PGPR candidate in order to commercialize
as bio-fertilizer. Plant growth-promoting rhizobacteria are equipped with a plenty
of mechanisms that can result in the promotion of plant growth. For instance,
Parmar and Dadarwal [103] suggested the involvement of fluorescent pseudomonads
to promote nodulation process and increased nitrogen fixation in chickpea [104], in
another study, confirmed the ability of Azospirillum sp. inoculation on some signif-
icant agricultural crops in terms of increased dry weights of the root and shoot.
Similarly, [105], who suggested that the foliar application of rhizobacteria in apricot
and mulberry causes an increase in total surface area and chlorophyll contents as
compared to uninoculated control [106], documented the growth response in wheat
after the inoculation with rhizobacteria and revealed that the growth and develop-
ment of wheat largely depends on the nature of PGPR and environmental factors.

Spaepen et al. [107] reported that various genera of rhizobacteria use tryptophan
as a precursor to produce IAA by different pathways. However, the plant patho-
genic bacteria only use the indole acetamide pathway to synthesize IAA that causes
tumor formation in plants. Swain et al. [108] suggested that cultures of Bacillus
subtilis when applied on Dioscorea rotundata increased the root/stem ratio and
number of sprouts as compared to the uninoculated control.

A recent study by Minorsky [109] reported the excellent colonization ability
of a PGPR isolate Pseudomonas fluorescens (B16) in tomato roots. The positive
effects were increased plant height, enhanced flowering, and increased fruit
weight. Castro et al. [110] proposed that PGPR stimulates growth and development
of crops both by direct and indirect methods. The direct methods of growth
promotion may include biological nitrogen fixation, solubilization of mineral
phosphorus and iron, production of phytohormones, and synthesis of enzymes and
siderophores. Indirect growth promotion occurs through the production of
antibiotics and fungal-degrading enzymes and competition for niche exclusion in
the rhizosphere [111, 112].

As for the higher uptake of nutrients that is concerned through application of
bacterial inoculants, Qin et al. [113] reported the ability of rhizobacteria to dissolve
fixed phosphate is related to the rhizosphere acidification. The rhizobium inocula-
tion in soybean plants causes increased availability of phosphorus as compared to
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non-inoculated plants, hence positively influencing plant growth. Ambrosini et al.
[114] suggested that sunflower-associated Burkholderia strains were found to be
solubilizing Ca3(PO4)2, hence availing phosphorus for plant use. The management
of soil, plant, and environmental interactions evidenced by boosted crop yields is
gaining much attention globally. Moreover, agricultural inoculants (cultures) con-
tain plant beneficial bacteria that help plants to meet the demands for nutrients.

4. Bacteria in biological weed control

A number of bacterial species have been studied due to their potential against
weed management (Table 3). Two major classes of rhizobacteria that show herbi-
cidal activity are Pseudomonas and Xanthomonas sp. Different rhizobacterial species
have been investigated as weed control agents on different crops based on their
secondary metabolites [115, 116]. As stated earlier Pseudomonas have gained much
importance as an agent in biological weed management; there are many strains of
this genera, some are plant beneficial [117] and others can have inhibitory effects on
plants [118] and so can be applied in biological weed control. Production of extra-
cellular metabolites from these strains is a key mechanism in inhibition of plant
growth or germination inhibition [118–120]. However several other mechanisms
showing herbicidal activity of bacteria are shown in Figure 2.

A strain of Pseudomonas fluorescens (D7) isolated from wheat and downy brome
rhizosphere has shown inhibitory effects on a number of grassy weeds especially
downy brome by virtue of production of a phytotoxin [116, 119, 121]. Kremer et al.
[122] tested the phytopathogenic ability of different fluorescent and nonfluorescent
pseudomonads which were isolated from the rhizosphere of seven important weeds.
About 18% of the strains show phytopathogenecity. However, the ratio of isolates
that inhibited seedlings was ranged between 35 and 65%. The mechanism behind is
the production of antibiotics, and about 75% of the isolates were active in
siderophore production.

Kennedy et al. [121] reported the differential weed inhibition ability of Pseudo-
monads for downy brome and winter wheat. When the culture filtrates were tested
on agar, about 8% of the isolates reduced the root growth of downy brome but have
no effects on the root growth of wheat. However, under soil application only less
than 1% inhibited the growth of downy brome. In the field study, only 0.2% of the
total 1000 isolates inhibited the growth of downy brome but increased the growth
of winter wheat by 18–35%. Kremer [123] worked with different cover crops asso-
ciated with deleterious rhizobacteria. Seed bacterization with DRB reduces growth
and biomass in weeds associated with cover crops. Adam and Zdor [124] described
that rhizobacteria isolated from the rhizosphere of Abutilon theophrasti Medik
caused growth inhibition of different weeds.

Weissmann and Gerhardson [125] suggested that the application of strain
(A153) on Chenopodium album suppressed the growth of plants for 10–14 days;
however in field conditions, this effect lasts for 2 months. Similarly Weissmann
et al. [126] demonstrated excellent growth inhibition ability of a strain (A153)
belonging to soil bacteria Serratia plymuthica when sprayed on a number of broad-
leaved weeds. However, in field experiment this strain showed differential effects
on C. album, Stellaria media, Polygonum convolvulus, and Galeopsis speciosa. Li and
Kremer [127] suggested that the inoculation of Pseudomonas fluorescens strain
(G2–11) inhibited the growth of Ipomoea sp. and Convolvulus arvensis weeds and
increased the growth of wheat and soybean crops. Zermane et al. [128] in a study
stated that P. fluorescens has the possible potential to control Orobanche crenata and
O. foetida (Broomrape).
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non-inoculated plants, hence positively influencing plant growth. Ambrosini et al.
[114] suggested that sunflower-associated Burkholderia strains were found to be
solubilizing Ca3(PO4)2, hence availing phosphorus for plant use. The management
of soil, plant, and environmental interactions evidenced by boosted crop yields is
gaining much attention globally. Moreover, agricultural inoculants (cultures) con-
tain plant beneficial bacteria that help plants to meet the demands for nutrients.

4. Bacteria in biological weed control

A number of bacterial species have been studied due to their potential against
weed management (Table 3). Two major classes of rhizobacteria that show herbi-
cidal activity are Pseudomonas and Xanthomonas sp. Different rhizobacterial species
have been investigated as weed control agents on different crops based on their
secondary metabolites [115, 116]. As stated earlier Pseudomonas have gained much
importance as an agent in biological weed management; there are many strains of
this genera, some are plant beneficial [117] and others can have inhibitory effects on
plants [118] and so can be applied in biological weed control. Production of extra-
cellular metabolites from these strains is a key mechanism in inhibition of plant
growth or germination inhibition [118–120]. However several other mechanisms
showing herbicidal activity of bacteria are shown in Figure 2.

A strain of Pseudomonas fluorescens (D7) isolated from wheat and downy brome
rhizosphere has shown inhibitory effects on a number of grassy weeds especially
downy brome by virtue of production of a phytotoxin [116, 119, 121]. Kremer et al.
[122] tested the phytopathogenic ability of different fluorescent and nonfluorescent
pseudomonads which were isolated from the rhizosphere of seven important weeds.
About 18% of the strains show phytopathogenecity. However, the ratio of isolates
that inhibited seedlings was ranged between 35 and 65%. The mechanism behind is
the production of antibiotics, and about 75% of the isolates were active in
siderophore production.

Kennedy et al. [121] reported the differential weed inhibition ability of Pseudo-
monads for downy brome and winter wheat. When the culture filtrates were tested
on agar, about 8% of the isolates reduced the root growth of downy brome but have
no effects on the root growth of wheat. However, under soil application only less
than 1% inhibited the growth of downy brome. In the field study, only 0.2% of the
total 1000 isolates inhibited the growth of downy brome but increased the growth
of winter wheat by 18–35%. Kremer [123] worked with different cover crops asso-
ciated with deleterious rhizobacteria. Seed bacterization with DRB reduces growth
and biomass in weeds associated with cover crops. Adam and Zdor [124] described
that rhizobacteria isolated from the rhizosphere of Abutilon theophrasti Medik
caused growth inhibition of different weeds.

Weissmann and Gerhardson [125] suggested that the application of strain
(A153) on Chenopodium album suppressed the growth of plants for 10–14 days;
however in field conditions, this effect lasts for 2 months. Similarly Weissmann
et al. [126] demonstrated excellent growth inhibition ability of a strain (A153)
belonging to soil bacteria Serratia plymuthica when sprayed on a number of broad-
leaved weeds. However, in field experiment this strain showed differential effects
on C. album, Stellaria media, Polygonum convolvulus, and Galeopsis speciosa. Li and
Kremer [127] suggested that the inoculation of Pseudomonas fluorescens strain
(G2–11) inhibited the growth of Ipomoea sp. and Convolvulus arvensis weeds and
increased the growth of wheat and soybean crops. Zermane et al. [128] in a study
stated that P. fluorescens has the possible potential to control Orobanche crenata and
O. foetida (Broomrape).
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Banowetz et al. [118] tested the germination inhibition activity in various
monocot and dicot plants by the application of P. fluorescens (strain WH6). The
germination inhibition activity was attributed due to the production of a compound
called as Germination-Arrest Factor (GAF). Patil [129] screened 15 strains of dele-
terious rhizospheric bacteria isolated from rhizosphere of different weeds. Among
these strains five isolates caused a significant reduction in root and shoot growth of
weeds while showing no harmful effects on crop plants. Boyette and Hoagland
[130] suggested that X. campestris (strain LVA-987) have shown strong growth
suppressive effects against horseweed (Conyza canadensis). Some of the key herbi-
cidal mechanisms shown by bacteria and fungi are shown in Figure 2.

5. Fungi (mycoherbicides) in biological weed control

A list of fungal biological weed control agents is given in Table 3. Within the
scientific context, three genera of fungi have received worldwide attention to be
used in biological weed control. In addition to the abovementioned BioMal and
Collego, different other species of genus Colletotrichum have been researched
extensively. Additionally, C. truncatum have been reported to control sesbania
(Sesbania exaltata) [131] and C. orbiculare that has been found to control spiny
cocklebur (Xanthium spinosum) [63, 132]. It is evident from the literature that these
two Colletotrichum species produce indole acetic acid [133] which is a phytohor-
mone and derivatives of which show herbicidal activity [134].

Within the genus Phoma, three species have a potential against weed control.
P. herbarum is a fungus that is isolated from lesions of dandelion leaf that have
shown control effects of dandelion [135]. P. macrostoma has also been studied for
weed control due to its inhibitory effects on the dicot plants [18, 136, 137].
P. macrostoma strain (94-44B) has been found to control turf associated with
broad-leaved weeds in Canada. Mass spectrometric analysis of P. macrostoma

Figure 2.
Possible mechanisms of plant growth-promoting rhizobacteria and fungi involved in herbicidal activity. IAA
refers to indole-3 acetic acid, and ALA refers to aminolevulinic acid.
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revealed the production of photobleaching of macrocidins [138] that do not have
any inhibitory effects on monocot plants [18]. Despite this macrocidins an anthra-
quinone pigment in P. macrostoma has shown prominent herbicidal effects on some
weeds in Central India [139]. The third species under this genus is Phoma
chenopodicola that is studied widely for its potential against common lamb’s quarter
[62]. The mechanism behind its virulence against lamb’s quarter is the production of
diterpene and chenopodolin, a phytotoxic compound isolated from this species [62].

Two species within the genus Sclerotinia have been investigated for their herbi-
cidal activity. It is evidenced by the work of Abu-Dieyeh and Watson [140] that
Sclerotinia minor effectively controlled dandelions in turf management systems. A
closely related species of this genus S. sclerotiorum has also shown the potential
against noxious weeds [141]. Production of oxalic acid has been found by these two
species that cause virulence on the host plant [142].

Apart from these three genera, there are other fungal candidates that are regis-
tered to control weeds in forest lands and ecosystem managements [143]. A worth
mentioning bioherbicide is De Vine containing a fungus Phytophthora palmivora
[144]. This formulation was registered in 1981 and again in 2006 with the EPA [144].

The mycoherbicide “EcoClear” contains Chondrostereum purpureum, a patho-
genic fungus which should be applied after the injury to the weeds’ branches to
retard resprouting [145].

Soil-borne fungi also serve as an important tool in weed management. Their
direct application in the soil causes decay of the seeds or emerging seedlings [146].
Trichoderma virens is one example that reduces weed populations in horticultural
crops [81].

Khattak et al. [147] tested two fungi Aspergillus and Penicillium for their herbi-
cidal activity against two separate weeds Silybum marianum L. and Lemna minor.
Results showed excellent weed-suppressive characters in the extracts of these fungi.

6. Conclusion and future strategy

Biological control of weeds using bacteria and fungi should be the prime priority
for mitigating the negative impressions posed by conventionally adopted weed
control methods in order to ensure environmental safety and human health. These
biological control agents should be adopted in areas with higher and multiple weed
infestations; areas of low value land, where weeds have gotten resistance against
herbicides; and areas with lack of labor and where the recommended cultural
practices cannot be carried out, for example, restrictions posed by topography and
narrow rowed crop cultivations. However, in special cases the combination of
biological control agents with other methods could also be a promising approach as
an alternative to conventional methods.

The future advancement in biological agents for weed control should be based
on advancements in microbial genetics (metagenomics), microbe-plant interac-
tions, and microbial community-level analyses. Further investigations need to be
discovered in the future in order to make biological weed control more pragmatic
and instrumental. In this context, additional microbe-host relationships containing
a match of biological agent and its potential host at greater susceptibility of viru-
lence should be further explored. Since the 1960s a number of formulations have
been registered in the world. Formulations that can ensure greater shelf lives,
efficacy, and survival of microbial agents should be investigated in the future.
Investigations on microbial community structure and function can advance micro-
bial weed control. Traditional methods of microbial community structure solely rely
on phenotypic characters; molecular-level characterization should be explored in
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scientific context, three genera of fungi have received worldwide attention to be
used in biological weed control. In addition to the abovementioned BioMal and
Collego, different other species of genus Colletotrichum have been researched
extensively. Additionally, C. truncatum have been reported to control sesbania
(Sesbania exaltata) [131] and C. orbiculare that has been found to control spiny
cocklebur (Xanthium spinosum) [63, 132]. It is evident from the literature that these
two Colletotrichum species produce indole acetic acid [133] which is a phytohor-
mone and derivatives of which show herbicidal activity [134].

Within the genus Phoma, three species have a potential against weed control.
P. herbarum is a fungus that is isolated from lesions of dandelion leaf that have
shown control effects of dandelion [135]. P. macrostoma has also been studied for
weed control due to its inhibitory effects on the dicot plants [18, 136, 137].
P. macrostoma strain (94-44B) has been found to control turf associated with
broad-leaved weeds in Canada. Mass spectrometric analysis of P. macrostoma

Figure 2.
Possible mechanisms of plant growth-promoting rhizobacteria and fungi involved in herbicidal activity. IAA
refers to indole-3 acetic acid, and ALA refers to aminolevulinic acid.
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revealed the production of photobleaching of macrocidins [138] that do not have
any inhibitory effects on monocot plants [18]. Despite this macrocidins an anthra-
quinone pigment in P. macrostoma has shown prominent herbicidal effects on some
weeds in Central India [139]. The third species under this genus is Phoma
chenopodicola that is studied widely for its potential against common lamb’s quarter
[62]. The mechanism behind its virulence against lamb’s quarter is the production of
diterpene and chenopodolin, a phytotoxic compound isolated from this species [62].

Two species within the genus Sclerotinia have been investigated for their herbi-
cidal activity. It is evidenced by the work of Abu-Dieyeh and Watson [140] that
Sclerotinia minor effectively controlled dandelions in turf management systems. A
closely related species of this genus S. sclerotiorum has also shown the potential
against noxious weeds [141]. Production of oxalic acid has been found by these two
species that cause virulence on the host plant [142].

Apart from these three genera, there are other fungal candidates that are regis-
tered to control weeds in forest lands and ecosystem managements [143]. A worth
mentioning bioherbicide is De Vine containing a fungus Phytophthora palmivora
[144]. This formulation was registered in 1981 and again in 2006 with the EPA [144].

The mycoherbicide “EcoClear” contains Chondrostereum purpureum, a patho-
genic fungus which should be applied after the injury to the weeds’ branches to
retard resprouting [145].

Soil-borne fungi also serve as an important tool in weed management. Their
direct application in the soil causes decay of the seeds or emerging seedlings [146].
Trichoderma virens is one example that reduces weed populations in horticultural
crops [81].

Khattak et al. [147] tested two fungi Aspergillus and Penicillium for their herbi-
cidal activity against two separate weeds Silybum marianum L. and Lemna minor.
Results showed excellent weed-suppressive characters in the extracts of these fungi.

6. Conclusion and future strategy

Biological control of weeds using bacteria and fungi should be the prime priority
for mitigating the negative impressions posed by conventionally adopted weed
control methods in order to ensure environmental safety and human health. These
biological control agents should be adopted in areas with higher and multiple weed
infestations; areas of low value land, where weeds have gotten resistance against
herbicides; and areas with lack of labor and where the recommended cultural
practices cannot be carried out, for example, restrictions posed by topography and
narrow rowed crop cultivations. However, in special cases the combination of
biological control agents with other methods could also be a promising approach as
an alternative to conventional methods.

The future advancement in biological agents for weed control should be based
on advancements in microbial genetics (metagenomics), microbe-plant interac-
tions, and microbial community-level analyses. Further investigations need to be
discovered in the future in order to make biological weed control more pragmatic
and instrumental. In this context, additional microbe-host relationships containing
a match of biological agent and its potential host at greater susceptibility of viru-
lence should be further explored. Since the 1960s a number of formulations have
been registered in the world. Formulations that can ensure greater shelf lives,
efficacy, and survival of microbial agents should be investigated in the future.
Investigations on microbial community structure and function can advance micro-
bial weed control. Traditional methods of microbial community structure solely rely
on phenotypic characters; molecular-level characterization should be explored in
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the future. In a nutshell, fatty acid profiling should be the initial step in targeted
weed control. Nucleic acid tools, array pyrosequencing, metagenomics, construc-
tion of molecular probes, selection of hyper virulence, genomic studies, and host-
microbe interactions should be investigated for the development of innovative
weed control methods, reducing reliance on herbicide usage.
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Chapter 16

Sustainable Development of 
Horticulture and Forestry through 
Bio-Inoculants
Easan Mohan and Kuppu Rajendran

Abstract

The role of microorganism is very critical in nutrient management of horti-
culture and plantation forestry. They are conductors of the nutrient management 
orchestra as they provide by inputs in terms of micro and macronutrients besides 
organic matter and can be called as bio-inoculants (biofertilizers). Biofertilizers 
play a vital role in fixing the atmospheric nitrogen and mobilization of phospho-
rous, sulfur, manganese, copper, and iron in the soil. Symbiotic (Rhizobium and 
Frankia) and nonsymbiotic microorganisms (Azospirillum) are known to improve 
the soil fertility by fixing the atmospheric nitrogen. Arbuscular mycorrhizae fungi 
(AM fungi) and phosphobacterium have ability to transfer insoluble phosphate into 
soluble form. Moving in this direction it becomes imperative to understand as forest 
microbiologist and pathologist, the roles played by microorganism in diverse plants-
soil-microbe interaction to analyze their effectiveness in improving their efficiency. 
Biofertilizers are economy and environmentally safe, and there is a growing awak-
ening among the tree growers and farmers. In agriculture, advantages of biofertil-
izer application are better known, but in tree crops, the utility of biofertilizers is still 
in an experimental stage. The review paper is collective evident for the compatibility 
of different biofertilizers and their augmentation effect on the production of quality 
seedling and nutrient management of tropical horticulture and plantation forestry.

Keywords: arbuscular mycorrhizae fungi (AM fungi), bio-inoculants (biofertilizers), 
horticulture, plantation forestry, sustainable nutrient management, Rhizobium, 
Frankia

1. Introduction

Plants are being an important component of socio-economic condition of 
human life and culture. Ever since the beginning, tree crops have furnished use 
with three of life’s essentials, wood, food and oxygen. Besides these, they provide 
additional necessities to human being such as shelter, fuel wood, fodder for live-
stock, ethno medicine, architectural, agriculture implements, building construction 
tools, sound and wind barriers, soil improvement through litter production and 
nitrogen fixation in association with Rhizobium and Frankia. Many drugs which 
derived from plants generally have been replaced by more potent synthetic ones and 
trees remain a source for some drug ingredients for pharmaceutical industry. They 
play an important role in ecosystem services through carbon sequestration, improv-
ing air quality, climate amelioration, and conservation of water and supporting 
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wildlife. They also reduce the atmospheric temperature and the impact of green-
house gases by maintaining low levels of carbon dioxide.

Plant growth and productivity is generally regulated by the availability of soil 
nutrients. One of the major efforts to increase the plant productivity is through 
management of nutrients, which can be achieved by application of fertilizers. 
However, application of chemical fertilizers is not eco-friendly and economi-
cally viable in current scenario. Other alternative method is supplement of bio-
inoculants (bio-fertilizers) for sustainable development of horticulture and forestry 
crops. Bio-inoculants are plant growth promoting beneficial microorganisms such 
as the species of Azospirillum, Azotobacter, Bacillus, Ecto and Endo-mycorrhizal 
fungi, Frankia, Pseudomonas, Rhizobium, Trichoderma, etc. Such microorganisms 
accelerate certain microbial process to augment the extent of availability of nutri-
ents in the form, which can be assimilated by plants and also maintain the plant 
health by controlling diseases.

2. Rhizosphere and microbial interaction

Various types of microorganisms inhabit air, water and soil. They play an 
important role in restoring the physical, chemical and biological property of soil. 
Rhizosphere ecology and microbial interactions are responsible for key environ-
mental processes, such as the bio-geo chemical cycling of nutrients, organic matter 
and maintenance of plant health and soil quality [1]. Among the microbial popula-
tion, both beneficial and harmful bacteria as well as fungal species were found, but 
the microbial population was low when compared to rhizosphere soil [2].

Rhizosphere is the physical location in soil where plants and microorganisms 
interact. The interest in the rhizosphere microbiology derives from the ability 
of the soil microbiota to influence plant growth and vice versa. The presence of 
microorganisms in the rhizosphere will increase root exudation and it was found 
that 5–10% of the fixed carbon was exudates from the root under sterile condition, 
on the introduction of beneficial microorganisms, root exudation rate increases by 
12–18%. The interaction between bacteria and fungi associated with plant roots 
may be beneficial, harmful or sometimes neutral for the plant, and effect of a par-
ticular bacterial species may very as a consequence of soil environmental conditions 
[3]. The beneficial microbes can be divided into two major types based on the living 
nature; free living (that live in soil) and symbiotic relationship with the plant root 
nodule of legume and actinomycete plants [4].

3. Bio-inoculants

Bio-inoculants are beneficial microorganisms for nutrient management, plant 
growth and are eco-friendly and natural inputs providing alternate source of plant 
nutrients, thus increasing farm income by providing extra yields and reducing 
input cost also. Bio-inoculants increase crop yield by 20–30%, replace chemical N 
and P by 25%, stimulate plant growth, enhance soil biodiversity, restore natural 
fertility and provide protection against drought and some soil borne plant patho-
gens. The role of bio-inoculants has already been proved extensively in enhancing 
the mineralization processes of organic matter and helping the release of nutrients, 
utility of soil organic matter contents and cations exchange capacity [5] and there-
fore, bio-inoculants are gaining importance in agriculture for the past few decades. 
However, the scientific exploitation of bio-inoculants in horticulture and forestry is 
scanty in developing countries like India.
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4. Classification of bio-inoculants for tree crops

1. Nitrogen fixing symbiotic microorganisms (Rhizobium and Frankia)

2. Nitrogen fixing non-symbiotic microorganisms (Azospirillum, Azotobacter and 
blue-green algae)

3. Phosphate solubilizing microorganisms (Arthrobacter, Pseudomonas, Bacillus, 
Aspergillus)

4. Phosphate mobilizing microorganisms (Ecto and Endo—Mycorrhizal fungi)

5. Potash mobilizer (Bacillus sp., Pseudomonas sp.)

6. Sulfur uptake (Pseudomonas, Klebsiella, Salmonella, Enterobacter, Serratia and 
Thiobacillus)

7. Zinc solubilizer (Bacillus subtilis, Thiobacillus thiooxidans and Saccharomyces sp.)

8. Iron uptake (Pseudomonas fluorescens)

9. Plant growth promoters (Pseudomonas sp., Bacillus sp., Serratia sp.)

5. Plant growth promoting rhizobacteria (PGPR)

Plant growth promoting rhizobacteria are group of bacteria that actively 
colonize roots and increase plant growth and yield [6]. It enhances plant growth 
and productivity by synthesizing phytohormones, increasing the availability 
and facilitating the uptake of nutrients by decreasing heavy metal toxicity in the 
plants, antagonizing the plant pathogens [7]. The mechanisms by which PGPR 
promote growth are not fully understood [8], against phytopathogenic microor-
ganisms by production of siderophores, the synthesis of antibiotics, enzymes and 
fungicidal compounds [9] and also solubilization of mineral phosphates and other 
nutrients [10].

5.1 Azospirillum

Azospirillum species are free-living N2-fixing bacteria commonly found in soils 
and in association with roots of agriculture, horticulture and forestry species [11]. 
Azospirillum are known to act as plant growth promoting rhizobacteria (PGPR) 
and stimulate plant growth directly either by synthesizing phytohormones or 
by promoting improved N nutrition through biological nitrogen fixation (BNF). 
PGPR also produce several the growth promoting substances including IAA, GA3, 
Zeatin and ABA [12]. Presently there are seven species have been identified in this 
genus, A. amazonense [13], A. brasilense, A. lipoferum, [14], A. doebereinerae [15], 
A. halopraeferens [16], A. irakense [17] and A. largimobile [18].

Applications of plants with Azospirillum have promoted plant growth of agro-
nomically important field crops by 10–30% in the field experiment [19, 20]. Nursery 
experiments proved that the inoculation of tree cops with Azospirillum could result 
in significant changes in various growth parameters, particularly shoot and root 
growth, biomass, nutrient uptake, tissue nitrogen content, leaf size of several shola 
tree species [21] and Casuarina equisetifolia [22, 23], C. cunninghamiana Mig. [24], 
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and maintenance of plant health and soil quality [1]. Among the microbial popula-
tion, both beneficial and harmful bacteria as well as fungal species were found, but 
the microbial population was low when compared to rhizosphere soil [2].

Rhizosphere is the physical location in soil where plants and microorganisms 
interact. The interest in the rhizosphere microbiology derives from the ability 
of the soil microbiota to influence plant growth and vice versa. The presence of 
microorganisms in the rhizosphere will increase root exudation and it was found 
that 5–10% of the fixed carbon was exudates from the root under sterile condition, 
on the introduction of beneficial microorganisms, root exudation rate increases by 
12–18%. The interaction between bacteria and fungi associated with plant roots 
may be beneficial, harmful or sometimes neutral for the plant, and effect of a par-
ticular bacterial species may very as a consequence of soil environmental conditions 
[3]. The beneficial microbes can be divided into two major types based on the living 
nature; free living (that live in soil) and symbiotic relationship with the plant root 
nodule of legume and actinomycete plants [4].

3. Bio-inoculants

Bio-inoculants are beneficial microorganisms for nutrient management, plant 
growth and are eco-friendly and natural inputs providing alternate source of plant 
nutrients, thus increasing farm income by providing extra yields and reducing 
input cost also. Bio-inoculants increase crop yield by 20–30%, replace chemical N 
and P by 25%, stimulate plant growth, enhance soil biodiversity, restore natural 
fertility and provide protection against drought and some soil borne plant patho-
gens. The role of bio-inoculants has already been proved extensively in enhancing 
the mineralization processes of organic matter and helping the release of nutrients, 
utility of soil organic matter contents and cations exchange capacity [5] and there-
fore, bio-inoculants are gaining importance in agriculture for the past few decades. 
However, the scientific exploitation of bio-inoculants in horticulture and forestry is 
scanty in developing countries like India.
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4. Classification of bio-inoculants for tree crops

1. Nitrogen fixing symbiotic microorganisms (Rhizobium and Frankia)

2. Nitrogen fixing non-symbiotic microorganisms (Azospirillum, Azotobacter and 
blue-green algae)

3. Phosphate solubilizing microorganisms (Arthrobacter, Pseudomonas, Bacillus, 
Aspergillus)

4. Phosphate mobilizing microorganisms (Ecto and Endo—Mycorrhizal fungi)

5. Potash mobilizer (Bacillus sp., Pseudomonas sp.)

6. Sulfur uptake (Pseudomonas, Klebsiella, Salmonella, Enterobacter, Serratia and 
Thiobacillus)

7. Zinc solubilizer (Bacillus subtilis, Thiobacillus thiooxidans and Saccharomyces sp.)

8. Iron uptake (Pseudomonas fluorescens)

9. Plant growth promoters (Pseudomonas sp., Bacillus sp., Serratia sp.)

5. Plant growth promoting rhizobacteria (PGPR)

Plant growth promoting rhizobacteria are group of bacteria that actively 
colonize roots and increase plant growth and yield [6]. It enhances plant growth 
and productivity by synthesizing phytohormones, increasing the availability 
and facilitating the uptake of nutrients by decreasing heavy metal toxicity in the 
plants, antagonizing the plant pathogens [7]. The mechanisms by which PGPR 
promote growth are not fully understood [8], against phytopathogenic microor-
ganisms by production of siderophores, the synthesis of antibiotics, enzymes and 
fungicidal compounds [9] and also solubilization of mineral phosphates and other 
nutrients [10].

5.1 Azospirillum

Azospirillum species are free-living N2-fixing bacteria commonly found in soils 
and in association with roots of agriculture, horticulture and forestry species [11]. 
Azospirillum are known to act as plant growth promoting rhizobacteria (PGPR) 
and stimulate plant growth directly either by synthesizing phytohormones or 
by promoting improved N nutrition through biological nitrogen fixation (BNF). 
PGPR also produce several the growth promoting substances including IAA, GA3, 
Zeatin and ABA [12]. Presently there are seven species have been identified in this 
genus, A. amazonense [13], A. brasilense, A. lipoferum, [14], A. doebereinerae [15], 
A. halopraeferens [16], A. irakense [17] and A. largimobile [18].

Applications of plants with Azospirillum have promoted plant growth of agro-
nomically important field crops by 10–30% in the field experiment [19, 20]. Nursery 
experiments proved that the inoculation of tree cops with Azospirillum could result 
in significant changes in various growth parameters, particularly shoot and root 
growth, biomass, nutrient uptake, tissue nitrogen content, leaf size of several shola 
tree species [21] and Casuarina equisetifolia [22, 23], C. cunninghamiana Mig. [24], 
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Moringa oleifera [25], Acacia nilotica [26], Azadirachta indica [37], Delonix regia [28], 
Erythrina indica [29], Feronia elephantum [30], Jatropha curcas [31]. Two years old 
Casuarina equisetifolia plants treated with bio-inoculants in field condition improve 
the growth of plants by 90% over uninoculated control [32]. Azospirillum lipoferum 
treated with Jatropha curcas under field conditions has increased the shoot length 
by 44.85% and primary and secondary root length by 39.3 and 37.5% respectively. 
Similarly, the root and shoot biomass also increased by 24.01 and 15.04% leaf area by 
28.57% increase over control and the other Azospirillum species such as A. brasilense, 
A. haloference and A. amazonense [33]. The stimulatory effect exerted by Azospirillum 
has been attributed to several mechanisms including secretion of phytohormones 
(auxins and gibberellins), biological nitrogen fixation, and enhancement of mineral 
uptake of plants [8] due to the ability of synthesis of in vitro phyto-hormones such as 
IAA, gibberellins, cytokinin [34, 35] and produced by ethylene [36].

5.2 Effect of bio-inoculants and biochemical changes of tree crops

Plants inoculated with A. brasilense were always characterized by a higher 
chlorophyll concentration. Inoculation of crops caused a statistically significant 
increase of chlorophyll content in the case of oats in 1996 (15%) and wheat in 1997 
(15%). Chlorophyll appeared to be a sensitive indicator of inoculation effect, which 
was also supported by Bashan et al. [37]. A. lipoferum inoculated Jatropha curcas 
seedlings has increase in level of chlorophyll a, b and carotene and such increase 
was maximum by 31.98, 14.5 and 18.9% and protein content (37.35%) amino acid 
(26.33), lipids (8.9) and carbohydrates (9.37) when compare to control plant under 
field conditions [31]. The total chlorophyll and soluble protein content was found to 
be higher in the Moringa oleifera seedlings inoculated with A. brasilense [25].

5.3 Pseudomonas

The genus Pseudomonas is one of the most diverse gram-negative non-spore 
forming, motile, rod shaped bacteria with an important metabolic versatility and 
pathogenicity [38]. Morphologically this genus is straight or slightly curved rods and 
produced yellowish green pigment in King’s B. Medium. Plant growth promoting 
rhizobacteria consisting of primarily Pseudomonas fluorescens and P. putida were 
identified as important organisms with ability for plant growth promotion and effec-
tive disease management properties. The population density of fluorescent pseudo-
monas in the rhizosphere in usually reduced by AM fungi colonization [34, 39, 40]. 
Many strains of genus Pseudomonas possess the capability to promote plant growth 
[41], due to their 1-aminocyclopropane-I carboxylate deaminase activity, indole 
acetic acid (IAA) and siderophore production [42], PGPR can exert a beneficial 
effects on plant growth by suppressing soil borne pathogens [43], improving mineral 
nutrition [44] and phytohormone synthesis [45].

6. Arbuscular mycorrhizal (AM) fungi

The symbiotic association between fungus and root systems of higher plants 
is called mycorrhiza, which literally means root fungus. Ectomycorrhizae and 
entomycorrhizae or arbuscular mycorrhizae (AM) are playing important role in 
phosphorus and micronutrients uptake by tree species. The AM fungi association is 
endotrophic, and has previously been referred to as vesicular-arbuscular mycorrhiza 
(VAM), this name has been dropped since 1997 in favor of AM fungi, because all 
fungi are not produced vesicles [46]. Arbuscular mycorrhizal fungi belong to the 
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division Zygomycetes and order Glomales. There are six genera of AM fungi have 
been identified and are Glomus, Gigaspora, Aculospora, Scutellospora, Entrophosphora, 
and Sclerocystis. Acaulospora and Scutellospora belong to Gigasporaceae; Glomus and 
Sclerocystis belong to Glomaceae [47]. Arbuscular mycorrhizal fungi (AMF), belong-
ing to the phylum Glomeromycota, are obligate symbiotic fungi forming mutualistic 
associations with the roots of most of the tropical plants. Increased access to low-
mobility soil mineral nutrients has been considered to be main beneficial effect of 
AMF on their host plants [48]. In addition, they have been shown to improve the 
uptake of Zn, Cu, S, Mg, Ca, K and other nutrients [49]. The AM fungal mycelia 
have been reported to stabilize soil through the formation of soil aggregated [50].

Arbuscular mycorrhizal (AM) fungi are the most widespread type and ecologi-
cally important root fungal that form symbiosis with 80% of land plant species which 
depend upon them for growth [51]. AM fungal symbiosis is characterized by fungal 
penetration of root cortical cells forming microscopic branched structures called 
arbuscules that increase that increase efficiency of plant-fungus metabolite exchange 
[48]. These microsymbionts occur widely under various environmental conditions 
with beneficial effects on soil structure improvement [52, 53] and have great impor-
tance due to their higher capacity to increase growth and yield through efficient 
nutrient uptake in infertile soils, water uptake and drought resistance in plants [54].

6.1 A combined effects AM fungi and Pseudomonas in tree species

The interaction between Pseudomonas and the arbuscular mycorrhizal fungus, 
Glomus clarum NT4 on spring wheat grown under gnotobiotic condition was 
investigated [55]. Although plant growth responses varied, positive response to 
Pseudomonad inoculants was obtained. Shoot biomass enhancement ranged from 
16 to 48%, whereas enhancement ranged from 82 to 137% for roots. Typically, dual 
inoculation positively influenced the magnitude of response associated with any 
organism applied alone.

The highest mycorrhizal root colonization and number of AM fungal spores, 
and pseudomonas population were observed when G. fasciculatum and P. monteilii 
were coinoculated on to Coleus forskohlii plants [56] under organic field condition. 
Negative effects of Glomus intraradices on population of PGPR, P. fluorescens DF57 
were shown by Ravnskov et al. [57] and suggested that competition for inorganic 
nutrients might explain the effect, since the mechanism did not require cell-to-cell 
contact. Marschner et al. [58, 59] suggested that similar negative effects of Glomus 
intraradices on P. fluorescens 2-79RL might be due to mycorrhizal induced decreases 
in root exudation, affecting the composition of the rhizosphere soil solution. P. 
fluorescens 92rk and P190r, and G. mosseae BEG12, inoculated alone, promoted 
tomato plant growth. Plant growth promotion by florescent pseudomonads has 
been ascribed to the suppression of phytopathogenic soil-borne microorganisms 
[43, 60]. Moreover, co-inoculation of three microorganisms showed synergistic 
effects compared with single inoculated plants and reports demonstrate additive 
effects on plants on plant growth of AMF and rhizobacteria [61, 62].

6.2 Effect of AM spores in rhizosphere of three species

The occurrence of AM spores depends upon the environmental conditions, 
plant species and soil type. There are two different types of AM spores such as 
Acaulospora and Glomus were observed in non-rhizosphere soil. Among the two 
different AM spore, Glomus was the dominant one. Spore density was very low 8 
spore/100 g of soil [63, 64]. Analysis of root colonization was higher in mycorrhizal 
than non- mycorrhizal plants. Santhaguru et al. [65] reported that VAM infection 
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division Zygomycetes and order Glomales. There are six genera of AM fungi have 
been identified and are Glomus, Gigaspora, Aculospora, Scutellospora, Entrophosphora, 
and Sclerocystis. Acaulospora and Scutellospora belong to Gigasporaceae; Glomus and 
Sclerocystis belong to Glomaceae [47]. Arbuscular mycorrhizal fungi (AMF), belong-
ing to the phylum Glomeromycota, are obligate symbiotic fungi forming mutualistic 
associations with the roots of most of the tropical plants. Increased access to low-
mobility soil mineral nutrients has been considered to be main beneficial effect of 
AMF on their host plants [48]. In addition, they have been shown to improve the 
uptake of Zn, Cu, S, Mg, Ca, K and other nutrients [49]. The AM fungal mycelia 
have been reported to stabilize soil through the formation of soil aggregated [50].

Arbuscular mycorrhizal (AM) fungi are the most widespread type and ecologi-
cally important root fungal that form symbiosis with 80% of land plant species which 
depend upon them for growth [51]. AM fungal symbiosis is characterized by fungal 
penetration of root cortical cells forming microscopic branched structures called 
arbuscules that increase that increase efficiency of plant-fungus metabolite exchange 
[48]. These microsymbionts occur widely under various environmental conditions 
with beneficial effects on soil structure improvement [52, 53] and have great impor-
tance due to their higher capacity to increase growth and yield through efficient 
nutrient uptake in infertile soils, water uptake and drought resistance in plants [54].

6.1 A combined effects AM fungi and Pseudomonas in tree species

The interaction between Pseudomonas and the arbuscular mycorrhizal fungus, 
Glomus clarum NT4 on spring wheat grown under gnotobiotic condition was 
investigated [55]. Although plant growth responses varied, positive response to 
Pseudomonad inoculants was obtained. Shoot biomass enhancement ranged from 
16 to 48%, whereas enhancement ranged from 82 to 137% for roots. Typically, dual 
inoculation positively influenced the magnitude of response associated with any 
organism applied alone.

The highest mycorrhizal root colonization and number of AM fungal spores, 
and pseudomonas population were observed when G. fasciculatum and P. monteilii 
were coinoculated on to Coleus forskohlii plants [56] under organic field condition. 
Negative effects of Glomus intraradices on population of PGPR, P. fluorescens DF57 
were shown by Ravnskov et al. [57] and suggested that competition for inorganic 
nutrients might explain the effect, since the mechanism did not require cell-to-cell 
contact. Marschner et al. [58, 59] suggested that similar negative effects of Glomus 
intraradices on P. fluorescens 2-79RL might be due to mycorrhizal induced decreases 
in root exudation, affecting the composition of the rhizosphere soil solution. P. 
fluorescens 92rk and P190r, and G. mosseae BEG12, inoculated alone, promoted 
tomato plant growth. Plant growth promotion by florescent pseudomonads has 
been ascribed to the suppression of phytopathogenic soil-borne microorganisms 
[43, 60]. Moreover, co-inoculation of three microorganisms showed synergistic 
effects compared with single inoculated plants and reports demonstrate additive 
effects on plants on plant growth of AMF and rhizobacteria [61, 62].

6.2 Effect of AM spores in rhizosphere of three species

The occurrence of AM spores depends upon the environmental conditions, 
plant species and soil type. There are two different types of AM spores such as 
Acaulospora and Glomus were observed in non-rhizosphere soil. Among the two 
different AM spore, Glomus was the dominant one. Spore density was very low 8 
spore/100 g of soil [63, 64]. Analysis of root colonization was higher in mycorrhizal 
than non- mycorrhizal plants. Santhaguru et al. [65] reported that VAM infection 
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was 100% in Albizia amara, Peltophorum pterocarpum and Pongamia glabra, 80% in 
Derris scandens 78% in Erythrina variegata, 18% in Pterlobium and16% in Prosopis 
chilensis. However, there is no VAM fungi infection in five plant species viz. Albizia 
lebbeck, Bauhinia tomentosa, Cassia, Prosopis juliflora and Tamarindus indica at 
Alagar Hills of Tamil Nadu, India. Similarly, AM Fungi colonized with several tree 
species semi-arid zone of South India, 1, 2 and 3 years old Casuarina equisetifolia 
[2], Leucaena leucocephala [66], Feronia elephantum with AM fungi (Glomus 
fasciculatum), Samanea saman [67]. Similarly, 16 different species of Arbuscular 
mycorrhizal fungi were isolated from rhizosphere of teak (Tectona grandis) among 
these Glomus and Aculospora found in dominant species and seedlings inoculated 
with combination of Arbuscular fungi had good quality seedlings and increased 
shoot height compared to with individual AM fungus in Tectona grandis [68].

6.3 Role of bio-inoculants on plant growth and metabolites

Leucaena leucocephala seedlings were inoculated with different types of vesicular-
arbuscular mycorrhizal fungi found that the collar diameter increment of between 
18 and 123% [66]. Similarly, Pterocarpus indicus inoculated with vesicular-arbuscular 
mycorrhizal fungi improve the shoot diameter [69], root collar diameter in sweet 
gum seedlings by 268% [70]. Feronia elephantum with AM fungi (Glomus fascicu-
latum) increase the plant growth especially root length and was recorded the root 
length increment was up to 84% [30]. Similarly shoot length was higher in Samanea 
saman [67] Mycorrhiza colonization also protect the roots from the soil pathogens 
[71]. AM fungi significantly increase the net photosynthesis by increasing total chlo-
rophyll and carotenoid contents ultimately increasing carbohydrate accumulation. 
The chlorophyll content, fresh weight and leaf area are higher in mycorrhizal plants 
than in non-mycorrhizal plants but differences are significant only under draught 
stress conditions [72]. In mycorrhizal infected groundnut roots, high concentrations 
of ortho-hydroxy phenols were present. This type of phenols has been known to play 
an important role in plant disease resistance [73]. Inoculation of AM fungi is enhanc-
ing the plant quality by stimulating the synthesis of secondary metabolites which 
can be important for plant tolerance to abiotic and biotic stresses [74]. According 
to Morandi et al. [75] the Phenolic substances, such as phytotoxins are synthesized 
when the root is infected by a pathogen. They are non-specific toxic substances, 
which can be considered to play a role in disease resistance. Kapoor et al. [76] 
observed a significant increase in the density of glandular trichomes in the medicinal 
plant Artemisia annua following inoculation with the AM fungi G. macrocarpum and 
G. fasciculatum contributing to enhance artemisinin content in the plants.

The chlorophyll a, chlorophyll b, total chlorophyll and Carotenoid contents 
increased in mycorrhizal seedlings compared with non-mycorrhizal tree seedlings 
of Cassia siamea, Delonix regia, Erythrina variegata, Samanea saman and Sterculia 
foetida [77]. A significant enhancement in biochemical parameters like total chloro-
phyll content, soluble protein and NRase activity in Pongamia pinnata seedling 10.7, 
48.5 and 43.6% increase over control with the combined inoculation of Rhizobium, 
Phosphobacteria and AM fungi [78]. Similarly, an increase in chlorophyll content 
and soluble protein was observed in Ziziphus mauritiana when inoculated with AM 
fungi [79] and Dalbergia sissoo inoculated with Rhizobium and mycorrhizae [80] 
and in Shola species inoculated with Azospirillum + Phosphobacteria and AM fungi 
[22]. Eucalyptus seedlings inoculated with mixed Glomus mosseae, Trichoderma 
viride and Glomus fasciculatum increases the phosphorous content of shoot and root 
over control. Then increased rate of P uptake and inflow in roots is regarded as the 
major contribution of AM infection [81]. The AM colonization increased initially 
up to 45 days but decreased thereafter [82].
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6.4 Effect of AM fungi on growth and nutrient content

The fundamental importance of the mycorrhizal associations in restoration 
and to improve the revegetation is well recognized [83]. Arbuscular mycorrhiza 
colonized plants showed significant increment in height, biomass production and 
girth as compared to non mycorrhizal plats. Growth, biomass and P uptake were 
higher were higher on dual inoculation of G. fasciculatum and G. macrocarpum as 
compared to uninoculated tree species under both nursery and field condition. 
Tropical trees inoculated with AM fungi have shown increased nutrient uptake 
and growth, withstanding the transplant stock, hostile conditions like drought 
resistance and survival of Acacia holosericea [84]. Casuarina equisetifolia seedlings 
inoculated with AM (Glomus fasciculatum) increased shoot and root biomass 
[23, 24], Eucalyptus tereticornis [85] Tectona grandis [68] Santalum album, Acacia 
auriculiformis, Grevillea robusta, Eucalyptus camaldulensis, Bombax ceiba [86, 87] 
and Albizia lebbeck [88].

Inoculation with Glomus mosseae and G. fasciculatum along with other nitrogen 
fixing and phosphate solubilizing organism improved the quality and growth of 
neem seedlings, owing to greater absorption of nutrients, under nursery condi-
tions in unsterilized soil [89], AM fungus (G. fasciculatum) and Rhizobium treated 
Acacia nilotica seedlings recorded an increase in shoot and root biomass [90]. 
Beneficial effects of AMF, such as growth promotion, increased root branching, 
lengths of lateral roots, specific root length and root diameter [91], protection 
against pathogens [92] and tolerance to abiotic stresses [93], could be due to 
positive interactions between mycorrhizae and associated microorganisms such as 
Pseudomonas, Arthrobacter and Burkholderia in a particular environment [94].

Combined inoculation of Glomus fasciculatum and Rhizobium on the growth 
of Prosopis juliflora seedlings showed better growth on shoot length and biomass. 
It was found that G. fasciculatum, Scutellospora sp., G. leptotichum and G. mos-
sease were most efficient for Dalbergia sissoo, Acacia auriculiformis, A. nilotica and 
Dalbergia latifolia, respectively, and increase in plant biomass and height was to the 
extent of 34 and 24%, respectively, in Dalbergia sissoo, 126 and 50% in A. auriculi-
formis, 48 and 24% in Dalbergia latifolia and 100 and 112% in Acacia nilotica [95].

7. Trichoderma

The genus Trichoderma is the most common fungi found in all climatic condi-
tion. It can be isolated in all type of soil. It is also found in plant root, rotting wood, 
plant litter and seed. Fungi of the genus Trichoderma are important biocontrol 
agents (BCAs) of several soil borne phytopathogens. Trichoderma use different 
mechanisms for the control of phytopathogens which include mycoparasitism, 
competition for space and nutrients, secretion of antibiotics and fungal cell wall 
degrading enzymes. In addition, Trichoderma could have a stimulatory effect on 
plant growth 48 as a result of modification of soil conditions.

Shoot length and fresh weight were more in Eucalyptus saligna seedlings inocu-
lated with Trichoderma viride. The greater height and fresh weight of Acacia nilotica 
inoculated with Trichoderma due to the Trichoderma species produce growth 
hormones which result in better growth of shoots. Trichoderma sp. co-inoculated 
with Azotobacter sp. and Bacillus megaterium showed a significant increase on the 
growth of Teak and Indian red wood under nursery condition [96]. The growth pro-
moting substances are known to cause enhanced cell division and root development 
[97]. Similarly, many strains of Bacillus pseudomonas and Trichoderma have been 
implicated in improvement of overall growth of many crop plants [98].
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than in non-mycorrhizal plants but differences are significant only under draught 
stress conditions [72]. In mycorrhizal infected groundnut roots, high concentrations 
of ortho-hydroxy phenols were present. This type of phenols has been known to play 
an important role in plant disease resistance [73]. Inoculation of AM fungi is enhanc-
ing the plant quality by stimulating the synthesis of secondary metabolites which 
can be important for plant tolerance to abiotic and biotic stresses [74]. According 
to Morandi et al. [75] the Phenolic substances, such as phytotoxins are synthesized 
when the root is infected by a pathogen. They are non-specific toxic substances, 
which can be considered to play a role in disease resistance. Kapoor et al. [76] 
observed a significant increase in the density of glandular trichomes in the medicinal 
plant Artemisia annua following inoculation with the AM fungi G. macrocarpum and 
G. fasciculatum contributing to enhance artemisinin content in the plants.

The chlorophyll a, chlorophyll b, total chlorophyll and Carotenoid contents 
increased in mycorrhizal seedlings compared with non-mycorrhizal tree seedlings 
of Cassia siamea, Delonix regia, Erythrina variegata, Samanea saman and Sterculia 
foetida [77]. A significant enhancement in biochemical parameters like total chloro-
phyll content, soluble protein and NRase activity in Pongamia pinnata seedling 10.7, 
48.5 and 43.6% increase over control with the combined inoculation of Rhizobium, 
Phosphobacteria and AM fungi [78]. Similarly, an increase in chlorophyll content 
and soluble protein was observed in Ziziphus mauritiana when inoculated with AM 
fungi [79] and Dalbergia sissoo inoculated with Rhizobium and mycorrhizae [80] 
and in Shola species inoculated with Azospirillum + Phosphobacteria and AM fungi 
[22]. Eucalyptus seedlings inoculated with mixed Glomus mosseae, Trichoderma 
viride and Glomus fasciculatum increases the phosphorous content of shoot and root 
over control. Then increased rate of P uptake and inflow in roots is regarded as the 
major contribution of AM infection [81]. The AM colonization increased initially 
up to 45 days but decreased thereafter [82].
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6.4 Effect of AM fungi on growth and nutrient content

The fundamental importance of the mycorrhizal associations in restoration 
and to improve the revegetation is well recognized [83]. Arbuscular mycorrhiza 
colonized plants showed significant increment in height, biomass production and 
girth as compared to non mycorrhizal plats. Growth, biomass and P uptake were 
higher were higher on dual inoculation of G. fasciculatum and G. macrocarpum as 
compared to uninoculated tree species under both nursery and field condition. 
Tropical trees inoculated with AM fungi have shown increased nutrient uptake 
and growth, withstanding the transplant stock, hostile conditions like drought 
resistance and survival of Acacia holosericea [84]. Casuarina equisetifolia seedlings 
inoculated with AM (Glomus fasciculatum) increased shoot and root biomass 
[23, 24], Eucalyptus tereticornis [85] Tectona grandis [68] Santalum album, Acacia 
auriculiformis, Grevillea robusta, Eucalyptus camaldulensis, Bombax ceiba [86, 87] 
and Albizia lebbeck [88].

Inoculation with Glomus mosseae and G. fasciculatum along with other nitrogen 
fixing and phosphate solubilizing organism improved the quality and growth of 
neem seedlings, owing to greater absorption of nutrients, under nursery condi-
tions in unsterilized soil [89], AM fungus (G. fasciculatum) and Rhizobium treated 
Acacia nilotica seedlings recorded an increase in shoot and root biomass [90]. 
Beneficial effects of AMF, such as growth promotion, increased root branching, 
lengths of lateral roots, specific root length and root diameter [91], protection 
against pathogens [92] and tolerance to abiotic stresses [93], could be due to 
positive interactions between mycorrhizae and associated microorganisms such as 
Pseudomonas, Arthrobacter and Burkholderia in a particular environment [94].

Combined inoculation of Glomus fasciculatum and Rhizobium on the growth 
of Prosopis juliflora seedlings showed better growth on shoot length and biomass. 
It was found that G. fasciculatum, Scutellospora sp., G. leptotichum and G. mos-
sease were most efficient for Dalbergia sissoo, Acacia auriculiformis, A. nilotica and 
Dalbergia latifolia, respectively, and increase in plant biomass and height was to the 
extent of 34 and 24%, respectively, in Dalbergia sissoo, 126 and 50% in A. auriculi-
formis, 48 and 24% in Dalbergia latifolia and 100 and 112% in Acacia nilotica [95].

7. Trichoderma

The genus Trichoderma is the most common fungi found in all climatic condi-
tion. It can be isolated in all type of soil. It is also found in plant root, rotting wood, 
plant litter and seed. Fungi of the genus Trichoderma are important biocontrol 
agents (BCAs) of several soil borne phytopathogens. Trichoderma use different 
mechanisms for the control of phytopathogens which include mycoparasitism, 
competition for space and nutrients, secretion of antibiotics and fungal cell wall 
degrading enzymes. In addition, Trichoderma could have a stimulatory effect on 
plant growth 48 as a result of modification of soil conditions.

Shoot length and fresh weight were more in Eucalyptus saligna seedlings inocu-
lated with Trichoderma viride. The greater height and fresh weight of Acacia nilotica 
inoculated with Trichoderma due to the Trichoderma species produce growth 
hormones which result in better growth of shoots. Trichoderma sp. co-inoculated 
with Azotobacter sp. and Bacillus megaterium showed a significant increase on the 
growth of Teak and Indian red wood under nursery condition [96]. The growth pro-
moting substances are known to cause enhanced cell division and root development 
[97]. Similarly, many strains of Bacillus pseudomonas and Trichoderma have been 
implicated in improvement of overall growth of many crop plants [98].
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8. Rhizobium

Rhizobium belongs to family Rhizobiaceae and the bacteria have the ability to 
reduce N2 and thereby “fix” atmospheric nitrogen using the enzyme nitrogenase. 
It colonizes the roots of species legumes to form tumor like growths called root 
nodules, which act as biofactories of ammonia production (Figure 1). The process 
of biological nitrogen fixation was discovered the Dutch microbiologist Martinus 
Beijerinck. Rhizobia (e.g., Rhizobium, Mesorhizobium, Sinorhizobium) fix 
atmospheric nitrogen or dinitrogen, N2 into inorganic nitrogen compounds such 
as ammonium, NH4, Which is then incorporated into amino acids, which can be 
utilized by the plant. Plants cannot fix nitrogen on their own, but need it in one form 
or another to make amino acids and protein. Because legumes form nodules with rhi-
zobia, they have high levels of nitrogen available to them. Rhizobium is a soil habitat 
bacterium, which is able to colonize the legume roots and fixes the atmospheric 

Figure 1. 
(a) Rhizobium root nodule, (b) Frankia root nodule, (c) AM fungi infection, (d) AM fungi spore,  
(e) phosphate solobilizing bacteria Bacillus sp., (f) Paenibacillus polymyxa, (g) Azospirillum brasilense.
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nitrogen. Rhizobium associated with nodulated legume trees have an outstanding 
potential for fixing atmospheric nitrogen (Sesbania cannabina and Leucaena leuco-
cephala) can fix up to 75–584 kg N ha−1 yr−1 [99]. In recent year use of Rhizobium 
culture has been routinely recommended as an input in legume tree species cultiva-
tion. Rhizobium helps to boost up the tree growth by insoluble nutrients available for 
plant. Seedling treated with Rhizobium biofertilizer found to remarkable increase in 
growth and nodulation of D. sissoo [100], A. nilotica [26] Albizzia sp. [101].

8.1 Rhizobium with helper microbes

High nitrogen yield was estimated in the Pongamia pinnata seedling inoculated 
with Rhizobium + Phosphobacteria + VAM fungi [78]. Increased N content in the 
plant sample of various tree seedling, co-inoculated with different biofertilizers 
[102]. Similarly increase in biomass production due to VAM fungi inoculation with 
Acacia sp. [103] and in Albizzia sp. [104]. Rhizobium inoculation + PSB with 25% 
N significantly increase the average 53 nodule no./seedling was followed by only 
Rhizobium with 25% N (38 nodule/seedling) inoculation in Acacia nilotica shoot 
length increased from 58.50 to 78.75 cm, collar diameter from 5.05 to 6.15 mm and 
nodulation increased 0.071 to 0.342 g/seedling [105].

8.2 Azospirillum and Rhizobium interaction

Dual inoculation of Azospirillum and Rhizobium with legume plant has 
been found to increase plant-growth when compared with single inoculations. 
Azospirillum is considered a helper bacteria to Rhizobium by stimulating nodula-
tion, nodule function, and possibly plant metabolism. Similarly, phytohormones 
produced by Azospirillum promoted epidermal-cell differentiation in root hairs 
that increased the number of potential sites for rhizobial infection and more nodule 
development [106]. Dual inoculation of AM fungi with Rhizobium improved nodu-
lation, plant dry weight, N and P contents of Leucaena leucocephala in a P deficient 
soil compared to single inoculation with either organism [107] .

8.3 Azotobacter plant interaction

Azotobacter is a free living (non-symbiotic), aerobic, nitrogen fixing organism 
and these gram negative bacteria belongs to family Azotobacteriaceae. There are 
seven species of Azotobacter viz. A. beijerinckii, A. chroococcum, A. vinelandii, A. 
paspali, A. agilis, A. insignis and A. macrocytogenes. A. chroococcum appeared more 
in acidic soils and arable soils while A. beijerinckii in neutral and alkali soils. Apart 
from nitrogen, this organism is capable of producing antibacterial and antifungal 
compounds, hormones and siderophore [108]. Individual or combined inoculations 
stimulated the plant growth and significantly increased the concentrations of indole 
3-acetic acid (IAA), P, Mg, N, and total soluble sugars in agri crop. Bioinoculants 
co-inoculation of nitrogen fixing organism Azotobacter and phosphate solubilizing 
microorganisms Bacillus megaterium showed a significant increase on the growth of 
teak and India red wood under nursery condition [96].

Azotobacter inoculated strawberry plants attained maximum height (24.92 cm) 
more number of leaves per plant (26.29), more leaf area (96.12 cm2), number of run-
ners per plant (18.70), heavier fruit (10.02gm), more fruit length (35.9 mm), and more 
fruit breadth (22.91 mm) as compared to all other treatment [109]. Similarly, com-
bined application of manure + Azotobacter + wood ash + phosphorous solubilizing 
bacteria + oil cake improved significantly fruit diameter (3.11 cm), length (3.95 cm), 
volume (20.397 cm3), weight (11.11 g), total sugars (7.95%), total soluble solids 
(9.01’B), acidity (0.857), TSS:acidity ratio (11:12) and yield (238.95 g/plant) [110].
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nitrogen. Rhizobium associated with nodulated legume trees have an outstanding 
potential for fixing atmospheric nitrogen (Sesbania cannabina and Leucaena leuco-
cephala) can fix up to 75–584 kg N ha−1 yr−1 [99]. In recent year use of Rhizobium 
culture has been routinely recommended as an input in legume tree species cultiva-
tion. Rhizobium helps to boost up the tree growth by insoluble nutrients available for 
plant. Seedling treated with Rhizobium biofertilizer found to remarkable increase in 
growth and nodulation of D. sissoo [100], A. nilotica [26] Albizzia sp. [101].

8.1 Rhizobium with helper microbes

High nitrogen yield was estimated in the Pongamia pinnata seedling inoculated 
with Rhizobium + Phosphobacteria + VAM fungi [78]. Increased N content in the 
plant sample of various tree seedling, co-inoculated with different biofertilizers 
[102]. Similarly increase in biomass production due to VAM fungi inoculation with 
Acacia sp. [103] and in Albizzia sp. [104]. Rhizobium inoculation + PSB with 25% 
N significantly increase the average 53 nodule no./seedling was followed by only 
Rhizobium with 25% N (38 nodule/seedling) inoculation in Acacia nilotica shoot 
length increased from 58.50 to 78.75 cm, collar diameter from 5.05 to 6.15 mm and 
nodulation increased 0.071 to 0.342 g/seedling [105].

8.2 Azospirillum and Rhizobium interaction

Dual inoculation of Azospirillum and Rhizobium with legume plant has 
been found to increase plant-growth when compared with single inoculations. 
Azospirillum is considered a helper bacteria to Rhizobium by stimulating nodula-
tion, nodule function, and possibly plant metabolism. Similarly, phytohormones 
produced by Azospirillum promoted epidermal-cell differentiation in root hairs 
that increased the number of potential sites for rhizobial infection and more nodule 
development [106]. Dual inoculation of AM fungi with Rhizobium improved nodu-
lation, plant dry weight, N and P contents of Leucaena leucocephala in a P deficient 
soil compared to single inoculation with either organism [107] .

8.3 Azotobacter plant interaction

Azotobacter is a free living (non-symbiotic), aerobic, nitrogen fixing organism 
and these gram negative bacteria belongs to family Azotobacteriaceae. There are 
seven species of Azotobacter viz. A. beijerinckii, A. chroococcum, A. vinelandii, A. 
paspali, A. agilis, A. insignis and A. macrocytogenes. A. chroococcum appeared more 
in acidic soils and arable soils while A. beijerinckii in neutral and alkali soils. Apart 
from nitrogen, this organism is capable of producing antibacterial and antifungal 
compounds, hormones and siderophore [108]. Individual or combined inoculations 
stimulated the plant growth and significantly increased the concentrations of indole 
3-acetic acid (IAA), P, Mg, N, and total soluble sugars in agri crop. Bioinoculants 
co-inoculation of nitrogen fixing organism Azotobacter and phosphate solubilizing 
microorganisms Bacillus megaterium showed a significant increase on the growth of 
teak and India red wood under nursery condition [96].

Azotobacter inoculated strawberry plants attained maximum height (24.92 cm) 
more number of leaves per plant (26.29), more leaf area (96.12 cm2), number of run-
ners per plant (18.70), heavier fruit (10.02gm), more fruit length (35.9 mm), and more 
fruit breadth (22.91 mm) as compared to all other treatment [109]. Similarly, com-
bined application of manure + Azotobacter + wood ash + phosphorous solubilizing 
bacteria + oil cake improved significantly fruit diameter (3.11 cm), length (3.95 cm), 
volume (20.397 cm3), weight (11.11 g), total sugars (7.95%), total soluble solids 
(9.01’B), acidity (0.857), TSS:acidity ratio (11:12) and yield (238.95 g/plant) [110].
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9. Frankia with actinorrhizal plants

Frankia is a genus of Actinomycetes, belongs to family Frankiaceae and an ability 
to fix the atmospheric nitrogen in symbiotic association with Casuarina species in 
tropical and temperate environmental condition. These microorganisms usually 
invade root hairs of Casuarina and developing within cortical cells in lobes of the 
resultant nodules. Frankia are able to convert the nitrogen gas in the atmosphere into 
amino acids, which are the building blocks of proteins. Frankia exchange nitrogen for 
carbohydrates from the plant. As the plant drop organic matter, or when the plants 
die, the nitrogen from their tissues is made available to other plants and organisms. 
This process of accumulating atmospheric nitrogen in plants and recycling it through 
organic matter is the major source of nitrogen in tropical ecosystems. Various agro-
forestry practices such as alley cropping, improved fallow, and green manure/cover 
cropping exploit this natural fertility process by using nitrogen fixing plants.

Casuarina equisetifolia seedling inoculated with Frankia strains showed 
improved growth, biomass and tissue N content over control seedlings [24, 111, 
112]. Nitrogenase activity of Frankia strains were significantly (p < 0.05) and 
negatively correlated with a tissue N content [111]. Similarly, under nursery experi-
ments, the growth and biomass of C. equisetifolia rooted stem cuttings inoculated 
with Frankia showed three times higher growth and biomass than uninoculated 
control and improved growth in height (8.8 m), stem girth (9.6 cm) and tissue 
nitrogen content (3.3 mg/g) than uninoculated controls in field condition [112]. 
Frankia inoculated Casuarina seedlings planted in farm forestry improve the tree 
growth and biomass in the field condition [2, 112] and improve the nutrient cycling 
of actinorrhizal plants through high amount of litter production and decomposi-
tion [113]. Combined inoculation of Azospirillum, Phosphobacteria, AM fungi and 
Frankia produced excellent growth and biomass of C. equisetifolia seedlings due to 
co-inoculation with Frankia through improved nitrogen fixation [22, 114] (Table 1).

10. Methods of inoculation

10.1 Inoculation methods of Azospirillum, Rhizobium and phosphobacteria

Seed or nursery stage is best for application of bio-fertilizers. Suitable methods 
for forestry species is seed coating and inoculation in polythene bag. Two grams of 
carrier culture (10−8 cfu/g) can be applied in rhizosphere of seedlings in the poly-
thene bags in the nursery.

10.2 Inoculation with seeds

Inoculation requirement varies from the size of the seeds. Normally 200 g of lig-
nite/peat soil based culture (108 cfu/g) is need for every 8–10 kg of seeds of the tree 
species. A slurry is formed by mixing the inoculant with cooled rice gruel (250 ml). 
The required quantity of seeds is added in the slurry and mixed thoroughly so that 
each seed is coated with the black colored inoculant. The treated seeds are then 
shade dried for 30 min and sown.

10.3 Inoculation in the nursery mother bed

Two hundred grams of lignite based carrier culture of Rhizobium or Azospirillum 
(108 cfu/g) is required for 4 m × 1 m mother bed. It has to be spread uniformly and 
mixed thoroughly before sowing of seeds.
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9. Frankia with actinorrhizal plants

Frankia is a genus of Actinomycetes, belongs to family Frankiaceae and an ability 
to fix the atmospheric nitrogen in symbiotic association with Casuarina species in 
tropical and temperate environmental condition. These microorganisms usually 
invade root hairs of Casuarina and developing within cortical cells in lobes of the 
resultant nodules. Frankia are able to convert the nitrogen gas in the atmosphere into 
amino acids, which are the building blocks of proteins. Frankia exchange nitrogen for 
carbohydrates from the plant. As the plant drop organic matter, or when the plants 
die, the nitrogen from their tissues is made available to other plants and organisms. 
This process of accumulating atmospheric nitrogen in plants and recycling it through 
organic matter is the major source of nitrogen in tropical ecosystems. Various agro-
forestry practices such as alley cropping, improved fallow, and green manure/cover 
cropping exploit this natural fertility process by using nitrogen fixing plants.

Casuarina equisetifolia seedling inoculated with Frankia strains showed 
improved growth, biomass and tissue N content over control seedlings [24, 111, 
112]. Nitrogenase activity of Frankia strains were significantly (p < 0.05) and 
negatively correlated with a tissue N content [111]. Similarly, under nursery experi-
ments, the growth and biomass of C. equisetifolia rooted stem cuttings inoculated 
with Frankia showed three times higher growth and biomass than uninoculated 
control and improved growth in height (8.8 m), stem girth (9.6 cm) and tissue 
nitrogen content (3.3 mg/g) than uninoculated controls in field condition [112]. 
Frankia inoculated Casuarina seedlings planted in farm forestry improve the tree 
growth and biomass in the field condition [2, 112] and improve the nutrient cycling 
of actinorrhizal plants through high amount of litter production and decomposi-
tion [113]. Combined inoculation of Azospirillum, Phosphobacteria, AM fungi and 
Frankia produced excellent growth and biomass of C. equisetifolia seedlings due to 
co-inoculation with Frankia through improved nitrogen fixation [22, 114] (Table 1).

10. Methods of inoculation

10.1 Inoculation methods of Azospirillum, Rhizobium and phosphobacteria

Seed or nursery stage is best for application of bio-fertilizers. Suitable methods 
for forestry species is seed coating and inoculation in polythene bag. Two grams of 
carrier culture (10−8 cfu/g) can be applied in rhizosphere of seedlings in the poly-
thene bags in the nursery.

10.2 Inoculation with seeds

Inoculation requirement varies from the size of the seeds. Normally 200 g of lig-
nite/peat soil based culture (108 cfu/g) is need for every 8–10 kg of seeds of the tree 
species. A slurry is formed by mixing the inoculant with cooled rice gruel (250 ml). 
The required quantity of seeds is added in the slurry and mixed thoroughly so that 
each seed is coated with the black colored inoculant. The treated seeds are then 
shade dried for 30 min and sown.

10.3 Inoculation in the nursery mother bed

Two hundred grams of lignite based carrier culture of Rhizobium or Azospirillum 
(108 cfu/g) is required for 4 m × 1 m mother bed. It has to be spread uniformly and 
mixed thoroughly before sowing of seeds.
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10.4 Seed treatment

Ten percent sugar or gum arabic solution or rice porridge is to be prepared to 
serve as a sticker for culture cells applied to seeds. This solution is to be sprinkled on 
required seeds and then the seeds spread on a polythene sheet and mixed uniformly. 
The peat based culture is sprinkled uniformly over the sticker-coated seeds and 
mixed simultaneously. After treatment the seeds are air dried in 1 h then the seed 
can be dipped in nursery mother bed.

10.5 Dipping seedlings

In case of transplanted seedlings, the seedlings from the nursery beds are 
uprooted and tipped in a suspension of biofertilizers before planting.

10.6 Inoculation in the nursery seedlings

Two gram of lignite based culture (108 cfu/g) is added to rhizosphere of the 
seedlings a week after transplanting. In the case of AM 5 g of vermiculate based 
culture can be used. The cultures may be mixed together and applied near the 
root zone. If necessary, the inoculant may be made bulk by mixing with the finely 
powered farm yard manure or sand for easy application.

10.7 Inoculation of out plantings

Ten grams of lignite based culture (108 cfu/g) is required per seedling which are 
to be planted in the field directly from the mother bed, in the form of naked root 
seedlings. Otherwise, 200 g of lignite based culture can be mixed with 10 l of water, 
and roots of seedlings can be dipped in it before planting.

11. Advantages of biofertilizers

• Biofertilizers have number of advantages than synthetic fertilizers. Bio fertil-
izers can facilitate not only supply of nutrients, but also produces vitamins 
and plant growth hormones. They prevent soil erosion by producing capsular 
polysaccharides and also control plant pathogens.

• Biofertilizers, will be isolated from the rhizosphere soil of host plant hence 
huge amount need not be spent for mother culture. It can be cultivated under 
normal laboratory condition using conventional media and fermentors within 
short span of time. Production method is very simple and production cost is 
cheaper than chemical fertilizers.

• Chemical fertilizers are required in huge quantity for land application. 
The physical optimum levels for getting the maximum grain yield for 
the medium duration rice hybrid CORH2 was found to be 151:66:57 kg N, 
P2O5 and K2O ha−1 [115]. But in case of biofertilizers, 1 g of carrier based 
inoculum of Azospirillum and phosphobacterium contain with a population 
load of 10−9 and 10−8 and approximately 12,500 infective propagule/10 g 
of soil [22]. Hence, very less quantity is sufficient and it may get multiplied 
into many fold as the optimum environmental conditions in the nursery 
and field. As the propagules multiply in the field they need not be applied 
repeatedly.
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• It helps to improve the seed germination and induces the healthy seed emer-
gence due to production of growth promoting hormones, gibberellins and 
cytokinin-like biologically active substances. Biofertilizers promote better 
root formation in trees for efficient absorption and assimilation of water and 
nutrients.

• Biofertilizers are involved in the litter decomposition and the breakdown of 
minerals into available form to plants. It directly facilitates the function of 
rhizoids in terms of absorption and translocation of minerals and water.

• Biofertilizers do not pollute the soil, whereas excess application of chemi-
cal fertilizers creates soil pollution. Biofertilizers are effective in promot-
ing and maintaining the soil fertility which helps a better balance in the 
plantation forest ecosystem in terms of nutrient availability and cycling of 
nutrients.

• Due to the strong colonization of biocontrol microorganism and their secre-
tory substances, the tree plants cultivated under this pattern will exhibit 
a strong resistance against an array of infectious disease caused by plant 
pathogens.

11.1 Limitations of bio-fertilizer utilization in forestry and horticulture

Apart from the advantages, biofertilizers have certain limitations. Lack of 
awareness on benefits of bio inoculants among the farmers and tree growers. 
Adequate availability and quality assurance of bioinoculants are being the limiting 
factors. Competition between native and introduced microbial population in the 
cultivated field also identified as a limiting factor. Hence, a preliminary analysis 
on the cultivable land about the native microflora, physico-chemical parameters is 
essential to overcome such limitations.

12. Conclusion

Bio-inoculants are renewable, cost effective, eco-friendly and economi-
cally viable population of beneficial microorganisms providing an alternate 
source of plant nutrients, thus increasing farm income by providing extra 
yields and reducing input cost. Bio-inoculants increase crop yield by 20–30%, 
replace synthetic fertilizers of N & P by 25%. Stimulate plant growth, acti-
vate soil biologically, restore natural fertility and provide protection against 
drought and some soil borne plant pathogens. Application of Bio-fertilizers 
in combined form in Horticulture and Forestry will play an important role in 
improving the soil fertility by supply of macro and micronutrients, organic 
carbon, accumulation of soil enzymes, suppression of plant pathogen by 
bioactive substances. This will have direct impact on socio-economy of tree 
growing farmers, maintain sustainability in natural soil ecosystem, wood and 
food crops availability in future. Therefore, the development of more efficient 
and sustainable agriculture strategies, guarantied food supply for an expand-
ing world population and minimizing damage to the environment is one of the 
greatest challenges for humankind today. It is inferred that under appropriate 
management, the use of more efficient bioinoculants, co-inoculation with other 
bioinoculants lead to an increased growth and biomass of tree species in nutri-
ent impoverished soil.
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Chapter 17

Nano-Fertilizers for Sustainable 
Crop Production under Changing 
Climate: A Global Perspective
Muhammad Aamir Iqbal

Abstract

Since green revolution, chemical fertilizers are deemed an indispensable 
input of modern crop production systems, but these have associated environ-
mental and ecological consequences. Loss of nutrients from agricultural fields 
in the form of leaching and gaseous emissions has been the leading cause of 
environmental pollution and climate change. Ensuring the sustainability of crop 
production necessitates exploring other sources of nutrients and modifying 
prevalent nutrient sources. Nanotechnology, which utilizes nanomaterials of less 
than 100 nm size, may offer an unprecedented opportunity to develop con-
centrated sources of plant nutrients having higher-absorption rate, utilization 
efficacy, and minimum losses. Nanofertilizers are being prepared by encapsulat-
ing plant nutrients into nanomaterials, employing thin coating of nanomaterials 
on plant nutrients, and delivering in the form of nano-sized emulsions. Nano-
pores and stomatal openings in plant leaves facilitate nanomaterial uptake and 
their penetration deep inside leaves leading to higher nutrient use efficiency 
(NUE). Nanofertilizers have higher transport and delivery of nutrients through 
plasmodesmata, which are nanosized (50–60 nm) channels between cells. The 
higher NUE and significantly lesser nutrient losses of nanofertilizers lead to 
higher productivity (6–17%) and nutritional quality of field crops. However, 
production and availability, their sufficient effective legislation, and associated 
risk management are the prime limiting factors in their general adoption as plant 
nutrient sources.

Keywords: controlled release fertilizers, eutrophication, nanogels, encapsulated 
nutrients, slow released fertilizers

1. Introduction

Intensive farming practices introduced and evolved since the inception of 
green revolution have been deemed unsustainable as the utilization efficacy 
of applied chemicals including mineral fertilizers has remained below 30% 
[1]. Fertilizers have taken axial role with respect to boosting crops yield and 
nutritional quality especially after the development of fertilizer responsive crop 
varieties. Among mineral nutrients, nitrogen is the first and foremost nutrient 
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1. Introduction

Intensive farming practices introduced and evolved since the inception of 
green revolution have been deemed unsustainable as the utilization efficacy 
of applied chemicals including mineral fertilizers has remained below 30% 
[1]. Fertilizers have taken axial role with respect to boosting crops yield and 
nutritional quality especially after the development of fertilizer responsive crop 
varieties. Among mineral nutrients, nitrogen is the first and foremost nutrient 
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required for crop plants as it is the constituent of chlorophyll and many proteins 
and enzymes and thus plays a significant role during the vegetative growth of 
crops. Nitrogen is absorbed by the plants in the form of nitrate (NO−

3) and 
ammonium (NH+

4) [2]. Nitrogen is lost through the processes of nitrate leaching, 
de-nitrification and ammonia volatilization. Loss of mineral nutrients through 
leaching and runoff to surface and ground water along with abundant volatiliza-
tion constitute growing concerns owing to economic losses and environmental 
pollution. Conventional application techniques are resulting in seriously overdos-
ing of chemical fertilizers which has become evident through the phenomenon 
of eutrophication (algal growth on the surface of water bodies due to nutrients 
enriched water, which hampers oxygen supply to fish) in many European and 
North American countries. Moreover, nitrogen volatilization results in the release 
of nitrous oxides and thus being the greenhouse gases, contribute to the global 
warming. It is really unfortunate that modern profit-oriented farming systems 
encompass nitrogenous fertilizers use efficiency of only 45–50%, while the 
corresponding figure for phosphorous fertilizers has been reported to be only 
10–25% [3].

It is also pertinent to mention that ammonium ions react with alkaline rain water 
which leads to the formation of ammonia gas that escapes into the atmosphere 
and thus becoming a source of environmental pollution. Whenever, there is excess 
of nitrogen, more and more nitrates and ammonium ions get accumulated in the 
leaves of crops especially leafy vegetables and become detrimental to human health. 
In addition, nitrate rich diets have been reported to be associated with numerous 
human diseases such as bladder and gastric cancer as well as methemoglobinemia 
[4]. It is being stressed to deliver the required quantities of active agents only where 
they are direly needed. Environmentalists and consumers call for reducing the use 
of synthetic fertilizers to decrease pollution and residue effect on form produces 
along with conserving agro-ecosystems.

Nanotechnology is a promising field of research which has the potential to 
offer sustainable remedies to pressing challenges confronted to modern intensive 
agriculture. Nanotechnology employs nanomaterials which typically have the size 
of 1–100 nm and this small size imparts unique characteristics and benefits to 
nanomaterials. In addition to numerous other benefits, large surface area offers 
opportunity for better and effective interaction of nanoparticles to target sites. 
Nanofertilizers hold potential to fulfill plant nutrition requirements along with 
imparting sustainability to crop production systems and that too without compro-
mising the crops yield [5].

This chapter entails and attempts to fulfill the need to periodically compile 
and review the present state and advances on nanofertilizers and to spur interest 
for conducting further in-depth research. The ultimate goal is to synthesize and 
assess the role of nanofertilizers in boosting nutrients uptake and nutrients use 
efficiency, reducing losses through leaching and gaseous emissions along with 
reducing the risk of nutrient toxicity for ensuring food security achieved through 
higher productivity and economic turn outs by practicing the sustainable farming 
practices. This chapter briefly sheds light on the critical role of nanotechnology 
pertaining to modern farming practices, its potential in developing smart fertil-
izers, nanofertilizers and their different types of formulations, biological mecha-
nism of nanofertilizers in plants, numerous advantages offered by nanofertilizers 
and field evidences of superior performances of nanoparticles in imparting critical 
characteristics to crop plants leading to higher productivity. Lastly, few limitations 
pertaining to the development and use of nanoparticles as plant nutrient source 
have also been described.
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2. Critical applications of nanomaterials in agriculture

Nanotechnology encompasses controlling matter at 1–100 nm dimensions for 
utilization in taking images, measurements and preparing models for making virtual 
predictions along with manipulation of matter at nanoscale. Like all other fields, 
the solid impact of nanomaterials is also being felt in agriculture sector. Previously, 
nanoencapsulation entailing encapsulation of active agents by microspheres of 
starch on a matrix having nanopores proved its resilience in accurately delivering the 
active agents to target sites [6]. These nanocapsules or micro-beads become attached 
to heir of bees in the similar fashion to pollens and keep parasites at bay owing to 
slow release of active agents gradually and slowly. Thus, nanoencapsulation resulted 
in minimum use of active agents and offered the maximum protection to bees against 
parasites. On the similar fashion, nanogels were developed which assist in controlled 
release of pheromones from insects to offer them protection against diversified pests. 
Nanoencapsulation has also yielded encouraging results for improving the fertilizer 
use efficacy with significant reduction of active ingredients use [7].

In order to detect pathogen and to prolong the shelf life of packaged foods, 
nanosensors and nanobiosensors have given encouraging results. However, devel-
opment of nanomaterials using nanotechnology is an evolving field of research 
and future is destined to witness extensive and multidimensional benefits in food 
production and preservation. In future, it will be impossible to ensure food and 
nutritional security without developing nanomaterials based technologies for food 
production and agriculture.

3.  Nanotechnology’s strategic potential in developing fertilizers of 
future

Modern intensive farming systems utilize organic and mineral manures in 
order to supply essential plant nutrients, but this approach has resulted in serious 
deterioration of ecosystems and environment [8]. Loss of nitrogen as nitrous oxide 
and nitrates leaching has resulted in eutrophication and manifesting the impacts of 
global warming and climate change. Phosphate fertilizers have even lesser nutrient 
use efficacy (NUE) that has been reported to be below 20% [9]. Nanofertilizers 
have the potential to enhance NUE owing to higher nutrients uptake caused by 
smaller surface area of nanomaterials which increases nutrient-surface interac-
tion. Along with boosting crops yield on sustainable basis, nanofertilizers hold 
potential to put a halt to environmental pollution caused by fertilizers. Slow release 
fertilizers (chemical compounds having slight solubility in water or other solvents 
and get broken down gradually and slowly by soil microbial population) coated 
with nanoparticles significantly reduced nitrate leaching and de-nitrification [10]. 
Moreover, controlled releasing fertilizers (have higher solubility in contrast to 
slow release fertilizers but are coated with materials which significantly reduce the 
exposure of active ingredient with the solvent resulting in controlled liberation of 
nutrients through diffusion) coated with nanomaterials for reducing surface area 
my provide excellent of source of supplying plant nutrients in times to come.

4. Nanoscale fertilizers and their formulations

Different fertilizers inputs have been reported to be resized into smaller frac-
tions through mechanical means or by employing specific chemical methods, 
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required for crop plants as it is the constituent of chlorophyll and many proteins 
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This chapter entails and attempts to fulfill the need to periodically compile 
and review the present state and advances on nanofertilizers and to spur interest 
for conducting further in-depth research. The ultimate goal is to synthesize and 
assess the role of nanofertilizers in boosting nutrients uptake and nutrients use 
efficiency, reducing losses through leaching and gaseous emissions along with 
reducing the risk of nutrient toxicity for ensuring food security achieved through 
higher productivity and economic turn outs by practicing the sustainable farming 
practices. This chapter briefly sheds light on the critical role of nanotechnology 
pertaining to modern farming practices, its potential in developing smart fertil-
izers, nanofertilizers and their different types of formulations, biological mecha-
nism of nanofertilizers in plants, numerous advantages offered by nanofertilizers 
and field evidences of superior performances of nanoparticles in imparting critical 
characteristics to crop plants leading to higher productivity. Lastly, few limitations 
pertaining to the development and use of nanoparticles as plant nutrient source 
have also been described.
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which may increase nutrients uptake and reduce losses as well as nutrient 
toxicity. Nano-sized particles have been prepared from urea, ammonia, peat 
and other synthetic fertilizers as well as plant wastes. A formulation process 
involving urea deposition on calcium cyanamide resulted in nano-sized N 
fertilizer [11]. In another formulation, grinded urea was mixed with different 
biofertilizers to prepare an effective nanofertilizer to supply nutrients slowly 
and gradually for a longer period of time [12]. In similar way, ammonium 
humate, peat and other synthetic materials were mixed to prepare nanosized 
fertilizers. Mechanical cum biochemical approach is being employed to prepare 
such nanofertizers where materials are grinded to nanosized particles through 
mechanical means and then biochemical techniques are put in action to prepare 
effective nanoscale formulations. In addition, nano-emulsions are also being 
prepared by adding nanosized colloids to emulsions [13]. In short, fertilizers 
encapsulation with nanoparticles offers wide perspective for developing plant 
nutrient sources with greater absorption and nutrient use efficiency. The encap-
sulation of nutrients with nanomaterials can be performed in three distinct 
ways;

1. Plant nutrients can be encapsulated within the nanomaterials of varying 
nature and chemical composition.

2. Nutrient particles may be coated with a thin layer of nanomaterials such as 
polymer film.

3. Nutrients may also be delivered in the form of emulsions and particles having 
dimension in the range of nanoparticles.

5. Biological mechanisms of nanofertilizers action

Nanofertilizers have been advocated owing to higher NUE as plants cell walls 
have small pore sizes (up to 20 nm) which result in higher nutrient uptake [14]. 
Plant roots which act as the gateways for nutrients, have been reported to be 
significantly porous to nanomaterials compared to conventional manuring materi-
als. The uptake of nanofertilizers can be improved by utilizing root exudates and 
molecular transporters through the ionic channels and creation of new micro-pores 
[15]. Nano-pores and stomatal openings in leaves have also been reported to felici-
tate nanomaterials uptake and their penetration deep inside leaves. It was concluded 
that in broad/faba bean (Vicia faba), nano-sized particles (43 nm) were instrumen-
tal in penetrating deep to leaf interior in large number compared to larger particles 
of more than 1.0 micrometer size [16]. Similarly, the leaf stomatal radii of Arabian 
coffee (C. arabica) was below 2.5 nm, while that of sour cherry (P. cerasus) were also 
below 100 nm [17] and thus effectiveness of nanofertilizers in enhancing nutrient 
uptake was suggested.

Nanofertilizers have also been supported to have higher NUE owing to higher 
transport and delivery of nutrients through plasmodesmata which are nanosized 
(50–60 nm) channels for transportation of ions between cells [18]. Carbon nano-
tubes transported fluorescent dyes to tobacco cells through enhanced penetration 
of cell membranes and effectively played the role of molecular transporters [19]. 
The nanoparticles of silica were also instrumental in transporting and delivering 
different cargoes to target sites in different plants [20].
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6. Nanofertilizers advantages over conventional mineral fertilizers

Mineral nutrients if applied to crops in the form of nanofertilizers hold potential 
to offer numerous benefits for making the crop production more sustainable and 
eco-friendly [21]. Some of salient advantages are;

1. Nanofertilizers feed the crop plants gradually in a controlled manner in contra-
diction to rapid and spontaneous release of nutrients from chemical fertilizers.

2. Nanofertilizers are more efficacious in terms of nutrients absorption and 
utilization owing to considerably lesser losses in the form of leaching and 
volatilization.

3. Nanoparticles record significantly higher uptake owing to free passage from 
nano sized pores and by molecular transporters as well as root exudates. 
Nanoparticles also utilize various ion channels which lead to higher nutri-
ent uptake by crop plants. Within the plant, nanoparticles may pass through 
plasmodesmata that results in effective delivery on nutrient to sink sites.

4. Due to considerably small losses of nanofertilizers, these can be applied in 
smaller amounts in comparison to synthetic fertilizers which are being applied 
in greater quantities keeping in view their major chunk that gets lost owing to 
leaching and emission.

5. Nanofertilizers offer the biggest benefit in terms of small losses which lead to 
lower risk of environmental pollution.

6. Comparatively higher solubility and diffusion impart superiority to nanoferti-
lizers over conventional synthetic fertilizers.

7. Smart nanofertilizers such as polymer coated fertilizers avoid premature con-
tact with soil and water owing to thin coating encapsulation of nanoparticles 
such as leading to negligible loss of nutrients. On the other hand, these become 
available as soon as plants are in position to internalize the released nutrients.

7. Field evidences of nanofertilizers use for sustainable crops production

The research findings of a field investigation proved in line with the postulated 
hypothesis where nano nitrogen fertilizers proved instrumental in boosting the 
productivity of rice. It was inferred that nano nitrogen fertilizer hold potential to be 
used in place of mineral urea and it can also reduce environmental pollution caused 
by leaching, de-nitrification and volatilization of chemical fertilizers [22]. Similarly, 
exogenously applied nutrients as nanomaterials increased the vegetative growth of 
cereals including barley [23] (man), while in contrast, nanofertilizers applied in 
conjunction with reduced doses of mineral fertilizers were found to be instrumental 
in boosting yield attributes and grain yield of cereals [24]. Nanofertilizer of zinc 
applied as ZnO was found to be instrumental in boosting peanut yield due to robust 
plant growth, increased chlorophyll content of leaves and significantly better root 
growth [25]. The growth and yield boosting impact of different nanomaterials is 
depicted in Table 1.
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such as leading to negligible loss of nutrients. On the other hand, these become 
available as soon as plants are in position to internalize the released nutrients.
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productivity of rice. It was inferred that nano nitrogen fertilizer hold potential to be 
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plant growth, increased chlorophyll content of leaves and significantly better root 
growth [25]. The growth and yield boosting impact of different nanomaterials is 
depicted in Table 1.
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In agreement to these findings, it was also reported that nanofertilizers of 
zinc improved the seed production of vegetables [26]. Similarly, nano carbon 
incorporated fertilizers effectively reduced the days to germination and pro-
moted root development of rice seedling. It was inferred that nano-composites 
have the potential to promote vital processes such as germination, radicle 
and plumule growth and development [27]. Another aspect of nanofertilizers 
was explored regarding crop cycle as nanoparticles which were loaded with 
NPK, reduced the crop cycle of wheat up to 40 days, while grain yield was also 
increased in comparison to mineral fertilizers applied at recommended rates 
[28]. Slow release fertilizer coated with nanoparticles boosted the productivity 
of wheat-maize cropping system [29]. In addition to soil applied nanofertil-
izers, foliar application of chitosan was reported to be instrumental in boosting 
tomato yield by 20%, while it remained non-significant as far as carrot yield was 
concerned [30]. However, growth promoting effect of foliar applied chitosan was 

Nanofertilizers Crops Yield increment (%)

Nanofertilizer + urea Rice 10.2

Nanofertilizer + urea Rice 8.5

Nanofertilizer + urea Wheat 6.5

Nanofertilizer + urea Wheat 7.3

Nano-encapsulated phosphorous Maize 10.9

Nano-encapsulated phosphorous Soybean 16.7

Nano-encapsulated phosphorous Wheat 28.8

Nano-encapsulated phosphorous Vegetables 12.0–19.7

Nano chitosan-NPK fertilizers Wheat 14.6

Nano chitosan Tomato 20.0

Nano chitosan Cucumber 9.3

Nano chitosan Capsicum 11.5

Nano chitosan Beet-root 8.4

Nano chitosan Pea 20

Nanopowder of cotton seed and ammonium fertilizer Sweet 
potato

16

Aqueous solution on nanoiron Cereals 8–17

Nanoparticles of ZnO Cucumber 6.3

Nanoparticles of ZnO Peanut 4.8

Nanoparticles of ZnO Cabbage 9.1

Nanoparticles of ZnO Cauliflower 8.3

Nanoparticles of ZnO Chickpea 14.9

Rare earth oxides nanoparticles Vegetables 7–45

Nanosilver + allicin Cereals 4–8.5

Iron oxide nanoparticles + calcium carbonate nanoparticles + 
peat

Cereals 14.8–23.1

Sulfur nanoparticles + silicon dioxide nanoparticles + synthetic 
fertilizer

Cereals 3.4–45%

Table 1. 
Impact of nanofertilizers on productivity of different crops under varying pedo-climatic conditions [32–40].
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also recorded for horticultural crops such as cucumber, beet-root etc. The signifi-
cantly higher selenium uptake by many crops including green tea was observed 
when it was applied as nanosized particles [31]. There are various other impacts 
that can be imparted by nanomaterials in different crops and some of these have 
been described in Table 2.

8. Limitations of nano fertilizers

Despite offering numerous benefits pertaining to sustainable crop production, 
nanofertilizers have some limitations regarding research gaps, absence of rigorous 
monitoring and lack of legislation which are currently hampering the rapid devel-
opment and adoption of nanoparticles as a source of plant nutrients [47]. A few of 
the limitations and drawbacks associated to nanofertilizers use for sustainable crop 
production are enlisted below.

1. Nano fertilizers related legislation and associated risk management continue to 
remain the prime limitation in advocating and promoting nano fertilizers for 
sustainable crop production.

Nanofertilizers Crops Imparted characteristics

Nanoparticles of ZnO Chickpea Increased germination, better root 
development, higher indoleacetic acid 
synthesis.

Nano silicon dioxide Maize Drought resistance, increment in lateral root 
roots number along with and shoot length.

Nano silicon dioxide Maize Increased leaf chlorophyll.

Nano silicon dioxide Tomato Taller plants and increased tuber diameter.

Colloidal silica + NPK fertilizers Tomato Increased resistance to pathogens.

Nano-TiO2 Spinach Improved vigor indices and 28% increased 
chlorophyll.

Polyethylene + indium oxide Vegetables Increased sunlight absorption

Polypropylene + indium–tin oxide Vegetables Increased sunlight utilization

Gold nanoparticles + sulfur Grapes Antioxidants and other human health 
benefits.

Kaolin + SiO2 Vegetables Improved water retention.

Bentonite + N-fixing bacteria inoculation Legumes Improved soil fertility and resistance to 
insect-pest.

Nanocarbon + rare earth metals + N 
fertilizers

Cereals Improved nitrogen use efficiency

Stevia extract + nanoparticles of 
Se + organo-Ca + rare-earth elements + 
chitosan

Vegetables Enhanced root networking and root diameter.

Nano-iron slag powder Maize Reduced incidence of insect-pest

Nano-iron + organic manures Cotton Controlled release of nutrients acts as an 
effective insecticide and improves soil fertility 
status.

Table 2. 
Impact of nanofertilizers on different crops under varying pedo-climatic conditions [34–46].
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Stevia extract + nanoparticles of 
Se + organo-Ca + rare-earth elements + 
chitosan

Vegetables Enhanced root networking and root diameter.

Nano-iron slag powder Maize Reduced incidence of insect-pest

Nano-iron + organic manures Cotton Controlled release of nutrients acts as an 
effective insecticide and improves soil fertility 
status.

Table 2. 
Impact of nanofertilizers on different crops under varying pedo-climatic conditions [34–46].
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2. Another limiting factor is the production and availability of nano fertilizers in 
required quantities and this is the foremost limitation in wider scale adoption 
of nano fertilizers as a source of plant nutrients.

3. The higher cost of nano fertilizers constitutes another hurdle in the way of 
promulgating them for crop production under varying pedo-climatic condi-
tions across the globe.

4. Another major limitation pertaining to nanofertilizers is the lack of recognized 
formulation and standardization which may lead to contrasting effects of the 
same nanomaterials under various pedoclimatic conditions.

5. There are many products being claimed to be nano but in fact are submicron 
and micron in size. This dilemma is feared to remain persistent until and unless 
uniform size of nanoparticles (1–100 nm) gets implemented.

9. Conclusions

Nanofertilizers applied alone and in conjunction with organic materials have 
the potential to reduce environmental pollution owing to significant less losses and 
higher absorption rate. In addition, nanomaterials were recorded to improve germina-
tion rate, plant height, root development and number of roots, leaf chlorophyll and 
fruits antioxidant contents. Moreover, controlled and slow released fertilizers having 
coating of nanoparticles, boost nutrient use efficiency and absorption of photosyn-
thetically active radiation along with considerably lower wastage of nutrients. The 
future of nanofertilizers for sustainable crop production and time period needed for 
their general adaptation as a source of plant nutrients depend on varied factors such 
as effective legislation, production of novel nanofertilizers products as per require-
ment and associated risk management. There is a dire need for standardization of 
nanomaterials formulations and subsequently conducting rigorous field and green-
house studies for performance evaluation. For sustainable crop production, smart 
nanofertilizers having the potential to release nutrients as per plants requirement in 
temporal and spatial dimensions must be formulated. Lastly, researchers and regula-
tors need to shoulder the responsibility by providing further insights in order to take 
full advantage of the nanofertilizers for sustainable crop production under changing 
climate with the risk of causing environmental pollution.
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Abstract

Urban horticulture also includes the production of vegetables, mostly leafy 
vegetables, in high tech protected areas with or without daylight. Vegetable crop 
growing is a scientific discipline that studies biology and technology in growing 
vegetable crops in either the open-field and greenhouse environment. The objec-
tive is to gain high-yield agricultural crops, good quality edible parts that are safe 
for human consumption and a minimal environmental pollution. Vegetables are 
annual, biannual or perennial herbaceous plants that rarely develop a woody stem 
during its vegetative period, mostly in the lower section of the stem. The vegetable 
edible parts are rich in water and are used either fresh and raw or processed. Once 
picked, the edible parts may be stored for a short period of time (several weeks, up 
to 9 months at the most). The vegetable edible parts are: roots and tubers, stems 
and stalks, sprouts, bulbs, leaves (cruciferous or headed vegetables), leaf stems, 
immature flower heads, fruits (mature or immature), and seed (mature or imma-
ture). Vegetables could be grown in urban areas, in protected areas with or without 
daylight. LED lightning represent one of the most important modernizations and 
implementation of vegetable production in urban areas.

Keywords: horticulture, vegetable production, modernization, LED lightning

1. Introduction

According to a new UN DESA report (United Nations, Department of Economic 
and Social Affairs “World Population Prospects: The 2015 Revision,” 2015), the 
current world population of 7.3 billion is expected to reach 8.5 billion by 2030, then 
9.7 billion in 2050, and 11.2 billion in 2100.

Due to mentioned data of UN DESA report, it is necessary to consider new solu-
tions in food production, generally. Plant production is a part of food production 
and it requires innovative types of plant growing, especially in modern glasshouses 
or other types of protected areas without daylight. In such protected areas full 
equipment which would provide optimal climate conditions for successful plant 
growing is necessary. It means developing and applying the newest crops produc-
tion technologies in modern greenhouses. On that way, it would be possible to get 
healthy, high quality, and safe food, which is connected with high protection of 
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environment. It is very important for smaller and urban areas. Plant production 
in urban areas is a great contribution in food production for growing population, 
generally. One of such kind of plant production is vertical crop production in 
modern greenhouses or closed systems, both equipped with all necessary installa-
tion for providing optimal climate control. In such environment pests, control is 
efficient, too.

Vegetables have an important role in human consumption as fresh products, food, 
and pharmaceutical industry. They are mostly low calorie, low fat, and low protein 
foods, but are a significant source of some of the most needed vitamins, minerals, and 
microelements. Average recommended daily intake for vegetables is about 400 g [1]. 
Interesting dietary guidelines vegetable consumption USDA posted on their website 
(USDA Dietary Guidelines for Americans). In the mentioned post there is a detailed 
description of daily servings of vegetables for people living in different parts of world.

Vegetables reaction on the global climate changes is very sensitive and vegetable 
production is becoming more difficult by time. At the same time, with the increase 
in population on the planet, demand for vegetables is increasing. Therefore, the 
modernization of horticultural production has been catching the attention of 
scientists for years. One way to modernize horticultural production generally is to 
use LED lighting in a protected space, with and without daylight in urban areas.

Urban farming comprises production of various crops in urban areas, in objects 
with artificial light and without daylight, completely controlled environment in 
order to provide successful process of photosynthesis and crop productivity. It is 
one of the solutions for food production for a growing population on the planet. It is 
solution for the food production in the near future, and nowadays.

Such objects are provided with all necessary installations for optimal crops 
growth, high productivity, clean, and safe fresh food.

High-tech urban farming can be conducted in various spaces, like special rooms, 
chambers, buildings intended for such purpose, removable grow-trainers. It is 
sustainable production without pesticide usage.

Some of very important equipment is light emitting diodes (LED) for horti-
culture, which are made to provide needed light recipe for every phenophase of 
crop growth. It is important for photosynthesis and crop productivity. The other 
important installation, especially in closed systems without daylight, is possibility 
to provide needed CO2 implementation, which is also very important for process of 
photosynthesis and crop productivity. Thus, it is possible to get, for example, high 
quality various vegetables and safe for human consumption.

According to Sprecht et al. [2] greenhouses could be placed on the roofs of the 
buildings in the cities, for example, what belongs to urban horticulture.

2. Supplemental lighting

Supplemental lighting is necessary in seedling production, as well as in grow-
ing vegetable crops that have a longer vegetative period and high demands for 
light (tomatoes, peppers, and cucumber), and for vegetables with smaller habitus 
growing in climate chambers in various urban facilities. In greenhouses, it is usually 
needed during long winter months and periods of overcast. The supplemental 
lighting prolongs a day, compensates for a natural light limiting effect in winter, and 
enhances the amount of the available light. Supplemental lighting support photo-
synthesis in plants and empower plant growth, so they become more resistive on 
various diseases. Supplemental lighting should not be confused with photoperiodic 
lighting, which is applied to create long days, thus controlling the plant growth and 
development processes.
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Fundamental issue is lamps and diodes production technologies because they 
have to be adapted for horticultural crop production. Some of the lighting technolo-
gies include incandescent bulbs, halogen incandescent bulbs, fluorescent lamps, 
compact fluorescent lamps, high-intensity discharge lamps, and light-emitting 
diodes.

For now, in the vegetable crop production practice, the High-Intensity Discharge 
(HID) lamps and LED lamps are in use. The HID lamps emit high heat (up to 50%), 
so they must be placed at about 2 m or more above the crops. The LED lamps are 
placed at about 40 cm or more above the crops (depends on the species) or in 
between the crop’s rows in the greenhouses, as they do not produce heat that could 
damage plants.

Nowadays, there are very intensive studies in the ways the plants use the incom-
ing photosynthetic active radiation (PAR) which is based on a principle of an 
exponential increase of absorbed photosynthetic active radiation with the increase 
in leaf area index [3].

3. Importance of LED lightning

Importance of LED lightning in urban horticulture and generally, horticultural 
production in protected areas could be seen on many official and representative 
movies of companies which have been cooperating in official scientific projects with 
eminent universities around the world.

Many scientific examinations in the recent years showed that LED lightning 
save energy and improve and empower plat growth and modern urban vegetable 
growing—in protected areas with and without daylight.

Light-emitting diodes (LED) represent a promising technology for the 
greenhouse industry that has technical advantages over traditional lighting 
sources, as well as a significantly positive impact on the plant photosynthesis 
process and therefore on the crops yield. They are only recently being tested 
for horticultural applications, both in greenhouses and in special chambers 
with a total control of climatic and other conditions necessary for the crop’s 
growth and development. For the time being, they are mostly used in growing 
leafy vegetables and herbs. LEDs are solid-state light-emitting devices that emit 
broad-band (white) spectrum light that is necessary for both the vegetative and 
the reproductive crops phases. Depending on the vegetable varieties and their 
edible parts (vegetative part, fruit, and immature flower heads), LEDs could 
be designed to emit light for each phenophase of the crops, so as to adjust it 
to particular crops and production goals. One of the most important features 
of LEDs for horticultural application is that the generation of light in LEDs 
does not produce heat in the beam of light, and LEDs are cool to the touch. 
So, LEDs can be placed at 40–50 cm above the rows of crops or in between the 
rows in the greenhouse, and there will be no damage to the plants coming from 
excess heat.

Besides the crucial role of light and its special qualities for the process of photo-
synthesis, a combination of light or photosynthetically active radiation (PAR) and 
supplemental carbon dioxide is also very important in the greenhouse. It is vital 
that both light and carbon dioxide are provided in sufficient amounts within the 
greenhouse, or otherwise, a lack of either may pose a limiting factor for the pho-
tosynthetic process and consequently for the crop’s productivity. Therefore, when 
supplemental lighting is applied for purposes of increasing the crops productivity, it 
is necessary at the same time to maintain a suitable carbon dioxide concentration in 
the greenhouse.
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In this way, it is possible to grow vegetables in the greenhouses without natural 
daylight but with the application of the suitable LED lighting (depending on the 
crops variety, its edible parts, growing requirements and other) and other con-
trolled climatic conditions for optimal plant growth. LED lighting lasts approxi-
mately 18 hours and 6 hours plants are in the dark.

4.  Light quality in supplemental lighting in vegetable growing in 
completely controlled environment without daylight

The suitable light quality in the greenhouses actually refers to the wavelengths 
(colors) that are efficient in inducing photosynthesis in plants and other growing 
processes. The light wavelengths are expressed in nanometers (nm). The visible 
spectrum wavelengths range from about 390 to 760 nm, which is only a small 
portion of the sunlight (radiation) electromagnetic spectrum. The visible light 
consists of: violet (380–430 nm), blue (430–500 nm), green (500–570 nm), yellow 
(570–590 nm), orange (590–630 nm), and red light (630–760 nm). The visible light 
range mostly corresponds to the Photosynthetically Active Radiation (PAR) from 
about 400 to 700 nm. The stated wavelengths have the right amount of energy 
for the biochemical processes, while their ratio in the available light is of crucial 
importance for determining the quality of light. About half of the sunlight energy 
participates in the photosynthetic processes. The rest of the energy comes from the 
sunlight short wavelength spectrum (UV—ultraviolet radiation) and sunlight long 
wavelength spectrum (IR—infrared radiation).

Blue section of the spectrum, also known as cool light, induces these wave-
lengths that encourage vegetative and leaf growth through strong root growth and 
intense photosynthesis.

Red section of the spectrum induces stem growth, tuber and bulb formation, 
flowering, and fruit production, and chlorophyll production.

Far-red light may cause plants to stretch (elongate) and may trigger flowering in 
some long-day plants. The plants are exposed more to the far-red than to the red light, 
which may become a problem with the greenhouse vegetable crop production due to 
possible shading (for whatever reason) or due to the reduced plants vegetative space.

Green and yellow sections of the spectrum that reach the plants are reflected, 
thus giving them their green color. Most of the absorbed sunlight wavelength 
belongs to the blue and red range of the spectrum. However, the recent studies have 
shown that plants do also absorb some green and yellow light, using it in the process 
of photosynthesis [4]. Generally, a light source that provides light in the entire vis-
ible range will better meet the needs of the plant.

For the time being, in the greenhouse vegetable crops growing practice, the 
high-pressure sodium (HPS) lamps are used, but also the LED lamps are gaining 
(Figure 1) an increasing significance in the plastic and glass greenhouses and in 
special chambers vegetable production. Also, in The Netherlands, the latest studies 
at the Wageningen and Maastricht universities research centers have their guide-
lines for greenhouse lighting with little or no natural daylight for special feature 
vegetable crops growing—increased vitamin C content, reduced nitrates content, 
increased sugar content, and higher yield.

With red, white, and far red light, it is possible to prepare ideal light recipe for 
particular vegetable species and improve process of photosynthesis and production 
of assimilates which empower plants. The most important is how plants response on 
various recipes. So, plants become more resistant toward unfavorable conditions for 
its growth and toward diseases. In case of adding combination of red, blue, and far 
red light to combination of red, white, and far red light, it is possible to reach more 
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than 20 various recipes of plants lightning. Then, in combination with CO2, tem-
perature, various substrates, and humidity, it is possible to obtain ideal light recipes 
for optimal plant growth. Such kind of experiments could be expensive, but with 
good plan and expertise (know-how) costs could be lower.

According to Goldammer [5] besides optimal light recipe for the particular 
crops, it is necessary to understand process of plant growth in order to apply it in 
the practice, and to do optimizing all the other parameters like climate, irrigation, 
nutrition, software, sensors, seeds, substrates. Actually, all parameters in indoor 
plant environment are gathering via sensors and special software in computer 
where it is possible to control and manage them. The right interaction between all 
mentioned parameters and growing crops give the best results in indoor completely 
controlled environment in vegetable crop production. Vegetable crops are kept out 
of bugs and pests, taste optimized, could be produced all year around in natural 
way, with less waste in fresh food production, generally. On that way, food is clean, 
healthy, and nutritious, and production is efficient.

The most suitable for urban horticulture are usage of NFT systems, combined 
NFT system, and rockwool cubes, and LEDs above the crops, or LEDs could be 
used between plants rows grown on rockwool substrates. Which type of crops 
growing and type of LEDs which would be applied depend on morphology of 
plants species [4].

Generally, nowadays, trend in horticulture is vegetable production under the 
LED lightning because of numerous advantages in comparison with other types of 
supplemental lighting.

5.  Supplemental carbon dioxide in vegetable production in completely 
controlled environment and in the greenhouses with LED lightning 
installation

Carbon dioxide (CO2) gas is the essential component for the process of 
photosynthesis, and the plants uptake it through their stomata on the leaves. 

Figure 1. 
LED lightning in between rows of cucumber plants with daylight in modern glasshouse.
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Photosynthesis is a chemical process occurring in plants in which the light energy is 
used to convert carbon dioxide into water and sugars (carbohydrates) and oxygen 
(O2) gas. The sugars in plants, obtained in the process of photosynthesis, are then 
used for the plant development and growth through the process of respiration.

In the objects with LED lightening and completely controlled environment, 
without daylight, enrichment of the air with CO2 is necessary because of process 
of photosynthesis and crop productivity. Due to lack of sun light, in such objects is 
very important to define right amount of CO2.

In the air (outside the greenhouse), there is about 400 ppm of carbon dioxide. 
The CO2 concentration is increased when coal, natural gas, oil, and kerosene are 
burnt. Inside the greenhouse, the amount of CO2 may be significantly depleted as 
plants use it intensively in the process of photosynthesis (Figure 2; [4]), which may 
lead to a decreased crops productivity or yield. For that reason, “CO2 fertilization” 
or “CO2 enrichment” is a standard practice in modern greenhouses.

Since there is about 500 times more oxygen in the air than carbon dioxide [4], it 
makes sense to increase the CO2 concentrations in the greenhouse (particularly in 
highly equipped glasshouses). It has a positive effect on the oxygen-carbon dioxide 
ratio. The photosynthesis is higher by 30–50% at CO2 concentrations of about 
1000 ppm, regardless of the amount of light.

The increased concentrations of carbon dioxide are good as long as they do not 
limit the process of photosynthesis. Photosynthesis depends on light, temperature, 
air humidity, and carbon dioxide contents in the greenhouse. There is often a ques-
tion of what is the optimal concentration, but it is hard to give a correct answer to it 
as the process of photosynthesis does not depend solely on CO2. Also, a point should 
be made that climatic factors affect the stomatal opening mechanism (through 
which the plants uptake CO2). Generally, a small increase in the plant photosynthe-
sis process may be achieved at 1000–1200 ppm, but then, there is also an increased 
possibility of damage to the crops. One experiment done on eggplant crops showed 
that the first damage to the plants occurred at a constant CO2 level of 800 ppm [4]. 
Quite often, the intensity of the photosynthesis may be higher at lower doses of 
carbon dioxide and higher intensity of light, and the other way around.

Supplementing the greenhouse air with carbon dioxide may not be necessary at 
all as long as the processes of the crops development and growth are quite satisfac-
tory for the vegetable grower. Also, in a case of intensive greenhouse ventilation, 
the carbon dioxide concentration may drop below a level that is necessary for the 
normal photosynthesis process, so increasing the CO2 concentration may not be an 
economical measure (unless the greenhouse ventilation rate is lowered).

If the crops quality and production are below the satisfactory level, however, 
carbon dioxide supplementing should be the next measure. Generally, the produc-
tion period from late autumn to early spring increases the potential need for CO2 
supplementing the greenhouse air, which actually corresponds to a lower ventila-
tion rate due to low outdoor temperatures.

Figure 2. 
Photosynthetic process equation.
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Normal ventilation provides an amount of carbon dioxide that is similar to 
its levels in the outdoor air (350–400 ppm). But then, frequent ventilation in the 
greenhouse is not desirable, so that CO2 supplementing has long been a common 
practice in vegetable crops growing. The necessary greenhouse carbon dioxide 
concentration is determined upon the type of the crops grown in the greenhouse, 
the greenhouse total volume and ventilation, lighting, temperature, air humidity, 
and stomatal opening [6].

Since carbon dioxide is one of the products of burning (e.g., fuel for greenhouse 
heating system), this segment of the heating process can be used for supplementing 
the greenhouse air. There are various ways of extracting carbon dioxide from other 
products of burning (fuel), so that the CO2 from the boiler room can be dosed and 
at certain times directed and distributed into the greenhouse.

Also, pure carbon dioxide can be used, which is delivered to growers in special 
tanks, in liquid form and then can be converted into gas and distributed in the 
greenhouse. This way of supplementing the CO2 has become increasingly popular as 
it eliminates any potential damage to the crops, allows control of other greenhouse 
climatic conditions that regulate the process of photosynthesis and crops produc-
tivity, provides easy control of the carbon dioxide levels, and is more flexible for 
supplementing the CO2 when necessary.

One disadvantage of the liquid CO2 is that it is usually more expensive than that 
obtained from burning fuel, e.g., natural gas.

Also, it would be advisable to install a proper system that registers the CO2 
concentration and then distributes it in the greenhouse. Such a system, like in other 
greenhouse installation operations, has corresponding sensors that are linked to a 
special computer software that registers, monitors, and controls all the greenhouse 
environment parameters. In this way, it is possible to detect a cause of each change 
and correct it in a short period of time.

The distribution of CO2 depends mainly on the air movement within the 
greenhouse, as CO2 does not travel very far through diffusion. One of the pure 
CO2 distribution ways is by a central pump that pushes it into a system of flexible 
perforated plastic pipes (made of polyethylene or other plastic material). The pipes 
for CO2 distribution are placed below the substrate special gutters with plants (if 
crops are grown in such gutters) or in the lower sections of the crops (if the plants 
are not grown in gutters). Then, through the pipe perforation, the carbon dioxide is 
distributed in the air around the plants. Very important is to obtain conditions that 
keep the leaf stomata open in order to uptake carbon dioxide [4].

In greenhouses, LED lightning could be placed on the top of the crops or in 
between rows of the particular crop. LED light does not have high emission of heat 
and cannot damage plants if they are placed in between rows in the crop. Even, that 
type of LED lightning is possible to be moved up and down, what depends on the 
crop development. Combination of LED lightning and sun light in greenhouses is 
an excellent combination for saving electrical energy and to empower crops growth.

With the progress of the scientific research about LED lightning (Figure 3) for 
horticulture and its interaction with plants in order to achieve better quality of 
edible parts and improve energy efficiency [7] in crop production, it could be high 
yield, uniform color, firmness, nitrate control in edible parts of plants. Intensity of 
LEDS which is enough for various recipes is approximately 600 μmol m−2 s−1 [8, 9].

LED lightning [10] is an efficient source of light in horticulture needed for 
photosynthesis and plant productivity. Advantages of LED lightning in horticulture 
than the other types of lightning are relatively low energy consumption, lower radi-
ation heat, long lifetime, flexibility in positioning above or inside a crop, the ability 
to control the light spectrum and produce high light levels. Important characteristic 
of LEDs is possibility to control and make various light recipes which participate 
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photosynthesis and plant productivity. Advantages of LED lightning in horticulture 
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ation heat, long lifetime, flexibility in positioning above or inside a crop, the ability 
to control the light spectrum and produce high light levels. Important characteristic 
of LEDs is possibility to control and make various light recipes which participate 
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in optimizing photosynthesis, photomorphogenesis, and nutrient contents. LEDs 
make easier monitoring of nitrogen absorption by leafy plants and avoid harmful 
nitrate concentration in leafy plants and its influence on human health.

Urban farming is carried out mainly hydroponically (NFT system or rockwool) 
with or without daylight with complete controlled environment [10], which bring 
some benefits like controlled usage of water, nutrients, pesticides multiple crops per 
year, high quality of edible parts, less labor, and easier harvesting.

Urban farming provides remarkable reduction in electricity cost for transplants 
production by using thermally insulated walls, multi-shelves, advanced lighting 
and air conditioning systems, etc.

Urban farming enables vertical production of propagation plant material and 
regular crop production in fully controlled environment. It means that the area for 
urban farms can be various. It can be placed in supermarkets, or other places where 
people gather and want to refresh with fresh vegetables or fruits, for example. 
Urban farms can be smaller or larger areas (e.g., of several square meters), and with 
vertical cultivation, the crop yield is achieved as in larger areas (e.g., in modern 
greenhouses or completely controlled objects without sun light).

6. Conclusion

Further development of LED lightning in horticulture, especially in vegetable 
production, would bring many advantages in producing clean, safe, health food for 
humans, but for animals, too.

Figure 3. 
LED lightning in protected area without day light.
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Due to significant climate change and growing population on the planet, there 
is a need for new solutions regarding safe and high-quality food production. One 
of the solutions is improvement and usage of LED lightning in controlled environ-
ment without sun light or greenhouses with LED light as a supplemental light in the 
particular crop production.

In order to achieve global food security goals, it is possible to implement alterna-
tive farming methods that could increase horticultural outputs and reduce negative 
climate impacts on the food production. It means that urban areas could be used for 
high quality food production and using LED lightning.
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Chapter 19

Remote Sensing: Useful Approach 
for Crop Nitrogen Management 
and Sustainable Agriculture
Salima Yousfi, José Fernando Marin Peira,  
Gregorio Rincón De La Horra and Pedro V. Mauri Ablanque

Abstract

Soil fertility is among the most important criteria that affect crop yield and qual-
ity. Nitrogen stress due to the low soil fertility and the lack of nitrogen availability 
is a major factor limiting the crop productivity in arid and semiarid environments, 
where fertilization is not optimized in terms of timing and quantity. Managing 
nitrogen fertilization is one of the most important criteria in the precision agri-
culture, which helps to improve crop production, environment conditions, and 
farmer’s economy. It is very important to apply N fertilizers with efficient methods 
allowing to the nutrient use efficiency and avoiding nitrogen losses and environ-
ment contamination. Nowadays, remote sensing methods using spectral and ther-
mal approaches have been proposed as potential indicators to rapid identification of 
crop nitrogen status by providing information about vegetation canopy properties 
across large areas. The use of remote sensing methods to schedule nitrogen fertiliza-
tion can help farmers to practice a more sustainable agriculture, minimizing risks of 
losing the harvest by providing an adequate rate of nitrogen when the crops’ needs 
and at a specific location.

Keywords: nitrogen fertilization, remote sensing, smart N management, farmer’s 
decisions, precision agriculture, sustainable agriculture

1. Introduction

Soil nitrogen amount is among the most important criteria that affect crop 
yields and quality. Plant growth and development need nitrogen in greater quantity, 
since it is involved in various physiological processes. Nitrogen is a part of many 
components of plant cells, including amino acids, nucleic acids [1], proteins, and 
chlorophyll in plant leaves. Likewise, nitrogen availability produces rapid and early 
crops’ growth, increases protein content of crops, facilitates the uptake and utiliza-
tion of other nutrients as potassium and phosphorous, improves fruit quality, and 
controls overall growth of plant [2, 3]. However, nitrogen deficiency rapidly inhibits 
the growth of plants and alters many metabolic processes. The lack of nitrogen 
decreases photosynthesis [4], causes appearances of chlorosis [5], reduces chloro-
plast size [6], and provokes a high decrease in crop quality and yields.

Consequently, analyzing nitrogen amount in soil and crops and the application 
of N fertilizer in the event of a deficit are essential to improve crop production.  
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1. Introduction

Soil nitrogen amount is among the most important criteria that affect crop 
yields and quality. Plant growth and development need nitrogen in greater quantity, 
since it is involved in various physiological processes. Nitrogen is a part of many 
components of plant cells, including amino acids, nucleic acids [1], proteins, and 
chlorophyll in plant leaves. Likewise, nitrogen availability produces rapid and early 
crops’ growth, increases protein content of crops, facilitates the uptake and utiliza-
tion of other nutrients as potassium and phosphorous, improves fruit quality, and 
controls overall growth of plant [2, 3]. However, nitrogen deficiency rapidly inhibits 
the growth of plants and alters many metabolic processes. The lack of nitrogen 
decreases photosynthesis [4], causes appearances of chlorosis [5], reduces chloro-
plast size [6], and provokes a high decrease in crop quality and yields.

Consequently, analyzing nitrogen amount in soil and crops and the application 
of N fertilizer in the event of a deficit are essential to improve crop production.  
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A key factor in the efficiency of nitrogen application is to adjust N input to N crop 
demand [7]. The addition of N fertilizer when crops’ needs, with the right dose, 
may increase yields and reduce the farmer’s input costs. In this way, precision 
agriculture permits the distribution of the correct quantity of agricultural inputs 
(fertilization and water irrigation) in real time and at a specific location. Mulla and 
Schepers [8] reported that precision agriculture aims to improve site-specific agri-
cultural decision-making through collection and analysis of data, formulation of 
site-specific management recommendations, and implementation of management 
practices to correct the factors that limit crop growth, productivity, and quality. 
Moreover, Gebbers and Adamchuk [9] described the precision agriculture as a key 
to optimize the use of available resources to increase the profitability and sustain-
ability of agricultural operations, to reduce negative environmental impact, and to 
improve the quality of the work environment and the social aspects of farming.

Therefore, monitoring nitrogen fertilization with a high coverture of crop, high 
spatial variability, and right timing of applications are very important to improve 
crop’s production and to help farmers to take decisions. Nowadays, crop water and 
nitrogen managements use many indices acquired by remote sensing techniques. 
Mulla and Miao [10] informed that proximal sensing of crops is currently the 
primary tool used to detect nutrient deficiencies for variable rate application of 
fertilizer. This is based on researches that showed nitrogen deficiencies could be 
detected using spectral reflectance in the green, red, red edge, and near-infrared 
portions of the spectrum.

In this chapter, we explain the usefulness of the use of remote sensing techniques 
in precision agriculture in managing nitrogen fertilization. Remote sensing meth-
ods are rapid and nondestructive ways of permitting multiple optical measurement 
indicators of plant greenness and crop nitrogen status. Fox and Walthall and Hunt 
et al. [11, 12] showed that the greenness of plants is strongly related to leaf chloro-
phyll content and to N status, and so it has been used as an indicator of N availabil-
ity. Moreover, remote sensing techniques can be generally defined as doing the right 
management practices at the right location, in the right rate, and at the right time 
[10]. This would reduce surplus N in the crop production system without reducing 
crop yield, which would in turn reduce N losses to surface and groundwaters [13].

2. Remote sensing systems and smart nitrogen fertilization

Remote sensing methods using spectral and thermal approaches have been 
proposed as potential indicators to allow rapid identification of crop nitrogen status 
by providing information about vegetation canopy properties. Guérif et al. [14] 
reported that reflective sensors represent a new approach showing great potential to 
provide quick and easy, nondestructive estimates of plant nitrogen status. Remote 
sensing observations in the visible and near-infrared spectral may provide informa-
tion of leaf chlorophyll content, and such information permit the early detection 
of plant nutrient deficiency. Guérif et al. [14] have demonstrated that the canopy 
chlorophyll content is more strongly related to the canopy nitrogen content. This 
provides the necessary link between remote sensing observations and the canopy 
state variables used as indicators of nitrogen status. Moreover, nitrogen stress 
decreases canopy reflectance in near-infrared [15, 16] and increases canopy reflec-
tance over all visible wavelengths, because of a shortage of chlorophyll and other 
light-absorbing pigments [15]. Therefore, vegetation indexes combining informa-
tion from visible and near-infrared regions may maximize sensitivity to N stress 
and are used as tools in nitrogen fertilization.
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2.1 Ground remote sensing to detect nitrogen deficiency

The use of low-cost ground remote sensing methods to schedule nitrogen fertil-
ization may contribute to more sustainable agriculture [17]. Ground remote sensing 
instruments are very useful for small-scale operational field monitoring of biotic 
and abiotic stress agents. This technology has better temporal, spectral, and spatial 
resolutions than satellite remote sensing [18]. In this category, the effective and 
easy-to-measure Trimble GreenSeeker is the most used; it is equipped with an active 
sensor and emits its own light to measure canopy reflectance corresponding to the 
red and near-infrared. GreenSeeker measures the normalized difference vegeta-
tion index (NDVI), which is formulated using the following equation: (NIR − R)/
(NIR + R), where R is the reflectance in the red band and NIR is the reflectance 
in the near-infrared band. In addition, Hunt et al. [12] informed that NDVI value 
varies with absorption of red light by plant chlorophyll and the reflection of NIR 
radiation by water-filled leaf cells.

NDVI is one of the most well-known vegetation indices used in precision 
agriculture in managing crops’ fertilization. NDVI values indicate N uptake, plant 
health, and yield prediction [19] and correlate positively with intercepted photo-
synthetically active radiation and also correlate well with N content [20]. In this 
regard, NDVI readings are used to assess the effect of nitrogen fertilization [21, 22], 
since its values depend on two factors, nitrogen content and total biomass [23].

In the last decades, several companies offer equipment with N-sensor for proxi-
mal sensing of crop nitrogen and nutrient deficiencies as Trimble’s GreenSeeker, 
Ag Leader’s OptRx, and Yara’s N-sensor. Farmers can use these services to analyze 
the level of nitrogen in their crops and make decisions before providing nitrogen 
fertilization. All these companies and many others help the farmer to analyze the 
levels of nitrogen deficiency in crops and to calculate the exact amount of N fertil-
izer for each crop.

2.2 Nitrogen management by airborne and satellite imagery

One of the most active applications in the nitrogen fertilization managing is the 
use of aerial remote sensing services. Multispectral, hyperspectral, and thermal 
aerial imagery obtained by unmanned aerial vehicle (UAV) flights is a useful tool to 
detect nitrogen N crop needs. According to Ref. [24], there are various categories of 
imaging systems derived from remote sensing and used in fertilization application. 
Among them we cited the RGB/CIR cameras, which combine infrared (CIR), red, 
green, and blue light imagery (visible or RGB) and enable to estimate green biomass 
[24] and N status (NDVI type of information). The multispectral cameras, which 
can acquire a limited number of spectral bands at once in the VIS-NIR regions, are 
widely used for evaluating green biomass, nutrient status, pigment degradation, 
and photosynthetic efficiency [24]. The infrared cameras or thermal imaging 
cameras have a potential use in predicting nutrients stress in crops.

Nowadays, various companies provide farmers aerial remote sensing services 
through multispectral and hyperspectral or thermal aerial imagery, which is used 
for the diagnostics of crop nutrient deficiency in different crops (wheat, rice, 
cotton, horticultures, and other crops). Several models of nitrogen applications 
are developed by the use of aerial platform imagery, permitting to improve farm 
nitrogen management. Nitrogen algorithm models, developed by the information 
obtained through N-sensor, can help farmers to calculate the correct dose of N sup-
ply needs by crops and location and thus increase crops’ production and decrease 
environmental contamination due to excessive N fertilization.



Sustainable Crop Production

316
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ity. Moreover, remote sensing techniques can be generally defined as doing the right 
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provides the necessary link between remote sensing observations and the canopy 
state variables used as indicators of nitrogen status. Moreover, nitrogen stress 
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can acquire a limited number of spectral bands at once in the VIS-NIR regions, are 
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cameras have a potential use in predicting nutrients stress in crops.

Nowadays, various companies provide farmers aerial remote sensing services 
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obtained through N-sensor, can help farmers to calculate the correct dose of N sup-
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Additionally, multispectral and hyperspectral satellite imagery also has a major 
role in managing crop growth. Data of satellite imagery (sometimes with free 
access) are frequently used in fertilization management and soil analyses on large 
spatial and temporal scale. Söderström et al. [25] explained that the advantage of 
using satellite data for N management within fields compared with handheld or 
vehicle-mounted sensors is that the data collected cover huge areas and can be used 
on a multitude of scales, from watersheds and landscapes to fields. New low-cost or 
publicly available satellite systems such as Sentinel-2 with high temporal resolution 
and with additional wavebands targeted for assessment of crop properties open up 
exciting possibilities for improved N management and nutrient use efficiency for 
more efficient food chains.

The CropSAT, Sentinel, and Fertisat are some satellites that offer farmers the 
possibility to improve the efficiency of nitrogen fertilization, using variable rate 
application (VRA) technologies. In addition, nitrogen maps created by satellite 
imagery can be used for site-specific adjustment of N fertilizer in the fields and are 
often adapted to specific requirements of crops, since each species has a different 
phenology and thus a different quantity and critical time for nitrogen application. 
Nevertheless, sometimes the climatic conditions are the main problems using 
satellite imagery to crop managements. In addition, weather conditions also influ-
ence the absorption of nitrogen by plants; hence, information derived from remote 
sensing imagery consider all these elements when defining precise doses of nutrient 
fertilizer.

3. Smart nitrogen fertilization for sustainable agriculture

In the recent years, remote sensing techniques are being considered as a key 
factor in the sustainability of agriculture. Information managed through NDVI and 
thermal and multispectral imageries are the most used in the precision agriculture 
for vegetation monitoring, since it permits to correct in real time problems found 
in the fields as the lack of nutrients or overfertilization; thus, avoiding losses of 
production and environment damages.

3.1 Timing of fertilization and plant needs

Both deficit and excess of N fertilizer have negative effects on plant growth. 
Guérif et al. [14] informed that too much nitrogen is not good either, as nitrogen 
toxicity can occur in overfertilized plants, leading to stunted growth and a poor-
quality plant. In addition, Rubio et al. [26] showed that an excessive amount of N in 
ammonium form may adversely affect plant growth, causing a rapid development 
of the crop, with rapid stem elongation that makes plants too soft and blocks the 
absorption of Ca2+. Moreover, Dynarski [27] added that overfertilized crops permit 
to take up more nitrogen than they need, which disrupts the balance of nutrients in 
plant tissue, and the result is that crops will be deficient in other necessary nutri-
ents, such as sulfur and zinc, reducing in this way crop quality. Other authors added 
that inadequate quantity of N fertilizer could decrease fruit production [28, 29],  
increase susceptibility to insect pests [11, 30] and pathogens [28, 30, 31], and 
reduce nutritional quality of harvested products [28, 32].

However, the efficiency of N fertilization does not only depend on the contribu-
tion of the appropriate amount but also on providing this amount to crops at the 
right time, since each species has critical points in the cycle of growth where nitrogen 
input is primordial. For example, wheat cultivars need N supply in the spring and 
early summer, while corn absorbs most nitrogen fertilizer in midsummer, and other 
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crops need N fertilizer just after crop emergence or at seedling. In this regard, nitro-
gen fertilizer should be applied when the crop needs and with adequate quantity.

In this regard, many researches showed that leaf spectral reflectance properties 
are closely related to growth environments (water and nutrients’ availability), but 
it is also strongly associated to crop needs at different growth stages. In recent years, 
remote sensing methods are frequently used in managing N fertilizer in various 
farms; these techniques can help farmers to calculate the exact dose of N fertil-
izer necessary for crops and most importantly apply it at the right period. Many 
researchers have developed several models and algorithms using remote sensing 
information (through NDVI, drones, and satellite imagery) to determine N rates for 
different species and locations.

3.2 Remote sensing and soil fertility

The excess of N fertilizer causes negative effect on soil, since it affects composi-
tion and fertility of soils. The long-term use of fertilizers has become a significant 
source of soil and water pollution [33, 34]. The application of nitrogen above 
the appropriate levels may cause nitrate accumulation in lower parts of the root 
expansion, and consequently there is a risk for soil nitrogen leaching [35, 36]. In 
addition, [37] affirmed that soil acidity is developed in response to nitrogen fertil-
izer addition when addition of N exceeds the assimilation or N storage by biotic 
components or soil organic matter, respectively. The same authors added that 
excessive N fertilizer input could affect soil chemical and biological health, as well 
as the soil organic matter.

Hence, it is important first to know the current soil nutrient levels before any 
supplement of N fertilizer. In this way, soil parameter reflectance can provide infor-
mation on the compositions and properties of soil. The study of spectral reflectance 
of soils has the ability to provide nondestructive and rapid prediction of soil physi-
cal, chemical, and biological properties [38]; soil texture, structure, and moisture 
[39]; and soil mineralogy and organic matter [40]. Therefore, potential information 
acquired through remote sensing technologies can help avoid soil degradation due 
to overfertilization. Moreover, mapping and analysis of soil fertility using remote 
sensing imagery or N-sensors before N supply can diminish soil compaction and 
increase N efficiency and absorption.

3.3 Environment protection

Another important effect of remote sensing techniques in nitrogen management 
is the protection of the environment. Excessive and long period of nitrogen fertil-
ization accumulates contaminants in the soil and provoked environment damages. 
Guérif et al. [14] informed that overfertilizing can be a source of unnecessary extra 
costs as well as an environmental hazard in the case of nutrient runoff. Moreover, 
Saggar et al. and Vistoso et al. [41, 42] indicated that N fertilizer application at lev-
els exceeding plant requirements leads to significant environmental consequences 
in many parts of the world due to N losses, such as nitrate NO3 leaching, NH3 
volatilization, and nitrous oxide (N2O) emission. Deterioration of water quality 
is also one of the most serious global environmental problems derived from the 
excessive crop nitrogen fertilization. Groundwater or surface water is being pol-
luted mainly by nitrates when crop overfertilization occurs. Riley et al. [43] showed 
that the transport of N from agricultural soils to surface waters has been linked to 
eutrophication of freshwater and estuaries. High fertilization rates lead to N losses 
with negative impacts not only on atmospheric greenhouse gas (GHG) concentra-
tions but also on water quality [44].



Sustainable Crop Production

318

Additionally, multispectral and hyperspectral satellite imagery also has a major 
role in managing crop growth. Data of satellite imagery (sometimes with free 
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Both deficit and excess of N fertilizer have negative effects on plant growth. 
Guérif et al. [14] informed that too much nitrogen is not good either, as nitrogen 
toxicity can occur in overfertilized plants, leading to stunted growth and a poor-
quality plant. In addition, Rubio et al. [26] showed that an excessive amount of N in 
ammonium form may adversely affect plant growth, causing a rapid development 
of the crop, with rapid stem elongation that makes plants too soft and blocks the 
absorption of Ca2+. Moreover, Dynarski [27] added that overfertilized crops permit 
to take up more nitrogen than they need, which disrupts the balance of nutrients in 
plant tissue, and the result is that crops will be deficient in other necessary nutri-
ents, such as sulfur and zinc, reducing in this way crop quality. Other authors added 
that inadequate quantity of N fertilizer could decrease fruit production [28, 29],  
increase susceptibility to insect pests [11, 30] and pathogens [28, 30, 31], and 
reduce nutritional quality of harvested products [28, 32].

However, the efficiency of N fertilization does not only depend on the contribu-
tion of the appropriate amount but also on providing this amount to crops at the 
right time, since each species has critical points in the cycle of growth where nitrogen 
input is primordial. For example, wheat cultivars need N supply in the spring and 
early summer, while corn absorbs most nitrogen fertilizer in midsummer, and other 

319

Remote Sensing: Useful Approach for Crop Nitrogen Management and Sustainable Agriculture
DOI: http://dx.doi.org/10.5772/intechopen.89422

crops need N fertilizer just after crop emergence or at seedling. In this regard, nitro-
gen fertilizer should be applied when the crop needs and with adequate quantity.

In this regard, many researches showed that leaf spectral reflectance properties 
are closely related to growth environments (water and nutrients’ availability), but 
it is also strongly associated to crop needs at different growth stages. In recent years, 
remote sensing methods are frequently used in managing N fertilizer in various 
farms; these techniques can help farmers to calculate the exact dose of N fertil-
izer necessary for crops and most importantly apply it at the right period. Many 
researchers have developed several models and algorithms using remote sensing 
information (through NDVI, drones, and satellite imagery) to determine N rates for 
different species and locations.

3.2 Remote sensing and soil fertility

The excess of N fertilizer causes negative effect on soil, since it affects composi-
tion and fertility of soils. The long-term use of fertilizers has become a significant 
source of soil and water pollution [33, 34]. The application of nitrogen above 
the appropriate levels may cause nitrate accumulation in lower parts of the root 
expansion, and consequently there is a risk for soil nitrogen leaching [35, 36]. In 
addition, [37] affirmed that soil acidity is developed in response to nitrogen fertil-
izer addition when addition of N exceeds the assimilation or N storage by biotic 
components or soil organic matter, respectively. The same authors added that 
excessive N fertilizer input could affect soil chemical and biological health, as well 
as the soil organic matter.

Hence, it is important first to know the current soil nutrient levels before any 
supplement of N fertilizer. In this way, soil parameter reflectance can provide infor-
mation on the compositions and properties of soil. The study of spectral reflectance 
of soils has the ability to provide nondestructive and rapid prediction of soil physi-
cal, chemical, and biological properties [38]; soil texture, structure, and moisture 
[39]; and soil mineralogy and organic matter [40]. Therefore, potential information 
acquired through remote sensing technologies can help avoid soil degradation due 
to overfertilization. Moreover, mapping and analysis of soil fertility using remote 
sensing imagery or N-sensors before N supply can diminish soil compaction and 
increase N efficiency and absorption.

3.3 Environment protection

Another important effect of remote sensing techniques in nitrogen management 
is the protection of the environment. Excessive and long period of nitrogen fertil-
ization accumulates contaminants in the soil and provoked environment damages. 
Guérif et al. [14] informed that overfertilizing can be a source of unnecessary extra 
costs as well as an environmental hazard in the case of nutrient runoff. Moreover, 
Saggar et al. and Vistoso et al. [41, 42] indicated that N fertilizer application at lev-
els exceeding plant requirements leads to significant environmental consequences 
in many parts of the world due to N losses, such as nitrate NO3 leaching, NH3 
volatilization, and nitrous oxide (N2O) emission. Deterioration of water quality 
is also one of the most serious global environmental problems derived from the 
excessive crop nitrogen fertilization. Groundwater or surface water is being pol-
luted mainly by nitrates when crop overfertilization occurs. Riley et al. [43] showed 
that the transport of N from agricultural soils to surface waters has been linked to 
eutrophication of freshwater and estuaries. High fertilization rates lead to N losses 
with negative impacts not only on atmospheric greenhouse gas (GHG) concentra-
tions but also on water quality [44].
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The excess of nitrogen fertilizer can be leached downward into groundwater, be 
mixed with surface waters, or be released into the atmosphere as gases, causing a 
high rate of environmental pollution. In addition, matching N application and crop 
requirements decrease deleterious environmental effects of excessive fertilization, 
either by nitrate pollution of water [45] or by gaseous emissions [46].

Consequently, all these negative consequences for the environment, associated 
with excessive nitrogen fertilizer, need new technological approaches to improve 
nutrient management. The use of remote sensing data to control dose and timing of 
nitrogen fertilizer can protect environment and permit best management of crops 
to more sustainable agriculture.

3.4 Impact of the intelligent fertilization in farmer’s economy

In addition, excessive application of fertilizers also affects the farmer economy 
negatively. Efficiency of nitrogen fertilization can help farmers to improve control 
of incomes and reduce costs, avoiding unnecessary supply of N fertilizer. The 
application of the right dose of fertilizer (and sometimes no fertilization) helps 
farmers for best crop management, since the application of N does not always 
increase performance. The estimation of N plant and soil status prior to fertiliza-
tion is important, particularly when fertilizer rates are above the optimal farmer’s 
economic level and crop needs; in this case, farmers can reduce the unnecessary 
N fertilization and maintain yield at a lower cost. At many times, the minimum 
fertilization can optimize the yield and income of farms and permit the sustain-
ability of agriculture. At present, the number of farmers who accept the use of new 
technologies in their crop management has increased. Farmers have realized that 
the better use of fertilizer through remote sensing information can greatly improve 
their income, protect their crops, and develop the rural environment.

4. Farmer’s decisions to sustainable agriculture

In the past, farmers were not customary to the applications of new technolo-
gies in their farms. The farmers used classical methods to manage their crops and 
frequently applied irrigation and fertilized without having information on plant 
needs and soil composition. Traditional crop management leads to harvest loss, 
particularly when the different types of stresses are detected very late. In addi-
tion, the excessive use of fertilizers by farmers provokes often soil degradation 
and environmental pollution. Rosea et al. [47] indicated that as a response to the 
environmentally and socially destructive practices of postwar mechanization and 
intensification, the concept of sustainable agriculture has become prominent in 
research, policy, and practice. Sustainable agriculture aims to balance the economic, 
environmental, and social aspects of farming, creating a resilient farming system in 
the long term.

However, in recent years, remote sensing techniques to the sustainable agri-
culture are applied successfully by numerous farmers and in different category of 
crops including cereals, viticulture, horticulture, and grassland. Farmers using 
remote sensing information in their crop management can increase the efficiency of 
resource use and reduce the uncertainty of decisions required in the field.

At present, smart devices and intelligent systems interact flexibly with the 
precision agriculture. Remote sensing platforms that provide data storage and 
interpretation permit the intelligent analysis of crop status and accurate farmer’s 
decisions. Cambra Baseca et al. [48] informed that systems for precision agriculture 
can be based on satellite navigation systems or terrestrial systems for geographic 
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information and sensors located in the plot. These systems collect information to be 
used to make decisions with greater precision and to optimize crop yields.

Smart strategies, used by farmers to the sustainable nitrogen management, can 
help farmers to take the right decisions to reduce nutrient loss in the environment, 
maximize uptake of N by crops, reduce fertilizer costs, and protect environmental 
conditions. These strategies can be as simple as applying the right fertilizers in the 
right period and with the exact quantity at a precise location. Fertilization deci-
sion system is commonly designed for soil nutrient evaluation, management, and 
crop fertilization by integrating modern information technology, with soil quality 
evaluation and crop fertilization theory [49]. Consequently, precision agriculture 
using new technologies has powerful to improved farmer’s decisions (appropriate 
use of fertilizer). Therefore, decisions taken by farmers afterward remote sensing 
diagnostics have significant effect in the sustainability of agriculture, the high crop 
productivity and quality, the prevention of environmental degradation, the farmer’s 
economy (costs and income), and the rural improvement.

5. Conclusions

Nitrogen fertilization with the correct dose and timing is essential for success-
ful crop production. Sustainable nutrient management strategies have been highly 
successful in various farms through the world. Monitoring fertilization has become 
a valuable tool in farm crop management, helping farmers to improve crop produc-
tions and to increase incomes.

Smart fertilization based on remote sensing techniques has shown various 
advantages, such as improvement of crop productivity and quality and agroeco-
system protection. In the latest years, the costs of remote sensing application in 
nitrogen management have decreased and have become more common in agricul-
tural sectors.

However, the economy of small farmers or farmers from developing countries 
is limited and doesnot permit the use of remote sensing services. For these rea-
sons, the use of new technologies in monitoring nitrogen fertilization should be 
reinforced by the assistance and grants of the state in many regions of the world. 
Technical and economic support to improve the level of knowledge of the new tech-
nologies between farmers permits the sustainability of agriculture, the improve-
ment of the global production, and environment protection.
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requirements decrease deleterious environmental effects of excessive fertilization, 
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nutrient management. The use of remote sensing data to control dose and timing of 
nitrogen fertilizer can protect environment and permit best management of crops 
to more sustainable agriculture.

3.4 Impact of the intelligent fertilization in farmer’s economy

In addition, excessive application of fertilizers also affects the farmer economy 
negatively. Efficiency of nitrogen fertilization can help farmers to improve control 
of incomes and reduce costs, avoiding unnecessary supply of N fertilizer. The 
application of the right dose of fertilizer (and sometimes no fertilization) helps 
farmers for best crop management, since the application of N does not always 
increase performance. The estimation of N plant and soil status prior to fertiliza-
tion is important, particularly when fertilizer rates are above the optimal farmer’s 
economic level and crop needs; in this case, farmers can reduce the unnecessary 
N fertilization and maintain yield at a lower cost. At many times, the minimum 
fertilization can optimize the yield and income of farms and permit the sustain-
ability of agriculture. At present, the number of farmers who accept the use of new 
technologies in their crop management has increased. Farmers have realized that 
the better use of fertilizer through remote sensing information can greatly improve 
their income, protect their crops, and develop the rural environment.

4. Farmer’s decisions to sustainable agriculture

In the past, farmers were not customary to the applications of new technolo-
gies in their farms. The farmers used classical methods to manage their crops and 
frequently applied irrigation and fertilized without having information on plant 
needs and soil composition. Traditional crop management leads to harvest loss, 
particularly when the different types of stresses are detected very late. In addi-
tion, the excessive use of fertilizers by farmers provokes often soil degradation 
and environmental pollution. Rosea et al. [47] indicated that as a response to the 
environmentally and socially destructive practices of postwar mechanization and 
intensification, the concept of sustainable agriculture has become prominent in 
research, policy, and practice. Sustainable agriculture aims to balance the economic, 
environmental, and social aspects of farming, creating a resilient farming system in 
the long term.

However, in recent years, remote sensing techniques to the sustainable agri-
culture are applied successfully by numerous farmers and in different category of 
crops including cereals, viticulture, horticulture, and grassland. Farmers using 
remote sensing information in their crop management can increase the efficiency of 
resource use and reduce the uncertainty of decisions required in the field.

At present, smart devices and intelligent systems interact flexibly with the 
precision agriculture. Remote sensing platforms that provide data storage and 
interpretation permit the intelligent analysis of crop status and accurate farmer’s 
decisions. Cambra Baseca et al. [48] informed that systems for precision agriculture 
can be based on satellite navigation systems or terrestrial systems for geographic 
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information and sensors located in the plot. These systems collect information to be 
used to make decisions with greater precision and to optimize crop yields.

Smart strategies, used by farmers to the sustainable nitrogen management, can 
help farmers to take the right decisions to reduce nutrient loss in the environment, 
maximize uptake of N by crops, reduce fertilizer costs, and protect environmental 
conditions. These strategies can be as simple as applying the right fertilizers in the 
right period and with the exact quantity at a precise location. Fertilization deci-
sion system is commonly designed for soil nutrient evaluation, management, and 
crop fertilization by integrating modern information technology, with soil quality 
evaluation and crop fertilization theory [49]. Consequently, precision agriculture 
using new technologies has powerful to improved farmer’s decisions (appropriate 
use of fertilizer). Therefore, decisions taken by farmers afterward remote sensing 
diagnostics have significant effect in the sustainability of agriculture, the high crop 
productivity and quality, the prevention of environmental degradation, the farmer’s 
economy (costs and income), and the rural improvement.

5. Conclusions

Nitrogen fertilization with the correct dose and timing is essential for success-
ful crop production. Sustainable nutrient management strategies have been highly 
successful in various farms through the world. Monitoring fertilization has become 
a valuable tool in farm crop management, helping farmers to improve crop produc-
tions and to increase incomes.

Smart fertilization based on remote sensing techniques has shown various 
advantages, such as improvement of crop productivity and quality and agroeco-
system protection. In the latest years, the costs of remote sensing application in 
nitrogen management have decreased and have become more common in agricul-
tural sectors.

However, the economy of small farmers or farmers from developing countries 
is limited and doesnot permit the use of remote sensing services. For these rea-
sons, the use of new technologies in monitoring nitrogen fertilization should be 
reinforced by the assistance and grants of the state in many regions of the world. 
Technical and economic support to improve the level of knowledge of the new tech-
nologies between farmers permits the sustainability of agriculture, the improve-
ment of the global production, and environment protection.
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Abstract

Risk assessment of sunflower production was carried out using an empirical 
model. The crop yield prediction for semi-arid areas (CYP-SA) was used to simulate 
sunflower yield using 26 years (1984–2010) climatic data. Scenarios of crop yield 
simulation included production techniques associated with in-field rainwater 
harvesting (IRWH), and conventional tillage (CT). IRWH is a no-till (NT) crop 
production practice that promotes runoff from a crusted runoff strip into basins 
where water infiltrates beyond evaporation. The study focused on the effect of 
initial soil water content at planting viz. empty profile (water content near the lower 
limit of plant available water (LL)); half profile (water content between LL and the 
drained upper limit (DUL)); full profile (water content near DUL) and planting 
dates (November, December and January). Yield difference at 80% probability was 
74% higher under IRWH compared to CT with empty initial soil water content at 
planting. Results indicated that IRWH is more sustainable compared to the CT.

Keywords: ecotope, crop yield simulation, empirical model, production risk, 
rainwater harvesting

1. Introduction

Water scarcity is a major constraint in semi-arid areas, leading to a natural focus 
on in-field rainwater conservation [1]. However, field experiments to assess water 
harvesting techniques are very expensive and laborious [2]. As a result several models 
of water harvesting have been developed in order to quantify risk for different 
production techniques. Models can be used as research tools to conduct research faster 
and cost-effectively [3]. In addition, a valuable property of models is their ability to 
utilize long-term climate data to provide long-term yield simulations, which can serve 
to quantify risk [4–6]. The modeling in this study simulate the in-field rainwater 
harvesting (IRWH) production technique (Figure 1) that was implemented during 
the field experiments [7]. This modeling approach has been described previously 
[2–4, 8]. By constructing cumulative probability functions (CPFs), risk associated 
with various production systems can be quantified [2, 4, 5, 8–11].

Crop Yield Predictor for Semi-Arid Areas (CYP-SA) model was developed to simu-
late crop yield on a semi-arid ecotope in South Africa [3, 4]. An ecotope is defined as a 
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1. Introduction

Water scarcity is a major constraint in semi-arid areas, leading to a natural focus 
on in-field rainwater conservation [1]. However, field experiments to assess water 
harvesting techniques are very expensive and laborious [2]. As a result several models 
of water harvesting have been developed in order to quantify risk for different 
production techniques. Models can be used as research tools to conduct research faster 
and cost-effectively [3]. In addition, a valuable property of models is their ability to 
utilize long-term climate data to provide long-term yield simulations, which can serve 
to quantify risk [4–6]. The modeling in this study simulate the in-field rainwater 
harvesting (IRWH) production technique (Figure 1) that was implemented during 
the field experiments [7]. This modeling approach has been described previously 
[2–4, 8]. By constructing cumulative probability functions (CPFs), risk associated 
with various production systems can be quantified [2, 4, 5, 8–11].

Crop Yield Predictor for Semi-Arid Areas (CYP-SA) model was developed to simu-
late crop yield on a semi-arid ecotope in South Africa [3, 4]. An ecotope is defined as a 
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homogenous piece of land with a unique combination of climate, topographic and soil 
characteristics [4]. The CYP-SA model has potential to be applied for assessing risk 
for crop production in other ecotopes and therefore was chosen for this study to assist 
in decision making. The IRWH was introduced on this ecotope during the 2007/08 
and 2008/09 growing seasons. The objective of this study was to simulate long-term 
(26 years) sunflower yield to quantify risk for two production techniques (IRWH ver-
sus CT) on a semi-arid ecotope in the Limpopo Province of South Africa: University 
of Venda, Thohoyandou (22° 58′ S; 30° 26′ E, 596 m) whose 23-year average rainfall 
is 781 mm with coefficient of variation (CV) of 315% [12]. The daily temperatures at 
the University of Venda vary from 25 to 40°C in summer and between approximately 
12 and 26°C in winter. Soil at the University of Venda was classified as a Hutton form 
[13], equivalent to a Rhodic Ferralsol [14]. The soil is deep (>1500 mm) with clay 
concentration of 60% [7].

1.1 Model description

CYPA-SA runs on daily time-step [8, 15]. The inputs required by the model are crop 
modified upper limit (CMUL) of plant available water (PAW); drained upper limit 
(DUL) of PAW; lower limit (LL) of PAW; rainfall (P); evaporative demand (ETo) and 
soil water content at planting (θp) (Figure 2). More symbols are explained in Table 1. 
It was assumed that runoff (R) would be zero if the precipitation was less than 8 mm. 
Runoff from rainfall events of more than 8 mm can be calculated using Eqs. (1) and (2).

 CT : 

  P < 8 : Pe = P  

  P > 8 : P = P– [ {0.473 × P )  –2.168}  × 0.4]   R   2  = 0.60  (1)

(after [4])
where P is the rainfall for a day (mm) and Pe is the effective rainfall for a par-

ticular day (mm)

 IRWH : 

  P < 8 :  P  e   = P  

                               P > 8 :  P  e   = P +  [ (0.474 ×) –0.8791]   R   2  = 0.64               (2)

Figure 1. 
A diagrammatic representation of the in-field rainwater harvesting (IRWH) production technique.
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1.2 Calibration and verification of the CYP-SA model

The calibration process can provide important insight into both local conditions 
and model performance [16]. The original model algorithms rules were evalu-
ated by combining available data for ecotopes in the Free State Province [4, 8]. 
Modifications of the model were necessary to adapt to the soil and climatic condi-
tions of this ecotope. Model calibration was achieved by inputting soil and climate 
data as detailed in Section 2.1. The original model runoff Eqs. (1) and (2) were 
replaced with Eqs. (3) and (4) which were developed for this ecotope [17].

Figure 2. 
Flow diagram of the CYP-SA model.

Symbol Explanation

ESWb Extractable soil water at the beginning of a day

FTESW Fraction of total extractable soil water

FTESWaa Adapted fraction of total extractable soil water

SWE Soil water extraction

θra Water content of rootzone, not adapted to cater for values above CMUL

θrb Adapted water content of rootzone, to cater for values not to exceed CMUL

ESWe Extractable soil water at the end of a day

SF Stress factor

ISF Integrated stress factor and the stress weighting factor (λ)

D Deep drainage

ET Evapotranspiration

R Runoff

Table 1. 
CYP-SA model flow diagram symbols.
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homogenous piece of land with a unique combination of climate, topographic and soil 
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The calibration process can provide important insight into both local conditions 
and model performance [16]. The original model algorithms rules were evalu-
ated by combining available data for ecotopes in the Free State Province [4, 8]. 
Modifications of the model were necessary to adapt to the soil and climatic condi-
tions of this ecotope. Model calibration was achieved by inputting soil and climate 
data as detailed in Section 2.1. The original model runoff Eqs. (1) and (2) were 
replaced with Eqs. (3) and (4) which were developed for this ecotope [17].
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Flow diagram of the CYP-SA model.
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ESWb Extractable soil water at the beginning of a day

FTESW Fraction of total extractable soil water

FTESWaa Adapted fraction of total extractable soil water

SWE Soil water extraction

θra Water content of rootzone, not adapted to cater for values above CMUL
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 CT : 

  R = 0.421 × P–3.008  R   2  = 0.769  (3)

 IRWH : 

  R = 0.59 × P–2.203  R   2  = 0.947  (4)

The predicted yield was compared with the measured sunflower yield for that 
season. The model parameters were adjusted stepwise until the predicted yield 
matched with the measured yield. This was repeated for all replications for that sea-
son. The averaged correction factors were then used for model verification. Separate 
calibrations were done for CT and IRWH treatments. Model verification test were 
designed to evaluate the model performance. After calibration of the model, it was 
verified using another set of field data from 2008/08 growing season. The verified 
model was then used for simulation of long-term sunflower yield.

1.3 Statistical analyses for model verification

Model reliability tests were performed following the procedures proposed by 
Wilmott [18] who recommended use of the index of agreement (D-index), root mean 
square error systematic (RMSEs), root mean square error unsystematic (RMSUu) 
and root mean square error (RMSE) for model evaluation. The mean absolute error 
(MAE) and RMSE are among the best overall measures of model performance.

1.4 Model application

Meteorological data for both Thohoyandou and University of Venda were used 
for long-term (26 years) sunflower yield simulation. Rainfall and class A-pan 
evaporation data have been recorded for Thohoyandou meteorological station in 
the period 1984–2004. Calculated Eo values. For University of Venda meteorological 
records were used. The data was obtained from Agricultural Research Council-
Institute for Soil, Climate and Water- Pretoria. Long-term evaluation of production 
techniques was achieved by comparing cumulative probability functions (CPFs) of 
yield using the CYP-SA model and long-term climate data.

The following θp were used in the simulations: 0% (soil water content of the 
profile near empty, but enough in the top soil for germination of seeds, defined as 
the difference between DUL and LL), 50% (half full) and 100% (full). Total DUL 
and LL of the soil profile are 448 and 250 mm, respectively. The amount of plant-
extractable soil water at planting in the effective rooting zone is 0 mm for empty 
profile, 99 mm for half full profile and 198 for full profile. The simulations were 
run for 26 seasons from 1984 to 2010 with different production techniques (CT and 
IRWH) and three planting dates: 1 November (early planting), 1 December (inter-
mediate) and 1 January (late planting).

All statistical tests on cumulative probability functions were carried out using 
the Kolmogorov–Smirnov test for two samples (P < 0.05). This test is about the 
agreement between two empirical cumulative distributions [11]. The null hypoth-
esis is that the two groups are the same, and the test statistic D for two data sets x 
(the maximum distance between the two distributions) is defined as:

  D = max  | S  1 (x)    −  S  2 (x)     |,   (5)

where S1(x), S2(x) are the cumulative distributions, S(x), for the two samples.
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2. Results and discussion

2.1 Evaluation of the model performance

Results of model verification test using the procedure of [18] are presented in 
Table 2. The prediction performance was reasonable. The D-indices for both CT and 
IRWH were high (>0.80), indicating good model performance. Furthermore, crop 
yield was correctly predicted (R2 > 0.8) for IRWH and reasonably predicted for CT 
(R2 = 0.68; Table 2), confirming a positive association and good agreement between 
measured and simulated yield. On the whole crop yield was underestimated by less 
than 25% in the CT whilst the model overestimated crop yield by less than 15% in the 
IRWH treatment (Table 2). The models for both CT and IRWH showed low RMSEu/
RMSE values (<0.5), indicating that a high level of bias was associated with the mod-
els. The bias was also indicated by the large RMSEs relative to RMSE. Poor prediction 
of runoff could account for less satisfactory statistical indices in the model [19].

2.2 Effects of initial soil water at planting

Yield variation over 26 years predicted under CT and IRWH management 
practices were compared using cumulative probability curves (Figure 3). The 
curves were constructed by averaging across all scenario factors. The curves were 
compared with for each scenario factor using the Kolmogorov–Smirnov test 
(P ≤ 0.05). Sunflower yield was significantly higher in full initial water than in the 
other two water contents in the CT. Similarly, empty profile water gave the lowest 
yield compared to both half and full water contents in the IRWH (Table 3). At 80% 
probability the yield in the empty, half and full profile was 355, 691 and 1088 kg ha−1 
for the CT, respectively. In the IRWH the yield was 1357, 1984 and 2601 kg ha−1 in the 
empty, half and full profile, respectively (Figure 3). In general, the full profile gave 
the greatest yield, followed by half profile and then the empty profile, illustrating 
the importance of adequate profile water content at planting in semi-arid environ-
ment. This is akin to the observation made in the Free State Province South Africa 
[2, 4, 8, 11]. They reported that sufficient soil water content at planting is important 
for a good harvest. In addition, water stored between DUL and LL before planting 
contributes mainly to transpiration [8]. Recently Garcia-Lopez et al. [20] reported 
that sunflower yield ranged between 1333 and 2622 kg ha−1 corresponding to 
irrigation water that ranged from 146 to 326 mm, respectively. The lowest yield was 
obtained under deficit irrigation volume, emphasizing the importance of adequate 
soil water content on sunflower yield. More recently, sunflower yield reduction was 
observed under four levels of irrigation with the lowest level of water availability 
accounting for the lowest yield loss [21]. They reported sunflower seed yield of 2371, 
2173, 2018 and 1764 kg ha−1 corresponding to 100 potential evapotranspiration 
(PET), 80 PET, 60 PET and 40% PET, respectively. Similar results were obtained 
when the seed yield of different sunflower inbred lines were compared under 
limited and full irrigation [22]. There were no effects of planting dates on yield in 

Treatment MAE RMSE RMSEs RMSEu D-index R2 Measured mean 
yield

Predicted 
mean yield

CT 405 415 405 91 0.993 0.68 1685 1280

IRWH 370 403 384 121 0.994 0.96 1844 2062

Table 2. 
Statistical analysis of CYP-SA model performance predicting yields produced with conventional tillage (CT) 
and in-field rainwater harvesting (IRWH) (kg ha−1).
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techniques was achieved by comparing cumulative probability functions (CPFs) of 
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profile near empty, but enough in the top soil for germination of seeds, defined as 
the difference between DUL and LL), 50% (half full) and 100% (full). Total DUL 
and LL of the soil profile are 448 and 250 mm, respectively. The amount of plant-
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mediate) and 1 January (late planting).

All statistical tests on cumulative probability functions were carried out using 
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agreement between two empirical cumulative distributions [11]. The null hypoth-
esis is that the two groups are the same, and the test statistic D for two data sets x 
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for the CT, respectively. In the IRWH the yield was 1357, 1984 and 2601 kg ha−1 in the 
empty, half and full profile, respectively (Figure 3). In general, the full profile gave 
the greatest yield, followed by half profile and then the empty profile, illustrating 
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ment. This is akin to the observation made in the Free State Province South Africa 
[2, 4, 8, 11]. They reported that sufficient soil water content at planting is important 
for a good harvest. In addition, water stored between DUL and LL before planting 
contributes mainly to transpiration [8]. Recently Garcia-Lopez et al. [20] reported 
that sunflower yield ranged between 1333 and 2622 kg ha−1 corresponding to 
irrigation water that ranged from 146 to 326 mm, respectively. The lowest yield was 
obtained under deficit irrigation volume, emphasizing the importance of adequate 
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either production technique although differences were noted between techniques 
(Table 3 and Figure 3). This may be attributed to high variability of rainfall on 
the ecotope. In another study [12] reported that the coefficient of variation (CV) 
for November, December and January were 1.27, 1.56 and 1.35, Using the CYP-SA 
model [8] reported that late planting (January) was significantly better (P ≤ 0.01) 
than December planting in the semi-arid Free State Province. He attributed this to 
the fact that when the sunflower crop is planted in November its flowering period 
may coincide with favorable rainfall conditions in December. Figure 3 also shows 
that at 80% probability farmers are likely to harvest about 700 kg ha−1 of sunflower 
in CT regardless of the planting date. However, in the Mediterranean region it is 
reported that earlier planting date resulted in higher seed yield in all the 4 years of 
the study [23]. The graphs also show that farmers planting sunflower using IRWH in 
December, are likely to expect a 50% chance of getting higher yields (1432 kg ha−1) 
than planting either in November (1118 kg ha−1) or January (1148 kg ha−1). The 
results show that IRWH has a yield advantage in sunflower productivity, as reported 

Figure 3. 
Cumulative probability of simulated long-term (1984–2010) sunflower for conventional (CT) and in-field 
rainwater harvesting (IRWH): (a) different profiles of initial soil water content (averaged over three planting 
dates) and (b) different planting dates.

Initial soil water Tillage treatments Planting date Tillage treatments

CT IRWH CT IRWH

Empty a a November a a

Half a ab December a a

Full b b January a a

The same letter within columns indicates not significant difference at P ≤ 0.05.

Table 3. 
The Kolmogorov–Smirnov (KS) test comparing tillage treatments (CT and IRWH) at different initial soil 
water levels and planting dates.
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Initial soil water Statistics Planting date Statistics

D-statistic Probability level D-statistic Probability level

Empty 0.48 0.011 November 0.62 0.000

Half 0.57 0.001 December 0.67 0.000

Full 0.62 0.000 January 0.43 0.029

Table 4. 
The Kolmogorov–Smirnov (KS) test for cumulated sunflower yield with CT and IRWH production techniques 
produced at different initial soil water levels and planting dates.
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Figure 4. 
Cumulative probabilities of simulated long-term (1984–2010) sunflower yield with conventional (CT) and 
in-field rainwater harvesting (IRWH) for three water contents (averaged over three planting dates);  
(a) empty, (b) half and (c) full.



Sustainable Crop Production

332

either production technique although differences were noted between techniques 
(Table 3 and Figure 3). This may be attributed to high variability of rainfall on 
the ecotope. In another study [12] reported that the coefficient of variation (CV) 
for November, December and January were 1.27, 1.56 and 1.35, Using the CYP-SA 
model [8] reported that late planting (January) was significantly better (P ≤ 0.01) 
than December planting in the semi-arid Free State Province. He attributed this to 
the fact that when the sunflower crop is planted in November its flowering period 
may coincide with favorable rainfall conditions in December. Figure 3 also shows 
that at 80% probability farmers are likely to harvest about 700 kg ha−1 of sunflower 
in CT regardless of the planting date. However, in the Mediterranean region it is 
reported that earlier planting date resulted in higher seed yield in all the 4 years of 
the study [23]. The graphs also show that farmers planting sunflower using IRWH in 
December, are likely to expect a 50% chance of getting higher yields (1432 kg ha−1) 
than planting either in November (1118 kg ha−1) or January (1148 kg ha−1). The 
results show that IRWH has a yield advantage in sunflower productivity, as reported 

Figure 3. 
Cumulative probability of simulated long-term (1984–2010) sunflower for conventional (CT) and in-field 
rainwater harvesting (IRWH): (a) different profiles of initial soil water content (averaged over three planting 
dates) and (b) different planting dates.

Initial soil water Tillage treatments Planting date Tillage treatments

CT IRWH CT IRWH

Empty a a November a a

Half a ab December a a

Full b b January a a

The same letter within columns indicates not significant difference at P ≤ 0.05.

Table 3. 
The Kolmogorov–Smirnov (KS) test comparing tillage treatments (CT and IRWH) at different initial soil 
water levels and planting dates.
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Initial soil water Statistics Planting date Statistics

D-statistic Probability level D-statistic Probability level

Empty 0.48 0.011 November 0.62 0.000

Half 0.57 0.001 December 0.67 0.000

Full 0.62 0.000 January 0.43 0.029

Table 4. 
The Kolmogorov–Smirnov (KS) test for cumulated sunflower yield with CT and IRWH production techniques 
produced at different initial soil water levels and planting dates.
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earlier [2–4]. It was clear that the most important factor is initial soil water content 
when IRWH was compared with CT, a result as also obtained by Walker et al. [2].

Further comparison of cumulative probability curves for each scenario across 
different techniques was carried using the Kolmogorov–Smirnov test. There was 
significant yield difference between CT and IRWH production at all levels of initial 
profile water content and planting dates, confirming the advantages of IRWH over 
CT (Table 4 and Figures 4 and 5). At 80% probability the yield difference between 
CT and IRWH was 74, 65 and 58% in empty, half and full profile, respectively 
(Figure 4). This finding confirms the finding of [2] who reported that the lower 
the initial water content at planting, the greater the yield difference between the 
IRWH and CT. Similar results were reported by [24]. From Figure 5 it could be 
deduced that the yield difference between CT and IRWH was the same (68%) for 
the months of December and January, whilst the difference was 58% for the months 
of November, further confirming that planting dates may play a less important role 
than profile water content on this ecotope. The results strongly suggest that a farmer 

Figure 5. 
Cumulative probabilities of simulated long-term (1984–2010) sunflower yield with conventional (CT) and 
infield rainwater harvesting (IRWH) for three planting dates (averaged over three water contents);  
(a) November, (b) December and (c) January.
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who adopts IRWH and plants on empty profile water content is likely to get higher 
yields than who uses CT production technique. The findings could be important 
in semi-arid environments where water for agriculture is a constraint. Earlier [2] 
reported that for all scenarios with empty initial soil water, the curves for IRWH 
were significantly different from those for CT while the difference was not signifi-
cant under half and full initial soil water when they simulated maize yield in the 
Free State Province. In his study [8] concluded that simulated sunflower production 
risk was significantly less under IRWH compared to CT when CYP-SA was run 
between three-fourth full and full profile water content.

3. Conclusions

In this study the CYP-SA model was applied to simulate long-term sunflower 
yields to quantify the risk of crop production at the ecotope. The conventional 
tillage (CT) was compared with the in-field rain water harvesting (IRWH) produc-
tion technique. Results from this study indicated that farmers who choose to adopt 
the IRWH technique and plant when profile water content is empty can get higher 
yields compared to those who choose the CT technique. The IRWH technique 
consistently gave higher sunflower yield than the CT regardless of the planting date 
although sowing date was not significant within each crop production technique. 
Therefore, it could be concluded that the IRWH is a sustainable crop production 
technique compared to the CT.

Acknowledgements

We acknowledge the kind gesture of Dr. J.J. Botha of the Agricultural Research 
Council (ARC) of South Africa for providing CYP-SA model and for his contribu-
tion towards this manuscript. We would also like to thank the ARC for making 
available the long-term climatic data for the study area.

© 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. 



Sustainable Crop Production

334

earlier [2–4]. It was clear that the most important factor is initial soil water content 
when IRWH was compared with CT, a result as also obtained by Walker et al. [2].

Further comparison of cumulative probability curves for each scenario across 
different techniques was carried using the Kolmogorov–Smirnov test. There was 
significant yield difference between CT and IRWH production at all levels of initial 
profile water content and planting dates, confirming the advantages of IRWH over 
CT (Table 4 and Figures 4 and 5). At 80% probability the yield difference between 
CT and IRWH was 74, 65 and 58% in empty, half and full profile, respectively 
(Figure 4). This finding confirms the finding of [2] who reported that the lower 
the initial water content at planting, the greater the yield difference between the 
IRWH and CT. Similar results were reported by [24]. From Figure 5 it could be 
deduced that the yield difference between CT and IRWH was the same (68%) for 
the months of December and January, whilst the difference was 58% for the months 
of November, further confirming that planting dates may play a less important role 
than profile water content on this ecotope. The results strongly suggest that a farmer 

Figure 5. 
Cumulative probabilities of simulated long-term (1984–2010) sunflower yield with conventional (CT) and 
infield rainwater harvesting (IRWH) for three planting dates (averaged over three water contents);  
(a) November, (b) December and (c) January.

335

Risk Assessment of Sunflower Production Using In-Field Rainwater Harvesting on Semi-Arid…
DOI: http://dx.doi.org/10.5772/intechopen.88358

Author details

Jestinos Mzezewa1* and Leon Daniel van Rensburg2

1 Department of Soil Science, University of Venda, Thohoyandou, South Africa

2 Department of Crop, Soil and Climate Sciences, University of the Free State, 
Bloemfontein, South Africa

*Address all correspondence to: jestinos.mzezewa@univen.ac.za

who adopts IRWH and plants on empty profile water content is likely to get higher 
yields than who uses CT production technique. The findings could be important 
in semi-arid environments where water for agriculture is a constraint. Earlier [2] 
reported that for all scenarios with empty initial soil water, the curves for IRWH 
were significantly different from those for CT while the difference was not signifi-
cant under half and full initial soil water when they simulated maize yield in the 
Free State Province. In his study [8] concluded that simulated sunflower production 
risk was significantly less under IRWH compared to CT when CYP-SA was run 
between three-fourth full and full profile water content.

3. Conclusions

In this study the CYP-SA model was applied to simulate long-term sunflower 
yields to quantify the risk of crop production at the ecotope. The conventional 
tillage (CT) was compared with the in-field rain water harvesting (IRWH) produc-
tion technique. Results from this study indicated that farmers who choose to adopt 
the IRWH technique and plant when profile water content is empty can get higher 
yields compared to those who choose the CT technique. The IRWH technique 
consistently gave higher sunflower yield than the CT regardless of the planting date 
although sowing date was not significant within each crop production technique. 
Therefore, it could be concluded that the IRWH is a sustainable crop production 
technique compared to the CT.

Acknowledgements

We acknowledge the kind gesture of Dr. J.J. Botha of the Agricultural Research 
Council (ARC) of South Africa for providing CYP-SA model and for his contribu-
tion towards this manuscript. We would also like to thank the ARC for making 
available the long-term climatic data for the study area.

© 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. 



336

Sustainable Crop Production

References

[1] Jensen JR, Bernhard RH, Hasen S, 
McDonagh J, Boberg JP, Nielsen NE, 
et al. Productivity in maize based 
cropping systems under various soil-
water-nutrient management strategies 
in a semi-arid, Alfisol environment 
in East Africa. Agricultural Water 
Management. 2003;59:217-237

[2] Walker S, Tsubo M, Hensley M.  
Quantifying risk for water harvesting 
under semi-arid conditions. Part II. Crop 
yield simulation. Agricultural Water 
Management. 2005;76:94-107

[3] Botha JJ, van Rensburg LD, Anderson 
JJ, Hensley M, Machelli MS, van 
Staden PP, et al. Water conservation 
techniques on small plots in semi-arid 
areas to enhance rainfall use efficiency, 
food security, and sustainable food 
production. Pretoria, South Africa: 
Water Research Commission; 2003. 
WRC Report No 1176/1/03

[4] Hensley M, Anderson JJ,  
van Staden PP, Du Toit A. Optimizing 
rainfall use efficiency for developing 
farmers with limited access to irrigation 
water. Water Research Commission, 
Pretoria, South Africa; 2000. WRC 
Report No 878/1/00

[5] Popova Z, Kercheva M. CERES 
model application for increasing 
preparedness to climate variability in 
agricultural planning-risk analyses. 
Physics and Chemistry of the Earth. 
2005;30:117-124

[6] Singels A, Annandale JG, de Jager JM,  
Schulze RE, Inman-Mamber NG, 
Durand W, et al. Modelling crop growth 
and crop water relations in South Africa: 
Past achievements and lessons for the 
future. South African Journal of Plant 
and Soil. 2010;27(1):49-65

[7] Mzezewa J, Gwata ET, van 
Rensburg LD. Yield and seasonal 
water productivity of sunflower 

as affected by tillage and cropping 
systems under dryland conditions in 
the Limpopo Province of South Africa. 
Agricultural Water Management. 
2011;98:1641-1648

[8] Botha JJ. Evaluation of maize and 
sunflower production in a semi-arid area 
using in-field rainwater harvesting [PhD 
thesis]. Bloemfontein, South Africa: 
University of the Free State; 2006

[9] Diaz-Ambrona CGH, O’Leary GJ, 
Sadras VO, O’Connell MG, Connor DJ.  
Environmental risk analysis of farming 
systems in a semi-arid environment: 
Effect of rotations and management 
practices on deep drainage. Field Crops 
Research. 2005;94:257-271

[10] Jagtap SS, Abamu FJ, Kling JG.  
Long-term assessment of nitrogen and 
variety technologies on attainable maize 
yields in Nigeria using CERES-maize. 
Agricultural Systems. 1999;60:77-86

[11] Tsubo M, Walker S. An assessment 
of productivity of maize grown under 
water harvesting system in a semi-
arid region with special reference to 
ENSO. Journal of Arid Environments. 
2007;71:299-311

[12] Mzezewa J, Misi T, van Rensburg LD.  
Characterisation of rainfall for 
sustainable crop production at a semi-
arid ecotope in the Limopopo Province 
(SA). Water SA. 2010;36(1):19-26

[13] Soil Classification Working Group. 
Soil Classification—A Taxonomic 
System for South Africa. Pretoria, South 
Africa: Department of Agricultural 
Development; 1991

[14] World Reference Base for 
Soil Resources. A framework for 
International Classification, Correlation 
and Communication. World Soil 
Resources; Report No. 103; IUSS/ISRIC/
FAO; 2006

337

Risk Assessment of Sunflower Production Using In-Field Rainwater Harvesting on Semi-Arid…
DOI: http://dx.doi.org/10.5772/intechopen.88358

[15] Rasmussen VP, Hanks RJ. Spring 
wheat yield model for limited moisture 
conditions. Agronomy Journal. 
1978;70:940-944

[16] Muthukrishnan S, Harbor J, Lim KL,  
Engel BA. Calibration of a simple 
rainfall-runoff model for long-term 
hydrological impact evaluation. URISA 
Journal. 2006;18(2):35-42

[17] Mzezewa J, van Rensburg LD.  
Effects of tillage on runoff from a bare 
clayey soil on semi-arid ecotope in the 
Limpopo Province of South Africa. 
Water SA. 2011;37(2):1-8

[18] Wilmott CJ. On the validation 
of models. Physical Geography. 
1981;2:184-194

[19] Anderson JJ. Rainfall-runoff 
relationships and yield response of 
maize and dry beans on the Glen/
Bonhein ecotope using conventional 
tillage and in-field rainwater harvesting 
[PhD thesis]. Bloemfontein, South 
Africa: University of the Free State; 2007

[20] Garcia-Lopez J, Lorite IJ, Garcia-
Luiz R, Ordonez R, Dominguez J. Yield 
response of sunflower to irrigation and 
fertilization under semi-arid conditions. 
Agricultural Water Management. 
2016;176:151-162

[21] Ebrahim E, Seyyed SM, Bybordi A, 
Damalas CA. Seed yield and oil quality 
of sunflower, safflower and sesame 
under different levels of irrigation 
water availability. Agricultural Water 
Management. 2019;218:149-157

[22] Farshad N, Soodabeh J, Mehdi G, 
Ali E. Studying the physiological and 
yield responses of sunflower inbred 
lines to full and limited irrigation. 
Journal of Integrative Agriculture. 
2018;17(7):1605-1611

[23] Barros JFC, De Carvalho M,  
Basch G. Response of sunflower 
(Helianthus annuus L.) to sowing date 

and plant density under Mediterranean 
conditions. European Journal of 
Agronomy. 2004;21:347-356

[24] Anderson JJ, Botha JJ,  
van Rensburg LD. The use of crop 
modeling to compare different tillage 
techniques. In: Beukes D, de Villiers M, 
Mkhize S, Sally H, van Rensburg LD, 
editors. Proceedings of the Symposium 
and Workshop on Water Conservation 
Technologies for Sustainable Dryland 
Agriculture in Sub-Saharan Africa 
(WCT); Bloemfontein, South Africa; 
2003. pp. 162-168



336

Sustainable Crop Production

References

[1] Jensen JR, Bernhard RH, Hasen S, 
McDonagh J, Boberg JP, Nielsen NE, 
et al. Productivity in maize based 
cropping systems under various soil-
water-nutrient management strategies 
in a semi-arid, Alfisol environment 
in East Africa. Agricultural Water 
Management. 2003;59:217-237

[2] Walker S, Tsubo M, Hensley M.  
Quantifying risk for water harvesting 
under semi-arid conditions. Part II. Crop 
yield simulation. Agricultural Water 
Management. 2005;76:94-107

[3] Botha JJ, van Rensburg LD, Anderson 
JJ, Hensley M, Machelli MS, van 
Staden PP, et al. Water conservation 
techniques on small plots in semi-arid 
areas to enhance rainfall use efficiency, 
food security, and sustainable food 
production. Pretoria, South Africa: 
Water Research Commission; 2003. 
WRC Report No 1176/1/03

[4] Hensley M, Anderson JJ,  
van Staden PP, Du Toit A. Optimizing 
rainfall use efficiency for developing 
farmers with limited access to irrigation 
water. Water Research Commission, 
Pretoria, South Africa; 2000. WRC 
Report No 878/1/00

[5] Popova Z, Kercheva M. CERES 
model application for increasing 
preparedness to climate variability in 
agricultural planning-risk analyses. 
Physics and Chemistry of the Earth. 
2005;30:117-124

[6] Singels A, Annandale JG, de Jager JM,  
Schulze RE, Inman-Mamber NG, 
Durand W, et al. Modelling crop growth 
and crop water relations in South Africa: 
Past achievements and lessons for the 
future. South African Journal of Plant 
and Soil. 2010;27(1):49-65

[7] Mzezewa J, Gwata ET, van 
Rensburg LD. Yield and seasonal 
water productivity of sunflower 

as affected by tillage and cropping 
systems under dryland conditions in 
the Limpopo Province of South Africa. 
Agricultural Water Management. 
2011;98:1641-1648

[8] Botha JJ. Evaluation of maize and 
sunflower production in a semi-arid area 
using in-field rainwater harvesting [PhD 
thesis]. Bloemfontein, South Africa: 
University of the Free State; 2006

[9] Diaz-Ambrona CGH, O’Leary GJ, 
Sadras VO, O’Connell MG, Connor DJ.  
Environmental risk analysis of farming 
systems in a semi-arid environment: 
Effect of rotations and management 
practices on deep drainage. Field Crops 
Research. 2005;94:257-271

[10] Jagtap SS, Abamu FJ, Kling JG.  
Long-term assessment of nitrogen and 
variety technologies on attainable maize 
yields in Nigeria using CERES-maize. 
Agricultural Systems. 1999;60:77-86

[11] Tsubo M, Walker S. An assessment 
of productivity of maize grown under 
water harvesting system in a semi-
arid region with special reference to 
ENSO. Journal of Arid Environments. 
2007;71:299-311

[12] Mzezewa J, Misi T, van Rensburg LD.  
Characterisation of rainfall for 
sustainable crop production at a semi-
arid ecotope in the Limopopo Province 
(SA). Water SA. 2010;36(1):19-26

[13] Soil Classification Working Group. 
Soil Classification—A Taxonomic 
System for South Africa. Pretoria, South 
Africa: Department of Agricultural 
Development; 1991

[14] World Reference Base for 
Soil Resources. A framework for 
International Classification, Correlation 
and Communication. World Soil 
Resources; Report No. 103; IUSS/ISRIC/
FAO; 2006

337

Risk Assessment of Sunflower Production Using In-Field Rainwater Harvesting on Semi-Arid…
DOI: http://dx.doi.org/10.5772/intechopen.88358

[15] Rasmussen VP, Hanks RJ. Spring 
wheat yield model for limited moisture 
conditions. Agronomy Journal. 
1978;70:940-944

[16] Muthukrishnan S, Harbor J, Lim KL,  
Engel BA. Calibration of a simple 
rainfall-runoff model for long-term 
hydrological impact evaluation. URISA 
Journal. 2006;18(2):35-42

[17] Mzezewa J, van Rensburg LD.  
Effects of tillage on runoff from a bare 
clayey soil on semi-arid ecotope in the 
Limpopo Province of South Africa. 
Water SA. 2011;37(2):1-8

[18] Wilmott CJ. On the validation 
of models. Physical Geography. 
1981;2:184-194

[19] Anderson JJ. Rainfall-runoff 
relationships and yield response of 
maize and dry beans on the Glen/
Bonhein ecotope using conventional 
tillage and in-field rainwater harvesting 
[PhD thesis]. Bloemfontein, South 
Africa: University of the Free State; 2007

[20] Garcia-Lopez J, Lorite IJ, Garcia-
Luiz R, Ordonez R, Dominguez J. Yield 
response of sunflower to irrigation and 
fertilization under semi-arid conditions. 
Agricultural Water Management. 
2016;176:151-162

[21] Ebrahim E, Seyyed SM, Bybordi A, 
Damalas CA. Seed yield and oil quality 
of sunflower, safflower and sesame 
under different levels of irrigation 
water availability. Agricultural Water 
Management. 2019;218:149-157

[22] Farshad N, Soodabeh J, Mehdi G, 
Ali E. Studying the physiological and 
yield responses of sunflower inbred 
lines to full and limited irrigation. 
Journal of Integrative Agriculture. 
2018;17(7):1605-1611

[23] Barros JFC, De Carvalho M,  
Basch G. Response of sunflower 
(Helianthus annuus L.) to sowing date 

and plant density under Mediterranean 
conditions. European Journal of 
Agronomy. 2004;21:347-356

[24] Anderson JJ, Botha JJ,  
van Rensburg LD. The use of crop 
modeling to compare different tillage 
techniques. In: Beukes D, de Villiers M, 
Mkhize S, Sally H, van Rensburg LD, 
editors. Proceedings of the Symposium 
and Workshop on Water Conservation 
Technologies for Sustainable Dryland 
Agriculture in Sub-Saharan Africa 
(WCT); Bloemfontein, South Africa; 
2003. pp. 162-168



Sustainable Crop Production
Edited by Mirza Hasanuzzaman, Marcelo Carvalho 

Minhoto Teixeira Filho, Masayuki Fujita  
and Thiago Assis Rodrigues Nogueira

Edited by Mirza Hasanuzzaman, Marcelo Carvalho 
Minhoto Teixeira Filho, Masayuki Fujita and Thiago 

Assis Rodrigues Nogueira

This book includes twenty-one comprehensive chapters addressing various soil and 
crop management issues, including modern techniques in enhancing crop production 
in the era of climate change. There are a few case studies and experimental evidence 
about these production systems in specific locations. Particular focus is provided on 
the state-of-the-art of biotechnology, nanotechnology, and precision agriculture, as 
well as many other recent approaches in ensuring sustainable crop production. This 
book is useful for undergraduate and graduate students, teachers, and researchers, 

particularly in the fields of crop science, soil science, and agronomy.

Published in London, UK 

©  2020 IntechOpen 
©  Sunshine Seeds / iStock

ISBN 978-1-78985-317-9

Sustainable Crop Production

ISBN 978-1-83880-899-0


	Sustainable Crop Production
	Contents
	Preface
	Section 1
Crop Production and Farming System
	Chapter1
Effect of Abiotic Stress on Crops
	Chapter2
Possibility of No-Input Farming in Lowland Rice Fields in Japan from theViewpoint of Sustaining Soil Fertility
	Chapter3
Crops Diversification and the Role of Orphan Legumes to Improve the Sub-Saharan Africa Farming Systems
	Chapter4
Review on the Role of Salicylic Acid in Plants
	Chapter5
Development of Androgenesis Studies on Eggplant ( L.) inTurkey from Past to Present
	Chapter6
SSR Markers in the Genus

	Section 2
Soil Management
	Chapter7
Soil Management in Sustainable Agriculture
	Chapter8
Managing Soil Nitrogen under Rain-Fed Lowland Rice Production Systems in the Forest Agroecological Zones in Ghana
	Chapter9
Plant Nutrition and Sustainable Crop Production in Nigeria
	Chapter10
Enhancing Soil Properties and MaizeYield through Organic and Inorganic Nitrogen and Diazotrophic Bacteria
	Chapter11
Microwave Soil Treatment and Plant Growth
	Chapter12
Fertilizer Use Issues for Smallholder Agriculture inTropical Africa

	Section 3
Sustainable and Advanced Technologies for Crop Production
	Chapter13
Fungal Endophyte-Host Plant Interactions: Role in Sustainable Agriculture
	Chapter14
Endophytes Potential Use in Crop Production
	Chapter15
Application Potentials of Plant Growth Promoting Rhizobacteria and Fungi as an Alternative to Conventional Weed Control Methods
	Chapter16
Sustainable Development of Horticulture and Forestry through Bio-Inoculants
	Chapter17
Nano-Fertilizers for Sustainable Crop Production under Changing Climate: A Global Perspective
	Chapter18
Urban Horticulture and Its Modernization by Using LED Lightning in IndoorsVegetable Production
	Chapter19
Remote Sensing: Useful Approach for Crop Nitrogen Management and Sustainable Agriculture
	Chapter20
Risk Assessment of Sunflower Production Using In-Field Rainwater Harvesting on Semi-Arid Ecotope in South Africa




