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Foreword

The principles of functionality and sustainability of the ecosystem are incorporated
into the definition of soil health, also known as soil quality. The disturbances, natural
or anthropic, affect the functions of the soil and, therefore, their health. The evalu-
ation of this is not easy, since it is dynamic and can change in a short period of time.
These changes depend on the specific characteristics of the soil, the environmental
conditions, the use, and the management practices.

In recent decades, to achieve high agricultural production, intensive agricultural
practices have been developed and applied; these practices, types of irrigation, and,
especially, chemical fertilizers and pesticides have had very negative environmental
consequences. In the same way, large disturbances of natural or anthropic origin
have progressively diminished the world’s forest area, degrading large areas of soil.

This volume addresses the current state of knowledge about soil health; the
properties of the soil, especially the biological component, are related to its sanitary
state. In some chapters, some parameters of these components are analyzed as
indicators of soil health; in other chapters, the potential use or application of the
biological component to restore or improve soil conditions and the production of
sustainable crops is addressed. In addition, the agricultural practices called “green
manures” and some novelties in biological components or fertilizer materials are
discussed as possible strategies to restore or improve soil health and productivity in a
sustainable way. In short, this book addresses agri-environmental sustainability from
the point of view of soils. We are sure that this book will help us face such important
challenges for the future as global food security and climate change.
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I thank the editors for this invitation, and I am sure that this book Soil Health will
be a great resource for knowledge about the thematic area of soil health and a
reference for academics, researchers, and students.

I convey my best wishes to Springer Nature and the editors and collaborators who
are experts in the field of this remarkable book.

ETSI Montes, Forestal y del Medio
Natural, Universidad Politecnica de
Madrid, Madrid, Spain

José Alfonso Domínguez-Núñez
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Preface

Soil health can be defined as the capacity of a soil to function within ecosystem
frontiers, to sustain biological productivity, to maintain environmental quality, and
to promote plant, animal, and human health. Soil fertility is a feature of soil health
showing the capacity of a soil to provide nutrients for plant’s growth and develop-
ment. Soil health is established through the interactions of physical, chemical, and
biological properties including soil texture, measurement of percent of the sand, silt,
and clay, arrangement of individual soil particles like sand, silt, and clay into
aggregates (soil structure), nutrient-carrying capacity and pH, the group of soil
organisms like bacteria, fungi, and actinomycetes, etc. A healthy soil provides
adequate levels of macro- and micronutrients to plants and holds adequate popula-
tion of soil microorganisms. Soil representing good tilth or structure often found to
resist soil erosion and compaction and thereby degradation provides adequate
aeration and water to plants, promotes good root growth, and maintains worthy
biotic habitat and diverse populations of beneficial organisms and low populations of
pests and pathogens. Indeed, soil health plays a central role in the economic and
social development of a country. The production of food, fodder, renewable energy,
and several other essential commodities vital for sustaining human, animal, and plant
life depends on soil health. In the past few decades, human population has increased
rapidly, stimulating a tremendous increase in the intensification of agriculture to
meet the ever-increasing demand for food. Soils are now showing symptoms of
exhaustion and stagnating or declining crop yields. Inadequate and imbalanced
nutrient management and desertion of organic manures is gradually triggering
nutrient deficiencies in crop fields. Overextracting of mineral nutrients, neglect of
organic fertilizers, insignificant nutrient replenishment, excessive use of chemical
fertilizers and pesticides, and irrigation with poor quality water/saline water are
found to be the major causes of festering crop productivity. Since the prospects for
further increase in the area under cultivation are diminishing, much of the desired
increase in food grain production needs to be achieved by enhancing crop produc-
tivity per unit area through holistic and sustainable approaches.

vii



The volume Soil Health comprises 19 provocative chapters written by the experts
of this field, covers latest research, and provides up-to-date knowledge of different
aspects of soil health, factors influencing soil health, consequences of degradation of
soil health on sustainable agriculture, and solutions to improve and maintain soil
health so as to achieve the goal of higher productivity and sustainability without any
damage to the soil system and the environment. We believe that with the opulence of
information on different aspects of soil health and its sustainability, this extensive
volume is a valuable resource for researchers, academicians, and students in the
broad field of botany, ecology, microbiology, and agriculture.

We are highly delighted and thankful to all our contributing authors for their
endless support and outstanding cooperation to write altruistically these authoritative
and valuable chapters. We extend our sincere thanks to all our colleagues who
helped us in the preparation and compilation of this generous volume. We also
thank Springer officials, especially William F Curtis, Eric Schmitt, Sabine Schwarz,
Paul Roos, Nathalie Berg, and Anand Ventakachalam for their generous support and
efforts to accomplish this wide volume. We especially thank our families for
consistent support and encouragement.

Delhi, India Bhoopander Giri
Noida, Uttar Pradesh, India Ajit Varma
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Chapter 1
Soil Health in India: Past History
and Future Perspective

Priyanka Srivastava, Manju Balhara, and Bhoopander Giri

Abstract Soil is a very important and sensitive resource of any country as the crop
yield of a nation on which the whole population depends is directly linked to the soil
health. The dependence of a nation on others for meeting the demand of its
population for food and other crop products is a matter of great concern. The
Green Revolution in India intensified agricultural productivity to meet urgent public
needs and for the commercialization of crop products. Indeed, Green Revolution
helped in achieving goal up to a certain level with the use of high input of chemicals
in the form of fertilizers, pesticides, fungicides, insecticides, nematicides and
weedicides along with intense irrigation practices. After Green Revolution, the
decline in crop yield in spite of fertilizer application reveals the loss of soil fertility.
Toxic chemicals in soil affected the life of beneficial soil organisms, which indeed
are responsible for maintaining soil fertility. Further, these chemicals polluted
groundwater, air and adversely affected human and animal health. Hence, restoration
of soil health and environment is an urgent need. Avoidance of chemical fertilizers
and use of natural fertilizers like biofertilizers, vermicompost, farm yard and green
manure, and biopesticides can be a sustainable approach in achieving the crop
productivity along with nourishing the soil and environment. Present chapter dis-
cusses about the effects of Green Revolution on soil health in India and suggests for
consideration of techniques with eco-friendly approaches to heal soil loss and to
manage soil fertility for sustainable agriculture.

Keywords Green Revolution · Soil health · Sustainable agriculture · Productivity ·
Restoration
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1.1 Introduction

Soil is a vital natural resource that must be kept in harmony with the environment for
agroecosystem’s sustainability and services to the benefit of the mankind. By virtue
of geologic erosion, some of the world’s most productive soils have been developed,
for instance, in India the Indo-Gangetic Plains and in China the Nile Delta and Loess
Plateau. Unfortunately, accelerated erosion due to anthropogenic activities has
fostered drastic effects on the soil ecosystem and its services. Indeed, soil ecosystem
is the foundation which nourishes and sustains the life of plants, animals and human
beings on this planet. Soil is the home for diverse microorganisms where these
microbes flourish and maintain nutrients. Soil nutrients support plant community and
the basis of agriculture on which the livelihood dependents and for optimal contin-
uation of soil functions, and the health of soil is a deciding phenomenon for
performance outputs.

Indeed, a healthy soil is imperative for worthy plant growth and yield; the way of
its utilization influences physical, biological and chemical properties and thereby the
plant growth and production. The physical properties of soil (like structure, depth,
available water, texture, colour, consistency, porosity, density and water flow capac-
ity) play vital role in maintaining soil health. The components of soil such as sand,
silt and clay form aggregates, and the association of these aggregates forms peds—
the larger units of soil structure. Soil structure, which itself gets affected by soil water
content, largely affects aeration, water movement, heat conduction and resistance to
erosion and also the growth of plant root. Soil profile exhibits several horizons
(Fig. 1.1) viz. O-horizon, which comprises of humus and loose and partly decayed
organic material at the ground surface; A horizon or topsoil (200 to 1000 deep from
ground surface) is generally rich in mineral and organic matter, and is dark coloured;

Fig. 1.1 Soil Profile
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E-horizon is found in acidic soils, between A and B horizons and also known as zone
of leaching or zone of eluviation. Metals, nutrients and dissolved organic acids from
A horizon are transported and removed through this zone and accumulate in B
horizon. B horizon or subsoil (1000 to 3000 in depth) is therefore also known as
zone of accumulation. It may contain soluble minerals such as calcite in arid climates
and often possesses roots and biological activity, hence considered as an effective
soil depth; C horizon (3000 to 4800 in depth) is an area of least weathered portion of
soil profile; R horizon (bedrock) contains a mass of rock such as granite, basalt,
quartzite, limestone or sandstone that forms the parent material for some soils
provided that the bedrock is close enough to the surface for weathering.

Moisture storage capacity of a soil is of prime concern as it influences soil
formation, structure, stability and erosion and thereby altering plant growth. Soil
colour depends on the content of organic matter, drainage conditions and the degree
of oxidation taking palce in the soil however, having no active role in predicting the
soil characteristics. Whilst, soil texture largely affects soil behaviour. Soil consis-
tency is important in predicting cultivation problems and can be measured at three
moisture conditions viz. air-dry, moist and wet. Moreover, soil porosity is indis-
pensable for oxygen supply to organisms decomposing organic matter and for the
movement and storage of water and dissolved nutrients. The biological properties of
soil rely on the microbial and faunal activities in soil and is indispensable for a
healthy or good quality soil. These soil organisms include earthworms, nematodes,
protozoa, actinomycetes, fungi, bacteria and different arthropods. These organisms
decompose organic matter and thus help in mineralization, making minerals avail-
able for plant uptake. Microorganisms release certain organic substances, which help
in maintaining soil structure. Earthworms are indeed vital for bioturbation in the soil.
Soil microorganisms such as mycorrhizal fungi play a significant role in making
nutrient available to plant’s uptake, while rhizobacteria participate in nutrient
cycling by the process of mineralization, nitrification, nitrogen fixation, denitrifica-
tion, enriching soil with mineral nutrients. Some microbes recycle nutrient like
carbon by consuming material accumulated at the soil surface or within the rhizo-
sphere and thereby produce a bulk of carbon annually and produce a by-product
called humus. Since humus is less palatable to the microbes, it is decomposed
sluggishly and takes a long time to be completely decomposed. Gradually, part of
shallow decomposed humus starts moving downward as a clay–humus complex.
Due to lesser oxygen availability in the lower parts of soil, it becomes more difficult
for microbes to further decompose humus. Eventually, due to various processes that
blending soil, this humus moves back up to where there is more oxygen and then the
microbes eventually destroy the humus and release some more carbon dioxide.

Soil health refers to the quality and capacity of soil for sustenance of the
dependent living community that essentially depends on soil’s biological, chemical
and physical environment. The characteristics of a soil could influence with changes
in the concentration of soil organic matter and the nutrient status (Fig. 1.2). Consid-
ering today’s scenario, the concept of soil health is modified and explained as ‘the
continued capacity of a specific kind of soil to function as a vital living system within
natural or managed ecosystem boundaries, to sustain animal and plant productivity,
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to maintain or enhance the quality of air and water environment, and to support
human health and habitation’ (Doran and Zeiss 2000). Soil health is not only
confined to the enhanced crop productivity while a balance between many soil
functions, environmental protection and in maintaining the health of plants and
animals (Doran 2002). In India, agricultural crop productivity level is very low
and unsatisfactory in comparison to the per hectare (ha) crop yield of developed
countries. India after being the major producer of various crops like rice, wheat and
pulses rank lower than other countries in terms of crop productivity (yield per
hectare). The production capacity of Indian agricultural soils before and after
Green Revolution, impact of cumulative use of fertilizers and pesticides, over-
exploitation of agricultural soils and groundwater and future requisitions for impro-
visation and maintenance of soil health for sustainable crop production is discussed
as well in this chapter.

1.2 Indian Agriculture Before Green Revolution

Due to poor irrigation facilities, fertilizers availability, crop varieties and other
agricultural practices in India, the agricultural production before the period of
Green Revolution was very low and in fact insufficient to fulfil the growing demand
of rapidly increasing population. Major famines at that time had worsen the situation
and the country was in a very bad phase in terms of per capita food availability.
During the Independence phase (around 1946), the per capita food availability was
only 417 gm per day, which was very low for the survival and sustenance of
population. At the same time, rural indebtedness tremendously increased, converting
farmers to landless labourers (NCAR 1976). Further, partitioning of country created
severe shortage of food crops as well as of commercial crops (NCAR 1976), which
needed an urgent management to overcome the situation. After Independence,

Fig. 1.2 Measures of Soil Health
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urgent steps were taken by the agricultural scientists and policy makers, and between
1947 and 1950 the net irrigated area of India increased from 18.9 to 20.2 million
hectare and further introduction of irrigation facilities the irrigated area continued to
grow. During the 1950s and the early 1960s, the crop production was sufficient to
fulfil the requirement of growing population but it was insufficient for the commer-
cialization of crop products. For modernization and industrialization, India needed
high agricultural output to mitigate the demand of market and for the agriculture-
dependent industries. Despite of higher agricultural production, the output was not
enough to touch the industrial sector. In fact, poor rural people were unable to
purchase the daily required food for their survival (Dandekar and Rath 1971). In
1959, an initiative was undertaken to start the Intensive Agricultural District
Programme (IADP), which was expanded to Intensive Agricultural Area Programme
(IAAP) in 1964 with the aim to concentrate supplies and efforts to ‘intensive
cultivation areas’ to achieve productivity. Both IADP and IAAP did not introduced
any of the new technologies, while remain dependent on irrigation and on high use of
fertilizers. The productivity under IADP was not up to the expectation of agrarian
community because only marginal increase in crop yield was observed. In 12 rice-
growing districts, the yield increased from 12.4 quintals to only 13.3 quintals while
for wheat from 10.2 quintals to 13.5 quintals with added cost (Desai 1969). Hence,
advanced agricultural technologies were needed to overcome the situation and
prerequisite goal but no such techniques were available to the farmers. Introduction
of ‘Miracle seeds’ in Mexico by Norman Borlaug in the 1960s and its success in field
production provided a technological tool. The seeds were genetically modified for
enhanced production and were capable of performing under high chemically fertil-
ized soils. The technology was highly expensive as the seeds required very protected
conditions like chemical pesticides, chemical fertilizers and proper irrigation prac-
tices. The maintenance cost of the technique was out of the reach of Indian
cultivators. However, in India monsoon failure during 1965 and 1966 and threat of
major famine led to prediction of about one million starvation deaths in Bihar alone
and a huge damage (NCAR 1976). The situation and demand of the time proceeded
towards the acceptance of the expensive technology. In 1965–1967 the technology
was introduced with new strategy to fulfil the urgent needs. The technology was
launched in the areas which were already adopted by IADP and IAAP and received
great success which further recognized as the Green Revolution in Indian
Agriculture.

1.3 Green Revolution in India

The Green Revolution was initiated in India in the 1960s with the goal to feed
millions of people undergoing malnutrition by increasing the crop production
throughout the country. The Rockefeller Foundation was concerned with increasing
the crop productivity using new techniques in developing countries to fulfil the food
demand. Norman Borlaug provided new technique in the form of High-Yielding
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Variety (HYV) seeds, which were ‘stocky, disease resistant, fast growing and highly
responsive to fertilizers’ (Hardin 2008). The technique was adopted and quickly
spread all over the developing counties, including India with great success (Hardin
2008). Indian government with the help of Indian geneticists Dr. MS Swaminathan
launched Green Revolution for which he is also known as the father of Green
Revolution in India. The period of Green Revolution lasted from 1967 to 1978
with great achievements. At first stage, the Green Revolution was focused on states
like Punjab and Tamil Nadu with proper irrigation facility. The technique was
focused on food grain crops like wheat and rice and not on commercial and cash
crops. Chemical fertilizers were available and used to increase the crop productivity.
Similarly, pesticides and weedicides were frequently used to minimize any loss or
damage to the growing crops. Further introduction of more agricultural tools like
drills, harvesters, tractors etc. assisted commercial farming with more production.
The wheat yields tremendously increased with this amazing technology and from
only 11 million tonnes in 1960 increased to 55 million tonnes in 1990 (Chakravarti
1973; Sebby 2010). The yield of wheat increased from 850 kg/hectare to 2281 kg/
hectare by 1990 (Sebby 2010) and productivity was enough for food supply to
growing population and for the commercialization and stocking for future require-
ments. Wheat yield increased by 270% while rice yield grew by 145% over the past
half century in India (Tripathi 2019).

In Punjab, during the period of 1968–1980, the rice yield increased tremendously
and growth rate was around 9%, which later became stagnant (1981–1990) and even
dropped down to 1.13% during 1995–1996 (Singh 2016). Similarly, wheat yield
started declining from the mid-1950s may be due to decrease in its genetic potential
and to monoculture cropping pattern which otherwise attracts pest and diseases
(Andow 1983). Now the productivity of potato, cotton and sugarcane in the state
had also become stagnant. Even high dose of fertilizer application was not helpful in
overcoming the situation. The initial increase in crop productivity further declined
due to imbalanced nutrient ratio and deficiency of some micronutrients along with
the disturbance in soil structure (Singh 2008). Farm mechanization, especially
intense use of tractors, had damaged the physico-chemical properties of soil and
disturbed the biological activities that resulted in decreased crop yield (Kumar and
Singh 2010). Preferred cultivation of some crops had shifted interest of farmers from
cultivating native pulses like moong, gram, tuar etc. along with many oilseed crops
such as mustard, sesame etc., which was making the country dependent for
importing the produce of such crops at high cost, and at the same time crops
grown on the chemical-rich soils were deprived of nutrition and loaded with toxins
(Shiva 2015).
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1.4 Soil Health Past Green Revolution: Consequences
on Soil Fertility

The Green Revolution besides providing surplus food to the country with intensified
agriculture over the years degraded the fragile agro-ecosystems in India (Rahman
2015). The revolutionary success of the techniques used during the period of the
Green Revolution was based on modern methods. Under traditional methods soil
maintains the nutrient status by recovering itself after any stressed condition (Das
1999). The land was used efficiently to grow more types of crops in the same field
(Rosset 2000). While in modern method during the Green Revolution monocropping
was favoured where only one type of crop was grown and the soil cannot replenish
its vanished-off nutrients, therefore destroying soil fertility. However, with mixed
cropping the recharge of nutrients is indeed possible due to differential requirement
of different crops.

High-yielding seeds of the Green Revolution involved input of high amount of
chemical fertilizers to increase nutrients status of soil and along the high amount of
pesticides to protect crops from pathogens. These chemicals severely harmed indig-
enous species and resulted in the displacement of thousands of native species (Siddiq
1994). The basic ecosystem of the agricultural field underwent a severe change and
disturbance (Shiva 1993). Addition of chemical fertilizers to the soil damaged
biological activities of the soil organisms. Soil microbial processes like nutrient
immobilization and mineralization, which are the common sources of soil nutrients,
got affected and resulting in the depletion with decreased soil fertility and nutrient
status (Li et al. 2014; Damodaran et al. 2013). To mitigate the requirement of new
seeds farmers continued to supply increasing quantity of fertilizers, which further
continued to decrease the important nutrients from the soil (like nitrogen, iron,
phosphorus and manganese) (Zwerling 2009). Organic carbon in soil was around
0.5% in the 1960s which declined to 0.2% in the 1990s (Singh 2016). Poor fertilizer
use policy of the government and inappropriate use of pesticides and fertilizers by
the farmers, specially of small farmers, further worsened the situation. The farmer’s
spirit for obtaining more production and having reduced risk of crop failure
subjected to the intensive use of chemicals in the agricultural fields (Vasavi 2009).
Nitrogen-rich fertilizer like urea had been applied in a high ratio than that of the
recommended dosages that resulted in generating soil toxicity as well as reduced soil
and plant health (Saidur 2015).

Clearing of trees from farm fields also affected the fertility of soil as the soil
became unprotected, loose and more prone to wind or water erosion. Production of
crops such as wheat and rice was targeted during the phase of Green Revolution.
These crops need high water and sufficient irrigation system for an ideal yield, which
is difficult and even much costlier for the farmers, particularly those belonging to the
arid and semi-arid regions. The crops like millets easily grow in the arid and semi-
arid conditions due to their low water requirement; however, the unavailability of
high-yielding seeds of these crops motivated farmers to grow wheat and rice. To
meet the water requirement of these crops, water was extracted from the groundwater
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reserves with the help of pumps/tube wells, depleting it to a critical level. The
groundwater continued to sink between 0.3 and 1.0 meter per year during
1993–2003 in certain areas specially in Punjab and Haryana, which persistently
reached to a level down to 28 m by 2006, which necessitated more efforts and high
cost extraction technologies (Zwerling 2009). Diminishing water resources and soil
toxicity increased pollution of underground water (Vaidyanathan 2000). Salinity of
soil increased with negative impact on the soil health. Long-term presence of
chemical residues from fertilizers and pesticides continued to degrade the soil
environment and heath, and also the health of people and animals. Study and survey
during the last 45 years indicated the presence of organochloride, organophosphate,
nitrates in the soil (Saidur 2015). Such chemicals have entered our food chain, for
instance, synthetic pyrethroid and carbamates are present in the feed of cattle grown
on highly fertilized soils, also found in milk and dairy products, hence affecting
human health (Saidur 2015).

Due to overuse and exploitation of resources, the land of Indian states where
Green Revolution took place became very sensitive. Decreased fertility of soil not
only affected the crop yield, a major community dependent on agriculture later faced
a bad phase of economic loss. Suicides by cultivators are common as they never
came out of debt they had taken for application of the expensive techniques to their
farm field. Immediate steps are needed with the sustainable traditional approach to
get the health of Indian soil back along with the higher capability of productivity.
Practices which are not solely focused on productivity, while with the consideration
of environment health also should be prioritized.

1.5 Regaining Soil Health: A Sustainable Approach

1.5.1 Increase Inputs of Organic Matter

Soil organic matter (SOM) is a reservoir of many important plant nutrients. Its
availability in the soil is necessary for maintaining soil health. Addition of crop
residues, compost, green manure and animal-derived material provide organic matter
as well as certain soil nutrients, which generally occur in the immobile state in most
of the soils, and hence they are not readily available to the plants (Chenu et al. 2015).
By the process of decomposition, mineralization and nutrient cycling these nutrients
become available in the soil and then easily acquired by the plant (Coleman et al.
2004). SOM maintains the cation exchange capacity (CEC) of the soil to hold the
positively charged nutrients, helps in nutrient leaching, increases water-holding
capacity and soil aggregation. The addition of organic matter in the form of mulch
prepared using weeds, crop residues increases crop production and also protects soil
from erosion (Roose and Barthes 2001). Crop residues influence the rate of miner-
alization and decomposition thereby releasing nitrogen in the soil (Jarvis et al. 1996;
Rahn et al. 1992) and the residues with low nitrogen helps in nitrogen immobiliza-
tion hence preventing leaching of nitrogen (Jenkinson 1985). To improve the level of
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soil organic matter, compost manure may be prepared using green waste of parks,
gardens and households that could help in maintaining soil fertility as it effectively
increases soil microbial activity. It is also found to be effective in reducing the
incidence of plant diseases (Abawi and Widmer 2000). Frederiksson et al. (1997)
observed that animal manures not only increase soil nutrition but also the quality and
yield of cereals. Hence maintaining an ample amount of soil organic matter is crucial
for managing soil health and its fertility.

1.5.2 Crop Rotation and Cover Crops

An adequate level of soil nutrients is important for maintaining soil health and its
fertility. Crop rotation moderates soil nutrients through growing diverse crops with
different nutrient inputs and requirements (Stockdale et al. 2001). As we know that
water-intensive crops such as rice and sugarcane lower the water table, crop rotation
in the same field with less water requiring nutrient-rich crops like millets could
recuperate the water table and maintain nutrient status of the soil. The practice is also
beneficial for management of soil-borne plant pathogens as rotating crops interfere
with the life cycle of a pathogen, therefore preventing the growth of pathogen
(Knudsen et al. 1995). Use of cover crops reduces erosion of soil. Crops with tap
root increase aeration in soil by creating macropores in compact soils and also
improve infiltration, whereas the crop with fibrous root-like grasses supports aggre-
gation and largely supports soil health. Cover crops help in enhancing soil fertility by
adding organic matter to the soil through their biomass. Instantaneously, these crops
also help in reducing the leaching of important soil nutrients like nitrate. The roots of
legumes are colonized by nitrogen-fixing bacteria, and hence using legumes as cover
crops could further enhance the nitrogen content of soil through their nitrogen-
fixation capability (Stockdale et al. 2001). About 90% of terrestrial plants are
colonized by mycorrhizal fungi, which facilitate host plant for better acquisition of
soil nutrients and to cope up with environmental stresses (Giri 2017). Cover crops
also influence mycorrhizal fungi and thereby modulate the composition of rhizo-
sphere with favoured fungal composition to maintain soil processing and health.

1.5.3 Tillage Practices

Any physical disturbance to the soil affects plant root and also leads to the modifi-
cation of soil biota. Soil compaction makes roots difficult to grow easily and the
decreased water infiltration and drainage further affect the plant growth. Tillage has
many adverse effects on the soil productivity especially by altering biological
properties of soil. Some sensitive microbes severely get affected and impact soil’s
biological diversity. The extraradical hyphal network of arbuscular mycorrhizal
fungi may be disturbed due to frequent tillage practices, resulting in the poor supply
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of soil nutrients to their host plants. Tillage exposes the soil to air, which reduces the
soil moisture content and disturbs the living place of many soil microorganisms,
which are indeed important for managing soil health. Tillage affects soil coverage
and makes the soil more prone to erosion. Non-inversion tillage is preferred over the
traditional inversion tillage as the former tillage practice causes less disturbance in
soil and to the soil organisms. Farming practices in which tillage is a must for good
crop production, the increased input of organic matter through compost,
vermicompost, green manure or other means are required to overcome this loss.

1.5.4 Nutrient and pH Management

Soil pH plays an important role in maintaining the diversity of soil organisms and the
availability of several important micronutrients. In acidic soils, nutrients like Fe, B,
Cu, Zn, Mn, Ni are readily available and the plants requiring these nutrients can
grow well in these soils. While, alkaline soils are rich in Mo, K, S, Ca, P and Mg and
are good for the crops with nitrogen-fixation ability. Legume crop like alfalfa grows
well in soil pertaining pH around 6.2. Most of the soil microorganisms prefer pH
around 7.0. In general, the microbial activity decreases at lower pH (5.0 or less) as
has been reported in the case of microbes like nitrifying bacteria (Rousk et al. 2009;
Munns 1986). Hence, it is quite important to maintain soil pH according to the crop
requirement and for both soil health management and crop productivity (Kidd and
Proctor 2001). The soil pH can be maintained with the help of certain amendments to
soil, such as FeSO4 and Al2(SO4)3 can be used to lower the pH of the alkaline soils
(Brown et al. 2008). Alkaline soil with high concentration of CaCO3 can also be
treated with sulphur amendments to lower soil pH (Mitchell and Huluka 2008).
Acidic soil (low pH) can be treated with lime to increase its pH. In addition, lime
reduces soil Al and Mn toxicity. Amendments like CaCO3, Ca(OH)2 and CaO can be
used to increase the activity of sensitive nitrogen-fixing microbes. Supplementing
soil with Ca(NO3)2 usually increases its pH, if leaching does not take place (Zhang
et al. 2016). Whereas (NH4)3PO4 and urea slowly induce soil acidification as well as
promote Al and Mn toxicity (Fageria et al. 2010).

Amending soils with SOM is of great significance as it buffers soil pH by
releasing anions and cations on its decomposition. Interestingly, in acidic soils
SOM binds H+ at negatively charged site whereas in basic soil releases H+ ions. It
is pertinent to understand that during initial stage of decomposition of SOM, there is
an increase in soil pH. Soil pH further increases due to mineralization by soil
microbes; however, long-term microbial decomposition and leaching of nitrate
may decrease the soil pH (McCauley et al. 2017). Overall, the effect of SOM on
soil pH depends on quality and quantity of organic matter along with the rate of
decomposition and uptake or loss of decomposition products (Wang et al. 2009).
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1.5.5 Biofertilizers

A sustainable approach is required to maintain soil health and fertility without
affecting the natural health of ecosystem. We know that chemical fertilizers are
degrading soil ecosystem and imposing many more nasty effects on human, animal
and environment (Youssef and Eissa 2014). Therefore, to achieve sustainable
agriculture, the use of biofertilizers could be a good choice over chemical fertilizers.
Biofertilizers contain living microorganisms like actinomycetes, bacteria, fungi and
blue-green algae (BGA) along with the sterilized carrier material such as manure,
saw dust, earthworm cast (Khosro and Yousef 2012). Carrier material helps in easy
handling, long-term storage of the microbial inoculum and increases the water ration
capacity and effectiveness of microbial inoculum (Ritika and Uptal 2014).
Biofertilizers’ application to soil positively alters the rhizosphere dynamics by
inviting favourable microorganisms inhabiting this area. These microorganisms
provide required macro- and micronutrients to the plant root and help in nutrient
management for sustainable agriculture (Adesemoye and Kloepper 2009).
Biofertilizers release nutrients slowly to the soil and plant with continuous supply
for longer period, hence helping in maintaining nutrient status of soil (Itelima et al.
2018).

Biofertilizers comprise various category of soil microbes, which indeed help in
maintaining soil and plant health. The different categories of biofertilizers with
specified microorganisms include: (1) Nitrogen-fixing biofertilizers comprise
nitrogen-fixing microbes and provide nitrogen to the soil and plants. These nitrogen
fixers are grouped as a) free-living microbes viz., Azotobacter, Clostridium,
Bejerinkia, Klebsiella, Nostoc and symbiotic microbes viz., Rhizobium, Anabaena,
Frankia, Azospirillum. They convert atmospheric nitrogen into available organic
form of nitrogen; (2) Phosphate solubilizing biofertilizers enrich soils with phos-
phorus (P). In soils, P is present in insoluble form of phosphate, therefore not readily
available for plant uptake. Bacteria such as Bacillus subtilis, Bacillus circulans,
Phosphaticum and Pseudomonas putida are capable enough to solubilize the insol-
uble phosphate, so these microbes may be used as biofertilizers for P-requiring
crops. Some fungi like Penicillium spp. and Aspergillus spp. due to their phosphate
solubilizing ability, are also used as phosphate solubilizing biofertilizers; (3) Phos-
phate mobilizing biofertilizers include various categories of mycorrhizal fungi such
as arbuscular mycorrhiza (Glomus spp., Sclerocystis spp., Acaulospora spp. etc.) and
ectomycorrhiza (Amanita spp., Boletus spp., Laccaria spp., involved in mobilizing
the phosphate from the soil to plant roots (Chang and Yang 2009); (4) Potassium (K)
is generally present in the form of mineral silicates and is beyond the approach of
plant acquisition, hence potassium solubilizing biofertilizers can be applied for
helping the plant in uptake of such kind of elements from the soil. The microorgan-
isms like Bacillus spp. and Aspergillus spp. can solubilize silicates, releasing the K
from the metal, mobilize it, and make available to plant’s acquisition; (5) Sulphur
oxidizing biofertilizers are composed of microbes like Thiobacillus spp. and used as
sulphur oxidizers as these microbes oxidize sulphur into sulphates, which are nicely
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utilized by the plants; (6) Plant growth-promoting biofertilizer are composed of plant
growth-promoting rhizobacteria, which play a vital role in plant growth and devel-
opment. They promote the synthesis and concentration of plant growth hormones
and enhance plant growth viz. Azospirillum secretes auxins, gibberellins and ethyl-
ene; Rhizobium and Bacillus synthesize indole acetic acid; Pseudomonas promote
root growth and influence the decomposition of organic matter for better nutrient
availability (Bhattacharyya and Jha 2012).

Biofertilizers play an important role in surviving plants under environmental
stresses. Arbuscular mycorrhizal fungi (AMF) alone or in combination with
nitrogen-fixing bacteria have been found to improve plant productivity under salt
and drought stress conditions (Evelin et al. 2009; Ansari et al. 2013; Hussain et al.
2002). AMF increases the photosynthetic efficiency and anti-oxidative response of
plants under drought stress condition (Ruiz-Sanchez et al. 2010). Inoculation of seed
with rhizobacteria Pseudomonas spp. show improvement in seed germination and
growth under water stress condition (Backman and Sikora 2008). Biofertilizers also
provide defence to the plant against various pathogens. PGPRs such as Bacillus
subtilis provide resistance against various fungal and viral diseases of banana,
tomato, pepper, cucumber, etc. (Backman and Sikora 2008). Therefore, using
biofertilizers for plant disease management could be a better approach for both
sustainable crop production and soil environment (Ritika and Uptal 2014).

1.5.6 Vermicompost

To improve the quality and fertility of soils, vermicompost can be a good option as
an organic manure, which is produced by the earthworms through the process of
vermicomposting. Earthworms, after feeding on organic matter such as plant resi-
dues and other biological wastes, produce humus-like substance—the vermicast
(worm casting), which is the compost of worms (Chanda et al. 2011). After passing
through the digestive tract of worms, the vermicast becomes clean, odourless and
rich in nutrients like nitrogen (2–3%), phosphorus (1.55–2.25%) and potassium
(1.85–2.25%) along with many micronutrients (Lazcano and Domínguez 2011).
The method of vermicomposting is a very efficient technology to recycle organic
waste into very nutritious compost that indeed could improve soil health and
productivity of the crop plants (Azarmi et al. 2008; Guerrero 2010; Yadav and
Garg 2011; Hema and Rajkumar 2012). Vermicompost also improves soil microbial
activity and properties, such as porosity and water infiltration rate of soil. It increases
soil oxygen availability and maintains the temperature of soil and helps in achieving
high yield of crop (Arora et al. 2011). The earthworms like, Lampitomauritii,
Eiseniafoetida, Perionyx excavates are commonly used for vermicomposting
(Reddy and Pattnaik 2009; Subbulakshmi and Thirunee, 2015) and produce
eco-friendly organic fertilizers in easily available form to crop plants (Parthasarthi
and Ranganathan 2002). Vermicompost application in crops like rice and lentil has
shown higher yield in comparison to chemical fertilizers (Karmakar et al. 2013;
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Sreevidya et al. 2016). Not only crop yield, vermicompost significantly influences
the chemical and physical properties of soil which were poorly deteriorated due to
the imbalanced and unjustified use of chemical fertilizers. Further, vermicompost
also protects plants from pathogens and diseases (Rostami et al. 2014), hence it is
persuasive to state that vermicomposting is a fast and very effective process for the
production of organic manure and to manage soil health and ecosystem productivity.

1.5.7 Organic Pesticides in Relation to Soil Health

Certain plants such as marigold, pepper, garlic exhibit ability to produce insect-
repelling substances; therefore, planting and growing such insect-repelling plants for
pesticidal use is an organic and natural way to avoid applications of chemical
pesticides in agricultural fields. Similarly, herbal sprays are organic sprays prepared
from plant and animal extracts, exhibiting insect-repellent quality due to its odour,
volatile ingredients or presence of certain compounds. The oils of plants like neem,
citrus, citronella, eucalyptus could be applied in the form of foliar sprays to keep
away insects from crop plants (Phasomkusolsil and Soonwera 2010). Due to their
biodegradable nature, such insect repellents are eco-friendly and safe; they neither
harm plant nor the soil and environment, and indeed are very effective against
insects, pests and fungus. Planting mixed crops in the same field could be a
companion planting where one crop protects the other against those pathogens or
insects that have tendency to be repelled by them naturally (Peralta et al. 2018). For
example, tomatoes can naturally repel diamond-backed moth larvae. If tomatoes are
grown with cabbage, it protects the cabbage against these larvae. Similarly, basil is
insect repellent and has larvicidal activity against mosquitoes and flies (Mahmoud
et al. 2017; Hassan et al. 2015). Spray made up of mild soap such as castile soap with
water is an efficient insecticide to control flies, beetles and other insects. The mixture
can be directly sprayed on the infected surface of plant without contaminating the
soil. Salt spray made with epsom is an effective natural pesticide (a magnesium-rich
salt) that not only repel the pests though provide nutrients to the plants. The
application of such organic, biodegradable and natural pesticides would keep away
the soil and groundwater from the contamination of toxic chemicals that not only
gravely affect the soil health and its sustainability but also the human health and
environment.

1.5.8 Soil Health Card Scheme in India

Soil is the base of agriculture, hence protecting and managing its health is of utmost
significance for obtaining good quality crop produce as well as for sustainable
agriculture. In India, due to over-exploitation and intensive use of chemicals (fertil-
izers and pesticides) to obtain maximum crop yield for meeting the growing demand
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of increasing population for food has largely degraded the life of agricultural soils.
India is an agriculture-dominant country. Agriculture share about 4% of Indian GDP.
The current consumption of NPK ratio in India is 6.7:2.4:1 against an ideal ratio of
4:2:1 (Reddy 2017). Estimates indicate that in 1956, the consumption of nitrogen in
India was just 0.1 million tonnes, which has increased to 17.0 million tonnes in 2015
and the consumption of phosphorus and potassium has increased from 0.0 to 6.1 to
2.5 million tonnes, respectively (Table 1.1). However, the consumption of NPK in
terms of fertilizer use per acre varies among the states of India (Fig. 1.3). It is
noteworthy to state that India is spending about one lakh crore rupees every year for
providing fertilizer subsidy. The subsidy amount is about Rs. 6500 per hectare of net
cropped area and about Rs. 7000 per farmer (Reddy 2017). This has led to the
excessive and unbalanced use of fertilizers, particularly NPK (Reddy 2017). As a
consequence, the amount of food grain produced/kg of fertilizer applied has reduced
from 13 to 4 kg since 1970 to 2010, respectively (Reddy 2017).

Table 1.1 Consumption of
NPK in India (in million
tonnes) (modified from Reddy
2017)

Year N P K Total

1956 0.1 0.0 0.0 0.1

1981 3.7 1.2 0.6 5.5

1991 8.0 3.2 1.3 12.5

2001 10.9 4.2 1.6 16.7

2011 16.6 8.0 3.5 28.1

2015 16.9 6.1 2.5 26.6
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Fig. 1.3 Insights of the consumption of chemical fertilizers in some States of India
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While the production capacity of agricultural soils is decreasing due to the
deficiency of various macro- and micronutrients, certain nutrients like nitrogen and
phosphorus are being excessively used by the farmers. In fact, farmers are not fully
aware of various physical, chemical and microbial activities of their agricultural
fields; therefore, farmers are unfortunately not able to apply chemical fertilizers in a
balanced and required quantity. Indeed, they are deliberated to grow at least two or
more crops a year, instead of one without proper soil health management. This
unplanned use of soil is aggravating the problem of nutrient deficiencies and largely
changing chemical composition of soils. Moreover, soils are facing the problem of
depletion of organic carbon content throughout the country, which is rendering soils
more vulnerable to erosion. Increasing dosage of fertilizers and pesticides is even-
tually dropping the number of beneficial soil organisms and affecting the produc-
tivity and health of soil. In fact, the soils with reduced nutrients composition are
resulting in the poor nutritional value of the food crops. To deal with the problem of
soil health management and ensuing the United Nations resolution, Ministry of
Agriculture, Government of India has introduced soil health card scheme (SHCS)
on 5 December 2015 to facilitate agrarian community for better understanding of soil
health status of their agricultural fields and integrated nutrient management. The
main objective of SHCS is to generate awareness among farmers for the judicious
use of fertilizers, biofertilizers, organic fertilizers to manage soil health and for better
understanding of cropping pattern, cost reduction, farm profitability and
sustainability.

1.6 Conclusion

The goal of high crop productivity for growing population and commercial require-
ments has increased our dependence on various chemicals. In the form of fertilizers,
pesticides, insecticides etc., these chemicals have entered in the environment and
eventually in the food chain. These chemicals are life-threatening and gradually
destructing the health of flora, fauna and of soil ecosystem. They have contaminated
our food and now continuing to affect the food chain and biodiversity. We have lost
a huge area of fertile land all over the world, due to addition of these chemicals and
over-exploitation of the soil; therefore, the sustenance of soil fertility and restoration
of health of degraded and stressed soils is of great concern. To sort out the problem,
replacing chemical fertilizers with organic matter, FYM, vermicompost, green
manure and biofertilizers can be the eco-friendly approaches. Biofertilizers have
potential of enhancing productivity in a sustainable way along with increasing the
soil health. Modifications in agricultural practices where more crops can be grown in
the same field and sustainable approach to maintain and replenish the nutrient in the
soil is the demand of time. Application of cost-effective natural technologies should
be preferred which not only provide nutrient to the soil but improves its chemical and
physical properties. More approaches and strategies are required to make our soil
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much more productive but not at the cost of environment health, while it needs to be
in the environment-friendly manner.
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Chapter 2
Biochar for Maintaining Soil Health

Nguyen Hue

Abstract Soil, like human, must have good health to function well. This condition
can only be achieved when its biological, chemical, and physical aspects are in their
optimal capacity and in balance. Such requirements could be partially met by using
biochar as a soil amendment. More specifically, biochar is a solid material, high
(>50%) in organic carbon (C) content, and is produced by heating biomass, such as
wood scraps, crop residues, or animal wastes, in an environment of elevated
temperature (350–900 �C) with low or no oxygen. First, with properties such as
large surface areas, numerous pores, and variable pore size, biochar can improve soil
physical attributes, including aggregate stability, water holding capacity, root pen-
etration, and reduced erosion. Second, given commonly alkaline pH value, abundant
reactive surface functional groups, relatively high CEC, ash content, and labile C
(5–10% of total fixed C), biochar can enrich soil fertility and soil organic matter.
Lastly, with those desirable characteristics, application of biochar to soils, especially
highly weathered, nutrient-poor, and/or acidic soils, has been proven to enhance soil
microbial abundance, diversity, and activity. On the other hand, since climate and
time also affect biochar properties and performance via oxidation by water and
oxygen, long-term field experiments with different soil types and biochars should
be actively conducted, keeping in mind that interactions between biochar and soil are
inevitable, complex, and difficult to predict. Thus, biochar properties should be
clearly characterized, and standardized, including pyrolysis process (e.g., fast,
slow, highest treatment temperature, residence time); also feedstock (e.g., wood,
crop residues, animal manure) should be clearly identified and publicized. Such clear
specifications would help strengthen the use of biochar as a soil amendment to
maintain and enhance soil health.

Keywords Biochar · Pyrolysis · Feedstock · Highest temperature treatment · Soil
quality
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2.1 Soil Health: Definition and Measurable Indicators

Along with air and water, soil sustains life on earth (Biswas et al. 2019). Soils are
materially (e.g., different minerals, organic fractions) and characteristically (e.g.,
different pH, surface area and charge) varied and must have the proper balance in
physical, chemical, and biological conditions to optimally provide its many essential
ecosystem services, which can range from supplying nutrients for good plant
growth, sustaining productivity of agriculture and forestry, to preserving water and
environmental quality. Thus, the definition and measurement of soil health depend
on the services sought. According to Doran and Parkin (1994), soil health (the
authors used the term “soil quality,” which includes both dynamic and static soil
properties) is defined as “the capacity of a soil to function, within ecosystem and land
use boundaries, to sustain productivity, maintain environmental quality, and pro-
mote plant and animal health.” Recently, the definition of soil health has been
slightly rephrased as “the continued capacity of the soil to function as a vital living
ecosystem that sustains plants, animals, and humans” as adapted by the Cornell
University Comprehensive Assessment of Soil Health (Cornell-CASH 2016) and the
US Natural Resources Conservation Services (USDA-NRCS 2017). Thus, soil
health cannot be assessed by measuring only crop yield, number of earthworms,
soil available nutrient levels, or any single outcome (Dick 2018). It requires a
combination of many indicators. Informative and practical indicators of soil health
need to (1) be easy to measure; (2) be responsive to changes in management and
climate; (3) include biological, chemical, and physical properties of the soil; (4) rep-
resent the soil function of interest; and (5) be accessible to, affordable and interpret-
able by users.

Some recommended indicators of soil health are (USDA-NRCS 2017):

1. Soil organic matter (SOM). This parameter would reflect the soil capacity to
affect nutrient supply and retention for the needs of both plants and microbiota.
SOM also affects many physical properties, such as aggregate stability, water
holding capacity and infiltration, etc. SOM is usually measured as total organic
carbon (C), oxidizable C (Cornell-CASH 2016; Weil et al. 2003; Culman et al.
2012), or CO2 respiration (USDA-NRCS 2017).

2. Soil structural stability. This indicator would affect soil erosion, water and air
movement as well as root penetration. Wet-sieving method for aggregate stabil-
ity, bulk density measurement, water retention curve, infiltrometry, and
penetrometry are common techniques to assess soil structural stability (Grossman
and Reinsch 2002; Dane and Hopmans 2002).

3. Bioavailable nitrogen (N) and other nutrients. Along with C, N is essential to the
growth and function of both plants and microbes. So, total organic N and
bioavailable N are key indicators of soil health. Nitrogen mineralization rate
and quantity based on certain incubation/extraction methods are often used to
assess soil health nutrients (Haney et al. 2018; Hurisso et al. 2018). Extractable
and presumably bioavailable nutrients, such as phosphorus (P), potassium (K),
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calcium (Ca), magnesium (Mg), and many other micronutrients, can be routinely
measured by soil testing laboratories (Hue et al. 2000).

4. Microbial population, diversity, and enzyme activity. Metagenomics has been
used to identify microbes that cannot be cultured in the laboratory (Streit and
Daniel 2017). Some commercial laboratories have used phospholipid fatty acid
analysis to provide microbial community structural information (Buyer and
Sasser 2012). Enzymes, such as β-glucosidase, N-acetyl- β-D-glucosaminidase,
have been used to measure microbial activity (Deng and Popova 2011;
Lammirato et al. 2011).

Since organic C is essential to soil health, and biochar contains large quantity of C
(>50%), a fraction (5–10%) of which is labile and reactive (Lorenz and Lal 2018),
biochar role in maintaining soil health deserves a close evaluation as proposed in
Fig. 2.1.

2.2 Biochar

2.2.1 History, Definition, and Production

In the 1960s, the late Dutch soil scientist, Wim Sombroek (1934–2003) discovered
“dark soils” called Terra Preta in the Amazon basin of Brazil (Sombroek et al. 2002;

Fig. 2.1 Potential effects of biochar on soil’s biological, chemical, and physical properties
(Modified from O’Toole and Rasse 2017)
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Harder 2006; Marris 2006). These soils were found to contain burned wood, crop C
residue, and bone from animals (Sombroek et al. 2002). Some archeologists sur-
mised that these fertile black soils helped sustain a relatively large population of the
local Indians whose land mostly consisted of nutrient-poor Oxisols and Ultisols in
the Tropics (Lehmann and Rondon 2006; Steiner et al. 2007). In fact, the role of
biochar (it was known as charcoal before this millennium) in soil quality/health was
acknowledged long before the twentieth century as pointed out by Spokas and
Novak (2015).

According to the International Biochar Initiative (IBI), biochar is defined as a
solid material obtained from the thermochemical conversion (i.e., heating or pyrol-
ysis) of biomass (e.g., wood, crop residue, manure, biosolids, etc.) in an oxygen
limited environment (IBI 2012).

Early pyrolysis produced charcoal for energy or metallurgical uses, and has
evolved from amateur homemade devices, small-scale commercial pits and mound
kilns to modern fast reactors (Brown et al. 2015; Oaks 2018; Cox 2019). Simple and
inexpensive charcoal kilns consisted of pits or mounds (Fig. 2.2 a and b). These kilns
usually used wood as feedstock and soil or brick as insulator. The process may take
several days or even weeks, and the finished charcoal is rather low (< 25%) in yield
and quality (Oaks 2018).

On the other hand, fast pyrolysis reactors are characterized by high mass and heat
transfer rates, which can be several hundred degrees (�C) per second (Boateng et al.
2015). Antal and Gronli (2003) at the Hawaii Natural Energy Institute (University of
Hawaii at Manoa) produced biochar by the flash ignition in a reactor containing a
packed bed of biomass at elevated pressure. Their process took less than 30 min and
could yield over 90% fixed C, which can be improved further by higher pressure and
the removal of the released gases. The high flow rates of gas and short residence time
of biochar produced in the fast pyrolysis process would yield biochars with proper-
ties quite different from those produced by slow pyrolysis as discussed in the
following sections.

Between the two options, there have been some biochar making inventions, such
as the top-lit up-draft gasifier (Cox 2019) and Kon-tiki open-air conical kiln (Oaks
2018), that are mobile and could be homemade (Figs. 2.3 a & b). These devices are
designed for wood-based feedstock and produced in batch mode small quantities of
biochar suitable for individual or family uses (e.g., home gardening or conducting
research).

2.2.2 Biochar Structural Properties

Biochar properties, from physical and structural strength to chemical and composi-
tion, depend on both the feedstock and pyrolysis process used (Chia et al. 2015;
Cong et al. 2017). Feedstock for biochar can range from forest products, crop
residues, to animal and municipal wastes. In general, the original biomass structure
strongly influences the final biochar structure. For example, biochar pore structure
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closely resembles the cellular structure of its wood-based feedstock (Fuertes et al.
2010). As an example, Fig. 2.4 shows the scanning electron microscope images of
shape and size of pores from six different wood-based biochar (Berek and Hue
2016). In a review paper, Chen et al. (2019) mentioned that the volume due to small
pores of a rice husk biochar was 2.1 cm3/g, which was 12.3 times larger than that of a
biochar produced from sludge (biosolids) as measured with the nuclear magnet
technology (Fig. 2.4).

The highest treatment temperature (HTT) during pyrolysis and the residence time
significantly affect biochar structure (Kim et al. 2012; Ronsse et al. 2013). As the
HTT increases, the aromatic C structure, the nano-pore size, and the total surface
area of the biochar increase (Chia et al. 2015). However, when HTT exceeds
700–750 �C, some microporous structures of biochar may break down, reducing
its surface area (Huang et al. 2014). Consequently, the specific surface area of
biochar generally ranges from 1.5 to over 500 m2/g (li et al. 2018, Liu et al. 2019),

Fig 2.2 Pit kiln (a), Mound kiln (b) (adapted from FAO 1987)
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and reaches a maximum and then declines as HTT increases further. At lower HTT
and with fast pyrolysis, tars and volatile products (bio-oils) from the thermal
decomposition of biomass may block micropores and reduce surface areas. As the
temperature increases, the same substances volatile and escape from the pores, yielding
more volume and larger surface areas. Moreover, it should be noted that having
numerous micropores, biochar, especially made at high HTT, could trap significant
amount of water and nutrients, such as nitrate (Prendergast-Miller et al. 2011).

2.2.3 Biochar Nutrients

Total nutrient concentrations in biochars are strongly influenced by the feedstocks as
illustrated in Table 2.1. In general, plant-based biochars contain more C but less N
than manure-based biochars. The values closely reflect the C and N content in the
corresponding feedstocks. That is because manure usually has lower C and higher N
(as proteins) than plants, especially wood. Also, increasing pyrolysis temperature
increases the total nutrient concentration in biochar as shown in Table 2.2. It is not
surprising that total (fixed) C averages above 60% in plant-based biochar and around
40% for manure-based biochars. More specifically, the biochar C is mostly aromatic,
which is formed in an irregular stack of condensed rings when the HTT exceeds
400 �C (Kleber et al. 2015; Chia et al. 2015). Nitrogen is mainly present on the
surface of biochar as C-N heterocyclic structure and the bio-availability of this N is
very low (Chen et al. 2019; Deenik et al. 2010). Similarly, biochar P is not readily
available. According to Ippolito et al. (2015), available P ranges from 0.4 to 34% of
total P in biochar. In contrast, the authors also reported that between 55 and 65% of

Table 2.1 Average total nutrient concentrations (dry weight basis) of biochars from various
feedstocks (modified from Table 7.1 of Ippolito et al. 2015)

Source C N P K Ca Mg

Corn 58.8 1.06 0.23 1.90 0.86 0.71

Rice straw/husk 43.6 1.40 0.12 0.07 – –

Peanut shell 75.3 1.83 0.21 1.10 0.33 0.15

Bagasse 78.6 0.87 0.07 0.22 0.73 0.18

Coconut coir 73.8 0.88

Hardwood 74.4 0.72 0.11 0.95 1.01 0.95

Softwood 74.6 0.79 0.07 1.69 2.07 1.80

Food waste 44.4 3.28 0.66 1.92 5.18 0.49

Poultry/manure/litter 35.3 2.15 3.31 6.02 10.3 1.22

Swine manure 44.9 2.79 6.08 2.34 4.80 2.90

Cattle manure 48.5 1.90 0.92 4.06 2.88 0.99

Biosolids/sludge 23.8 1.22 4.24
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the K, Ca, and Mg available from biochars can be related to their total concentration.
Most of biochar K is water soluble and readily available, especially when produced
from slow pyrolysis (Cantrell et al. 2012; Berek et al. 2018). Liu et al. (2019) mixed
36 different biochars with water (1:75 mass ratio) and measured several macronu-
trients (nitrate, phosphate, ammonium, K, Ca, chloride, etc.) and micronutrients
(copper, iron, manganese, etc.) in the extract after 2 days of incubation. The authors
found elevated concentrations of these nutrients, especially in manure-based
biochars. Biochar Ca and Mg, in most situations, are probably present in carbonate,
phosphate, and/or oxide forms (Berek and Hue 2016) (Table 2.2).

2.2.4 Biochar pH and Cation Exchange Capacity (CEC)

Most biochars are alkaline, and manure-based biochars often have higher pH than
wood-based biochars (Table 2.3). Such alkalinity is probably caused by the presence

Table 2.2 Average total nutrient concentrations (dry weight basis) of biochars based on pyrolysis
temperature and pyrolysis type (modified from Table 7.2 of Ippolito et al. 2015)

Source C N P K Ca Mg

Pyrolysis Temp.

<300 �C 53.6 1.25 1.14 0.49 0.11

300–399 �C 57.1 1.99 1.37 2.11 3.91 0.71

400–499 �C 62.1 1.29 1.30 1.77 5.24 0.51

500–599 �C 63.2 1.15 1.18 1.49 4.99 0.69

600–699 �C 62.4 0.94 1.14 1.49 5.56 0.67

700–799 �C 63.7 1.50 4.29 5.40 4.68 1.88

> 800 �C 63.2 0.84 2.54 7.72 7.84 7.26

Pyrolysis type
Fast 56.2 0.74 1.48 5.32 6.05 6.06

Slow 60.2 1.44 1.54 2.08 4.78 0.87

Table 2.3 Average pH and
cation exchange capacity
(CEC) of biochars from vari-
ous feedstocks (modified from
Table 7.5 of Ippolito et al.
2015)

Source pH CEC (cmolc/kg)

Corn 9.27 60.7

Rice straw/husk 9.17 21.2

Peanut shell 8.52 –

Bagasse 7.59 11.5

Hardwoods 7.94 13.8

Softwoods 7.48 14.5

Food waste 9.09 8.1

Poultry manure/litter 9.80 53.8

Swine manure 9.37 –

Cattle manure 8.99 –

Biosolids/sludge 6.90 2.36
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of alkali salts such as KOH, NaOH, CaCO3, and MgCO3 formed during pyrolysis
(Berek and Hue 2016; Cao and Harris 2010). In fact, increasing pyrolysis temper-
ature decomposes acidic functional groups, such as carboxylic COOH, phenolic OH,
and lactonic O, forming alkali bases and making biochar more basic (Yuan et al.
2011; Table 2.4).

As Table 2.4 specifically demonstrates, biochar pH increases from 7.6 at the
300–399 �C pyrolysis temperature range to 8.7 at 500–599 �C and 9.8 at 700–799 �C
range. Since biochars are mostly basic, they could be used as liming materials, and
their calcium carbonate equivalent (CCE) can range from 6 to 30% as reported by
Hue and co-workers (Berek and Hue 2016; Ahmad et al. 2018).

Like soil organic matter, biochar can carry pH-dependent (variable) charge, most
often negative charge, giving rise to cation exchange capacity (CEC). Biochar CEC
is generated mainly by oxygen containing functional groups, such as carboxylate,
phenolate, or lactonate, on the biochar surface (Fig. 2.5).

This partially explains why wood-based biochars often have higher CEC than
manure-based biochars (Table 2.3). That is because cellulose and lignin in wood
contain much more functional groups than manure even when pyrolyzed. Further-
more, as biochar ages, and is exposed to oxygen and water, more functional groups
on the surface can be generated through oxidation, thus increased CEC is attained
(Clough and Condron 2010).

2.3 Biochar’s Impacts on Soil Health

Although the effects of biochar on soil health depend on many factors, including
biochar properties (mainly, particle and pore size, porosity, surface area, surface
functional groups), soil properties (e.g., texture, pH, C content), and their complex
interactions, it has been observed so far that biochar provides significant impacts,
mostly beneficial, on soil health, crop production, and the environment (Laird et al.
2010; Lorenz and Lal 2018; Biswas et al. 2019; Chen et al. 2019; Wu et al. 2019).

Table 2.4 Average pH and
cation exchange capacity
(CEC) of biochars based on
pyrolysis temperature and
pyrolysis type (modified from
Table 7.6 of Ippolito et al.
2015)

Source pH CEC (cmolc/kg)

Pyrolysis temperature
<300 �C 5.01 32.7

300–399 �C 7.60 37.1

400–499 �C 8.10 19.1

500–599 �C 8.71 28.3

600–699 �C 9.00 12.6

700–799 �C 9.83 3.9

> 800 �C 10.80 4.4

Pyrolysis type
Fast 8.38 2.9

Slow 8.50 25.0
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Such benefits are most pronounced when biochar is applied to soils with low fertility
and acidic as those in the humid Tropics (Lehmann and Rondon 2006; Steiner et al.
2007; Jeffery et al. 2011; Berek et al. 2018).

2.3.1 Biochar and Soil Physical Properties

Despite the fact that most C in biochar is condensed aromatic and recalcitrant, a
small fraction of it (< 10%) is labile and bioavailable, particularly if biochar is made
at low HTT and fast pyrolysis (Bruun et al. 2012; Maestrini et al. 2014; Mukherjee
and Zimmerman 2013; Meng et al. 2019; Wang et al. 2017). As an example, Steiner
et al. (2007) reported that 4–8% of biochar C was lost during four cropping cycles in
a field trial in Manaus, Brazil (humid tropical conditions). In fact, C from biochar
plays a key role in soil aggregate stability based on mean weight diameter measure-
ment (Liu et al. 2014; Wang et al. 2017). More specifically, Liu et al. (2014) applied
40 ton/ha of a wheat straw biochar (pyrolyzed at 350–550 �C) to a red soil (Ultisol)
of Southern China, and reported that the soil water stable aggregate (>0.25 mm) was
enhanced by 28% over the control. Furthermore, soil organic C, total N and C:N
ratio were also significantly increased in the >2 mm, 2–0.5 mm, and < 0.25 mm
aggregate fractions of the biochar treatment. Similarly, Wang et al. (2017) showed a
remarkable improvement in aggregation of a fine texture (silty loam) soil (Yolo
series from California) with 217% and 126% average increases in mean weight
diameter when incubated for 60 weeks with a softwood biochar (pyrolyzed at
600–700 �C with algal digestate) and a walnut shell biochar gasified at 900 �C,

Fig. 2.5 Functional groups commonly found on biochar surfaces
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respectively (Fig. 2.6). The authors suggested that biochars enhanced the proportion
of C stored within the soil macroaggregates and strengthened aggregate stability.

The bulk density of most biochars ranges from 0.20 to 1.0 g/cm3, depending on
the feedstock, with an average of 0.5 g/cm3 (Chia et al. 2015; Laird and Novak
2017). Thus, adding biochar at common rates of 0.5–5.0% to mineral soils having an
average bulk density of 1.2 g/cm3 will reduce the overall bulk density of the
amended soil significantly (Laird et al. 2010; Obia et al. 2016; Verheijen et al.
2019). For example, Case et al. (2012) reported that soil bulk density (in field moist
condition) decreased from 0.95 g/cm3 to 0.89, 0.87, and 0.84 g/cm3 with the
application of 0, 2, 5, and 10% of a hardwood biochar (HTT ¼ 400 �C, 24-h
residence), respectively.

As shown in Fig. 2.4 (Berek and Hue 2016), biochars have high porosity, which
was caused by the pyrolytic emission of structural water and the decomposition into
gases of feedstock tissues (e.g., cellulose, lignin, proteins). With numerous and
variable pores, biochars help reduce the bulk density and increase the water holding
capacity of the amended soil (Duong et al. 2017; Obia et al. 2016; Fisher et al. 2019).

Fig. 2.6 Soil aggregate stability (mean weight diameter) after 60 weeks of incubation in the Yolo
silty loam soil with and without the addition of two biochar types (EB, softwood biochar; WS,
walnut shell biochar) at 0.5 and 1.0% (W:W) application rates. The error bars represent standard
errors and bars with different letters indicate statistically significant (P < 0.05) differences (adapted
from Wang et al. 2017)
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For example, Duong et al. (2017) showed that 1% biochars made from rice husk or
coffee husk (HTT ¼ 550 �C) increased the water holding capacity of a sandy gray
soil of Vietnam by 26–33%. Cautions should be taken, however, because the effect
of biochar on water retention could vary significantly, depending on particle size of
biochar, quantity applied, as well as the soil texture (Fisher et al. 2019; Masiella et al.
2015). That is because biochar disrupts the soil matrix by changing the pore size
distribution: It promotes larger pores in fine textured soils (loam and clay), but makes
pore space narrower in coarse textured sandy soils.

2.3.2 Biochar and Soil Chemical Properties

2.3.2.1 Biochar’s Impact on Soil pH and Acidity

Given the alkaline pH of most biochars, incorporating biochar into acid soils can
increase soil pH up to 73% with an average increase of 28% (Mukherjee and Lal
2017). As an example, Xu et al. (2012) reported an increase over 2 pH units, from 5.0
to >7.0, when 5% peanut shell biochar (pyrolyzed at 350 �C) was applied to four
acid soils (Oxisols and Ultisols) of Southern China. The authors also showed a
significant increase in pH buffering capacity, defined as the slope of the linear
response line of soil pH as a function of acid/base additions in the pH range of 4.0
to 7.0, of these biochars amended soils (Table 2.5).

Biochar alkalinity can come from four sources (Fidel et al. 2017): (1) Surface
functional groups (as conjugates bases such as carboxylate, phenolate), (2) Soluble
organic compounds (also conjugate bases of weak organic acids), (3) Carbonates
(salts of bicarbonate and carbonate), and (4) Other inorganic alkalis (oxides, hydrox-
ides, sulfates, phosphates) as illustrated in Fig. 2.7.

Total alkalinity, however, strongly correlates with total base cations
(Na + K + Ca + Mg) extracted with 0.05 M HCl for eight biochars produced under
different temperatures (300, 500, and 600 �C) and pyrolysis conditions of slow, fast,
and gasification as shown in Fig. 2.8.

Alkalinity of biochar and its liming potential are often expressed as calcium
carbonate equivalent (CCE). A CCE range of 5.0–30.0% is common for many
wood-based biochars (Laird et al. 2010; Berek and Hue 2016). It is worth noting
that a biochar with 8% CCE applied at 2% (w:w) to an acid Ultisol of Hawaii
lowered exchangeable aluminum (Al) from 2 cmolc/kg to virtually zero, thus
completely eliminating Al toxicity in this soil (Berek and Hue 2016; Fig. 2.9).

In fact, Al and to a lesser extent, manganese (Mn) in acid soils can also be
complexed and detoxified by reactive functional groups on the biochar surfaces.
Most of these groups contain oxygen, such as carboxyl, carbonyl, and hydroxyl and
closely related to pyrolysis conditions: their number and density usually decrease as
the HTT increases (Gul et al. 2015; Zhao et al. 2017). In contrast, upon aging and
exposed to oxygen and water, biochar can develop more of these reactive functional
groups (Mukherjee et al. 2014). Consequently, heavy metals, such as lead (Pb),
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cadmium (Cd), are readily sorbed and detoxified by similar mechanisms (e.g.,
complexation, cation exchange, and precipitation) as they do for Al and Mn (Beesley
et al. 2015; Li et al. 2017).

Table 2.5 Effect of two biochars incorporated on properties and pH buffering capacity of soils
(CSBC ¼ canola straw biochar, PSBC ¼ Peanut shell biochar; adapted from Xu et al. 2012)

Soil and location
Depth
(cm) Treatment pH

Organic
matter
(g/kg)

CEC
(cmol/
kg)

pH buffering
capacity (mmol/kg/
pH)

Ultisol from
Liuzhou, Guanxi

60–
120

Control 5.38 4.4 5.15 20.8

1%
CSBC

6.72 15.5 5.90 22.3

5%
CSBC

7.46 23.0 6.17 27.3

3% PSBC 6.83 27.7 8.26 30.5

5% PSBC 7.35 41.2 9.28 36.1

Oxisol from
Chengmai,
Hainan

60–
130

Control 5.05 8.4 5.97 20.1

3%
CSBC

6.68 19.1 6.12 23.0

5%
CSBC

7.29 26.3 7.14 27.0

3% PSBC 6.85 31.0 8.01 29.4

5% PSBC 7.20 44.4 9.03 38.6

Ultisol from
Kunlun, Hainan

50–
110

Control 5.00 10.9 5.30 15.5

3%
CSBC

6.70 21.4 6.53 18.4

5%
CSBC

7.47 26.8 7.04 23.6

3% PSBC 7.04 32.9 7.80 25.7

5% PSBC 7.45 46.2 9.69 34.6

Fig 2.7 Four likely sources of alkalinity in biochars (modified from Fidel et al. 2017)
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2.3.2.2 Biochar’s Impact on CEC, Nutrient Retention and Supply

Given that the pKas of these oxygen containing groups range from 2 to 7 or
perhaps 9, which are not much different from common soil pHs (pH 3–9), negative
charges and CEC will be markedly increased when biochar is aged and is mixed with
soil. Many studies (Silber et al. 2010; Laird et al. 2010; Mukherjee et al. 2014;
Martinsen et al. 2014) have shown that soil CEC may increase up to 30% on average.

Fig. 2.8 Relationship between total soluble base cations (sum of meq g�1 for 0.05 M HCL
extractable Na+ K+ Ca+ Mg) and total alkalinity (meq g�1) for all eight untreated biochars. Each
data point represents the mean of three measurements. Total alkalinity was determined by titration
of 0.05 MHCL extracts. (Taken from Fidel et al. 2017)

Fig. 2.9 Exchangeable Al as a function of CaCO3 equivalent of wood-based biochars applied to an
acid Ultisol of Hawaii (adapted from Berek and Hue 2016)
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However, conflicting evidence also exists (Mukherjee and Lal 2017). For example,
Mukherjee et al. (2014) reported that after aging for 15 months, biochars made by
pyrolysis of wood (oak and pine) and grass at 250, 400, and 650 �C exhibited
fivefold increases in CEC. When added to soil, the CEC of the biochar amended soil
(a forest Spodosol from Florida) increased with the grass biochar but decreased with
the oakwood biochar (Fig. 2.10). Thus, the effect of biochar on soil CEC has not
clearly determined, perhaps due to the interactions between biochar and soil.

Having many negatively charged functional groups on the surface and increased
CEC of the amended soil, biochar can effectively retain nutrient cations, such as
NH4

+, K+, Ca2+, and Mg2+ (Laird et al. 2010; Wang et al. 2015). Mehlich III
extractable P, K, Mg, and Ca were increased significantly when a hardwood (oak
and hickory) biochar was applied at 0.5–2.0% to a Mollisol of Iowa (Laird et al.
2010). Ammonium in wastewater (concentration range 2–20 mg/L) was removed by
66% by a filter made of peanut hull biochar (Saleh et al. 2012). Nutrient entrapment
caused by porous structure, and high water holding capacity has been suggested as a
responsible mechanism for anions, such as nitrate and arsenate, retention (Ippolito
et al. 2015).

Besides being an efficient adsorbent, biochar itself contains nutrients (Table 2.1).
Depending on feedstock and pyrolysis process, and also on individual nutrient,
nutrient availability may be immediate or gradual. For example, biochars derived
from animal manure or grass and pyrolyzed at lower temperature release more
nutrients than those made from woody biomass at higher HTT (Mukherjee and
Zimmerman 2013). Also as discussed previously, over 50% of total K in biochar is
water soluble and readily bioavailable. Thus, biochar can be a good source of K for
crop uptake, especially in organic farming (Martinsen et al. 2014; Butnan et al. 2015;
Berek et al. 2018).

Fig 2.10 Cation and anion exchange capacities (CEC and AEC, respectively) measured at pH 6–7
on (a) fresh and “aged” oak and grass biochars produced at 250 and 650 �C, and (b) aged BY soil
and BY soil–biochar mixtures (Adapted from Mukherjee et al. 2014)
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On organic N mineralization, biochar can have positive, neutral, or negative
effects (Prommer et al. 2014; Maestrini et al. 2014). For example, an increase of
7% in N mineralization was obtained when 5% of a wheat straw biochar (slow
pyrolysis at 525 �C) was mixed with a sandy loam soil (Spodosol), while a 43%
reduction was resulted from the application of the same feedstock but fast pyrolyzed
biochar after 65 days of incubation (Bruun et al. 2012). Similarly, the direct
contribution of N from biochar has a mixed result, particularly in terms of plant
responses (Gul andWhalen 2016; Hood-Nowotny et al. 2018). Since the C/N ratio in
many biochars is much greater than the 25–30 range, which deems optimal for N
mineralization, N deficiency in crops due to N immobilization in biochar amended
soils may occur, at least in the short term (Deenik et al. 2010; Cely et al. 2014).

2.3.3 Biochar and Soil Biological Properties

As discussed previously, biochar can change soil physical properties via its large
surface areas and numerous and size-variable pores; it can modify soil chemical
properties via its alkaline pH, CCE, considerable CEC, high ionic strength
(expressed as electrical conductivity), along with some labile organic C. These
changes, in turn, affect the growth, composition, and activity of soil biota. Fig-
ure 2.11 summarizes such probable causes and expected effects of biochar on soil
biological properties.

2.3.3.1 Biochar as a Potential Habitat and Growth Promoter
for Soil Biota

The porous structure of biochar, its large internal surface area, and its high capacity
to retain water provide favorable habitats for soil biota (Quilliam et al. 2013; Jaafar
et al. 2015). Bacteria (size 0.3–3 mm) and hyphae (<16 μm) of different fungi can
colonize biochar macropores (sizes of 2 mm–2 μm are common), and avoid preda-
tors, such as mites and nematodes (Ezawa et al. 2002; Jaafar et al. 2015; Ogawa and
Okimori 2010). SEM images from Palansooriya et al. (2019) clearly show fungal
hyphae grown on the surface of a peanut shell biochar (Fig. 2.12).

In addition, water is essential to all living organisms, and its presence in biochar
pores would enhance the microbial habitability (Batista et al. 2018). Such habitat
may also help some microbes that are less competitive in the “hostile” environment
of the unamended soils become established (Ogawa and Okimori 2010; Wong et al.
2017).

Depending on the pyrolysis conditions (HTT and residence time) and the feed-
stock from which biochar derived, a significant quantity of labile C can be added to
soil when biochar is applied. For example, flash carbonizing and low HTT leave
residual bio-oils and other condensed volatile compounds on the biochar surfaces
(Deenik et al. 2010). Such C materials can serve as substrates (energy sources) for

2 Biochar for Maintaining Soil Health 37



F
ig
.2
.1
1

S
ch
em

at
ic
di
ag
ra
m
sh
ow

in
g
th
e
ef
fe
ct
of

bi
oc
ha
ra
pp

lic
at
io
n
on

so
il
m
ic
ro
or
ga
ni
sm

s
an
d
m
ic
ro
bi
al
re
sp
on

se
s
(a
da
pt
ed

fr
om

P
al
an
so
or
iy
a
et
al
.2
01

9)

38 N. Hue



microbe growth and metabolism, or even be toxic to certain microbial pathogens
(Graber et al. 2014). Maestrini et al. (2014) used 13C-labelled ryegrass biochar to
estimate microbial uses of biochar C in a forest soil. The authors found that 4.3% of
biochar 13C was mineralized after a 5-month incubation, of which 0.45% was in
microbial biomass. The labile/mineralized C contribution from biochar may interact
with native soil organic matter (SOM), causing a priming effect, which can speed up
or slow down the mineralization of native SOM (Whitman et al. 2015).

Besides C, biochar pH and ash content likely alter pH and nutrient status of the
amended soil as earlier discussed. Since most bacteria thrive at near neutral pH,
whereas fungi favor acidic or alkaline media, biochar application will strongly
influence the bacteria to fungi ratio, microbial communities (Chen et al. 2013;
Wong et al. 2019). Microbial feeders and their predators may also change as a result
(Thies et al. 2015).

2.3.3.2 Biochar’s Effects on Soil Enzyme Activities and Microbial
Community Structures

There are strong interactions between biochar and extracellular enzymes (Bhaduri
et al. 2016). These enzymes are needed to degrade substrates, particularly C- and/or
N-containing materials (e.g., cellulose, proteins) for their food. Biochar will affect
the activity of these enzymes in various ways, depending on the relative location
(folding conformation) of the active sites of the enzyme and the reactive functional
groups on biochar surfaces, pH, and concentration of ionic species in the surround-
ing environment (Thies et al. 2015). Increased enzyme activity of dehydrogenase,
β-glucosidase, and urease in a red soil (an Ustult) of China was recorded when
amended with an oakwood or bamboo biochar at 0.5, 1.0, and 2.0% after 372 days of
incubation (Demisie et al. 2014). Such increases have often attributed to the labile C
from biochars (Demisie et al. 2014; Bhaduri et al. 2016; Gasco et al. 2016).

Fig 2.12 SEM images of fungal hyphae (pointed by white arrow) grown on peanut shell biochar
(pyrolyzed at 500 �C) (adapted from Palansooriya et al. 2019)
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Using 13C-labelled phospholipid fatty acid (PLFA) analysis to study microbial
community and their main C food source in a very acidic soil (pH 3.7) amended with
Miscanthus biochar (HTT 350 and 700 �C), Luo et al. (2018) showed that all
microbial groups (Gram-positive, Gram-negative bacteria, actinobacteria, and
fungi) were more abundant in the biochar treated soil after 14 months of incubation.
These microbes used the C from the 350 �C biochar, but not the 700 �C biochar as
substrate. Similar findings were reported by Gomez et al. (2014) in a study using four
soils from the Midwest, USA, which received a fast pyrolysis biochar at rates of 0, 1,
5, 10, and 20%. The authors concluded that biochar stimulated microbial activity and
growth. More specifically, biochar addition proportionally increased microbial
abundance in all four soils, and altered the community composition, most strikingly
at the 20% rate, toward a more Gram� bacteria, relative to Gram+ and fungi. Also,
biochar can serve as a C substrate for microbial activity.

Changes in microbial community can be further studied using more modern
molecular techniques, such as 16S rRNA and 18S rRNA gene, which are character-
ized with terminal restriction fragment length polymorphism (T-RFLP) combined
with clone library analysis, denaturing gradient gel electrophoresis (DGGE) and
quantitative real-time PCR assay (qPCR) as reported by Chen et al. (2013). The
authors found that gene copy numbers of bacterial 16S rRNA was increased by 28%
and 64% and that of fungal 18S rRNA decreased by 35% and 46% under biochar
applications of 20 and 40 ton/ha, respectively, over the control in a rice paddy of
China.

Based on these abovementioned studies, it is likely that biochar can change
microbial community structure, but the effect varies with biochar type, soil type,
climate, and time. A fraction of C from biochar could also be used as a food source
for microbial growth, and could shift microbial distribution from one group to
another (Palansooriya et al. 2019).

2.4 Concluding Remarks

Biochar’s use as a soil amendment can significantly maintain and benefit soil health.
First, with properties, such as large surface areas, numerous pores and variable pore
size, biochar can improve soil physical attributes, including aggregate stability,
water holding capacity, root penetration, and reduced erosion. Second, given com-
monly high pH value, abundant reactive functional groups, relatively high CEC, ash
content, and labile C, biochar can enrich soil fertility and soil organic matter. Lastly,
with those desirable characteristics, application of biochar to soils, especially highly
weathered, nutrient-poor, and acidic soils, has been proven to enhance soil microbial
abundance, diversity, and activity. On the other hand, since climate and time also
affect biochar properties and performance via oxidation by water and oxygen, long-
term field experiments with different soil types and biochars should be actively
conducted, keeping in mind that interactions between biochar and soil are inevitable,
complex, and difficult to predict. Thus, biochar properties should be clearly
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characterized, and standardized, including pyrolysis process (e.g., fast, slow, highest
treatment temperature, residence time); also feedstock (e.g., wood, crop residues,
animal manure) should be clearly identified and publicized (Spokas and Novak
2015).

Finally, the cost of biochar production should be reduced substantially (currently,
commercial biochar costs over US$1000/ton in Hawaii per the author’s knowledge).
The task could be accomplished either through developing new and more efficient
pyrolysis processes or changing policy that would monetize the value of carbon
sequestration in soils where biochar has demonstratively served as an effective
amendment for maintaining and enhancing soil quality.
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Chapter 3
Plant Growth-Promoting Rhizobacteria: A
Booster for Ameliorating Soil Health
and Agriculture Production

Pratibha Rawat, Deepti Shankhdhar, and S. C. Shankhdhar

Abstract Soil is a powerful nonrenewable asset that embraces life on earth by
furnishing nutrients to plant. Degradation of soil health due to indiscriminate use
of chemical fertilizers and industrialization has become predominant environmental
concern with high preeminence. In view of the present scenario, soil microbes are the
most important candidates for improving soil fertility and health. The plant growth-
promoting microbes are used for enhancing soil fertility under stressed and normal
environment. Soil holds variety of microbial species such as fungi, bacteria, mosses
and liverwort. The prevalence of microbes is an indicator of soil biological activities
and regulates physical and chemical properties of soil. It enhances soil health and
crop productivity by diverse mechanisms like biofortification of nutrients, bioreme-
diation of soil, regulation of nutrient cycling, antibiosis, rhizosphere competence,
secretion of enzymes, stimulation of systemic resistance in host plant, and produc-
tion of metabolites, volatile compounds and antifungal toxins against pathogens.
Interaction of plant and microorganisms results in plant growth promotion and
disease control under fluctuating environment and enables sustainable agriculture
without compromising ecosystem balance. Thus, the inclusive use of plant growth-
promoting rhizobacteria promotes soil fertility that encourages sustainable agricul-
ture production under extreme condition.
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3.1 Introduction

Global technological advancement in both agricultural and industrial sector along
with an outburst of global population has disturbed the demand and food supply ratio
drastically in recent years. High input cost and low production were the major
challenges of conventional agriculture system. To accomplish the production
demand, contemporary farming practice rely on the use of chemical fertilizers that
escalate the yield but beyond a threshold level only and also decline soil fertility and
degrade the environment and consumer health (Singh 2015). Nevertheless, applica-
tion of inorganic chemicals in cultivable land causes heavy metal accumulation in
soil degrading its quality (Azzi et al. 2017). Global climate change is another factor
that challenges agriculture productivity. Therefore, for an eco-friendly and sustain-
able agricultural growth an efficacious alternative is required. In this regard
biofertilizers can be a potential cost-effective substitute for producing safe and
quality food.

Biofertilizers are the beneficial microbial inoculants that reside in the rhizospheric
region in the soil and promote the growth and development of plants by improving
nutrient accessibility from soil to plants. These plant growth-promoting
rhizobacteria (PGPR) produce growth hormones, siderophores, exopolysaccharides,
enzymes like 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase, antioxi-
dants and volatile compounds that provide environmental stress resistance mecha-
nisms in plants. They also act as antagonists of plant pathogens by producing
antifungal and antibacterial compounds in soil (Khadeejath Rajeela et al. 2018).
Such traits of eco-friendly microbes are suitable for sustainable agricultural practices
as chemical-based farming system results in eutrophication, carbon footprint, and
acidification of soil. Moreover, biotic and abiotic factors in the environment also
contribute to decline in crop productivity. Therefore, for accomplishing the inevita-
ble requisite for a reliable agriculture system that utilizes organic resources for
improving plant health plant beneficial microbes are the best remedy for farmers
and soil health.

3.2 Rhizosphere: An Ecological Niche for Soil Microbes

The region of soil near the root proximity is termed as rhizosphere. It represents the
most biologically active region of the soil where microbiome and plants interact. A
variety of compounds are secreted by roots of plants that give signals and allure the
soil inhabiting diverse microbial communities. Root exudates are organic com-
pounds excreted by plant roots and are rich in carbon sources that facilitate microbial
growth. These secretions change the physiochemical attributes of soil like pH,
nutrient content, energy resources that harmonize the soil microbial dynamics
(Dakora and Phillips 2002). Environmental factors like light, soil temperature,
oxygen availability, pH, nutrient acquisition, and inherent microbial community
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regulate the formulations of root secretions compared to plant species (Singh et al.
2004). Dominant molecules of root exudates comprise amino acids, organic acids,
vitamins, sugars, and nucleobases as depicted in Table 3.1 (Keiluweit et al. 2015). In
addition to flourishing the microbial dynamics in the rhizosphere, root exudates
assist in symbiotic plant–microbe interaction and also impede the development of
competing plant. For instance, root exudates of Tagetespatula L. containing thio-
phenes restricts the growth of competing Abutilon theophrasti L. plant surrounding
the Tagetes plant (Weidenhamer et al. 2019).

3.2.1 Soil Health

Soil is a hotspot of microbial biodiversity and is the ultimate source of nutrients and
nourishment for plants. Soil health in broad term refers to potential of soil to sustain
all life forms and nurture their growth and development in the ecosystem (Doran and
Safley 1997). Recycling and storage of nutrients, maintenance of water and soil
quality, repression of pathogen, decomposition of soil organic matter, and detoxifi-
cation of toxic chemicals are some attributes of healthy soil (Dubey et al. 2016)
whereas degeneration of water and soil quality is a trait of poor soil health
(Takoutsing et al. 2016). Soil microbes are the major contributors of rich soil health.
The predominant soil microflora comprises bacteria, fungi, and actinomycetes. Out
of these rhizobacteria forms symbiotic relations with plants and improve nutrient
accessibility, water uptake, biogeochemical cycles in the ecosystem and provide
resistance to biotic and abiotic stress. Soil aeration, moisture content, and porosity
are also influenced by soil microbiota.

Table 3.1 Components of root exudates

Constituents of
root exudates Types References

Organic acids Citric acid, oxalic acid, malic acid, succinic acid, acetic
acid

Wang et al.
(2019)

Amino acids Histidine, serine, lysine, arginine, alanine, aspartic acid,
glutamic acid, threonine, proline, tyrosine, methionine,
tryptophan, isoleucine, phenylalanine

Madhukar et al.
(2018)

Enzymes Protease, invertase, acid phosphatase, alkaline phospha-
tase, urease

Wang et al.
(2019)

Sugars Glucose, rhamnose, mannose, arabinose, fructose, galac-
tose, ribose, xylose, maltose, raffinose

Madhukar et al.
(2018)

Vitamins Thiamine, riboflavin, niacin, pantothenate, biotin Dakora and
Phillips (2002)

Inorganic ions H+, OH�, HCO�
3 Dakora and

Phillips (2002)

Gaseous
molecules

CO2, H2 Dakora and
Phillips (2002)
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Climate fluctuations and anthropogenic activities have negative impact on diverse
microbiome of soil. Shift in soil microbial dynamics has been observed owing to use
of chemicals, monotype cultivation that turn down the soil enzymatic activity like
phosphatases, proteases, dehydrogenases, and β-glucosidases that balances soil
biological activities (Lazcano et al. 2013). It was evident from the research that
application of chlorantraniliprole, an insecticide against leaf folder and yellow stem
borer in paddy field, reduced the dehydrogenase and phosphatase activity in
rhizospheric soil compared to control soil and also had adverse effect on soil
microflora of treated soil indicating that soil deterioration via chemicals is a conse-
quential warning for limited and vital soil asset which is the baseline of crop
productivity (Sahu et al. 2019).

3.2.2 Plant Growth-Promoting Rhizobacteria: A Savior
for Soil Health

A healthy soil furnishes a diversity of ecosystem, sustains agricultural productivity
and is a native hub of microorganisms. Majority of soil microbiome comprises plant
growth-promoting rhizobacteria that establish near the root region of soil and
improve crop yield by upgrading soil health. Rhizobacteria establish both associative
and symbiotic relationship with host plant and can also survive as free-living
organism. Genus Bacillus, Pseudomonas, Arthrobacter, Azospirillum,
Burkholderia, Azotobacter, Klebsiella, Alcaligenes, and Serratia belong to PGPR
category (Saharan and Nehra 2011). PGPR conserves soil fertility by performing
various tasks such as solubilizing nutrients from their source in soil like potassium,
phosphorous, iron and zinc solubilizing bacteria that accelerate release of nutrient
into the soil when in direct proximity with the nutrient source either by production of
enzymes, organic acids, siderophores or by upgrading the root morphology like root
length and root hair growth (Saha et al. 2016; Hodge 2017). Symbiotic nitrogen
fixation by PGPR like Rhizobia, Bradyrhizobia in leguminous plants is an important
function of PGPR. Toxic pesticides in soil can be degraded by microorganisms by
their enzymatic activity through a process called bioremediation. Destruction of
xenobiotic compounds in soil is also achieved by such growth-promoting
rhizobacteria (Kuppusamy et al. 2016). Such microbes are also used in water
treatment plants for waste water treatment. These can also be used as biocontrol
agents for protecting soil and plant from pathogen attack. Fungal and bacterial
by-products hold soil particles into macroaggregates that upgrade soil structure
and stability. It was also studied that arbuscular mycorrhizal hyphae enhanced
macroaggregate formation, decelerated their breakdown, and improved turnover of
microaggregate formation (Morris et al. 2019).
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3.2.3 Plant Growth-Promoting Rhizobacteria: A Probiotic
for Augmenting Agricultural Productivity

Microorganisms adopt different ways to stimulate plant growth and development.
Direct and indirect mechanisms are two predominant modes for improving plant
health which include nutrient acquisition, phytohormones secretion, biocontrol
activity, and bioremediation as illustrated in Fig. 3.1. PGPR activity relies on host
plant species, growth stage of host, defense modes of host plant, soil constituents,
endogenous soil microbial community, and environmental factors (Prasad et al.
2019). Table 3.2 depicts diverse PGPR and their growth-promoting attributes in
host plants.

3.3 Direct Modes of Plant Growth Promotion by PGPR

3.3.1 Biological Nitrogen Fixation

Nitrogen is an indispensable and limiting nutrient for productivity of crops and is the
constituent of amino acids, lipids, and nucleoproteins (Marschner 1995). This
element is not directly accessible to plants and is present in gaseous form (i.e.,
accounts for 78% of atmosphere) and is available to plants through the process of

Fig. 3.1 Diverse mechanism of growth enhancement in plants by plant growth-promoting
rhizobacteria
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biological nitrogen fixation by nitrogenase-containing microorganisms (Shridhar
2012). Nitrogen fixing organisms are categorized as: (a) symbiotic nitrogen fixers
that establish mutualistic association with host plant. Bacteria belonging to genus
Bradyrhizobium, Mesorhizobium, Rhizobium, and Sinorhizobium associate with
leguminous plants. (b) Nonsymbiotic nitrogen fixers which may be free living,
endophytes, and associative. Bacteria belonging to genera Azotobacter,
Azospirillum, Diazotrophicus, Azoarcus, cyanobacteria (Anabaena, Nostoc),
Gluconacetobacter, Acetobacter, Burkholderia, Enterobacter, and Pseudomonas
that encourage the growth of nonleguminous plants (Bhattacharyya and Jha 2012).

Substituting chemicals by nitrogen fixing biofertilizers in fields is a judicious and
sustainable practice for eco-friendly agricultural system. Highest input of nitrogen in

Table 3.2 Plant growth-promoting traits of diverse PGPR

Plant growth-promoting
rhizobacteria Host plant Growth regulation References

Pseuomona sp. P34 Triticum
aestivum

Siderophore production,
enhancement in root traits and dry
matter accumulation of plant

Liu et al.
(2019)

Bradyrhizobium
diazoefficiens

Glycine
max

Symbiotic nitrogen fixation López et al.
(2019)

Bacillus megaterium CS22 Brassica
napus

Phosphorous solubilization and
biomass production

Zheng et al.
(2019)

Paenibacillus polymyxa Sx3 Oryza
sativa L.

Biocontrol agent. Secondary
metabolite fusaricidins and poly-
myxin P production. Suppression
of bacterial leaf blight in host

Abdallah
et al. (2019)

Halomonas Oryza
sativa L.

Bioremediation of arsenic under
salt stress

Mukherjee
et al. (2019)

Bacillus mojavensis JK07 and
Rhodopseudomonas palustris

Zea mays Potassium solubilizers, increment
in yield and biomass under
salinity

Feng et al.
(2019)

Bacillus sp. CP h60 Cicer
arietinum

ACC deaminase, IAA, increase in
number and dry weight of nod-
ules, root and shoot biomass
increment

Ditta et al.
(2018)

Bacillus mojavensis Glycine
max

HCN, auxin, siderophore and
antioxidant production, phos-
phate solubilization

Prajakta et al.
(2019)

Bacillus methylotrophicus
M4-96

Fragaria
ananassa

Auxin, gibberellin production,
induce systemic resistance in host

Vicente-
Hernández
et al. (2019)

Pseudomonas aeruginosa
MML2424 and Bacillus
amyloliquefaciens MML2522

Curcuma
longa

Bacillomycin and fengycin anti-
biotic production, HCN,
siderophores production

Chenniappan
et al. (2019)

Serratia nematodiphila RJ10 Vigna
mungo,
Pisum
sativum

ACC deaminase, siderophores,
IAA production, increase in bio-
mass of crop under drought stress
condition

Saikia et al.
(2018)
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agricultural land is furnished by nitrogen fixing microbes globally. It was estimated
that worldwide up to 30� 109 Kg N is fixed by Rhizobia every year in 250 million ha
of land (Kinzig and Socolow 1994). An increment of about 44–72% was discerned
in soybean yield through biological nitrogen fixation (Ciampitti and Salvagiotti
2018). In chickpea inoculated with consortia of Azotobacter and Rhizobium under
salt stress improved yield up to 23.9% and 27.9%, respectively. Also, nitrogen,
potassium, and phosphorous amount was greater in roots and shoots inoculated with
consortia compared to control and plant sodium content was minimal in chickpea
co-inoculated with strains alleviating stress impact in host plant (Abdiev et al. 2019).

3.3.2 Phosphate Solubilization

Phosphorous is the second most inevitable macronutrient after nitrogen. Although
phosphorous pool both organic and inorganic is copious in soil, i.e., 400–
1200 mg kg�1 soil but the plant available form HPO�2

4 , H2PO�
4

� �
is very scant,

i.e., only 0.1% of total phosphorous due to its complexation with cations in soil (Zou
et al. 1992). Phosphorous is utmost for metabolic processes like respiration, photo-
synthesis, energy transfer, signal transduction, and biosynthesis of macromolecules
(Anand et al. 2016). To vanquish the inadequacy of phosphorous chemical fertilizers
are not reliable as they are expensive and toxic for soil. Phosphate solubilizing
bacteria (PSB) are potent substitute of chemicals that solubilize phosphorous in an
eco-friendly manner. Figure 3.2 demonstrates various mode of action of PSB for
dissolution of insoluble phosphate. PSB secretes organic acids like gluconic acid,
carboxylic acid for dissemination of inorganic phosphates like Fe-P, Ca-P by
lowering the pH of rhizosphere and chelation of cations bound to phosphate
(Kishore et al. 2015).

Fig. 3.2 Modes of action of phosphate solubilizing bacteria for phosphorous dissolution in soil
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Inorganic acid production, siderophores and exopolysaccharides secretions are
indirect mechanisms of organic phosphate dissolution. PSBs also secrete enzymes
like phosphatases, phytases and phosphonatases for dissolution of organic phos-
phates (Martínez et al. 2015). Most potent phosphate solubilizing bacteria belong to
genera Bacillus, Pseudomonas, Burkholderia, Arthrobacter, Enterobacter, and
Rhodobacter (Biswas et al. 2018; Liu et al. 2019; Teng et al. 2019). Table 3.3
represents increment in phosphorous uptake and yield in crops with different
phosphate solubilizers. It was evident from the findings that co-inoculation of
phosphate solubilizing bacteria Bacillusaryabhattai S10 and Bacillus subtilis
ZM63 improved phosphorous content upto 90% in mungbean and 58% in maize
and increased grain number in pods of munbean by 29% compared to control
(Ahmad et al. 2019). Likewise, Pseudomonas species P34 in wheat enhanced root
traits and dry matter accumulation and phosphorous accumulation in inoculated
plants was found to be 29.4% higher in contrast to control (Liu et al. 2019). These
findings explicit that PSBs are sustainable alternatives to accomplish the agricultural
phosphorous demand.

Table 3.3 Impact of phosphate solubilizing bacteria on phosphorous uptake and yield in different
crops

Phosphate
solubilizing
microorgansims

Increase in phosphorous
uptake in host plant
compared to uninoculated
plant (%) Host plant

Yield
increment
(%) References

Bacillus
megatherium var.
phosphaticum

7.81 Vigna
radiata L.

21.10 Kumar and
Yadav (2018)

Gluconacetobacter
sp. and
Burkholderia sp.

435.71 Oryza
sativa L.

14.75 Stephen et al.
(2015)

Pseudomonas
putida

30.00 Cicer
arietinum
L.

14.00 Israr et al.
(2016)

Rhizobium, Pseu-
domonas and
Bacills

103.00 Pisum
sativum L.

32.00 Rani et al.
(2016)

Burkholderai,
Baciilus, Pseudo-
monas,
Flavobacterium

185.00 Zea mays
L.

33.00 Iqbal Hussain
et al. (2013)

Rhizobium meliloti 37.50 Gossypium 77.00 Egamberdiyeva
et al. (2004)

54 P. Rawat et al.



3.3.3 Potassium Solubilization

Potassium is the salient macronutrient for plants after nitrogen and phosphorous and
is a prerequisite for photosynthesis, protein synthesis and modification, early growth,
regulation of water use efficiency and longevity. Total soil potassium content
surpasses 20,000 ppm of which only 1–2% is accessible for plants (Sharma et al.
2016). Potassium inadequacy is one of the dominant constrains for agricultural
productivity, and as a consequence there is reduction in yield and seed production
(Nath et al. 2017). Therefore, it is obligatory to find a remedy for maintaining
potassium status in soil and plants. Potential of PGPR to solubilize potassium by
secretion of organic acids and acid hydrolysis of potassium from its source can be
exploited to increase availability of potassium in soil (Sindhu et al. 2016; Bahadur
et al. 2017). Pseudomonas, Bacillus, Arthrobacter, Thiobacillus, Burkholderia,
Azotobacter, Rhizobium, and Flavobacterium species are some popular potassium
solubilizers (Meena et al. 2018). Table 3.4 represents the variability in potassium
uptake and yield in plants with diverse potassium soublizing biofertilizer. It was
evident from the research that three potassium solubilizers isolated from paddy field,
i.e., Rahnellaaquatilis, Pantoeaagglomerans, and Pseudomonas orientalis with a
blend of half of recommended dose of potassium fertilizer (i.e., 44%) improved grain
yield upto 20–52% in rice (Khanghahi et al. 2019). Hence, potassium solubilizers
can be used as biofertilizers for enhancing sustainable crop productivity and limiting
the use of agrochemicals.

Table 3.4 Impact of potassium solubilizing bacteria on potassium uptake and yield in different
plants

Potassium
solubilizing
microorgansims

Increase in potassium uptake in
host plant compared to
uninoculated plant (%) Host plant

Yield
increment
(%) References

Bacillus
megaterium and
Bacillus
mucilaginous

40.2 Capsicum
annuum

28.5 Zhao et al.
(2019)

Bacillus
mucilaginosus

59.6 Sorghum
vulgare Pers.

36.6 Basak and
Biswas
(2009)

Arthrobacter sp. 24.40 Lolium
multiflorum

27.4 Xiao et al.
(2017)

Enterobacter clo-
acae Rhizo_33

85.00 Triticum
aestivum

19.16 Ghadam
Khani et al.
(2019)

Frateuria
aurantia

39.00 Nicotiana 16.00 Subhashini
(2015)

3 Plant Growth-Promoting Rhizobacteria: A Booster for Ameliorating Soil Health. . . 55



3.3.4 Iron Chelation

Iron is the crucial element for all life forms and is involved in fundamental processes
like respiration, nitrogen fixation, and photosynthesis. Iron is present in insoluble
form in nature, i.e., Fe3+ ferric ion which is not readily absorbed by living forms
(Ammari and Mengel 2006). For availability of iron to plant, PGPR secrete high
affinity low molecular weight iron chelating compounds under iron limiting condi-
tions in the rhizosphere named as siderophores. These are ferric ion complexing
agents that bind the Fe3+ ion and translocate it inside the bacterial cell where the
iron–siderophore complex gets reduced to soluble Fe2+ form. Plants acquire iron
through production of siderophores by themselves and also from the bacterial
siderophores by ligand exchange reaction or direct uptake of iron–siderophore
complex. Currently more than 500 siderophores are reported excreted by both plants
and microorganisms (Hider and Kong 2010). Microbes utilize the concept of iron
chelation for competition against other microbes for nutrition, habitat, and host plant.
Grimontella, Enterobacter, and Burkholderia are prominent siderophore producers.
Bacteria like Pseudomonas putida utilize siderophores produced by other microor-
ganisms to improve iron uptake in their natural niche (Rathore 2014). It was also
studied that Bacillus megaterium, Bacillus subtilis, Rhizobium radiobacter, and
Pantoeaallii secrete siderophores in the range of 80–140 μmol L�1 in alkaline
condition that aided organisms to survive under stress environment (Ferreira et al.
2019). Table 3.5 presents the potent iron solubilizing bacteria and their impact on

Table 3.5 Influence of iron and zinc solubilizers on micronutrient uptake and yield parameters

Iron and zinc
solubilizing
microorgansims

Increment in
zinc content in
crop (%)

Increment in
iron content in
crop (%)

Host
plant

Yield
increment
(%) References

Bacillus aryabhattai
(ZM31) and Bacillus
subtilis (ZM63)

25.9 (shoot)
68.0 (grains)

48.11 (shoot)
78.0 (grains)

Zea
mays

41.23 Mumtaz
et al.
(2018)

Pseudomonas
fluorescens

32.8 (shoot)
17.2 (grains)

49.5 (shoot)
60.88 (grains)

Oryza
sativa
L.

40.7 Sharma
et al.
(2013,
2015)

Enterobacter B 17 21.5 (shoot)
11.21 (grains)

60.3 (shoot)
52.3 (grains)

Oryza
sativa
L.

23.3 Sharma
et al.
(2013,
2015)

Enterobacter BN 30 32.1 (shoot)
10.5 (grains)

16.6 (shoot)
32.8

Oryza
sativa
L.

30.4 Sharma
et al.
(2013,
2015)

Pseudomonas putida 10.84 (shoot)
18.08 (grains)

48.9 (shoot)
53.2 (grains)

Oryza
sativa
L.

25.0 Sharma
et al.
(2013,
2015)
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yield and micronutrient uptake. Siderophores producing PGPR are blessings to
conquer iron deficiency in plants. Nevertheless, more research on siderophores and
their mode of action for iron uptake is required to exploit the potential of iron
chelating microorganisms.

3.3.5 Zinc Solubilization

One of the pivotal micronutrients for plant growth and development is zinc which is
required in low concentration (i.e., 5–100 mg kg�1 in tissues). Zinc is an important
cofactor of enzymes such as carbonic anhydrase, RNA polymerase, alcohol dehy-
drogenase, and superoxide dismutase (Cakmak 2000). It is essential for maturity,
vigor, and yield of plants. Zinc scarcity results in membrane disintegration, reduction
in synthesis of chlorophyll, growth regulators, cytochromes, enzymes, nucleotides,
and increased sensitivity to high temperature (Singh et al. 2005). Symptoms of zinc
deficiency include chlorosis of leaves, stunted growth, and spikelet sterility. Soil
environment affects zinc prevalence in crops. Zinc scarcity is also known as “hidden
scarcity” as the yield and quality of the product is damaged without the appearance
of symptoms (Alloway 2004). High pH, organic matter, high percentage of phos-
phorous and iron, magnesium-to-calcium ratio, and high bicarbonate content are
factors that influence zinc content in soil (Wissuwa et al. 2006; Li et al. 2016). Zinc
scarcity in crops is due to low zinc solubility instead of zinc availability in soil
(Gontia-Mishra et al. 2016).

Application of inorganic zinc in soil partially fulfills demand of plants as 96–99%
of zinc fertilizer is converted to insoluble form within the 7 days of application which
is not assimilated by plants and they become deficient in zinc (Saravanan et al.
2004). In this regard, there is a need of an organic solution that improves the
micronutrient deficiency in plants as well as humans. Zinc solubilizing PGPR are
crucial for zinc availability and bio-fortification of zinc in grains as depicted in
Table 3.5. Pseudomonas, Bacillus, Burkholderia, Gluconacetobacter, and Serratia
are common zinc solubilizing PGPR. These microorganisms solubilize zinc through
production of organic acids (gluconic acid, 5-keto-gluconic acid), exchange reac-
tions, and chelation by siderophores. It was evident from recent study that applica-
tion of zinc solubilizing bacterial consortia, i.e., Pseudomonas striata, Bacillus
polymyxa, Pseudomonas fluroscence, Bacillus megaterium, Gluconoacetobacter
diazotrophicus, and Aspergillus awamori with 100% recommended dose of zinc
(20 kg ha�1) improved agronomic efficiency and zinc use efficiency in groundnut
(Raut et al. 2019).
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3.3.6 Phytohormone Production

Plant growth regulators are organic compounds that are synthesized in specific parts
of the plant and are translocated to various sites of plants or are active in the source
tissue. These are the signalling molecules that regulate the overall growth and
development of plants at very low concentration (less than 1 mM) (Damam et al.
2016). Phytohormones are produced by plants themself or exogenously produced by
plant-associated PGPR. Indole acetic acid, gibberellins, and cytokinins are phyto-
hormones secreted by microorganisms that improve plant growth. Indole acetic acid
or auxin is involved in enlargement of cell, cell differentiation and division, apical
dominance, flowering, root initiation, stimulation of seed germination, xylem devel-
opment rate, mediation of tropic response (phototropic, geotropic), and formation of
photosynthetic pigments in plants. Auxins from PGPR escalate root surface area and
length to enable more nutrient accession for plants. It is crucial for phytostimulation
and pathogenesis (Nath et al. 2017).

Auxin secretion by bacteria enables them to detoxify excess tryptophan in
bacterial cell that are detrimental for them as tryptophan is the precursor for auxin
production in bacteria and is a major amino acid in root exudates (Etesami et al.
2009). Gibberellin stimulates root and stem growth, triggers germination of seed,
root elongation and expansion (Yaxley et al. 2001). Cytokinins are responsible for
cell division, differentiation, and enlargement. It also regulates axillary bud growth,
leaf senescence, and apical dominance. It also stimulates shoot growth (Riefler et al.
2006). Ethylene is a versatile plant hormone. It triggers fruit ripening, leaf abscis-
sion, inhibits root elongation, stimulates the production of other phytohormones and
causes defoliation (Bhattacharyya and Jha 2012). Bacillus, Azospirillum,
Microbacterium, Pseudomonas, Rhizobium, Serratia, and Paenibacillus are the
dominant phytohormones producing bacteria (Holland 2019; Kashyap et al. 2019;
Pal et al. 2019). It was discerned that Pseudomonas sp. AZ5 and Bacillus sp. AZ17
produced 17.8 μg ml�1 and 19 μg ml�1 indole acetic acid, respectively, and also
enhanced grain yield by 17.47 and 17.34%, respectively, in chickpea in contrast to
control. Increment in zinc content (26.12%) and phosphorous content (25.69%) was
observed in chickpea plant inoculated with Bacillus sp. Moreover, nodule dry
weight, nodule number, shoot biomass also improved in inoculated plants in com-
parison to uninoculated plants (Zaheer et al. 2019). Bacillus tequilensis is reported to
produce auxin, abscisic acid, and gibberellin (GA1, GA3, GA5, GA18, and GA19) and
improve shoot biomass, maintain photosynthetic pigment and leaf ultrastructure
under heat stress in soybean. It also reduces the level of stress abscisic acid and
improves salicylic acid and jasmonic acid content in the rhizosphere (Kang et al.
2019). Such studies reveal that phytohormones producing PGPR upgrade overall
growth attributes and crop productivity.
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3.3.7 Aminocyclopropane-1-Carboxylate (ACC) Deaminase

Some PGPR have the potential to produce a stress buster enzyme ACC deaminase.
This enzyme improves overall growth of plants by reducing ethylene levels in stress
environment. Stress hormone is a synonym for ethylene hormone. Although ethyl-
ene promotes plant growth at low concentration (~10 μg L�1) in normal surround-
ing, under stress environment ethylene is produced in higher amounts, and beyond a
threshold level (~25 μg L�1) it retards overall development of plants (Gamalero and
Glick 2015). ACC deaminase converts ethylene precursor ACC to α ketobutyrate
and ammonia thereby lowering stress ethylene levels in plants and encouraging the
survival and development of plants under stress condition (Olanrewaju et al. 2017)
as explained in Fig. 3.3. The capability of Enterobacter sp. with ACC deaminase
activity was investigated in rice under salinity conditions. It was evident that the
strain induces increment in root shoot biomass in rice seedling under salinity.
Antioxidants like catalase, superoxide dismutase, polyphenol oxidase also shoot
up in the seedlings when inoculated with the strain. Moreover, ethylene production
was lowered in the seedlings treated with Enterobacter and 150 mM salt concentra-
tion in contrast to control condition without stress and inoculum (Sarkar et al. 2018).
Inoculation of Bacillus amyloliquefaciens with ACC deaminase activity
(313.2 � 34.3 μmol α-ketobutyrate mg�1 protein h�1) along with biochar
(30 mg ha�1) in wheat results in 77% increment in grain yield and 75% increment
in straw yield under severe drought condition (Zafar-ul-Hye et al. 2019).

Fig. 3.3 A schematic model of ACC deaminase positive PGPR action under stress condition (ACC
1-amino cyclopropane-1-carboxylic acid, SAM S-adenosyl methionine)
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3.4 Indirect Modes of Plant Growth Promotion by PGPR

3.4.1 Biocontrol Weapon

Microorganisms exhibit antibacterial and antifungal attributes, and as a consequence
they can be exploited as biocontrol agents (Rani et al. 2017). Such tiny life forms
trigger systemic acquired resistance in host plant secretion of hydrolytic enzymes,
toxic secondary metabolites, and production of antibiotics (Rani et al. 2017; Shine
et al. 2018). These organisms regulate hormone levels like auxin, ethylene in host
plant and also lower the damage level in host by pathogens. Major antifungal
metabolites secreted by biocontrol organisms that suppress fungal pathogenesis in
host are daucans, terpenoids, polyketides, peptaibols, viscosinamide, pyrrolnitrin,
phenazines, and gliovirin (Tomer et al. 2016). Bacillus, Pseudomonas, Streptomy-
ces, Serratia, and Trichoderma are promising biocontrol agents. Bacillus sp. B25
exhibits biocontrol effect in maize against fungus Fusarium verticillioides that
causes ear and stalk rot and aggregation of mycotoxin in maize (Maldonado-
Mendoza et al. 2018). Pseudomonas fluorescens Pf7 is a biocontrol tool against
fungus Aspergillus flavus which is a source of aflatoxin contamination in groundnut
which causes teratogenic, hepatotoxic, immunosuppressive, and carcinogenic
impact in consumer (Teja et al. 2019).

3.4.2 Antibiotic and Hydrogen Cyanide (HCN) Production

To impede the devastating impact of phytopathogen some bacteria produce antibi-
otics to suppress the growth of pathogen. Antibiotics are low molecular weight
molecules that are secreted by PGPR and are effective against other pathogenic
microbes (Kundan et al. 2015). Outcome of antibiotic is both biocidal (kills the
pathogen) and biostatic (inhibits the metabolism of pathogen). Antibiotics targets
crucial metabolic reactions of its target like cell wall synthesis, protein synthesis, and
DNA replication (Bhattacharyya et al. 2016).

Phytopathogen also develops resistance mechanisms against antibiotics. Like-
wise, the antibiotic secreting PGPR also displays varying response in different
environmental conditions. As a consequence there should be more emphasis on
how the pathogen antagonist strains can be formulated or cultured to improve its
antagonistic effect (Glick 2015). Batumin is a polyene antibiotic possessing anti-
cancer activity is produced by Pseudomonas batumici (Soldatkina et al. 2018).
Pseudomonas parafulva produces phenazine-1-carboxylic acid antibiotic (Zhang
et al. 2019). It was studied that Bacillus subtilis Bj-1 produced antibiotics like
subtilin, fengycin, and bacilysin that inhibited the growth of Magnaporthe oryzae
which is a rice blast fungus. Filtrate of bacillus strain restricted the fungal mycelial
proliferation (He et al. 2019).
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HCN is used to control weeds. These are secondary metabolites that are generated
in minute amount by some PGPR. HCN results in cell death by restricting energy
transfer and electron transfer reactions in the cell (Kundan et al. 2015). HCN
generating PGPR are exploited as weed biocontrol weapon. It can also behave as
fungal antagonist and is more toxic due to its ability to bullseye major components of
metabolic reactions like cytochrome c oxidase (Nandi et al. 2017). HCN positive
Pseudomonas aeruginosa H6 showed inhibition of Pennisetum purpureum and
Spiny amaranthus weeds. Restriction in root hair formation, browning of roots,
necrotic lesions on leaves was prominent symptoms on weeds. HCN effect was
correlated with growth hindrance. Volatile HCN also arrested the germination of
weed seeds when the seeds were treated with Pseudomonas generated metabolites
(Lawrance et al. 2019).

3.4.3 Stress Repulsion

Stress is any factor that has negative impact on growth, survival, and productivity of
plants. Factors can be abiotic like high temperature, drought, flood, salinity etc.,
biotic factors include bacteria, fungi, insects, animals etc. PGPR adopts various
methods to cope up with the abiotic stress environment like production of ACC
deaminase and antioxidants, regulation of phytohormones in host plant,
siderophores secretion and solubilization of nutrients that overall improve crop
economic yield as discussed earlier in the manuscript.

For management of biotic stress PGPR-induced antibiotic production acts as
biocontrol agent, secretes secondary metabolites, volatile compounds that are toxic
to pathogens. In addition to these strategies PGPR also triggers defense mechanism
in host plant known as induced systemic resistance.

Induced systemic resistance (ISR) is the capability of PGPR to induce resistance
mechanism in their host against the phytopathogens (Yang et al. 2009). ISR is turned
on when there is a pathogen attack and is active against a diversity of pathogen
(Kundan et al. 2015). ISR regulates ethylene and jasmonate levels that restore the
dormant resistant mechanism in host plant. A cascade of signalling network controls
ISR response in plants and these signals are regulated by phytohormones (Pieterse
et al. 2014). Many PGPR have been documented to induce ISR response in their host
plants. For instance, halotolerant Klebsiella sp. MBE02 had growth-promoting
effect and stimulated ISR in peanut. RNA sequencing revealed that inoculation of
strain with host upregulated genes involved in ethylene, jasmonic acid signaling and
plant defense action against Aspergillus fungus (Sharma et al. 2019). Bacillus
amyloliquefaciens Ba13 triggers systemic resistance in tomato against tomato yel-
low leaf curl virus. Disease severity, rate of infection, and virus amount in leaf were
lowered at rate of 48–52% under bacterial treatment. Strain also improved shoot
and root biomass in tomato. Upregulation of pathogenesis related genes like PR1 and
PR2 and increment in the activity of glucanase, phenylammoni a lyase, chitinase and
polyphenol oxidase was observed in virus-infected tomato plant. According to

3 Plant Growth-Promoting Rhizobacteria: A Booster for Ameliorating Soil Health. . . 61



culture-dependent analysis, there was reduction in pathogenic fungi in the rhizo-
sphere in comparison to growth-promoting bacillus strain (Guo et al. 2019).

3.4.4 Bioremediation

Bioremediation is a practice by which living forms or their by-products are exploited
either organically or artificially to detoxify the immobilized pollutants from the
nature (Uqab et al. 2016). Many PGPR have the potential to remediate the toxic
chemicals like xenobiotic compounds, heavy metals, herbicides, pesticides, and
organic solvents from the environment which is poisonous for soil, plants, humans,
and animals. Pseudomonas taiwanensis was found to be arsenic and cadmium
resistant and exhibited 10 ppm resistance to both the heavy metals. High activity
of antioxidants like catalase, glutathione S-transferase, superoxide dismutase was
observed in the bacterial strain due to presence of heavy metals. Thiol, hydroxyl
groups and amides were also accumulated in the bacteria under heavy metal stress as
adaptive response in contrast to the normal condition (Satapute et al. 2019).
Acinetobacter junii and Bacillus flexus are arsenic-tolerant PGPR and possess arsC
gene that encodes metalloregulatory protein which detoxify arsenic (Marwa et al.
2019).

3.5 Conclusion

Microorganisms are a blessing for humans. Microbes are used in various sectors like
medical, food, electronics, agriculture, textile, and biotechnology because of their
metabolic diversity. There are many plant growth-promoting microorganisms like
bacteria, fungi, archaebacteria, and mycorrhiza that improve soil health and facilitate
crop productivity under unfavorable circumstances. Exploitation of microbial appli-
cation for agricultural development is an economical step for overall progress of a
nation. Rather than focusing on cost-ineffective agrochemicals, eco-friendly
biofertilizers should be commercialized among the farmers. In current scenario
where genetically engineered products are not acceptable PGPR can be illuminated
as potent alternative for constructing disease-resistant and nutrient-rich crop.
Although microorganisms are applied in every field more emphasis should be
there on the hidden aspects of microbial diversity, their functions, applications,
and genetic manipulation for future sustainable agricultural system.
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Chapter 4
Vermicompost and Soil Health

Ranjit Chatterjee, Ankita Debnath, and Subhalaxmi Mishra

Abstract The greatest challenge in the coming years is to fulfill the demand for safe
food, healthy soil, and a pollution-free environment for the growing populations of
the world. Indiscriminate use of inorganic fertilizers and pesticides in conventional
crop production is considered to be one of the prime factors for deterioration in crop
productivity, degradation of soil health, and serious threats to the environment and
human health that largely affect the sustainability of the agricultural production
system. With increasing awareness of the ill effects of conventional farming/chem-
ical faming, recent years have seen renewed interest in the sustainability of our food
production system by revitalizing and restoring soil fertility and reviving microbial
activity to make the soil lively and healthy. Consequently, awareness has been
generated on recycling of available organic residues for the production of quality
organic manures. Vermicompost is a nutrient-rich, microbiologically active organic
amendment that is obtained in the form of castings by earthworms of ingested
biomass after undergoing physical, chemical, and microbial transformation. Several
research findings have established the beneficial effect of vermicompost on soil
health through improvement in the physical, chemical, and biological properties and
subsequently better crop growth and yield. Microbial enrichment of vermicompost
by addition of biofertilizers and bioinoculants further enhances the microbial pop-
ulation of the soil, nutrient mineralization uptake, and availability of nutrients.
Vermicomposting is gradually emerging as a potential technology for recycling
available organic wastes as a source of quality organic manures, and vermicompost
is rising as a promising organic fertilizer for maintaining good soil health and crop
growth as well as reducing dependence on nonrenewable resources. The present
work highlights the beneficial role of vermicompost and the preparation and utili-
zation of vermicompost with special emphasis on how vermicompost can address
the emerging soil health problems for sustainability in soil health and the ecosystem.
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4.1 Introduction

In the post-Green Revolution era, agricultural practices are directed toward growing
more crops through use of higher levels of chemical fertilizers and pesticides. Again,
rapid urbanization, industrialization, and infrastructure development are gradually
shrinking cultivated land areas. Indiscriminate use of chemical fertilizers tends to
stagnate or reduce crop yields as well as decreasing the quality of the harvested
products. Application of nitrite and nitrate forms of nitrogenous fertilizer severely
pollute groundwater and food items, resulting in serious environmental threats
(Bhattacharya 2004). Excessive use of such synthetic inputs seriously affects soil
health by depleting the microbial populations of the soil. Pressure for more food
production for the ever-increasing population forces extensive soil cultivation,
which threatens soil health and depletes natural resources. In addition, the increasing
gap between nutrient removal by crops and supplied nutrients has caused nutrient
depletion of the soil, a serious threat to the sustainability of crop production.

4.2 Problem of Conventional Crop Production and Need
for Healthy Soil

Conventional crop production in a broad sense refers to the agriculture production
system that includes the use of synthetic chemical fertilizers, pesticides, herbicides,
and other growth chemicals. This farming practice is highly resource- and energy
intensive and can involve the use of genetically modified organisms, heavy irriga-
tion, fertilizers, and intensive tillage. Such production systems always promote
monoculture or a single type of crop cultivation, which reduces farm diversity and
causes reduction in the diversity of flora and fauna in the farming system. To obtain
higher return, large amounts of fertilizers and pesticides are used in monoculture.
These synthetic inputs have negative effects on soil health and are contrary to
sustainability.

Tillage is one of the important practices for conventional crop production. It is
used to loosen the soil, kill weeds, dry the soil, and to mix in organic matter, but it
reduces the level of soil aggregate stability, which indicates a decline in organic
matter content, biological activity, and soil nutrient cycling (Beilen 2016). Tillage
operations expose earthworms, the beneficial indicator of soil fertility, so greatly that
they are killed and eaten by birds. Thus, the earthworm biomass is drastically
reduced in tilled farmland. Also, disturbance caused by tillage in the soil rhizosphere
affects many beneficial fungi and bacteria near the root zone of the plants.
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The use of synthetic fertilizers is the key to success in conventional farming.
Although this practice increases the yield and productivity of crops, it has negative
effects on soil health. Excessive fertilizer input affects the populations of soil
microorganisms and earthworms. Heavy use of nitrogen fertilizer results in losses
of nutrient cations and promotes soil acidification (Vitousek et al. 1997), and the
availability of many trace elements is drastically reduced. Use of fertilizers can cause
toxicity and disorders in the plants. Pesticides including herbicides, fungicides, and
insecticides are used to control pest infestations. However, a fungicide also kills
beneficial fungi and affects the soil bacteria. Insecticides such as the organophos-
phates reduce the bacteria population (Pandey and Singh 2004). Herbicides are
highly toxic to earthworms and also affect enzymatic activity in soil microorganisms
(Bunemann et al. 2006). After field application, most of these pesticides are either
mixed in groundwater or volatilized to the atmosphere, causing environmental
pollution. Pesticide residues in the food chain are an emerging concern for
consumers.

Soil health denotes the capacity of soil to function as a vital living system, within
ecosystem and land use boundaries, to sustain biological productivity, promote
environmental quality, and maintain plant and animal health. Soil health and quality
determine agricultural sustainability (Acton and Gregorich 1995) as well as envi-
ronmental quality (Pierzynski et al. 1994). In conventional crop production, the
fertility of the soil declines over time from the continuous extraction of nutrients,
with an increasing gap between removal of nutrients by the crops and nutrient
replenishment in the soil. Further, soil acidification results from the continuous use
of acid-producing chemical fertilizers and soil compaction caused by heavy tillage
machinery and continuous cropping. Earthworm populations in the soil are decreas-
ing at an alarming rate in the conventional agricultural production system. Agricul-
tural operations such as the use of heavy tillage machinery and higher doses of
chemical fertilizers and soil pesticides disturb the existence of the earthworms and
greatly contribute to the reduction of earthworm populations in the soil. The practice
of continuous cropping makes the conventional system unsuitable for the growth and
proliferation of earthworms. Soil microbes have a vital role in regulating organic
matter decomposition and nutrient cycling in the soil. A balanced ratio of microbial
biomass and activity is vital for release of nutrients to plants and microbial growth.
Soils rich in organic matter promote microbe colonization with increased soil
physicochemical and biological properties that lead to healthy fertile soil.

4.3 Vermicompost and Its Characteristics

Vermicompost is a nutrient-rich, microbiologically active organic amendment that is
obtained in the form of castings of ingested biomass by earthworms after undergoing
physical, chemical, and microbial transformations. Vermicompost is a combination
of the earthworm casts, partially decomposed bedding materials, seeds or cocoons,
humic substances, and associated microorganisms that is stabilized to small particles
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of a peat-like material with high porosity, and with more water-holding capacity and
low C/N ratio with a very large surface area, which facilitate holding and retaining
plant nutrients (Dominguez 2004).

Vermicompost is a good source of nitrogen (N) (Bansal and Kapoor 2000),
phosphorus (P) (Pramanik et al. 2007), and potassium (K) as well as vitamins,
antibiotics, humic acid (Arancon et al. 2006), N-fixing and P-solubilizing bacteria,
enzymes such as protease, amylases, lipases, cellulases, and chitinases, and growth-
promoting substances such as auxins and gibberellins (Sinha et al. 2009; Lazcano
and Dominguez 2011). The process of breaking down complex organic substrates
into a stabilized humus-like substance through the action of earthworms is called
vermicomposting. The presence of earthworms increases the natural biodegradation
and decomposition of organic substrates from 60% to 80% and upgrades the value of
the compost. During the process of decomposition, earthworms have a major
function in fragmenting and conditioning the substrates, increasing surface area for
the growth of microbes, and altering biological activities (Dominguez and Edwards
2004), whereas the microbes create a humified condition that converts the oxidized
instable organic matter into more stable forms (Lemtiri et al. 2014). During conver-
sion of organic residues, earthworms act as a crusher, grinder, aerator, chemical
degrader, and a biological stimulator (Sinha et al. 2002). Earthworms and microor-
ganisms work together synergistically to accelerate the decomposition of organic
substrates (Fig. 4.1).

Earthworms consume decomposable organic wastes that are egested as casts after
physical, chemical, and biological transformation within the earthworm gut. After
ingestion of the substrate, the earthworm increases decomposition of the organic
substrate and modifies the physical and chemical properties of the material, which

Fig. 4.1 Schematic diagram of vermicompost production and utilization
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gradually creates effects similar to composting in which the unstable organic matter
is oxidized and stabilized aerobically with increased decomposition and humifica-
tion. Most of the epigeic earthworms can consume amounts of organic material
greater than their body weight. Among the epigeic earthworms, three major genera
are commercially exploited for vermicompost production: Eisenia foetida ( fetida),
Eudrilus eugeniae, and Perionyx excavatus. The earthworm Eisenia foetida is
considered highly suitable for decomposition of organic residues compared to others
because it has a faster growth rate, higher reproductive potential, and can consume
various types of organic matter at different stages of decomposition. In addition, it
can tolerate a wider temperature range and can live in organic wastes with different
moisture conditions (Ismail 1997). The earthworm Eisenia fetida is reported to
consume organic matter at a rate equal to their body weight every day. Under
optimum temperature (20 �C–30 �C) and moisture (60–70%), about 5 kg worms
can recycle 1 ton of substrate into vermicompost within 30 days. Upon
vermicomposting, the volume of solid wastes is reduced to approximately one
third of the initial bulk. Singleton et al. (2003) isolated the bacterial flora associated
with the intestine and vermicasts of earthworms and reported such genera as
Pseudomonas, Mucor, Paenibacillus, Azoarcus, Burkholderia, Spiroplasm,
Acaligenes, and Acidobacterium have the potential to degrade diverse organic sub-
strates. Karmakar et al. (2009) recorded beneficial microorganisms such as Actino-
mycetes, Azotobacter, Nitrobacter, Nitrosomonas, and Aspergillus in the guts of
earthworms. Yasir et al. (2009) showed that changes in the bacterial community
have a major effect during vermicomposting. Apart from bacteria, fungi, especially
cellulolytic fungi, also are important during decomposition. The population of
cellulolytic fungi was found to be increased during vermicomposting of different
organic residues. The enzyme cellulose produced by these fungi has a major role in
decomposition of cellulolytic materials of the organic wastes.

Vasanthi and Kumaraswamy (1999) reported that nutrient composition of the end
product was improved after vermicomposting as compared to ordinary compost
from the same organic materials. Chatterjee et al. (2005) studied the quality of
traditional composting and earthworm-mediated vermicomposting and observed
that highest carbon mineralization rate, lowest easily mineralizable carbon
concentration, and neutral pH in the final compost makes the vermicompost better
compared to traditional composting. Bhatnagar and Palta (1996) found that
earthworm-accelerated vermicomposting is very efficient in breaking the complex
decomposable organic waste and that it was 2 to 5 times faster than conventional
methods of composting. In traditional composting the full conversion period may be
as long as 6 months. However, 10 kg earthworms (10,000 worms) would convert
1 ton organic wastes per month within a 5 m2 composting pit. One million earth-
worms in an enclosure of 22.6 m � 22.6 m can decompose 250 tonnes organic
wastes per month. Kale (1998) reported that on average vermicompost contains
9.15–17.98% organic C, 0.5–1.5% total N, 0.1–0.3% available P, 0.15–0.56%
available K, 0.06–0.3% available Na, 2–9.5 ppm Cu, 2–9.3 ppm Fe, 5.7–11.5 ppm
Zn, and 128–548 ppm available S. Sharma and Madan (1983) found that earthworm
castings contain as much as 5 times more nitrate N, 14 times more Ca, 3 times more
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Mg, and 11 times more K than that of topsoil at 15 cm depth. Reddy and Reddy
(1998) stated that vermicompost contains 1.98% N, 1.23% P, 1.59% K, and total Zn
132.0 mg/kg, Cu 70.5 mg/kg, Fe 144.2 mg/kg, and Mn 317.5 mg/kg. Vasanthi and
Kumaraswamy (1999) evaluated the nutrient composition of vermicompost prepared
from different plant wastes and reported the nitrogen content of 2.99% (Ipomoea
weeds), 2.83% (banana wastes), 2.99% (Parthenium weeds), 2.67% (sugarcane
trash), and 2.61% (neem leaves). They also reported the phosphorus content of
1.37% (Ipomoea weeds), 1.18% (banana wastes), 1.20% (Parthenium weeds),
1.06% (sugarcane trash), and 1.17% (neem leaves). They found the potassium
content of vermicompost was 1.46% (Ipomoea weeds), 1.32% (banana wastes),
and 1.19% (Parthenium weeds).

4.4 Preparation and Utilization of Vermicompost

A wide variety of organic substrates have been extensively studied for their suit-
ability for vermicomposting. Organic wastes including kitchen wastes, garden
wastes, farm wastes, animal wastes, spent wash wastes, broiler ash, municipal
waste, institutional wastes, sewage sludge from water treatment plants, industrial
wastes from the paper industry, sericulture industry, sugarcane industry, and guar
gum industry were all found suitable for large-scale vermicompost production (Garg
et al. 2006; Arancon et al. 2008). However, the physical and chemical characteristics
of the wastes are important for suitability as substrate of vermicomposting and
modulating the microbiological decomposition that determines the final quality of
the vermicompost and (Brink 1995). The chemical characteristics of the organic
residues may be considered in terms of nutrient quality and quantity. Zibiliske
(1998) reported that the relative quantity of C, N, P, S, and other nutrients, and
also the quality of the waste, is important to determine the decomposition rate.
Cellulose- and lignin-rich substrates have similar percentages of carbon but lignin
undergoes decomposition much more slowly than does cellulose, and the quantity of
lignin as a carbon source is much lower than that of cellulose (Chang 1997)
(Fig. 4.2).

Gaur (1999) carried out a comparative study on nitrogen content and C:N ratio of
green vegetable crop residues and field crop residues and stated that vegetable
residues contain a greater amount of nitrogen and have a minimum stable C:N
ratio with lesser amounts of resistant materials such as lignin and are therefore
highly suitable for microbial decomposition. Biradar and Patil (2001) evaluated
the suitability of some weed species for vermicomposting with the earthworm
Eudrilus eugeniae. They found maximum vermicompost yield and more clitellate
and non-clitellate worms with the weed Cassia sericea. High lignin content in
coconut leaves and petioles makes these among the most recalcitrant organic matter,
resisting natural decomposition. By employing a local strain of earthworm, Eudrilus
sp., degradation of coconut leaves could be hastened to 3 months and the leaves
recycled to valuable vermicompost (Prabhu et al. 1998). Ndegwa and Thompson
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(2001) studied the decomposition of biosolids through vermicomposting and found
that integrating pre-composting followed by vermicomposting with the earthworm
Eisenia foetida shortened stabilization time and resulted in a product that was more
stable and homogeneous in quality. Nirmalnath et al. (2001) analyzed the changes in
microbial populations in vermicompost during recycling of different crop residues.
They recorded the highest vermicompost yield with maximummicrobial populations
such as bacteria (73 � 105), actinomycetes (100 � 104), and phosphate-soluble
microorganisms (29 � 104) with vermicompost composed solely of cow dung.
Raghavendra and Bano (2001) found that green leaves of perennial legumes such
as Pongamia pinnata and Leucaena leucocephala are highly effective for
vermicomposting when combined with cow dung slurry at 4:1 proportion in the
presence of the earthworms Eudrilus eugeniae and Eisenia foetida resulted in rapid
humification with decreased C:N ratio of 10–15% along with increased macro- and
micronutrients.

Talukdar et al. (2001) studied suitability of seven different biowastes, namely
kitchen wastes, crop residues, cattle shed wastes, water hyacinths, city garbage,
sugarcane bagasse, and wastepaper for vermicomposting in the presence of the
locally available earthworm Amynthas diffringens. They found the highest decom-
position and earthworm populations in cattle shed wastes followed by kitchen wastes
and crop residues. Shweta and Sharma (2003) studied the recycling of locally
available organic wastes by using the indigenous earthworm Lampito mauritii.
The substrates used were kitchen wastes, leaf litter, cow dung, buffalo dung, oil

Fig. 4.2 Diverse organic wastes suitable for vermicomposting
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cakes, and agricultural crop wastes individually or in combination. The
vermicompost of leaf litter had the highest numbers of earthworms with minimum
earthworm weight, whereas cow dung had the least numbers of earthworms with
maximum body weight. However, the optimum increase in both number and weight
was found when a mixture of substrate and cow dung was used. Jeevendran et al.
(2016) studied the suitability of temple wastes flower composting by the earthworm
Eudrilus eugeniae. The different flower wastes were mixed with cow dung slurry.
After 60 days the highest zoomass productivity was observed when 100% cow dung
was used. However, 25% flower waste with 75% cow dung slurry was the best
option for the vermicompost production. Gurav and Pathade (2011) also studied
temple flower waste management through vermicomposting and concluded that
vermicomposting is an outstanding and eco-friendly method of temple solid waste
management.

Singh and Sharma (2002) tried to integrate composting and vermicomposting for
decomposition of organic residues. The results revealed that the combination of
composting followed by vermicomposting reduced the overall time required for
composting and accelerated the composting of lignocellulosite wastes besides pro-
ducing a nutrient-enriched compost product. Pulikeshi et al. (2003) studied the
seasonal variation in compostability of crop waste and cow dung manure and
production of worm biomass by the earthworm Eisenia foetida. They found that
the environmental factors prevailing in different seasons directly influenced the life
activities of the earthworm and indirectly the compostability of the organic substrate.
They concluded that the amount of vermicompost produced by the worm activity
mainly depended on environmental factors, followed by the nature of the organic
wastes.

4.5 How Vermicompost Can Address the Soil Health
Problem

Soil health generally refers to a state of dynamic equilibrium between flora and fauna
and their surrounding soil environment in which all the metabolic activities of the
former proceed optimally without any hindrance, stress, or impedance from the latter
(Goswami and Rattan 1992). Soil fertility is the capacity of the soil to supply
sufficient quantities and proportions of essential plant nutrients required for optimal
growth of specified plants as governed by the chemical, physical, and biological
attributes of soil. Soil health and fertility would be the determining factors for the
sustainability of the production system in the long run.
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4.5.1 Beneficial Effect of Vermicompost on Soil Physical
Properties

The physical properties of a soil are denoted by such characteristics as structure,
texture, bulk density, porosity, soil aeration, soil temperature, and water-holding
capacity. The consistent addition of vermicompost improves soil structure, aeration,
infiltration, and drainage (Arancon et al. 2008). Vermicompost injection to the soil
can influence the degree of soil aggregation, and can reduce bulk density and
increase total porosity, moisture-holding capacity, cation-exchange capacity, and
oxidation potential of soil caused by increased microbial activity (Manivannan et al.
2009). Vermicompost-rich soil increases the earthworm populations, encouraging
extensive burrowing and producing loose and porous soil wherein the micropores
improves water absorption, drainage, and aeration to the root rhizosphere. The
burrowing action of worms also significantly contributes to the permeability of
water in the soil. Castings have shown to hold nine times their weight in water,
further enriching the fertility of the soil (Girde et al. 2016). The water-holding
capacity of vermicompost-rich soil is increased by the increase in colloidal materials
such as earthworm mucus and polysaccharides that act as water-absorbing agents in
the vermicompost. Ibrahim et al. (2015) evaluated the effect of vermicompost along
with water treatment residuals on changes in selected physical properties of saline
sodic soil and wheat yield: addition of vermicompost and water treatment residuals
had significant positive effects on the soil physical properties and improved the
wheat grain yield. A study by Zucco et al. (2015) showed that soils with high
vermicompost rates produced taller plants with greater numbers of leaves and
flowers, higher leaf chlorophyll content, greater plant biomass, and more total leaf
area compared to soils with low vermicompost rates. Tomatoes grown in sandy soil
amended with vermicompost generally had the greatest growth responses compared
to clay or silt loam soils, with the silt loam soil generally providing the least
response. Azarmi et al. (2008) evaluated the effects of vermicompost on soil physical
properties in tomato fields and showed that soils amended with vermicompost had
significantly lower bulk density in comparison to control plots. The increased rates
of vermicompost further reduced soil bulk density. Compost addition caused a
significant decrease of bulk density because greater porosity was added to the soil
(Bazzoffi et al. 1998). The greater porosity in soil treated with vermicompost
resulted from an increase in the number of rounded pores (Marinari et al. 2000).
Pagliai et al. (1980) stated that the increase in porosity has been credited to increased
numbers of pores in the 30–50 μm and 50–500 μm size ranges and reduction in
number of pores greater than 500 μm. Manivannan et al. (2009) compared the
efficacy of vermicompost in comparison to inorganic fertilizers on the physicochem-
ical and biological characteristics of the soils. Results showed that the application of
vermicompost (5 t/ha) significantly enhanced pore space, water-holding capacity,
and cation-exchange capacity and also reduced bulk density (Fig. 4.3).

Soil rich in vermicompost acts as a warehouse of organic carbon and most of the
available plant nutrients and as a source of energy for microorganisms. The
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vermicast is a very rich source of nitrogen, calcium, phosphorus, and magnesium as
well as a source of important micronutrients for plant growth. Ghosh et al. (1999)
found that the level of transformation of the nutrient phosphorus from the organic to
inorganic state and subsequently into available form was higher in earthworm-
inoculated compost. Sudhakar et al. (2002) stated that vermicompost contains
microsites rich in available carbon, nitrogen, and water-soluble phosphorus and
contains two to three times more available potassium than the surrounding soils,
which encourages better crop growth. Moreover, vermicompost promotes nitroge-
nase activity in the soil rhizosphere that promotes nitrogen fixation in legume plants.
In addition, the enzyme phosphatase present in vermicompost increases phosphorus
availability to plants (Padmavathiamma et al. 2008). The humic substance present in
vermicompost benefits the soil by transferring humified components to the soil. As
well as increasing plant growth, humic acid increases root hair proliferation, mineral
nutrient release, and is involved in cell respiration, photosynthesis, oxidative phos-
phorylation, protein synthesis, and various enzymatic reactions (Lim et al. 2015;
Masciandaro et al. 2010). The pH of soil increases in acid soil with the application of
vermicompost. However, conflicting results are reported on changes in soil pH for
different soil types (Valdez-Perez et al. 2011). The exchangeable Na+ and Ca+ ions
increase with vermicompost use, which lowers the electrical conductivity of soil
(Oo et al. 2013). Vermicompost application reduced nutrient loss and decreases the
risk of NO�

3 leaching in soil (Masciandaro et al. 2010). Earthworms in soil increased
the delivery of organic carbon and nitrogen to soil aggregates to provide soil organic
matter stabilization (Grdisa and Grdisa 2013), and the reduced C/N ratio returned
nitrogen in the available form to plants (Basheer and Agrawal 2015).

Manyuchi et al. (2013) analyzed the effect of the vermicompost and vermiwash
and their combined effects on soil pH, electrical conductivity, and nitrogen, phos-
phorus, and potassium content. Increasing the vermicompost level decreased soil
pH, electrical conductivity, and nitrogen content with a slight increase in phosphorus
content. Also, increasing the vermiwash quantity increased soil pH, electrical con-
ductivity, and potassium content but resulted in reduced nitrogen and phosphorus
content. Increasing the vermicompost and vermiwash application duration and their
combined effects resulted in decreased soil nitrogen content, possibly caused by
decomposition of the organic compounds by microorganisms present in the organic
manure. The biological activity of microorganisms helps convert the phosphorus
into soluble phosphates, and so the total phosphate content increases. However,
increasing the vermiwash quantity resulted in decreased phosphorus content, possi-
bly because phosphorus was in soluble form and was readily absorbed by the soil.
Increasing the vermicompost and vermiwash application duration and their com-
bined effects resulted in increased soil potassium content, possibly because the loam-
clay soil has good nutrient-absorbing properties. Furthermore, the microorganisms
present in the vermiwash and vermicompost resupplied the soil with more potassium
ions, so that the total content increased.

Azarmi et al. (2008) evaluated the effects of vermicompost on soil chemical
properties in a tomato field, showing that application of vermicompost (15 t/ha)
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significantly increased soil content of total organic carbon and of total N, P, K, Ca,
Zn, andMn compared with a control plot, probably from the slow release of nutrients
by the vermicompost in the presence of soil microorganisms. The soils treated with
vermicompost had significantly more electrical conductivity in comparison to
unamended plots. The addition of vermicompost in soil resulted in decrease of soil
pH. The marked decrease in total nitrogen in soils without vermicompost application
in comparison with vermicompost-treated soils may have occurred because the
larger amounts of total C and N in sheep manure vermicompost could provide a
larger source of N for mineralization (Arancon et al. 2006). There have been other
reports of increased nitrogen in soil after application of vermicompost (Nethra et al.
1999). Marinari et al. (2000) showed similar increases in soil phosphorus after
application of organic amendments. The enhancement of phosphatase activity and
physical breakdown of material resulted in greater mineralization (Sharpley and
Syres 1977). The soil-available potash increased significantly with the increasing
rate of vermicompost application. Use of vermicompost at rates of 15, 10, and 5 t/ha
increased available potash in these treatments to 58%, 46%, and 34%, respectively,
as compared to control plots. The feeding habits of earthworms on organically rich
substances which break down during passage through the gut, biological grinding,
together with enzymatic influence on finer soil particles, were likely responsible for
increasing the different forms of potash (Rao et al. 1996). The increase of soil
organic matter resulted in decreased K fixation and subsequent increased K avail-
ability (Olk and Cassman 1993).

4.5.2 Beneficial Effect of Vermicompost on Soil Biological
Properties

Soil health quality is significantly influenced by the flora and fauna and microbial
diversity present in the soil. Soil microorganisms are the living part of soil organic
matter present in the soil. The soil organisms respond sensitively to beneficial soil
and ecosystem functions including decomposition and nutrient cycling and suppres-
sion of noxious and pathogenic organisms (Doran and Zeiss 2000). High levels of
organic matter content in the soil ensure greater microbial activity and greater soil
nitrogen-supplying power than in inorganically managed soil. Application of
vermicompost promotes greater microbial biomass and diversity in the soil. Earth-
worm burrows lined with earthworm casts act as an excellent medium for harboring
nitrogen-fixing bacteria in the soil. Bacterial growth, particularly of gram-negative
bacteria, was increased significantly after application of high doses of vermicompost
(Lazcano and Dominguez 2011). Liberal application of vermicompost increased the
population of soil microbes such as Azotobacter chroococcum, Azotobacter
vinelandii, Bacillus stearothermophilus, Bacillus megaterium, Pseudomonas putida,
and Bacillus subtilis. Ansari and Ismail (2012) reported that vermicompost-
stimulated microbial activities transformed the nitrogen into mucoprotein that
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prevents leaching of nitrogen in the soil and also lowers the C/N ratio.
Vermicompost-rich soil enhances the breakdown of organic matter in soil and
release of plant nutrients. It also secretes plant growth hormones and beneficial
soil microbes that increase biological resistance in crop plants and contribute toward
crop productivity. Gopalakrishnan et al. (2011) reported that coconut leaf
vermicompost reserved a diverse pool of plant-beneficial microorganisms that
contained significantly high populations of fungi, free-living nitrogen fixers, phos-
phate solubilizers, fluorescent pseudomonads, and silicate solubilizers that ensure
effective nutrient mineralization, improving the water-holding capacity of the soil,
enhancing the soil cation-exchange capacity, and inducing systemic and acquired
resistance in plants toward pests and diseases, thus increasing the fitness of the soils
for sustainable production.

Manivannan et al. (2009) studied the efficacy of vermicompost in comparison to
inorganic fertilizers on the physicochemical and biological properties of the soils.
Microbial activity and total population were significantly enhanced in both soils
treated with vermicompost and those with vermicompost supplemented with NPK
fertilizer. Their findings showed that NPK application significantly reduced the total
microbial population and activity and to values even less than the values observed in
the absolute control field. Organic residues were found to increase the size, biodi-
versity, and activity of the soil microbial population in soil (Albiach et al. 2000).
Zink and Allen (1998) observed that regular use of the compost increased the
microbial population as well as its activity in the soil. Goyal et al. (1999) also
observed that soil organic matter level, soil microbial biomass, and activities were
increased with the use of organic fertilizer compared to inorganic fertilizers. The
greater pore volume in vermicompost-amended soils increased the availability of
both water and nutrients to microorganisms in the soils (Scott et al. 1996). Use of
inorganic fertilizer had resulted in reduction of microbial populations that might be
caused by reduced organic carbon content in the soil, compaction, decreased poros-
ity, reduced water-holding capacity, reduced micronutrients, and increased acidity
in soil.

4.5.3 Beneficial Effect of Vermicompost on Suppression
of Plant Diseases and Pests

Vermicompost can suppress a wide range of soil-borne microbial diseases, insect
pests, and plant parasitic nematodes, especially plant pathogens such as Pythium,
Rhizoctonia, Verticillium, and Plectosporium. Edwards et al. (2006) stated that
disease suppression might be caused by biological suppressive agents in the
vermicompost. Arancon et al. (2007) observed significant reduction in the
populations of spider mites (Tetranychus urticae), mealy bugs (Pseudococcus sp.),
and aphids (Myzus persicae) after the addition of food waste vermicompost to
several vegetable crops (tomato, cucumber, cabbage, bush beans, eggplant). Use
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of sufficient vermicompost in soil enhances the microbial biomass and changes the
diversity and abundance of soil-borne fauna (Gunadi et al. 2002; Arancon et al.
2006), and thus a diverse range of organisms may act as biocontrol agents.
Vermicompost also shows disease suppression through inhibition of the growth of
pathogens such as Rhizoctonia, Phythium, and Verticillium (Atiyeh et al. 2002;
Singh et al. 2008).

4.5.4 Beneficial Effect of Vermicompost on Suppression
of Heavy Metal Toxicity

Vermicompost has the ability to bioaccumulate toxic compounds to decrease soil
pollution (Kumar et al. 2015; Romero-Freire et al. 2015). Earthworms can
bioaccumulate heavy metals such as cadmium (Cd), mercury (Hg), lead (Pb), copper
(Cu), manganese (Mn), calcium (Ca), iron (Fe), and zinc (Zn) in tissues without
affecting their physiology. In addition, Lumbricus terrestris, Lumbricus rubellus,
and Dendrobaena rubida bioaccumulate lead (Pb) and cadmium (Cd) in their tissues
(Sinha et al. 2010). Azotobacter vinelandii can fix nitrogen and also mobilize
cadmium, mercury, and lead in the soil (Mary et al. 2015).

4.6 Limitation of Large-Scale Use of Vermicompost

Vermicompost is produced during the biological degradation of different organic
wastes by earthworms and microorganisms. The physical, chemical, and biological
characteristics of vermicompost largely depend on the quality of substrate compo-
sition, earthworm species used, production process, and the age of the vermicompost
(Roberts et al. 2007; Warman and Anglopez 2010). Obtaining a regular supply of
easily decomposable quality organic substrates is a serious challenge for growers.
Sometimes it becomes a difficult process because of the nonavailability of contin-
uous organic waste and water (Singh and Singh 2017). Again, earthworm mortality
during vermicomposting poses threats to the production system. Maintaining appro-
priate temperature, pH, and moisture conditions can make the vermicompost pro-
duction process more exhaustive and complicated.

Vermicomposting of biodegradable municipal solid wastes poses threats of
harmful pathological load and heavy metal toxicity. Use of such vermicompost is
restricted to gardens, parks, and roadside vegetation maintenance only. Huge
amounts of biodegradable medical wastes are generated every year but suitable
literature and research findings are still lacking for their wider utilization as
vermicompost substrates.
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Farmers mostly prefer to use the organic inputs of agricultural fields but their
supplies are limited. Human excreta can be utilized as valuable organic input as a
substitute for crop-based organic wastes for large-scale vermicomposting. However,
only scanty research reports are available regarding the safe recycling of human
excreta into vermicompost.

Earthworms are highly sensitive to temperature variation at the soil surface. They
are found abundantly in both temperate and tropical soils. Sensitivity comparisons of
tropical and temperate species have shown contradictory results with changes in soil
and climate conditions (de Silva et al. 2009).

Easy availably of chemical fertilizers at subsidized rates is a matter of concern for
the large-scale use of organic manure, particularly vermicompost, in crop fields
because the mineralization rate and nutrient release patterns of vermicompost are
much slower than those of chemical fertilizers. The visible effect of fertilizers
becomes very prominent and is long lasting. Much effort is needed to convince the
farming community about the benefits of vermicompost in soil health.

Several reports have suggested the positive impact of vermicompost on plant
growth. However, a few reports have pointed out the negative impacts of
vermicompost on crop production. Application of vermicompost in the nursery
can reduce the germination of plants perhaps because high concentrations reduce
aeration and porosity in the growing media. Similarly, increased salt concentrations
as well as elevated concentrations of heavy metals and phytotoxic substances in
vermicompost have detrimental effects on plants (Atiyeh et al. 2001). The use of
immature vermicompost also inhibits seed germination and plant growth and causes
root destruction (Abbasi et al. 2009). Sometimes the presence of heavy metals such
as lead and cadmium in vermicompost may damage the soil system and contaminate
parts of the plant and food chains (Godoi et al. 2014). Only very preliminary research
results are available on these aspects. More heavy metal-specific and crop response
research findings are required for future research directions.

4.7 Conclusion

With alarm about deteriorating soil health and chemicalization of the modern crop
production system, awareness has been generated for liberal application of organic
manures for restoration of soil fertility and reviving microbial activity to make the
soil more healthy and life supporting for the sake of sustainable crop production.

Vermicompost has emerged as a promising organic fertilizer and alternative to
inorganic fertilizers for successful crop growth and yield. The water-soluble com-
ponents of vermicompost such as humic acid, growth regulators, vitamins,
micronutrients, and beneficial microorganisms increase the availability of plant
nutrients, resulting in higher yield and produce of better quality. Regular application
of vermicompost improves the physical, chemical, and biological properties of the
soil. Besides the supply of plant growth-promoting substances, the vermicompost
carries beneficial soil microorganisms and thus improves soil biological function in
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promoting plant growth and soil health. In the current context of decreasing livestock
populations and the scarcity of domestic organic manure, vermicomposting can be a
potential technology for recycling available organic wastes as a source of quality
organic manures to maintain good soil heath and to reduce dependence on
nonrenewable resources. In conventional agriculture, extensive research has been
carried out on plant response to applied fertilizers, but only scant information is
available regarding the in-depth interaction of vermicompost application and plant
response as well as soil health. More research is needed for microbial enrichment of
vermicompost to increase the nutrient content, solubility, and mobility for availabil-
ity throughout the growth period for higher yield, better quality, and sustainability in
soil health and the ecosystem.
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Chapter 5
Impact of Agricultural Practices on Soil
Health

Elizabeth Temitope Alori, Aruna Olasekan Adekiya,
and Kehinde Abodunde Adegbite

Abstract Conventional agricultural systems such as the use of chemical fertilizers,
mechanical tillage, and irrigation, although increasing crop production, cause soil
erosion, loss of biodiversity, and decline in soil structure and soil organic matter.
However, there is a need to increase crop production to meet the increasing demands
for food by the growing human population without jeopardizing soil health. The
present review discusses the significance of a healthy soil and the effects of some
agricultural inputs and practices on soil health. Strategies to increase agricultural
food production without jeopardizing soil health are also itemized.

Keywords Fertilization · Soil fertility · Agricultural practices · Soil management ·
Food production

5.1 Introduction

To improve or increase food and fibre production to meet the demands of the
increasing human population, a variety of agricultural management processes are
imposed on the soil ecosystem, including artificial inputs such as pesticides, fertil-
izers, herbicides, and tillage. These practices and inputs supplement or even ‘sub-
stitute’ for biological functions that are seen as inadequate or inefficient for
achieving required levels of production. This approach distorts the natural balance
of the soil ecosystem and may compromise the output of other environmental
services (Kibblewhite et al. 2008), which to a large extent, results in loss of other
ecosystem functions and thus renders the soil unhealthy.

A healthy soil is that which is physically, nutritionally, and biologically balanced,
productive, and stable, and can withstand environmental impacts without loss of
fertility, structure, and biological activity (Kibblewhite et al. 2008). A healthy soil is
one that has continued capacity to function as a vital living ecosystem for sustaining
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plants, animals, and humans (Natural Resource and Conservation Service 2009).
However, these soil-based biological processes may become disturbed or altered by
factors such as addition of agricultural inputs, improper land cultivation, and irriga-
tion. More specifically, underuse, overuse, and adequate use of crop production
inputs influence the health of any soil. Several authors have reported the effects of
some agricultural inputs and practices on soil nutrient and plant nutrient composition
and on the growth and yield of some crop plants and nontarget soil organisms
(Adekiya et al. 2016; Hagner et al. 2019). This chapter therefore discusses the
significance of a healthy soil and the effects of some agricultural inputs and practices
on soil health. Strategies to increase agricultural food production without jeopardiz-
ing soil health are also presented.

5.2 Importance of a Healthy Soil

Soil is an ecosystem containing living organisms that require the basic necessities of
life (food, shelter, water) to produce food, shelter, and fibre for humans. Healthy soil
provides nutrients for plant growth, absorbs and holds rainwater for use during drier
periods, filters and buffers potential pollutants from leaving our fields, and serves as
a firm foundation for agricultural activities. Healthy soil gives us clean air and water,
bountiful crops and forests, productive grazing lands, diverse wildlife, and beautiful
landscapes (Burns et al. 2006).

For a soil to provide the foregoing services, it must be able to effectively and
efficiently accommodate active and diverse populations of beneficial organisms,
with minimum populations of plant pests and pathogens. It must contain high levels
of relatively fresh residues that provide beneficial organisms with food. The
decomposed organic matter content of a healthy soil must be very high as this
will help to retain both water and readily leachable nutrients. The soil should
contain low levels of toxic compounds such as soluble aluminum and only low to
moderate concentrations of salt. A healthy soil can only support adequate levels of
nutrients because excessive nutrients can make the crop more attractive to insect
pests or can increase the threat of surface or subsurface water pollution. It has a
sufficiently porous surface, with many pores connected to subsoil to permit easy
entry by rainfall or irrigation water. Similarly, it has good tilth to allow plant roots to
easily penetrate large volumes of soil. A healthy soil will provide physical stability
and support for plants and regulate water; the soil helps control where rain,
snowmelt, and irrigation water go. Water and dissolved solutes flow over the land
or into and through the soil. A good soil sustains plant and animal life and filters and
buffers potential pollutants.
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5.3 Agriculture Practices and Their Impact on Soil Health

The form and extent of substitutions in agricultural practice are potential hazards to
soil health. Some of the most frequent practices include the use of chemical
pesticides (substituting for biological pest control), mechanical tillage (substituting
for biological regulation of soil structure), and inorganic fertilizers (substituting for
organically and biologically driven nutrient cycles). The bypass or modification of
any particular biological function has been found to have significant consequences
on other functions that were not been targeted (Sivaramanan and Kotagama 2019).
However, the intensity of agricultural intervention varies enormously across differ-
ent farming systems and thus may be expected to have both quantitatively and
qualitatively different impacts on the soil health system. Different soils in different
climatic and topographic situations may be more or less resilient to the introduction
of intensive agriculture. Flat alluvial soils in areas without extremes of climate are
less likely to degrade quickly compared with shallow soils on steep slopes where
rainfall may be intense (Kibblewhite et al. 2008). Agricultural interventions such as
the use of pesticides, powered tillage, and the use of inorganic sources of nutrients
impact the biological communities of soils, damage habitats, and disrupt their
functions to varying extents (Kibblewhite et al. 2008). The following are some
agricultural practices with negative impacts on soil health.

5.3.1 Clearing of Native Vegetation Changes the Soil Water
Balance

Clearing of such vegetation also, to a great degree, changes negatively all the major
soil properties whereby we describe its health. After a period of continuous cultiva-
tion, the soil reaches a new, dynamic, equilibrium. The consequences of this
transition have been documented to include decline in soil organic matter content
(Leigh and Johnston 1994); loss of ion-exchange capacity, which is concomitant
with a decline in soil organic matter that reduces the capacity of the soil system to
retain nutrients which would otherwise be leached to groundwater (Kibblewhite
et al. 2008); soil erosion, as lack of surface vegetation leads to moderate to severe
gully erosion; and the soil food web may also be substantially changed (Kibblewhite
et al. 2008). In the Brazilian Amazon, large areas of forest have been converted to
cattle pasture. Soil fauna studies showed that many of the main species of
macrofauna present in forest soils are not found in the pastures. In particular, the
earthworm community changed from one commonly characterized by about six
endemic species to one dominated by the opportunistic exotic species Pontoscolex
corethrurus. This is a species which, in contrast to many of the native worms,
produces highly compact casts that have the effect of decreasing soil macroporosity,
resulting in a surface layer which quickly becomes saturated and develops anaerobic
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conditions in the rainy season, which in turn stimulates methane emission and
denitrification (Barros et al. 2004).

5.3.2 Mechanical Tillage

Mechanical tillage disrupts the spatial integrity of the soil fabric, particularly at
meso- and macrofaunal scales. To some extent, tillage is intended to substitute for
biological ploughing, and it is well known that earthworms are killed during this
process (Landers et al. 2001). Soil levels of O, M, N, P, K, Ca, and Mg are reduced
with increased tillage intensity (Adekiya et al. 2016).

5.3.3 Irrigation

Irrigation water contains dissolved mineral salts, with the concentration and com-
position varying depending on the water resource being used. Too much salt can
reduce water infiltration in soils, thereby reducing crop production, and too little salt
can also result in a chemically compacted soil (McKenzie 2010). Irrigated soils have
reduced water entry and infiltration rates and increased runoff and soil losses (Mon
et al. 2007). Similarly, a prolonged period of supplementary irrigation (10 years)
caused soil sodication and alkalinisation (Mon et al. 2007).

5.3.4 Inorganic Fertilization

Inorganic fertilizers are synthetically made soil enhancers used to raise the level of
nutrients found in the soil. Although inorganic or chemical fertilizers improve the
growth and yield of crops in a relatively short period of time, there are certain
disadvantages of using chemical fertilizers. Masto et al. (2007) reported increased
concentrations of nitrogen, potassium, and phosphate in farmlands as a result of
extensive use of inorganic fertilizers. Inorganic fertilizer made the soil more acidic
and decreased the soil aggregates, so that the soil was more prone to erosion (Ozlu
and Kumar 2018). The continuous use of chemical fertilizers results in groundwater
pollution because chemical fertilizers are highly soluble and are therefore absorbed
by the ground more rapidly than they are absorbed by the intended plants. Conse-
quently, these chemicals react with clay to create hard layers of soil known as
hardpan that hinder the penetration of plant roots into the soil (Sarfaraz 2019). In
addition, chemical fertilizers destroy soil crumbs; the result is a highly compacted
soil with reduced drainage and air circulation (Melkamu and Alemayehu 2017). The
use of inorganic fertilizers also jeopardizes the health of soil beneficial microorgan-
isms such as bacteria that fix nitrogen balance in the soil (Sarfaraz 2019). Inorganic P
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and N fertilizers decrease arbuscular mycorrhizal fungi (AMF) root colonization of
pastures (Ryan et al. 2000). As reported by Melkamu and Alemayehu (2017),
application of N or S fertilizers caused a decrease in microbial C, and this was
consequently followed by a decrease in soil pH.

5.3.5 Application of Chemical Pesticides

Soil microbial diversity may be changed following pesticide use, and such changes
may affect soil fertility (Lo 2010). Pesticides can contaminate soil so that it is toxic to
a host of other organisms including beneficial soil organisms (Aktar et al. 2009). Soil
beneficial microorganisms such as AMF improve water access and soil minerals for
plants, improve drought tolerance, and help with resistance against pathogens;
however, application of a chemical herbicide (glyphosate, or its metabolite
AMPA) reduces the spore viability and root colonisation of AMF (Druille et al.
2013). Herbicides impair agricultural soil ecosystems (Nicolas et al. 2016). The
persistence of herbicides in the soil pose a major threat to organisms living in the soil
that are beneficial to crop production and support an important number of ecosystem
services (Thiour-Mauprivez et al. 2019). Herbicides used by herbigation increase the
possibility of water and soil contamination by these toxins (Noshadi and Homaee
2018). Also, Silambarasan et al. (2017) recorded lower microbial populations 5 days
after application of herbicides. Table 5.1 outlines some common agricultural chem-
ical inputs and their effects on soil life.

5.4 Strategies for Improved Soil Health

Soil health can be maintained or improved by engaging in agricultural practices that
are based on the principles of minimizing soil disturbances, keeping the soil covered,
maximizing plant diversity, and maximizing the period of living root growth,
keeping in mind the soil natural characteristics such as texture, natural drainage
class, and slope (Woodyard and Kladivko 2017). Managing soil for improved health
demands a long-term commitment to using combinations of soil-enhancing practices
(SARE 2012). The following agricultural practices can enhance improved soil
health.

5.4.1 Cover Cropping

The practice of cover cropping could include the use of living vegetation or crop
residue. Cover crop roots improve soil aggregation and reduce erosion. Cover crop
residue also reduces the impact of raindrops on the soil surface and serves as a
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habitat and food source for soil microbes. As organisms decompose the residue,
nutrients are released back into the soil (Woodyard and Kladivko 2017). The residue
protects soils from moisture and temperature extremes and allows earthworms to
adjust gradually to decreasing temperatures, reducing their mortality (SARE 2012).
Intensive use of cover crops supplies nitrogen to the succeeding crops, soaks up
leftover soil nitrates, increases soil organisms, and improves crop health as it reduces
runoff, erosion, and soil compaction (SARE 2012).

5.4.2 Crop Rotation

The practice of crop rotation can help to manage soil and soil fertility, reduce soil
loss, increase nutrients available for crop use, improve the workability of the soil,
reduce soil crusting, increase water available for plants, reduce erosion and sedi-
mentation, and recycle nutrients in the soil, hence improving soil health (NRSC
2009). However, a strong strategy for long-term resiliency is to increase plant
diversity in the rotation system (Woodyard and Kladivko 2017).

Table 5.1 Some chemical inputs and their effects on soil health

S/N
Chemical
input

Name of
chemical input Effects References

1 Herbicide Glyphosate Toxic to the soil fungus Aspergillus nidulans Nicolas et al.
(2016)

2 Herbicide Glyphosate Reduces the spore viability of AMF Druille et al.
(2013)

3 Herbicide Glyphosate Increased frequency of the soil-borne fungus
Fusarium solani

Sanogo et al.
(2000)

Fungicide Mancozeb Total fungi, actinomycetes, and Pseudomo-
nas bacteria were significantly reduced

Magarey and
Bull (2003)

4 Herbicide Atrazine,
pendimethalin

Lower microbial population Silambarasan
et al. (2017)

5 Herbicide Pendimethalin Significant reduction of soil microbe
population

Nalini et al.
(2013)

6 Herbicide Triclopyr Inhibits soil bacteria that transform ammonia
into nitrite

Pell et al.
(1998)

7 Insecticide Methamidophos Significantly decrease microbial biomass by
41–83%

Wang et al.
(2006)

Herbicides Glyphosate Reduces the growth and activity of free-
living nitrogen-fixing bacteria in soil

Santos and
Flores (1995)

8 Herbicide 2,4-D Inhibits the transformation of ammonia into
nitrates by soil bacteria

Martens and
Bremner
(1993)

9 Fungicide Butachlor Reduced the population of Azospirillum and
aerobic nitrogen fixers in non-flooded soil

Lo (2010)

10 Insecticide Fenamiphos Was detrimental to nitrification bacteria Lo (2010)
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5.4.3 Conservation Tillage

Reducing tillage to either no-till or strip-till minimizes disruptions to soil aggregates
by not constantly breaking them up. Minimal tillage maintains natural aggregates
and helps prevent loose soil particles from washing or blowing away easily. Residue
decomposes more slowly under a reduced tillage system because fewer aggregates
are broken up with less intensive tillage and less organic matter is therefore exposed
to decomposition (Adekiya et al. 2016; Woodyard and Kladivko 2017). More
reduced tillage also can make soil temperatures slightly cooler, and the lower
temperatures help organic matter accumulate because the residue is not broken
down as quickly. Reducing tillage can increase soil organism diversity and activity.
Reduced tillage does not disrupt earthworm burrowing and helps protect the network
created by mycorrhizal fungi that connects them to their host plant (Woodyard and
Kladivko 2017). Leaving residue on the soil surface also acts as a barrier against
raindrops and wind that could cause erosion (Woodyard and Kladivko 2017).
Excessive tillage destroys the food sources and microniches on which beneficial
soil organisms depend (SARE 2012).

5.4.4 Use of Microbial Inoculants

Microbial inoculants are involved in many natural biological and chemical processes
in the ecosystem such as nutrient cycling and biological control of pathogens, hence
improving nutrient availability. Microbial inoculant application creates suitable
conditions for the development of beneficial microorganism, thereby increasing
biodiversity.

Inoculants also improve the physical properties of the soil such as better structure
and aggregation of soil particles, reduced soil compaction, and increased spore
spaces and water infiltration. The antioxidant properties of microbial inoculants
promote decomposition of organic matter and increase humus content in the soil
matrix and could, therefore, replace the use of chemicals in agriculture (Alori et al.
2017).

5.4.5 Application of Organic Manure

Application of manure increases soil organic carbon (SOC) concentration, which is
effective in maintaining or restoring soil organic matter (SOM) (Ozlu et al. 2019).
Manure significantly increases total nitrogen compared to fertilizer treatments, and
nitrogen is the key to plant growth. Manure also helps keep soil pH in a healthy range
for crops by increased soil organic carbon: more carbon means better soil structure
(Ozlu and Kumar 2018). Plentiful amounts of organic materials are added from
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cover crops and other crop residues as well as from off-field sources such as animal
manures and composts (SARE 2012). As different organic materials have different
effects on soil biological, physical, and chemical properties, it is therefore advisable
to use a variety of sources. For instance, well-decomposed compost does not
enhance soil aggregation in the short run, but dairy cow manure rapidly stimulates
soil aggregation (SARE 2012). In Fig. 5.1, some characteristics of intensive agri-
culture with negative impacts on soil health and some strategies for improved soil
health are itemized.

5.5 Benefits of Improved Soil Health Practices

The main perceived benefits driving the adoption of reduced or even zero tillage
regimes are improved water and soil conservation, consequent on improved soil
protection from the retained crop residues as well as reduced costs in terms of fuel
(Kibblewhite et al. 2008). In no-till, however, the enhanced activity of the
macrofaunal engineers in soil structure modification ‘re-substitutes’ for the with-
drawal of intensive tillage. The origin of changes to the water regime under
no-tillage, such as reduced runoff, increased infiltration, and storage, are signifi-
cantly physical in origin, but results of food web studies show that enhanced activity
of the macrofaunal ecosystem engineers also plays a substantial part.

Fig. 5.1 Some characteristics of intensive agriculture, the impact on soil health, and some
strategies for improved soil health
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5.6 Conclusion

Soil health is related to functional capacity rather than actual service outputs. An
integrative approach is also essential for the assessment of soil health. It is not
feasible to assess soil health directly on the basis of its delivery of different
ecosystem services. Most conventional agricultural practices pose significant risks
to the environment. It is therefore important to balance the ecosystem functions in
such a way as to secure the target of agricultural production without compromising
other ecosystem functions with respect to both present and future needs.
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Chapter 6
Contribution of Biochar in Improving Soil
Health

A. O. Adekiya, T. M. A. Olayanju, S. W. Ejue, E. T. Alori,
and K. A. Adegbite

Abstract Soils are the premise for agriculture and the medium in which almost all
food-generating plants grow and as such should be kept healthy. Healthy soils
produce healthy crops that in turn nourish humans and animals. Good management
practices are very essential in order to maintain soil health, and one of these practices
is application of biochar. Biochar provides a unique opportunity to improve soil
fertility and nutrient-use efficiency using locally available and renewable materials
in a sustainable way. Application of biochar to the soil leads to several interactions
mainly with the soil physical, chemical and biological properties to produce a
healthy soil. Due to the unique properties of biochar, which include high concen-
trations of organic carbon, high porosity, large surface area and presence of micro-
pores, improvement in soil physical and hydraulic properties including soil structure,
aggregation, bulk density and water holding capacity would be expected following
incorporation into soils. Biochar also improves chemical soil properties by increas-
ing soil pH, cation exchange capacity, base saturation, exchangeable bases, and
organic carbon content as well as decreases Al saturation in acid soils and reduces
nitrogen leaching, thereby reducing fertilizer and lime requirements and maintaining
a healthy soil. Changes to both soil physical and chemical properties as a result of
biochar ultimately affect the biological properties of the soil by providing microbes
with a more favourable habitat. Also, because of its sustainability and affordability,
biochar can be used in soil remediation.
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6.1 Introduction

According to Blanco-Canqui and Lal (2008), about one-third of the world’s soils are
experiencing a decrease or total loss in productivity since 1970. Therefore, the
urgent need to safeguard the soil (which is one of the world’s most valuable
resources) in order to enhance food security cannot be overemphasized, this is as a
result of the ever-increasing demand for food for the fast growing world population
which is an ongoing challenge in the world (Godfray et al. 2010). Soil is a critical
resource and the way in which it is managed and maintained can improve or degrade
its health and quality. According to FAO, it is estimated that 95% of our food is
directly or indirectly produced on soils; consequently we can say that soils are the
premise for agriculture and the medium in which almost all food-generating plants
grow and as such should be kept healthy. Healthy soils produce healthy crops that in
turn nourish humans and animals; they are the foundation for profitable, productive
and environmentally sound agricultural systems.

Soil health was defined by Doran and Zeiss (2000) as the capacity of soil to
function as a vital living system, within ecosystem and land-use boundaries, to
sustain plant and animal productivity, maintain or enhance water and air quality,
and promote plant and animal health. Healthy soils improve infiltration and water
use efficiency, prevent compaction and erosion, recycle nutrients and favour natural
biological processes. The productivity of arable systems depends on soil health that
is reflected by biotic and abiotic indicators such as the soil organic matter, nutrient
status, moisture, and pH that are largely influenced by management practices
(Atkinson et al. 2005; Karlen et al. 2003). It can indeed be directly linked to food
quality and quantity. A healthy soil provides many functions that support plant
growth, including nutrient cycling, biological control of plant pests, and regulation
of water and air supply.

These functions are influenced by the interrelated physical, chemical and biolog-
ical properties of soil, many of which are sensitive to soil management and mainte-
nance practices. Good management practices are very essential in order to maintain
soil health and many of these practices are being practiced as well as new ones are
being adopted. One of these practices is the incorporation of biochar into the soil.

Biochar is a carbon-rich product obtained from the thermal conversion of biomass
(crop residues, wood material, manures and other agricultural wastes) in an oxygen-
limited environment (pyrolysis) (Lehmann and Joseph 2009). During pyrolysis,
biomass is converted to char (Fig. 6.1), combined gas (mixture of H2, CO, CH4

and CO2) and bio-oil with heat energy in the absence of O2. Biochar contains high
concentrations of carbon that can be rather recalcitrant to decomposition, so it may
stably sequester carbon (Glaser et al. 2002). The type of feedstock used in biochar
production influences the efficiency of carbon conversion of biomass to biochar but
is not significantly affected by the pyrolysis temperature (within 350–500 �C com-
mon for pyrolysis). Addition of biochar to the soil affects soil health (Paz-Ferreiro
and Fu 2013; Chintala et al. 2014). In this chapter, we discuss the contribution of
biochar in maintaining soil health (Fig. 6.1).
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6.2 Effect of Biochar on Soil Health

Soil health is essential for sustainable agricultural fertility and productivity and it
encompasses, chemical, physical and biological properties maintaining the functions
of both natural and managed ecosystems (Enriqueta-Arias et al. 2005; Kumar et al.
2014). Biochar provides a unique opportunity to improve soil fertility and nutrient-
use efficiency using locally available and renewable materials in a sustainable way.
Adoption of biochar management does not require new resources, but makes more
efficient and more environmentally conscious use of existing resources. Application
of biochar to the soil leads to several interactions mainly with the soil physical,
chemical and biological properties (Fig. 6.2) as well as soil matrix, soil microbes,
and plant roots (Lehmann and Joseph 2009). These interactions depend on several
factors like type and chemical composition of biomass, methods of biochar prepa-
ration, physical aspect of biochar and soil environmental condition mainly soil types,
soil temperature and moisture (Fig. 6.2).

6.2.1 Biochar and Soil Physical Properties

Soil physical properties directly affect the soil productivity for crop production by
determining water holding capacity, aeration and soil strength limitations for root
activity (Benjamin et al. 2003). Soil having good structure, porosity, hydraulic
conductivity, bulk density and strength provide good medium for growth to bene-
ficial microorganisms, better nutrient and water movement into the soil profile,
higher nutrient and water retention and more root growth ultimately providing higher

Fig. 6.1 Biochar from
wood material after
pyrolysis
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yield as compared to degraded soil having poor physical properties (Malkawi et al.
1999). Therefore, soil physical properties need to be maintained as well as improved.
Due to the unique physical properties of biochar which include high concentrations
of organic carbon, high porosity, large surface area and presence of micropores,
improvement in soil physical and hydraulic properties including soil structure,
aggregation and water holding capacity would be expected following incorporation
into soils (Mukherjee et al. 2011; Chintala et al. 2014). These properties of biochar
will potentially alter surface area, pore size distribution, bulk density, water reten-
tion, hydraulic conductivity, porosity and penetration resistance of the soil. Liang
et al. (2006) confirmed this by stating that the incorporation of biochar can enhance
specific surface area up to 4.8 times that of the adjacent soils.

The effect of biochar on soil physical properties according to Burrell et al. (2016)
can be divided into direct and indirect effects. The porous nature of biochar has a
direct effect on soil physical properties.

Bulk density is an indicator of soil compaction and soil health. It affects rooting
depth and its restriction, soil aeration, infiltration, available water, plant nutrient
availability, and activity of soil microorganism, which influence key soil processes
and productivity (Alghamdi 2018). Therefore, biochar, being a porous material when
added to the soil, increases its porosity and therefore reduces bulk density (Adekiya
et al. 2019). Hseu et al. (2014) reported that the change in porosity with biochar-
treated soils was as a result of formation of macropores and rearrangement of soil
particle. An experiment conducted by Adekiya et al. (2019) showed that soil bulk
density decreased from 1.49 to 1.20 g cm�3 by applying 25 t ha�1 biochar and 1.49
to 1.11 g cm�3 with 50 t ha�1 wood biochar. Biochar also has significant effect on

Fig. 6.2 A schematic
diagram showing the
contribution of biochar to
soil health
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soil porosity, which is usually the reverse of bulk density. The increase in porosity
due to biochar may be as a result of biochar still retaining the cell wall structure of
the biomass feedstock (Yadav et al. 2018). Compared with the control, Adekiya et al.
(2019) found an increase of 32.6 and 24.9% with the application of 50 t ha�1 and
25 t ha�1 wood biochar, respectively. Mean weight diameter (MWD) indicates
prevalence of larger and more stable aggregates and therefore is an index of soil
aggregate stability and soil quality and health (Amezketa 1999; Arshad and Coen
1992). Biochar had been reported to increase this soil property. This quality of
biochar is due to increase in binding organic substances from the biochar thereby
improving the inter-particular aggregate cohesion among the soil particles
(Aggelides and Londra 2000; Dexter et al. 2008). The increase in soil aggregate
stability with biochar application could be due to high carbon (C) associated with
biochar (Alghamdi 2018). The C molecules form bonds with the oxides and the
organic matter (OM) serves as food for soil microorganism making the environment
favourable for them. The microorganisms can also secrete polysaccharides which
increase soil aggregation (Angers et al. 1993).

Biochar applied soils also have its stake in infiltration rate of the soil. Biochar
applied soils increased infiltration rate compared with the control. This could be as a
result of more pores created in the soil matrix as a result of biochar application
because biochar is very porous. Studies by Novak et al. (2016) and Prober et al.
(2014) showed that infiltration rate increased following application of biochar.

Tensile strength is a parameter of the soil strength and refers to the inherent ability
of soil to resist the disruptive forces that cause fracture or rupture of the soil. Changes
in tensile strength, similar to penetration resistance, can influence soil tillability,
seedling emergence, root growth and other soil processes (Canqui 2017). Canqui
(2017) reported that biochar application can, in general, reduce tensile strength by
42–242% regardless of soil textural class. However, this can only be effective when
application is made at a higher rate of >50 Mg ha�1 (Chan et al. 2007).

Biochar also affects the soil hydrological properties such as moisture content,
water retention and hydraulic conductivity, which invariably according to
Mukherjee and Lal (2013) are related to porosity, bulk density and aggregate
stability. Biochar increased the moisture content/retention capacity of the soil
because of the low bulk density and high porosity of biochar-applied soils thereby
increasing the spaces where water could be retained (Adekiya et al. 2019). A long-
term column study indicated that biochar-amended Clarion soil retained up to 15%
more water, and 13 and 10% more water retention at �100 kPa and �500 kPa soil
matric potential, respectively, compared to unamended controls (Laird et al. 2010).
Piccolo et al. (1996) demonstrated that coal-derived humic acid substances can
increase water retention, available water capacity and aggregate stability of inher-
ently degraded soils.

Comparing with fertilizer application, Peng et al. (2011) reported that biochar
amendment to a typical soil Ultisol resulted in better crop growth. Though the
application of biochar improves soil physical properties, this is dependent on the
pyrolysis conditions and type of biomass used, soil type where biochar is applied and
the rate of biochar application.
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Addition of biochar to soils may also improve soil physical properties such as soil
structure indirectly by providing improved habitat for soil microorganisms
(Pietikainen et al. 2000; Van Zwieten et al. 2009a, b), through favourable association
with soil organic matter and improved aggregation (Lehmann et al. 2011; Fletcher
et al. 2014), or by improving plant growth thereby enhancing rhizosphere effects
(Joseph et al. 2010).

6.2.2 Biochar and Soil Chemical Properties

It was observed that application of biochar improves chemical soil properties by
increasing soil pH, cation exchange capacity, base saturation, exchangeable bases,
organic carbon content as well as decreases Al saturation in acid soils and reducing
nitrogen leaching, thereby reducing fertilizer and lime requirements (Glaser et al.
2002; Van Zwieten et al. 2010). Black C has been found (Liang et al. 2006) to affect
nutrient retention and plays a key role in a wide range of biogeochemical processes
in soils, especially for nutrient cycling. Anthrosols rich in biochar were found to
maintain high cation availability (Lima et al. 2002) compared with adjacent forest
soils with similar mineralogy despite high leaching conditions in humid tropical
Amazonia. Such greater cation could be according to Liang et al. (2006) as a result of
a higher charge density per unit surface area which means a higher degree of
oxidation of SOM; or as a result of a higher surface area for cation adsorption
sites, or a combined effect of both. Glaser et al. (2003) suggested the oxidation of the
aromatic C and formation of carboxyl groups to be the main reason for the observed
high cation exchange capacity (CEC). Several studies have showed that due to
biochar amendments, soil pH increased especially in acidic soil, with greater
increase observed in sandy and loamy soils than in clayey soils (Tyron 1948;
Yamato et al. 2006; Major et al. 2010a; Yuan and Xu 2010). This was attributed
to the high alkaline nature and high base cation concentration of biochar which upon
integration in the soil releases protons into the soil solution leading to reduction in
soil acidity through proton consumption reaction and higher availability of CaCO3.
However, the ameliorating ability of biochar depends on pyrolytic parameter (higher
pyrolytic temperature helps to produce alkaline pH), feedstock (Lin et al. 2012) and
soil properties (Wang et al. 2014). Nelissen et al. (2012) also reported that incorpo-
ration of biochar to soil improves NH4

+ immobilization and subsequently decreases
nitrification which in turns conquers the discharge of H+ concentration to the soil and
relieves soil acidification. Also, based on the highly porous nature of biochar, large
specific surface area, possession of organic materials of variable charge, when added
to the soil, has the potential to increase soil CEC, base saturation and other nutrients
that have correlation with cation exchange capacity (Glaser et al. 2002).

Studies have also showed that incorporation of biochar increased organic carbon
and decreased nitrogenous fertilizer requirement; this is because biochar contains
high concentrations of carbon that can be rather recalcitrant to decomposition, so it
may stably sequester carbon (Glaser et al. 2002; Widowati et al. 2012). Biochar
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application elevates total C, organic C, total N, available P, and exchangeable
cations like Ca, Mg, Na, and K increase, and Al decreases in soil (Chan et al.
2007; Chen et al. 2008; Major et al. 2010b; Van Zwieten et al. 2010). Major et al.
(2010a) reported that nutrient uptake by plants was increased in biochar amended
soil, with increase in plant yield and greater availability of Ca and Mg in soil. Also,
as a result of the high surface area and high surface charge density of biochar most of
the nutrients that are removed due to the harvest are recycled (Liang et al. 2006), and
biochar increases the ability of soils to retain nutrients and plant available water and
reduces leaching of nutrients and agricultural chemicals (Laird et al. 2010; Lehmann
et al. 2003; Glaser et al. 2002). In literatures, biochar had been reported to be
effective in adsorbing dissolved soluble nutrients such as ammonium (Lehmann
et al. 2002), nitrate (Mizuta et al. 2004), phosphate (Beaton et al. 1960), and other
ionic solutes (Radovic et al. 2001). The carboxylate groups found in black carbon
provide cation exchange capacity (CEC), increase the O/C ratio, and are the primary
source of biochar’s high nutrient retention ability (Glaser et al. 2001). Also, biochar
has been reported (Oya and Iu 2002; Iyobe et al. 2004) to act as a buffer for ammonia
in soils and therefore have the ability to reduce ammonia volatilization from soils.

Several researchers have also revealed that biochar affects nitrogen (N) cycling in
soil, which offers potential options for tightening the N cycle in agricultural ecosys-
tems. Lehmann et al. (2003) and Steiner et al. (2008) reported that the use of biochar
can improve the efficiency of nitrogen fertilizer, as biochar can reduce the loss of
nitrogen and potassium that occurs through leaching (Widowati et al. 2011) due to
many proposed mechanisms such as enhanced nutrient retention due to cation and
anion exchange reactions, immobilization of N due to labile C fraction of biochar,
adsorption of organic N on biochar etc. Also the increase in soil pH resulting from
biochar addition enhances N2O reductase activity and therefore favours completion
of NO3

� reduction to N2 (from N2O) (DeLuca et al. 2009; Van Zwieten et al. 2010).
It also helps in the adsorption of NH4

+ that prevents nitrification and denitrification
(Chintala et al. 2014). Reduction of leaching loss and consequently higher fertilizer
use efficiency should lead to a lower fertilizer requirement per unit yield and usually
lower N2O emission. The immediate beneficial effects of biochar additions for
nutrient availability are largely due to higher potassium, phosphorus, and zinc
availability, and to a lesser extent, calcium and copper (Lehmann et al. 2003).
Biochar was also found to enhance biological N fixation (BNF) biochar amended
soils (Krishnakumar et al. 2014). The reason for the improved BNF is most likely a
result of nutrient availability in soil (Lehmann et al. 2003) and stimulation of plant–
microbe interactions (Nishio and Okano 1991), along with increased nitrogen levels
in soil resulting in increased colonization of the host plant roots by arbuscular
mycorrhizal fungi (Ishii and Kadoya 1994).
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6.2.3 Biochar and Soil Biological Properties

The addition of biochar brings about changes to both soil physical and chemical
properties (Joseph et al. 2009; Chintala et al. 2013; Major et al. 2010a) which will
ultimately affect the biological properties of the soil. These changes which are
directly influenced by the inherent properties of biochar (which are dependent on
the nature of feedstock and pyrolysis conditions) may ultimately affect soil–plant–
microbe interactions (Quilliam et al. 2013). The soil biota is vital for the functioning
of soils providing many essential ecosystem services. Different effects on the soil
biota are likely to occur from the addition of biochar to the soil.

There is a growing body of knowledge showing that the addition of biochar to the
soil results to increase in microbial biomass, with significant changes in microbial
community structure and enzyme activities (Steiner et al. 2008; Hammes and
Schmidt 2009; Liang et al. 2010; Jin 2010; Chintala et al. 2014). Biochar has a
role in changing soil microorganism abundance (Liang et al. 2010; Grossman et al.
2010); this was confirmed in a study by Domene et al. (2014) indicating that
microbial abundance increased from 366.1 (control) to 730.5 μg C g�1 after appli-
cation of biochar at the rate of 30 t ha�1. It was also reported by Graber (2009) that
with increasing rate of biochar application maximum number of culturable colonies
of general bacteria, Bacillus spp., yeasts and Trichoderma spp. were found.

Biochar improves soil physical and chemical environment thereby providing
microbes with a more favourable habitat (Krull et al. 2010; Jaafar et al. 2014).
Biochar-amended soil has more suitable pH for the growth of microbes, especially
for fungal hyphae (Wuddivira et al. 2009). Owing to its highly porous nature, its high
internal surface area and its ability to adsorb soluble organic matter, gases and
inorganic nutrients, biochar may provide a highly suitable habitat for microbes to
colonize, grow and reproduce particularly for bacteria, actinomycetes and arbuscular
mycorrhizal fungi (Thies and Rillig 2009). Studies (Saito and Marumoto 2002;
Warnock et al. 2007) showed that the pores of biochar may be a habitat for microbes
where they are protected from being grazed upon by their natural predators. These
microorganisms secrete polysaccharides which increase soil aggregation (Angers
et al. 1993). Certain toxic compounds such as catechol that would otherwise inhibit
microbial growth may get adsorbed on biochar surface causing increases in micro-
bial abundance (Chen et al. 2009).

Joseph et al. (2010) indicated that most biochar has a high concentration of
macropores that extends from the surface to the interior, and minerals and small
organic particles might accumulate in these pores. Other positive effects that have
been reported include: enhanced biological nitrogen fixation (Rondon et al. 2007),
improved colonization of mycorrhizal fungi, earthworms showing preference to
biochar amended soils (Van Zwieten et al. 2010), increased methane uptake
(Karhu et al. 2011), potential catalyst in reducing nitrous oxide to nitrogen (Van
Zwieten et al. 2009a, b). The relationship between biochar and the soil biota, and
their implications on different soil processes have yet not been adequately described.
At the moment, there is a wide gap in our knowledge of interactions between the soil
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biota and biochar. Biochar could affect soil fauna directly or indirectly (Thies and
Rillig 2009). Indirectly, soil fauna could be affected by altered biotic resources.
Directly, soil fauna could be influenced by ingesting biochar particles. This is the
case for geophagous fauna, such as earthworms (Topoliantz and Ponge 2003, 2005).

6.2.4 Biochar and Waste Management

Managing animal and crop wastes from agriculture poses a significant environmental
burden that leads to pollution of ground and surface waters (Carpenter et al. 1998;
Matteson and Jenkins 2007) affecting soil health. For more effective management
and disposal of the crop residues and animal waste, conversion of organic waste to
produce biochar is one viable option that can enhance natural rates of carbon
sequestration in the soil, reduce farm waste and improve the soil quality
(Srinivasarao et al. 2012). The beauty of using biochar for waste management is
that not only can energy be obtained in the process of charring, but the volume and
especially weight of the waste material is significantly reduced which is an important
aspect, for example, in managing farm wastes (Cantrell et al. 2007).

A number of studies have shown that biochar has the potential to bind both
organic and inorganic pollutants including pesticides from environment via chelate
formation. Moreover, if biochar is produced from waste biomass, environmental
pollution can be reduced considerably. As compared to biomass burning, the release
of smoke and gases is low in pyrolysis process. So, it could be a good technology for
us if we could utilize our municipal waste for biochar production.

6.2.5 Biochar and Soil Remediation

Soil contamination by organic and inorganic substances is now a worldwide problem
(Mench et al. 2010) and remediation method that is environmentally safe, econom-
ically viable and sustainable is imperative (Lone et al. 2015). In this regard, biochar
is the answer because of its sustainability, affordability, adoptability and being
environmentally friendly. It was reported (Kasozi et al. 2010) that biochar made
from a variety of feedstocks has a strong sorption ability to different types of
pesticides and other organic contaminants. Biochar has been demonstrated by
several worker to have high surface area and porosity (Adekiya et al. 2019). As a
result of its large surface area and porosity, biochar can adsorb organic or inorganic
pollutants and thus reduce their bioavailability and toxicity in the sediments and soil
(Bielska et al. 2018; Jin et al. 2011). Biochar has been found very useful for
restoration and revegetation of mine tailings (Gwenzi et al. 2015). Biochar strongly
sorbs salts and ameliorates salt stress effects on plants in agricultural, urban and
contaminated soils (Thomas et al. 2013). Coconut charcoal was specifically reported
(Cho et al. 1997) to be efficient in promoting oil polluted soil biodegradation. The
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biochar addition to contaminated soil and waste rock piles may increase soil pH,
water holding capacity, and soil fertility, reduce the mobility of plant-available
pollutant, and promote revegetation (Fellet et al. 2014; Kelly et al. 2014). Applica-
tion of biochar alone or when combined with compost into acidic mining waste
increased soil pH from 3.33 to 3.63 and 4.07 to 4.77, respectively, as well as organic
matter content, base cations, and nitrate availability, but decreased bulk density, Al,
Cd, Cu, Pb, Ni and Zn (Beesley et al. 2010; Kelly et al. 2014; Reverchon et al. 2015;
Rodríguez-Vila et al. 2014).

6.3 Future Outlook

Going by the current state of knowledge, biochar appears to be indispensable soil
amendments in improving the physical, chemical and biological properties of the
soil and therefore soil’s health. However, there should be more research towards the
standardization of the amount of biochar to be applied with regards to the type of
charred materials (feedstocks), soil types, time and temperature of pyrolysis.
Research on biochar use in Africa is still in its infancy (Torres-Rojas et al. 2011);
therefore, there should be more research on the use and adoptability of biochar by
farmers of sub-Saharan Africa who are hitherto complaisant on the use of biochar for
sustaining soil and increasing crop productivity.
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Chapter 7
Soil Health and Foliar Fertilisers

Apostolos Papadopoulos

Abstract Soil health in terms of its ability to sustain crop productivity is linked
closely with foliar fertilisers. There is little documented work to provide knowledge
on the practical aspect of farming and how the soil health may be affected where
foliar fertiliser applications are associated with increase soil health. This chapter
explains standard foliar fertiliser practices that provide nutrition and stimulate crop
production including root growth. The effects of these inputs have a direct effect to
soil health through affecting the rooting distribution, rooting exudates, shrinking and
swelling of soil and return of organic matter to the soil. This chapter described how
foliarly applied nutrition contributes to soil health and it should be considered as part
of the solution for sustainable farming. Furthermore, this chapter will support soil
scientist understand the practice of spraying crops with nutrients to correct deficien-
cies and stimulate plants to increase soil nutrient uptake by stimulating growth. In
return, the biomass will enhance soil health and contribute to sustainable farming
practices.

Keywords Foliar fertilisers · Soil health · Plant symbiosis · Bio-stimulants

7.1 Introduction

The definition of “soil health” has been attempted by several authors to produce a
universal one with some success. It has been generalised and often it is also referred
to as “soil quality” to cover the built environment, living organisms and service to
the ecosystem amongst other descriptions (Rinot et al. 2019). This chapter is
concerned with soil health referring to agricultural land. Even agricultural land
subdivides to several meanings. These include land to produce annual crops for
human consumption, fruit production, animal grazing, subsoil composition and
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depth, mineral content, ability to support biological synergists for crop production
and carrier of diseases etc. Furthermore, achieving a healthy soil may not be
desirable for agriculture. For instance, increasing organic matter, avoidance of
agrochemical use, increasing biodiversity and no soil cultivations contribute towards
a healthier soil; however to achieve this, a reduction in yield is most likely the price
to pay. Finding the right balance for each case is essential to ensure a sustainable
system providing a healthy soil whilst satisfying socio-economic and environmental
services. Foliar fertilisers may appear as a small part to all that, but they can offer a
considerable benefit to soils. Spraying crops has become a common practice to
administer agrochemicals and correct micronutrient deficiencies (Aziz et al. 2019).
This chapter aims to link soil health with foliar nutrition and explain how these are
associated.

7.2 Foliar Fertilisers

Soils that are poor in providing the full nutritional package required for successful
crop growth have been supported by fertiliser applications. This has allowed to
convert poor agricultural soils into productive ones. Typically, the fertiliser appli-
cations are solids applied on the soil surface and often incorporated into the top
20–30 cm by soil cultivations. The major elements they supply are nitrogen,
phosphorus and potassium including sulphur, magnesium and manganese in some
cases. These are applied at various ratios to suit the crop growing and the existing
levels in the soil. Nutrient availability which can be obtained by soil analysis offered
by laboratories is key to decision making. Fertiliser companies offer specially
formulated blends to suit customer needs. The application of the bulk solid fertiliser
is typically performed at the start of the growing season which provides adequate
time to break down and provide the nutrition required by the crop.

The application of bulk fertiliser to the soil can cause negative effects. These are
overdosing, locking other nutrients, toxicity to living organisms, percolation to
lower soil profiles, changes in soil pH etc. However, they are responsible for
increasing yield and quality in crop production systems and are widely used in
most cultivations globally. The application of nitrogen which has been responsible
for the most part of producing a larger biomass has also caused issues to crops. The
lavish growth develops weaker cells that are more vulnerable to disease and their
requirements for micronutrients increases. This results in creating micronutrient
deficiencies easier compared to a normal crop growth due to a faster cell division
and expansion. Furthermore, elements such as manganese, magnesium and calcium
are negatively affected by changes in soil pH and the presence of other nutrients. The
imbalance produced by bulk fertilisers can be corrected by foliar applications of crop
nutrition.

There are still sceptics who are not convinced that foliar fertilisers provide
nutrition to crops. This is not unexpected as the farming world has been an arena
that many companies would like to entertain its stability and value. Several
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companies have appeared offering solutions to farmers for better crop production. In
some cases, these have resulted in inconsistent and unproven efficacy imposing a
cost to the producer without the promised return. Such companies come and go
making the legitimate efforts tougher. Therefore, adaptation of innovation takes a
longer time compared to other industries. Furthermore, the commodity prices restrict
the value of innovation that can be charged to producers as it must be cost effective
(Zhang et al. 2018).

Straight foliar crop nutrition has been widely accepted and used by producers.
These are single nutrient products that have been typically used in land known to
suffer certain deficiencies due to its soil composition. These products are sometimes
offered as multinutrients specific for certain crops. Making a choice of which one to
use usually depends on the farmer’s relationships with suppliers. There are hundreds
of companies offering such foliar fertilisers and this has resulted in their value to be
very low with small margins. The UK market is worth somewhere in the region of
50 million euros and the European market around 0.9 billion euros. There is a further
section in the micronutrients called specialty fertilisers which are more customised
and offer further value than that of straights. The specialty fertilisers include higher
concentrations, a variety of nutrients in a balanced level for specific crops, pene-
trants, stickers, safeners and other components such as bio-stimulants to claim the
added value.

7.3 Forms of Foliar Fertilisers

The form of the elements supplied is of vital importance to its efficacy. Elements that
are highly water soluble are desirable due to their ability to dissolve in water and
become available to the plants (Fageria and Baligar 2005). However, as the elements
dissolve may also react so formulating these products can become tricky and limit
the aim of such products. A good example of such formulations are the nutrient
solutions for use in hydroponics. Products are available in water-soluble powder
form, suspension concentrates (suspended insoluble and soluble material in solu-
tion), fully water soluble etc. Further, there is a practice which is also under the foliar
applications and that is concentrated nitrogen in liquid form which is sprayed or
dripped on cereals as a top-up in spring time and/or summer in the northern countries
to support fast growth. This application has severe effects to the crop initially due to
scorching causing a deleterious effect to the normal growth; however, the eventual
benefit of the nitrogen counteracts the negative with a significant positive effect.

Foliar fertiliser concentrates are added into water for spraying. The typical
volumes range from 1 to 5 lt/ha used in 100–500 lt of water depending on the
surface area of the crop and the equipment used to perform the spraying. There is a
wide range of equipment for spraying to provide a good coverage and to avoid drift.
Another range of products fall under the formulation aids, spraying aids or adju-
vants. These are a type of products that have been well studied and proven to support
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uptake and enhance the use of fertilisers and crop protection products. In most cases,
farmers will not use one product to spray but prepare a “hot mix” which is a
combination of various fertilisers and crop protection products. Typically, compa-
nies supply compatibility information which inform the producer as to what can be
mixed within the spraying tank. The higher the solubility of the elements in water the
better the efficacy in general. Forms such as nitrates are easily soluble and absorbed
by the plants. Other forms such as chlorides although water soluble pose a weak
toxicity to crops. Sometime however, this may be desirable for the cultivation as it
will retard growth and counteract the effect of applied nitrogen.

7.4 Bio-stimulants in Fertilisers

Bio-stimulants have been re-appearing in the market as a new way to add value to
fertilisers and enhance crop yields. They have been previously used when looking at
historical agriculture, using plant mulches from brassica, leaves, nettles, seaweed or
a range of other material which demonstrated an improvement when applied to
plants (Zulfiqar et al. 2019). It was realised that it is not just the nutritional value of
the mulch that enhances growth but other chemical components including hormones,
terpenes, phenols etc. The most common bio-stimulant used today is seaweed.
However, its use is not easy and straight forward and it is a good way to demonstrate
the requirements of expertise and understanding of how to use them within this
chapter. What makes seaweed work as a bio-stimulant is the chemistry that it
contains. This chemistry varies widely depending on the region of where the
seaweed has grown, the season that the seaweed is collected, the species of the
seaweed and the weather pattern in that year. These variations can alter the chemical
composition of the seaweed which in return will alter the effects they will impose on
the sprayed crop. Furthermore, the ideal application dose will vary per crop and as it
is typical with bio-stimulatory effects there is an optimum application dose and
anything below or above will not have the desirable effects. The way seaweed is
applied it is on a “spray and pray” basis resulting in inconsistent efficacy. This has
resulted in loss of trust in seaweed and use of bio-stimulants in general.

Phosphites are another example as they have been considered bio-stimulants.
Historically, they have been applied as fungi-stats or even as fungicides. The
bio-stimulant effect relates mostly to root development. Applied as a starter fertiliser
at planting will increase rooting and therefore establishment to support
overwintering. A further application is made in spring to stimulate root growth
again. The increase in rooting will result in the plants being able to access more
soil nutrients and impose more changes to the soil. These changes relate to enhanc-
ing bacteria to colonise roots, swelling and shrinking cycles that alter soil structure
and physically creating spaces in the soil. Furthermore, as the crops balance the
below growth with the above, more biomass will return more organic matter to the
soil. Greater organic matter will enable more soil aggregation and result in a
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stronger, more pronounced soil structure offering water percolation, crop anchorage,
better recovery from soil traffic and reduced soil erosion.

7.5 Foliar Fertilisers and Soil Health

Any appropriate foliar nutrition with or without bio-stimulants that increase crop
biomass is likely to improve soil health as a result. Promoting a healthier crop will
reduce the incidence of diseases resulting in less infested crop residue in the soil.
More rooting and biomass will enhance the soil biota and soil structure improving
soil quality. However, there is a branch of bio-stimulants that are bacterial based, and
they are marketed under soil enhancers or soil improvers. These claim to promote the
multiplication of soil bacteria or apply concentrated bacteria to the soil. The focus of
such applications is to enhance crop growth. These products are efficacious in many
instances; however, it has to be realised that the enhanced bacteria populations in
most cases are breaking down the organic matter at a faster rate than normal. This
releases more nutrients to crops resulting in higher yield and healthier plants.
However, breaking down of the organic matter, particularly the old organic matter
which is responsible for the strength of soil structure, in the long term will deteriorate
soil resulting in a poorer “soil health” (Papadopoulos et al. 2009). Endophytic
bacteria are different to the ones applied in the soil and therefore, the negative
effects are not observed.

The ideal use of foliar fertilisers to reflect improvements in soil health require
expert knowledge on how to use them for each case. The soil properties and
composition should be considered and the fertiliser and bio-stimulant product well
understood following closely the instruction of the manufacturer for the specific
crop. The aim should be to complement the soil nutrient content and the bulk
fertiliser applied to the requirements of the crop considering potential lock up of
micronutrients or inadequacy of the soil to fulfil the crop’s needs. Foliar fertilisers
containing micronutrients are more efficient than those of soil applied as when bulk
fertilisers are applied to the soil for root uptake, complexes are formed changing the
solubility of the nutrients and reduce their availability to the plants. Enhancing
healthy crop growth in a well-understood system can enhance soil health by adding
more organic matter, improving soil structure, enriching soil composition, increasing
soil biological activity and reducing the potential of diseases in soil residues.

7.6 Conclusion/Recommendations

Professional advice is recommended to enable a good understanding of the circum-
stances for the correct choice of products, timing and dosage for an optimum
outcome. It is essential to build a system where intensive crop production is
performed in a sustainable manner incorporating practices that return organic matter
to the soil and feeds the plants rather than only the soil. Reducing the environmental
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impact of bulk fertilisers and in particular nitrogen is essential for farming sustain-
ability. Nitrous oxide production from farmed soil, leaching of nitrogen to under-
ground water courses and the environmental impact of producing nitrogen are
considered deleterious, contribute to climate change and reduce soil health.
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Chapter 8
Wild Plants from Coastal Habitats
as a Potential Resource for Soil Remediation

Gederts Ievinsh, Una Andersone-Ozola, Zaiga Landorfa-Svalbe,
Andis Karlsons, and Anita Osvalde

Abstract The aim of the present review is to stimulate an interest in experimental
exploration of native coastal plants as a valuable resource for development of and
use in environmental remediation technologies. An attempt is made to analyze wild
plant species from different coastal habitats in respect to the functional properties
useful for soil remediation purposes. Several plant species from a number of coastal
plant genera are described as potential models for further studies aimed at practical
environmental phytoremediation, including Armeria maritima, Rumex
hydrolapathum, Ranunculus sceleratus, Anthyllis maritima, Alyssum montanum
subsp. gmelinii, and Sedum maximum. It is concluded that a large number of species
of vascular plants native to coastal habitats of the temperate zone have potential for
use in different phytoremediation systems, but this potential needs to be systemically
and comparably explored experimentally. Important aspects to consider are plant
responses to polymetalic substrates or wastewaters, effect of substrate moisture, and
effect of edaphic conditions on phytoextraction capacity with emphasis on nitrogen
fertilization.

Keywords Alyssum · Anthyllis · Armeria · Coastal plants · Metal
hyperaccumulators · Phytoremediation · Ranunculus · Rumex · Salinity · Sedum
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8.1 Introduction

As early as in the 1970s it was recognized that submersed macrophytes are important
targets for absorption and accumulation of chemical contaminants, both heavy
metals and toxic organic substances (Guilizzoni 1991). This trend has developed
up to the present day, as several recent experimental studies have focused on
tolerance and accumulation potential of wetland plant species toward trace elements
(Alfadul and Al-Fredan 2013; Bonanno et al. 2018; Klink 2017; Polechońska et al.
2017; Yang et al. 2017) and organic pollutants (Chandra et al. 2017), but several
reviews have analyzed metal tolerance and accumulation in wetland plants (Teuchies
et al. 2013; Yang and Ye 2009).

Another branch of studies since the 1970s has centered onmetallophyte plants (for
recent reviews, see Bothe 2011; Bothe and Słomka 2017) and phenomenon of
hyperaccumulation of heavy metals (for recent reviews, see Reeves et al. 2017,
2018). While metallophytes are simply plants found natively growing on heavy
metal-enriched soils, so-called hyperaccumulation criteria need to be taken into
account when defining plants—hyperaccumulators: a certain threshold concentra-
tion of a particular element needs to be exceeded in aerial parts of a plant growing in
a natural habitat (Reeves et al. 2018). A recent scientific discussion on these criteria
(Goolsby and Mason 2015, 2016; van der Ent et al. 2015) accentuated several
problems associated with this concept, especially when needs of practical biotech-
nological application are taken into account.

Both wetland plants as well as heavy metal hyperaccumulators have been con-
sidered for use in different plant-assisted soil remediation techniques. While wetland
plants have been used mostly for purposes of construction of artificial wetland
systems (Marchand et al. 2010), plant resources for possible soil phytoremediation
activities have been looked for mainly among native species growing on contami-
nated soils, as many endemic metallophyte species or ecotypes are heavy metal
hyperaccumulators (Favas et al. 2014). In addition, facultative metallophytes, grow-
ing on metal-contaminated soils, also might possess general tolerance mechanisms
and high accumulation capacity, together with relatively high growth rates
(Nadgórska-Socha et al. 2015). As an example of this type of approach, classifica-
tion and identification study of plant species with potential value for phytoextraction
needs to be mentioned, leading to identification of accumulators and
hyperaccumulators of Cd, Zn, and Pb within 21 plant species native to ancient
silver-mining site (Yang et al. 2014).

One more approach to phytoremediation has emerged recently due to enormous
practical interest in studies of plant salt tolerance. Extensive accumulation of infor-
mation on functional characteristics of salt-tolerant plant species (halophytes) has led
to a notion that there are common physiological properties linking NaCl tolerance
with heavy metal tolerance. Several review papers recently have analyzed a potential
use of halophytic plant species in remediation of heavy metal-affected soils (Anjum
et al. 2016; Liang et al. 2017; Lutts and Lefèvre 2015; Moray et al. 2016; Nikalje and
Suprasanna 2018; Sruthi et al. 2017; Van Oosten and Maggio 2015) or organic
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pollutant-affected soils (Shiri et al. 2015), but mostly saline soils contaminated with
heavy metals are considered. However, concept of halophytes is somehow dubious
(for a recent review, see Grigore 2019 and references within) and the term usually is
simply used to indicate salt-tolerant plants without even specifying the level of
tolerance.

In addition, another ecophysiological group of wild plants with specific mineral
nutrition needs is interesting in the context of environmental remediation, i.e.,
nitrophilous species. Nitrophilous plant species need relatively higher soil nitrate
concentration for optimum growth in comparison to the majority of common crop
species. On the other hand, nitrophilous species have higher tolerance to increased
soil nitrate, showing no signs of toxicity at even extremely high substrate N
concentrations. Surplus nitrate can be used for increased plant growth or stored in
stems and leaves (Lee et al. 1986). It is important to note that high tolerance to nitrate
do not automatically make the plant nitrophilous, as many plant species growing
natively on soils with high nitrate content does not show increased growth by N
addition (Moreau et al. 2013). Many native wetland and coastal species are
nitrophilous (Lee and Ignaciuk 1985) as they are well adapted to thrive on N-rich
organic deposits and have high rates of biomass accumulation as a result of that.

The main aim of the present review is to stimulate an additional interest in
experimental exploration of native coastal plants as a valuable resource for devel-
opment of and use in environmental remediation technologies. Combining the
above, instead of focusing either on “halophytes” or exclusively on wetland plants,
in the present review we will attempt to analyze wild plant species from different
coastal habitats (even if they are not coastal-specific by their general distribution) in
respect to the functional properties useful for soil remediation purposes. Several
individual coastal plant species of temperate zone will be described in detail,
pointing to their suitability for different remediation systems of degraded soils.
Due to space limitations, readers are directed to recent important reviews on
particular specific topics.

8.2 Coastal Habitats as Highly Heterogeneous
Environments: Consequences for Tolerance-Related
Plant Adaptations

Environmental heterogeneity is one of the fundamental aspects in coastal habitats,
which has crucial importance for physiological adaptation of coastal plants, leading
to high degree of phenotypic plasticity both at morphological and biochemical levels
(Ievinsh 2006). Most important in the context of the present review is the ability of
coastal plants to persist on soils with extremely variable and different concentration
range for plant-available essential mineral nutrients. Sea water-affected wetlands are
habitats of extreme manifestation of this type of heterogeneity. Extremely high
seasonal and spatial variability in plant-available mineral elements has been
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documented in several coastal wetlands or among sites with particular coastal
species (Andersone-Ozola et al. 2017; Karlsons et al. 2011, 2017). Especially high
concentration variability was noticed for N, Ca, Cu (variation coefficient 55–63%),
Fe, Cl, Mn (90–105%), and S (121%, Karlsons et al. 2017).

In wetland conditions, metals concentrate in rhizosphere near plant roots, which
is regarded as mostly plant-induced characteristic (Kissoon et al. 2010). Typical
coastal plant species have been adapted to take up surplus mineral nutrients in roots
and either translocate them to shoots or store in roots without any negative conse-
quences for plant metabolism and growth (Andersone-Ozola et al. 2017; Karlsons
et al. 2011). Active mycorrhizal symbiosis in plants from coastal habitats can have
additional functions besides mineral nutrient acquisition, more likely related to
accumulation of excess metal ions (Bothe 2012; Hildebrandt et al. 2007).

The same mechanisms of active membrane transport, translocation between
organs, ligand systems, and intercellular sequestration are used both for essential
surplus elements and heavy metals, especially given the fact that many soil-
contaminating heavy metals are essential plant elements, like Mn and Zn. From a
functional side, cellular compartmentation of chemicals in vacuole is an adaptive
trait for protecting cell metabolism shared both by salt accumulating and heavy metal
accumulating species. Maintenance of cellular osmotic balance through synthesis of
osmolites (compatible solutes) is vital for establishing cellular homeostasis in these
cases (Slama et al. 2015). In addition to osmolytes, a wide range of different
protective substances are important for securing cellular integrity. Further, removal
capacity of ballast elements from photosynthetic tissues through accumulation in
older leaves with further initiation of senescence sequence or in specialized glands
can be useful characteristic in both cases.

Due to extreme spatial and temporal variability of different environmental factors
in coastal habitats, coastal plants have high levels of general stress protection, one of
the manifestations of metabolic phenotypic plasticity, which is evident as an ability
of individual plants to promptly mount adequate protective cellular biochemical
responses in suboptimal conditions (Ievinsh 2006). These characteristics have spe-
cial importance in maintenance of cellular homeostasis also in conditions of heavy
metal stress. From another point of view, as a result of taxonomic and phylogenetic
analysis, it was concluded that halophytes and metal hyperaccumulators are more
closely related in Asteraceae, Amaranthacea, Fabacea, and Poaceae, than if these two
functions have evolved independently (Moray et al. 2016).

It has not been much experimentally assessed, in particular, on comparative basis,
but there is a reason to propose a certain adaptive biochemical flexibility of coastal
species at the level of enzymatic antioxidative protection (the idea has been
suggested, for example, in Spanò et al. 2013). Antioxidative defense responses are
important cellular mechanisms against consequences of environmental-induced
endogenous oxidative stress. Among other factors, both salinity (Miller et al.
2010) and heavy metals (Mithofer et al. 2004) increase production of reactive
oxygen species. In several halophyte species, a causal relationship between plant
salt tolerance and status of enzymatic antioxidative system has been established
(Alhdad et al. 2013; Canalejo et al. 2014; Radić et al. 2013). Overexpression of
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enzymatic components of antioxidative system can lead to salt tolerance even in
glycophytic species (Kavitha et al. 2010; Singh et al. 2014). Similar relationship with
enzymatic antioxidative system has been found also for heavy metal tolerance
(Freeman et al. 2004; Sharma et al. 2010). In addition, indirect evidence for
physiological relationship between salt and heavy metal responses can be found
from studies showing a certain level of induced cross tolerance (Ellouzi et al. 2013).

It is suggested that coastal plant species represent one of three different groups:
(i) species requiring saline soils or halophytes; (ii) other species with preference for
coastal conditions; and (iii) widespread species that are able to grow in coastal
habitats (Ratcliffe 1977). Further analysis of classification of coastal plant species
is out of the scope of the present review, but it needs to be emphasized that in
general, accessions from coastal habitats of plant species represent either ecotypes or
physiological types of individuals well-adapted to chemical soil heterogeneity and
variability in other abiotic factors. As a result, coastal accessions of widespread
species could have greater potential to be used in environmental phytoremediation
systems in comparison to inland accessions.

8.3 Principles of Soil Remediation Using Plants: Important
Functional Characteristics

Different plant functional properties associated with chemical uptake, translocation,
metabolization, and accumulation can be used for practical purposes in various
systems of plant-assisted remediation (Fig. 8.1). By definition, phytoremediation
represents a set of environmental biotechnology approaches that use plants for
treatment of contaminated lands and waters (Ali et al. 2013; Padmavathiamma and
Li 2007; Yadav et al. 2018). The fact that plants are able to take up soluble inorganic
substances (containing even nonessential mineral elements) from soil solution is a
critical basic mechanism for any application of phytoremediation. Even before that,
active release of organic substances from plant roots, root exudates, acts as a starting
point for chemical and physical modification of metals as well as organic compounds
in rhizosphere leading to changes in their bioavailability as well as stimulating
microbiological activity (Jones et al. 2004). Further, contaminants can be chemically
modified by plant exudates or taken up and immobilized or degraded by soil
microorganisms (phytostabilization, phytoimmobilization, rhizodegradation,
Fig. 8.1). Several principal types of phytoremediation use ability of plants to
translocate metals from roots and accumulate them in aboveground parts, e.g.,
phytovolatilization, phytodesalination, and phytoextraction. From the point of par-
ticular technological applications, plants can be used for mineral element uptake
from contaminated natural or seminatural substrate with various moisture level, from
dry to moderately wet or wastewater-impregnated (artificial wetland), or used in a
floating system of rafts for purification of waterbodies.
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Besides soil metal availability for plants, as based on the mechanisms similar to
those participating in mineral nutrition (Clemens 2006; Nagajyoti et al. 2010;
Ovečka and Takáč 2014), physiological mechanisms of uptake, translocation and
accumulation at subcellular, tissue and organ level are important characteristics of
plants used in phytoremediation systems. Both apoplastic and symplastic routes of
root transport are relevant for uptake of metals in accumulating plants (Maestri et al.
2010). Metal ligands are important participants for both efficient translocation and
intracellular transport as well as cellular sequestration (Bothe 2011; Callahan et al.
2006; Haydon and Cobbett 2007). Both presence and efficient control of cellular
membrane transporter systems allows entry of metal ions into cell cytoplasm through
endoplasmatic membrane, through tonoplast into vacuole or into specialized long-
distance transport systems. It is interesting to note that lack of specificity of cellular
transporters is regarded as one of basic reasons for ability of nonessential element
uptake (Gallego et al. 2012).

Fig. 8.1 Schematic overview of different types of phytoremediation with emphasis on important
functional plant traits involved
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One problem of efficient phytoremediation is based on the fact that a particular
plant species needs to have both high tolerance as well as accumulation potential in
respect to the element of interest, but these traits seem to be independently geneti-
cally encoded and regulated (Goolsby and Mason 2015). Therefore, from a physi-
ological perspective, four general categories of plants can be recognized:
non-tolerant non-accumulators (the majority of plant species belong to this group),
tolerant non-accumulators, non-tolerant accumulators (only some species are known
so far), and tolerant accumulators (Goolsby and Mason 2015). Another problem is
related to the fact that as opposed to intensity of accumulation, which is relatively
easy to demonstrate over a gradient of substrate concentration of the metal of
interest, characterization of metal tolerance is a complex task, and ideally needs to
include also aspects of reproduction.

An intriguing question with an immense practical importance for choosing the
right species for practical environmental remediation needs is related to whether only
native hyperaccumulating metallophyte species from high-metal contaminated or
natural soils are useful as efficient chemical removers. As opposed to plants from
mining areas, where metal-tolerant and accumulating ecotypes have evolved
(as established by Antonovics et al. 1971), wetland plants are reported to have
mostly general, species-wide type of tolerance (innate tolerance), as shown by
example of Typha latifolia as early as in the 1970s (McNaughton et al. 1974) and
supported by numerous further studies (reviewed in Yang and Ye 2009). This has led
to assumption that all wetland plant species may be relatively tolerant to metals
because of biogeochemical peculiarities in wetland rhizosphere (Yang and Ye 2009).
Evolution of metal tolerance in plant populations affected by increasing emissions of
metals can be surprisingly fast. Some Agrostis species can even need only 5 years to
show metal tolerance symptoms through local genetic adaptation (Ernst 2006). It is
still an open question if there are particular sea coast-specific ecotypes of common,
facultative coastal species, having higher tolerance to Na+ or heavy metals as their
non-coastal populations. Preliminary analysis of large number of coastal plant
species has shown that there is a large variability of tissue Na+ and K+ concentration
between groups of plants of the same species growing at different coastal sites,
irrespective of spatial or temporal substrate Na+ variation (Samsone and Ievinsh
2018; Ievinsh et al. 2019). It is argued that plant species with large ecological
amplitude in principle have a significant potential to evolve metal resistance (Ernst
et al. 2004). Therefore, it is highly possible that ecotypes highly tolerant to chemical
contamination have evolved in coastal areas.

In addition, wetland plants usually have high demand for nitrogen, making them
attractive as potential denitrificators of nitrogen-polluted waters. Moreover, wetland
plant species from coastal habitats (flooded beaches, salt marshes, and wet
meadows) directly affected by seawater salinity, have remarkable potential to toler-
ate high electrolyte concentration in leaf mesophyl tissues as a basic mechanism for
nutrient (chemical stress) resistance (Ievinsh et al. 2019).

When describing potential plants-metallophytes, it was noted that particular
species or accessions can be classified in respect to the character of a metal
accumulation in aerial organs with increasing concentration of the metal in substrate.
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Based on the type of the response, plants can be classified as accumulators (relatively
high constant shoot metal concentration over a wide range of substrate concentra-
tion), indicators (correlation between soil metal concentration and that in plant
shoots), or accumulators (relatively constant low shoot metal concentration over a
wide range of substrate concentration) (Baker 1981). For practical purposes, accu-
mulation of metals in different plant parts in respect to initial soil metal concentration
are evaluated by means of different indexes (reviewed in detail in Buscaroli 2017). In
general, only species with relatively high rate of transport to aerial parts are consid-
ered useful for phytoextraction techniques, but these accumulating metals in roots
can be used for phytostabilization purposes or simply as metal-tolerant plants for
revegetation of degraded or contaminated lands. An extreme example of metal
accumulators are hyperaccumulators, plants growing natively on heavy metal-rich
soils and accumulating heavy metals in shoots and are defined based on their ability
to have 50–100 times higher concentration of the element of interest as compared to
neighboring plant species (Maestri et al. 2010).

In addition to plant-related factors, both abiotic and biotic processes in rhizo-
sphere is of great importance for environmental remediation (Borymski and
Piotrowska-Seget 2014). Role of plant root-associated microorganisms is especially
important for degradation of organic contaminants due to extremely limited uptake
ability of plants for complex organic molecules. In these cases (as for
rhizodegradation, Fig. 8.1) plant acts as a source of reduced carbon-rich root
exudates supporting respiration needs of contaminant-degrading microorganisms.

8.4 Selected Coastal Species from Different Habitats
with a High Potential for Phytoextraction

8.4.1 Armeria maritima and Other Armeria Species

When Armeria maritima populations from salt marshes and inland sites were
compared in respect to salinity resistance, it appeared that the two populations
represented different ecotypes with differences in responses to NaCl and salt toler-
ance (Köhl 1997). Inland population showed relatively high salinity tolerance, with
ability of plants to survive at 200 mM NaCl for several months, but root and leaf
growth was significantly reduced. In contrast, plant growth was not affected for salt
marsh ecotype of A. maritima. Most importantly, allocation of Na to aerial parts in
inland ecotype started at higher salinity than that in salt marsh ecotype. The presence
of salt glands on leaves of Armeria maritima can serve for excretion of NaCl
(Rozema et al. 1981) and it is assumed that they can serve similar purpose in the
case of heavy metal-resistant ecotypes (Bothe 2011).

Taxonomically and biologically highly related taxon, Armeria maritima subsp.
halleri (syn. Armeria halleri), is a well-known key component of metal-resistant
vegetation on inland metallipherous soils, Armerietum halleri, like in mountains of
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Harz region in Northern Germany (Ernst et al. 2004). The subspecies is highly
tolerant to Cd, Cu, Pb, and Zn and grows only on heavy metal heaps (Bothe 2011). In
natural conditions growing on polymetallic soil, accumulation potential in leaves of
A. maritima subsp. halleri was relatively moderate in comparison to
hyperaccumulating species Arabidopsis halleri (Ernst et al. 2004). In another
study, A. maritima subsp. halleri growing naturally in soil with plant-available
concentration of Zn and Pb of 1388 and 5966 mg kg�1, respectively, accumulated
7903 mg kg�1 Zn and 9659 mg kg�1 Pb in roots, and only 1360 mg kg�1 Zn and
532 mg kg�1 Pb in leaves (Heumann 2002). Both Zn and Pb were efficiently
excluded from flower stalks and flowers. However, when the same plant material
was cultivated in hydroponics with high Zn concentration, roots and leaves accu-
mulated 11,354 and 5179 mg kg�1 of Zn.

A. maritima is also known as a Cu-tolerant plant, growing in a copper-rich bog in
soils with 6486 mg kg�1 Cu concentration (Brevin et al. 2003). These plants
accumulated most Cu in decaying leaves (9000 mg kg�1) as compared to 1818
and 171 mg kg�1 in roots and living leaves, respectively. Other species of the genus,
Armeria canescens, Armeria rumelica, and Armeria alpina, did not show
hyperaccumulation potential for any heavy metals in natural conditions growing
on soils with variable but high heavy metal (Mn, Zn, Cu, Ni, Cr, Cd, Pb) concen-
tration (Tomović et al. 2018).

We used seeds from coastal population of A. maritima, growing in dry calcareous
coastal meadow in the Southern Sweden, for establishing heavy metal tolerance and
accumulation potential in controlled conditions (Andersone-Ozola et al. 2020b).
Plant growth was not affected by increased substrate concentration of Mn (up to
1.0 g L�1), Zn (up to 1.0 g L�1), Cd (up to 0.1 g L�1), and Pb (up to 0.5 g L�1). At
the highest concentration, Mn was preferentially accumulated in leaves
(12,250 mg kg�1 DM) and efficiently excluded from roots (2881 mg kg�1 DM),
flower stalks (1723 mg kg�1), and flowers (1708 mg kg�1). For Zn, metal concen-
tration in leaves reached 14,750 mg kg�1, followed by roots (7191 mg kg�1), but in
flower stalks and flowers it was only 1390 and 477 mg kg�1, respectively. Cd
concentration was similar for leaves and roots, and it was efficiently excluded
from flower stalks and flowers. Consequently, coastal accessions of A. maritima
possess high tolerance against several individual heavy metals and showed excellent
metal accumulation potential in comparison to accessions of A. maritima subsp.
halleri from metallipherous soils. This idea of general heavy metal tolerances of this
species has been supported by other studies comparing heavy metal tolerance of
A. maritima from metallicolous and nonmetallicolous populations (Parys et al.
2014).

In further studies with subspecies or ecotypes of A. maritima, it is crucial to
consider optimum moisture level for particular genotypes and its effect on heavy
metal tolerance and accumulation potential. It is not completely clear whether
significant differences in drought and flood tolerance exist between accessions native
to dry meadow vs. wetland conditions. It has been suggested though that plants from
coastal populations of A. maritima are relatively drought tolerant due to high
capacity of antioxidative defense system (Buckland et al. 1991).
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8.4.2 Rumex hydrolapathum and Other Rumex Species

Many Rumex species are typical elements of dryland vegetation (i.e., Rumex
acetosella, Rumex thyrsiflorus), but several are typical wetland species, some of
them with high flooding tolerance (i.e., Rumex maritima, Rumex palustris; van der
Sman et al. 1993). As an extreme example, Rumex hydrolapathum is suggested to
represent an emergent macrophyte, as the species grows only in permanently wet or
flooded conditions (Sager and Clerc 2006).

One may ask whether specialized metal-tolerant populations exist among Rumex
species. Two populations of Rumex dentatus, a pseudometallophytic species, from
metalliferous (Cu-contaminated) and non-metalliferous sites were compared in
controlled conditions for their response to Cu treatment (Huang et al. 2011).
Significant differences between the two populations were found in respect to phe-
nology of reproduction as well as resource allocation to reproductive structures. In
particular, plants from metalliferous population allocated more resources to repro-
duction in conditions of high substrate Cu concentration (500 mg kg�1). After
2 months of culture in controlled conditions at 300 mg kg�1 Cu, plants from both
populations accumulated similar concentration of Cu in roots (>600 mg kg�1 DM),
but shoot Cu concentration was higher in plants from non-metalliferous site
(486 mg kg�1) than in plants from metalliferous site (180 mg kg�1) (Liu et al.
2004). Rumex hastatus represents another copper-accumulating species of the genus,
with leaf copper concentration for plants growing in natural contaminated soil
ranging from 20 to 120 mg kg�1 DM (Tang and Fang 2001).

In a similar experiment, phytoextraction potential of two Rumex acetosa acces-
sions from metalliferous (Pb- and Zn-contaminated) and non-metalliferous sites
were compared (Barrutia et al. 2009). Plants from contaminated site accumulated
significantly higher concentration of Zn (3079 mg kg�1) in shoots in comparison to
plants from non-contaminated site (573 mg kg�1) when cultivated on mine soil, but
Pb was preferentially excluded in roots. R. acetosa has been relatively thoroughly
explored as a candidate species for assisted phytoextraction due to relatively high
biomass, fast growth as well as adaptation to different soils (Barrutia et al. 2010).
However, metal tolerance and accumulation potential of other Rumex species was
shown to be relatively low. Thus, Rumex obtusifolius can be characterized as heavy
metal excluder, relatively sensitive to high substrate heavy metal concentration
(Vondráčková et al. 2014). When cultivated in controlled conditions in natural soil
with 2688 mg kg�1 Mn, 3305 mg kg�1 Zn, and 3305 mg kg�1 Pb, R. obtusifolius
plants accumulated 228 and 183 mg kg�1 Mn, 1479 and 1260 mg kg�1 Zn, and
235 and 142 mg kg�1 Pb, in roots and leaves, respectively. Moreover, total leaf
biomass of plants growing in contaminated soil was only 0.1 g per plant as compared
to 5.8 g in non-contaminated soil.

R. hydrolapathum accession from a sea-affected wetland (Samsone and Ievinsh
2018) was used in a study in controlled conditions to evaluate effect of biogenous
heavy metals Zn and Mn (Ievinsh et al. 2020a). In R. hydrolapathum plants, Zn was
preferentially accumulated in older leaves, reaching 1800 mg kg�1 DM, with Zn
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concentration 700 mg kg�1 DM in actively photosynthesizing mature leaves, but it
was effectively excluded from young leaves and roots. In contrast, Mn concentration
reached 6000 mg kg�1 DM and was similar in all leaf types except young leaves
where it reached only 300 mg kg�1 DM, with significantly lower level (below
500 mg kg�1 DM) in roots. High tolerance of R. hydrolapathum against biogenous
heavy metals Zn and Mn was associated with ability to initiate programmed death of
older leaves, accumulating high concentration of heavy metals, together with stim-
ulation of development and growth of new leaves (Fig. 8.2).

Plants from coastal accession of R. hydrolapathum showed partial tolerance
against Ni and full tolerance against Cd in soil culture in controlled conditions. In
the case of Ni, both shoot and root growth were depressed by 50% at 1 g L�1 Ni
concentration, with Ni concentration in leaves and roots reaching 140 and 60mg kg�1

DM, respectively. R. hydrolapathum plants exhibited no signs of growth inhibition
even when substrate Cd concentration reached 50 mg L�1. In these conditions, older
leaves accumulated more than 60 mg kg�1 Cd, with Cd concentration in actively
photosynthesizing leaves being 20 mg kg�1, and both in roots and young leaves only
10 mg kg�1. Costal accessions of both R. hdrolapathum and R. crispus plants were
highly tolerant to increased substrate concentration of Pb, with no signs of growth

Fig. 8.2 Growth and development of Rumex hydrolapathum plants as affected by different
concentrations of heavy metals (Mn, Zn) in substrate (g L�1). Three-week-old (above) and
5-week-old (below) average plants are shown. Courtesy G. Ievinsh
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inhibition even at substrate Pb concentration of 1.0 g L�1, when Pb(CH3COO)2 was
used (Ievinsh et al. 2020b). Moreover, when Pb was used in a form of Pb(NO3)2,
plant growth was significantly stimulated even at the highest Pb concentration.

Wetland-adapted species usually show more vigorous growth under wetland
conditions in comparison to dryland, and their element uptake capability is relatively
larger. In a study with Rumex crispus, flooding induced 2.5-fold increase in accu-
mulation of chemical elements, with particularly large increase for concentration in
Mn and K both in shoots and roots, and Ca in shoots (Kissoon et al. 2010).

As many Rumex species are described as nitrogen-demanding (Hejcman et al.
2012 and references within), it seems to be reasonable to assume that wetland-
adapted Rumex species are obligate nitrophilous and therefore can be used in
different denitrification systems. Indeed, when effect of NO3- and NH4-N fertilizers
on different background levels of mineral nutrient availability on development and
biomass accumulation of R. hydrolapathum was compared, it was found that even at
optimum supply of a universal fertilizer, N treatment resulted in a further stimulation
of growth and development, indicating increased requirement for N to achieve
maximum physiological performance (Fig. 8.3; Ievinsh et al. 2020b).

As a Rumex species with largest individuals, well-adapted to emergent wetland
conditions, and with high regrowth capacity after cutting, R. hydrolapathum seems
to be an excellent choice for practical use in artificial wetlands and other systems of
water purification, using principle of phytoextraction, phytodesalination, and
phytodeeutrophication. Other wetland-adapted Rumex species (R. maritima,
Rumex longifolius, R. crispus) from sea-affected habitats are good candidates for
further practically oriented phytoremediation studies. In addition, high biomass
species Rumex confertus seems to be a good choice for development of
phytoremediation systems for dry or moderately wet conditions.

Fig. 8.3 Growth and development of Rumex hydrolapathum plants as affected by different levels
of universal fertilizer (UF) and additional treatment with NO3-N and NH4-N. Two-month-old
average plants are shown. Courtesy G. Ievinsh
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8.4.3 Ranunculus sceleratus and Other Ranunculus Species

Ranunculus sceleratus is a semiaquatic circumpolar species of Northern Hemisphere
native to wetland habitats. The species is extremely resistant to soil waterlogging and
moderate flooding (He et al. 1999). Its survival strategy is based on leaf petiole
elongation as a result of flooding in order to regain leaf blade contact with aerial
environment to support photosynthesis (Smulders and Horton 1991). Another fea-
ture that support flooding tolerance is constitutive presence of aerenchyma in roots
of R. sceleratus (He et al. 1999).

R. sceleratus has been used in constructed wetland systems because of flooding
tolerance as well as ability to accumulate chemical pollutants, including heavy
metals as well as excess nutrients. When used in a sewage purification system
with 15 L volume, 10 R. sceleratus plants can remove up to 93% of total nitrogen
and 89% of total phosphorus within 7 months (Zuo et al. 2014).

Naturally growing R. sceleratus individuals on a coast of Lake Mariut (Egypt)
were analyzed in respect to accumulation of Zn, Mn, Cu, Ni, Cd, and Pb in both roots
and shoots (Farahat and Galal 2018). These plants preferentially accumulated metals
in roots, with shoot concentration being only negligible for Ni and Cd, or 6, 10,
12, and 31% from that in roots for Mn, Pb, Cu, and Zn, respectively. The highest
accumulation potential was evident for Mn, with average concentration in roots
reaching 4000 mg kg�1.

R. sceleratus plants, grown from seeds collected in a sea-affected wetland,
showed extreme NaCl tolerance in controlled conditions and an ability to success-
fully reproduce, with only 29 and 39% decrease in total shoot biomass at substrate
Na concentration 5 and 10 g L�1, respectively (Landorfa-Svalbe et al. 2019). Plants
in saline soil preferentially accumulated Na in stems, followed by rosette leaf
petioles, stem leaves, and roots. The lowest Na concentration was in leaf blades
and flowers. Maximum Na concentration was found in stems of R. sceleratus plants
grown in the presence of 10 g L�1 Na, reaching 90.8 g kg�1 on a dry mass basis.
However, highest Na concentration on a basis of H2O content was evident in leaf
blades of 10 g L�1 Na-treated plants, reaching 6.32 mol L�1.

Growth of R. sceleratus plants was significantly stimulated by nitrates, even in a
form of Na and Pb salts, when substrate Na and Pb concentration was 4 and 1 g L�1,
respectively (Andersone-Ozola et al. 2020a). In general, plants were highly tolerant
to Mn, Zn, Cd, and Pb in substrate and accumulated 7000 mg Mn in leaves,
7000–8000 mg Zn in leaves and roots, 700 mg Cd in roots, and 700 mg Pb in leaves
and 1500 mg Pb in roots, per kg dry mass (Fig. 8.4). Consequently, in contrast to the
abovementioned study (Farahat and Galal 2018), R. sceleratus plants from a salt-
adapted coastal accession showed relatively high degree of shoot translocation for
Mn, Zn, and Pb, making them good candidates for phytoextraction,
phytodesalination, and phytodeeutrophication systems in wet or flooded soil
conditions.
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8.4.4 Anthyllis maritima and Other Anthyllis Species

Anthyllis maritima is an endemic coastal species of the Baltic Sea region, taxonom-
ically closely related to the Anthyllis vulneraria complex (Puidet et al. 2005).
Growing on both semifixed white and fixed gray dunes, it can withstand both
moderate sand burial as well as occasional salt spray. So far, heavy metal tolerance
of A. maritima has not been assessed, but analysis of closely related Anthyllis species
provides evidence for possible metal tolerance. Moreover, importance of symbiotic
nitrogen-fixing bacteria in roots of Anthyllis species for efficient environmental
adaptation has been pointed out (Ampomah and Huss-Danell 2011).

Anthyllis vulneraria from mine sites in France has been identified as Zn accu-
mulator (Escarré et al. 2010). When growing in soil with up to 160,000 mg kg�1 Zn
and 92,700 mg kg�1 Pb, the metal concentration in leaves of some individuals of
A. vulneraria even reached 10,000 and 1000 mg kg�1 for Zn and Pb, respectively.
When these plants were cultivated in controlled conditions excluding contamination
by metal dust deposits, average Zn value was 5060 mg kg�1 and that for Pb
776 mg kg�1.

Symbiotic N2-fixing bacteria Mesorhizobium metallidurans was isolated from
root nodules of A. vulneraria plants native to metal-contaminated soils, showing an
extreme tolerance to heavy metals (Vidal et al. 2009). In addition, a second symbi-
ont, Rhizobium metallidurans, was isolated from root nodules of A. vulneraria
(Grison et al. 2015a). Consequently, symbiotic A. vulneraria plants can be used
for soil enrichment with N, in further facilitating growth of nonsymbiotic
co-occurring species at phytoremediation sites. It was calculated that due to efficient
N2 fixation as a result of bacterial symbiosis, A. vulneraria plants can supply
additional 400 kg N ha�1 to soil within 4 years both through rhizodeposition as
well as decay of plant tissues (Frérot et al. 2006).

Further, A. vulneraria plants have been used in Rhizobium metallidurans-opti-
mized phytoextraction of Zn from highly contaminated soil, with shoot Zn concen-
tration reaching 17,428 mg kg�1, which resulted in removal potential of 27 kg ha�1

Zn (Grison et al. 2015b). In contrast, in A. vulneraria subsp. carpatica, both root and
shoot concentration of Zn significantly decreased in nodulated plants in comparison
to nitrogen-grown plants, but increasing metal tolerance (Soussou et al. 2013). These
facts clearly show that different populations of A. vulneraria can have various

Fig. 8.4 Growth and development of Ranunculus sceleratus plants as affected by different
concentrations of heavy metals (Mn, Zn, Cd, Pb) in substrate (mg L�1). Five-week-old average
plants 20 days after the start of the treatment are shown. Courtesy G. Ievinsh
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degrees of both metal resistance and accumulation potential due to local genetic
adaptation (Mahieu et al. 2012).

Consequently, due to ability to replenish soil nitrogen pool and possible heavy
metal tolerance, A. maritima plants need to be further explored for their potential use
in restoration of degraded or contaminated drylands.

8.4.5 Alyssum montanum subsp. gmelinii and Other
Alyssum Species

Alyssum montanum subsp. gmelinii (syn. Alyssum gmelinii) is a subspecies of
Alyssum gmelinii complex with complicated taxonomy, usually occurring on
sandy dunes, but recent studies using both morphological and molecular criteria
do not support this type of habitat specificity (Španiel et al. 2012). However, a
separate population of Alyssum montanum subsp. gmelinii with coastal-specific
distribution occurs on dunes of the Eastern Baltic Sea in territory of Lithuania and
Latvia. Individuals of this population are well-adapted to sand dune conditions as
they are resistant to moderate sand burial (Samsone et al. 2009).

Other species of the genus are elements of European serpentine flora and can
hyperaccumulate Ni, as Alyssum murale, Alyssum lesbiacum, Alyssum bertolonii,
Alyssum corsicum and other species. More than 50 Alyssum species are Ni
hyperaccumulators naturally growing on ultrabasic magmatic rocks with soil Ni
concentration 2.5 to 7.0 g kg�1 (Cecchi et al. 2010). In addition to Ni, a population of
A. montanum from serpentine soils has been proven to exhibit high phytoextraction
potential for Cd (Barzanti et al. 2011). Amino acid histidine is a main chelator of
nickel, as indicated by nickel-induced 36-times higher increase in histidine concen-
tration in hyperaccumulating Alyssum lesbiacum in comparison to that in Alyssum
montanum (Krämer et al. 1996). In addition to histidine, which is the main transport
ligand of Ni, malate and possibly other low molecular weight components act as
complex-forming ligands for vacuolar storage of Ni in leaves of A. murale (McNear
et al. 2010).

Using scanning electron microscopy/energy-dispersive X-ray analysis, it was
shown that Ni concentration in different Ni-hyperaccumulating species of Alyssum
in conditions of high substrate Ni reached as high as 48,400 mg kg�1, but total metal
concentration of Ni, Mn, and Ca in leaf trichomes was 15–20% from their dry mass
(Broadhurst et al. 2004). This finding was supported by further studies showing that
Ni is colocated with Mn only in trichome bases and in cells adjacent to trichomes,
supporting a view that Ni hyperaccumulation in Alyssum species has evolved from
an Mn handling system (Broadgurst et al. 2009).

We compared Ni tolerance and metal accumulation potential of coastal popula-
tion of Alyssum montanum subsp. gmelinii from sand dunes of the Eastern Baltic Sea
to that of Alyssum murale in sandy soil culture in controlled conditions.
A. montanum subsp. gmelinii plants did not survive at Ni concentration
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4000 mg L�1 substrate more than for 3 weeks, and plant shoot mass linearly
decreased to 50% from control at 2000 mg L�1 (Fig. 8.5), but growth of A. murale
was significantly stimulated even at 2000 and 4000 mg L�1 Ni. At 2000 mg L�1 Ni,
A. montanum subsp. gmelinii plants within 16 weeks accumulated 626 mg kg�1 Ni
on dry mass basis both in leaves and stems, and only 232 mg kg�1 Ni in roots, in
comparison to 10,000 mg kg�1 Ni in shoots and 3869 mg kg�1 Ni in roots of
A. murale. At substrate Ni concentration 4000 mg L�1, A. murale accumulated as
much as 21,976 mg kg�1 Ni in leaves. As stem growth of A. montanum subsp.
gmelinii plants was stimulated by low Ni concentration (250 and 500 mg L�1), but
root Ni concentration was saturated at 500 mg L�1 Ni, similar to that of A. murale, it
is evident that the coastal population of A. montanum subsp. gmelinii shows rela-
tively high Ni tolerance and remarkable accumulation potential in aerial parts. It is
interesting to note that growth at increasing substrate Ni concentration resulted in
linear increase in leaf K concentration up to 3.5-fold as compared to control in
A. montanum subsp. gmelinii plants, but not in A. murale, indicating changes in
mineral nutrition as part of defense against Ni treatment. Moreover, increasing
substrate Ni concentration stimulated linear increase in Co concentration in leaves
of A. murale, reaching 48.8 mg kg�1 in contrast to control level of 1.4 mg kg�1

Co. Similarly, Ni treatment induced accumulation of Mn and Ca in leaf trichomes of
A. murale and other species, indicating that Ni-induced changes in leaf mineral
balance is a common characteristic of Alyssum species (Broadhurst et al. 2004).

It seems that all taxonomically related A. montanum genotypes have relatively
high level of tolerance against heavy metals, but this potential needs to be further
explored. Special attention needs to be focused on possible effect of substrate
moisture and edaphic conditions, as it seems that Alyssum species are mostly suitable
for restoration of degraded drylands and soils with low fertility.

Fig. 8.5 Growth and development of Alyssum montanum subsp. gmelinii plants from coastal sand
dunes as affected by different concentrations of Ni in substrate (mg L�1). Sixteen-week-old average
plants 12 weeks after the start of the treatment are shown. Courtesy G. Ievinsh
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8.4.6 Sedum maximum and Other Sedum Species

Genus Sedum is represented exclusively by leaf succulent species from the Northern
Hemisphere. Only some species are growing natively in dry coastal habitats, such as
Sedum litoreum, Sedum sexangulare, and Sedum acre. In addition, in Northern
Europe, Sedum maximum can be occasionally found in pine dune forests near the
Baltic Sea.

Recently, several Sedum species from China have gained attention as heavy
metal-tolerant hyperaccumulators with potential use in phytoextraction techniques.
These include Sedum alfredii and Sedum plumbizincicola. Only some ecotypes of
S. alfredii from contaminated soils are Zn and Cd hyperaccumulators (Deng et al.
2007). The main difference between the ecotypes was that only plant from the
accumulating ecotype had an ability to increase shoot Zn and Cd concentration
with an increase in soil contamination intensity. The ecotypes of S. alfredii found
near Pb/Zn mines can also accumulate Pb (Huang et al. 2008). Heavy metal
accumulation potential in S. plumbizincicola was evident at species level, reaching
leaf concentration of Cd 7010 mg kg�1 and that for Zn 18,400 mg kg�1 (Cao et al.
2014). Other Sedum species have been indicated as potential accumulators of heavy
metals: Sedum spectabile and Sedum aizoon for Cd (Guo et al. 2017), and Sedum
rubrotinctum for Cu (Zhang et al. 2015).

A particular accession of Sedum maximum was found growing natively on a drift
line vegetation on the coast of the Kalmar Strait (the Baltic Sea) near Ekerum
Camping (island of Öland, Sweden) growing in saline soil with electrical conduc-
tivity 867 � 34 mS m�1. Part of one flowering shoot was collected and used for
establishment of experimental material through vegetative propagation of nodal
explants. During 5-week-long study in controlled conditions, it was established
that S. maximum plants were highly tolerant to increased concentration of Cu, Zn,
and Mn in substrate. No toxicity symptoms were found up to 250, 3000, and
4000 mg kg�1 internal concentration of Cu, Zn, and Mn, respectively, in leaves of
S. maximum (Fig. 8.6). Plants accumulated about 250 mg kg�1 Cu in roots and older
leaves, but both Zn (3000 mg kg�1) and Mn (10,000 mg kg�1) hyperaccumulation

Fig. 8.6 Growth and development of Sedum maximum plants as affected by different concentration
of Cu, Zn, and Mn in substrate (g L�1) for 4 weeks. Five-week-old average plants are shown.
Courtesy G. Ievinsh
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threshold was exceeded in leaves of S. maximum, with maximum concentration
found being 3200 and 15,000 mg kg�1, for Zn and Mn, respectively. As a result,
S. maximum accumulated as much as 110 mg Mn per plant, which is a considerable
amount, and with moderate planting density of 25 plants per m2, this could lead to
removal of 27.5 kg ha�1 Mn without any means of assistance by chemical agents or
additional fertilization. In comparison, in field conditions without any treatment,
S. alfredii could remove 32.7 kg ha�1 Zn (Zhuang et al. 2007).

Due to high tolerance of Sedum species to dry soil conditions, other representa-
tives of the genus from coastal dune habitats (S. acre, S. sexangulare) need to be
explored for their potential use for restoration of degraded drylands. It is interesting
to note that some Sedum species can be successfully cultivated in hydroponics when
appropriate degree of aeration is provided (Chen et al. 2013). Consequently, metal-
accumulating Sedum species and ecotypes could be useful also for different
phytoextraction systems for cleanup of polluted waters.

8.5 Conclusions

Within this review, we tried to justify the potential of coastal plant species for
practical use in different environmental phytoremediation systems. Some case
species and their respective potential were described in detail as examples. It
needs to be pointed out that a large number of other species of vascular plants native
to coastal habitats of the temperate zone have potential for use in different
phytoremediation systems, but this potential needs to be systemically and compara-
bly explored experimentally. Important aspects to consider for further studies need to
include plant responses to polymetallic substrates/wastewaters, effect of substrate
moisture, and effect of edaphic conditions with emphasis on nitrogen fertilization.
One of the most crucial functional aspects for successful practical implementation of
phytoremediation technologies is related to possible interaction between different
model species jointly used in these systems. Species with different specificity of
tolerance and accumulation toward various heavy metals need to be used compli-
mentary to provide maximum performance of the systems used in the case of
polymetallic pollution. In addition, it is evident that species supporting different
types of functional microbial symbiosis (mycorrhiza or N-fixing rhizobacteria) can
be used as remediation assistant species, even if they do not accumulate chemicals of
interest, for facilitation of tolerance or tissue concentration of the polluting compo-
nents in the accumulating species.
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Chapter 9
Abiotic and Biotic Factors Influencing Soil
Health and/or Soil Degradation

K. S. Anil Kumar and K. S. Karthika

Abstract Soil is a highly complex system which is influenced by several factors in
its existence. Soil health refers to the capacity of a soil in sustaining biological
productivity by promoting plant growth while maintaining or improving environ-
mental quality. Soil health is a prerequisite for agricultural production and thus it
becomes highly essential to support crop production and in delivering ecosystem
services. With increasing concerns on food security, maintenance of soil health is the
foremost challenge we are posed with. It becomes difficult to understand and manage
the processes occurring in soil independently as all these are interrelated and are in a
unique balance. The physical, chemical and biological properties together with their
interactions need to strike that perfect balance in a healthy soil, which is actually
determined by several abiotic and biotic factors. When the balance between these is
lost, the equilibrium is disturbed indicating the deterioration in soil quality which is
defined using soil degradation. The different threats to soil by means of nutrient
depletion, decline in organic matter, soil contamination, addition of toxic materials
to soil and lack of proper management of soil and land use would lead to a degraded
soil. In this chapter, a discussion is made on the aspects of soil health and abiotic and
biotic factors that influence soil health and soil degradation.

Keywords Soil health · Sustainable agriculture · Abiotic and biotic factors · Soil
degradation

9.1 Introduction

Soil is a vital natural resource, non-renewable, that performs a variety of key
environmental, social and economical functions vital for life. Agriculture and for-
estry are dependent on soil for the basic requirements of water and nutrients.
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Agricultural soil is a limited resource, the value of which was built by man over
decades or even centuries. Soil has considerable storage and buffering capacity
closely related to its components particularly organic matter. Storage refers to
water, mineral nutrients, gases and multitude of mineral substances. Soils harbour
abundant biodiversity and the biological activities are mainly contributing to the
structure and fertility of the soils.

Soils possess natural and man-made contaminants, which build up in soil and
released through water or air. Certain contaminants exceed the irreversibility thresh-
old for storage and buffering capacity. Early warning systems are hence essential to
prevent damage to environment and risks to public health. Soil has potentially rapid
degradation rates and extremely slow formation and regeneration process. Deterio-
ration in soil health leads to reduction in soil quality which is explained by soil
degradation. Soil degradation is a major cause of concern as it has adverse effects on
productivity, air and water quality and human and animal health (Manna and Sharma
2009). Available evidence points that the soil may be increasingly threatened by a
range of anthropogenic activities, degrading it. Among the threats are erosion,
decline in organic matter, local and diffuse contamination, compaction, acidification,
salinization, loss of biodiversity and pollution (European Commission 2002). In the
world, about 25% of land area has been degraded and recent estimates showed a loss
of 24 billion tons of fertile soil per year indicating an alarming trend that would make
95% of Earth’s land area degraded by 2050. Over the years several institutions have
assessed the extent of land degradation in India. It is presented in Table 9.1. In India,
around 146.8 Mha is degraded (NBSS & LUP 2004). Water erosion is the most
serious land degradation problem in India, resulting in loss of topsoil and terrain
deformation. Degradation of the soil resource implies ruining of the asset of not only
for current farmers but also the farming options of generations to come. There should
be a special focus on sustainability of farm land and soils and protection of its

Table 9.1 Status of land degradation in India over years

Year
Area
(M. ha) Organization References

1976 148.1 National Commission on Agriculture NCA (1976)

1978 175.0 Ministry of Agriculture: soil and water conserva-
tion division

MoA (1978)

1980 95.0 Department of Environment Vohra (1980)

1984 129.6 Society for Promotion of Wastelands
Development

Bhumbla and Khare
(1984)

1985 123.0 National Wastelands Development Board NWDB (1985)

1985 53.3 National Remote Sensing Agency NRSA (2000)

1985 173.6 Ministry of Agriculture MoA (1985)

1994 107.4 Ministry of Agriculture MoA (1994)

1994 187.7 NBSSLUP NBSSLUP (1994)

2004 146.8 NBSSLUP (revised) NBSSLUP (2005)

Source: Modified from Bhattacharyya et al. (2015)
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fertility and prevention of contamination. In this context, soil health gains huge
importance as it is the base for supporting life by various means.

Soil health is defined as being a state of dynamic equilibrium between flora and
fauna and their surrounding soil environment in which all the metabolic activities of
the former proceed optimally without any hindrance, stress or impedance from the
latter (Goswami and Rattan 1992). Soil health is considered as the state of a soil at a
particular time, equivalent to the dynamic soil properties that change in short term
(Goswami 2006). Soil degradation is a threat to agricultural productivity. It is being
regarded as a global threat (Lal and Stewart 1990), which has severe impacts on
environment (Lal 1997) and water quality (Lal and Stewart 1994). Soil degradation
could be by processes of soil erosion, compaction, acidification, runoff, crusting, soil
organic matter loss, salinization, and nutrient depletion, accumulation of heavy
metals or toxins (Fig. 9.1).

In this chapter, we have attempted to understand the abiotic and biotic factors that
influence soil health and soil degradation. A flowchart to understand the factors and
their influence on soil health and soil degradation is represented in Fig. 9.2.

9.2 Abiotic Factors

Abiotic factors that are responsible for influencing soil health or soil degradation
may be broadly classified under Physical factors and Chemical factors. The physical
factors of texture, structure, water and temperature along with the soil reaction,
acidity, alkalinity, salinity and sodicity, changes in status of soil nutrients affect soil
health and quality. These factors play a vital role in the productivity of soil. It is
obvious in the soil system that all the physical and chemical characteristics of the soil
are interrelated and hence, it becomes a tedious task to classify each of the factors.
However, an attempt has been done to classify the factors and the very important
properties which are highly influenced by these factors.

94
16

14

9
6 7 Water Erosion

Acidification
Flooding
Wind erosion

Salinity

Combination of factors

Fig. 9.1 Extent of soil degradation in India (in Mha)
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9.2.1 Physical Factors

9.2.1.1 Soil Texture

Soil texture is defined as the relative proportions of sand, silt and clay within the fine
earth fraction. The texture and coarse fragments content are very important in soils
for various reasons (Shaetzl and Anderson 2005). The soil texture plays a very
important role in the movement of water, and its retention in soil (Lin et al. 1999)
which is dependent on the pore space. More pore space in sand and coarse textured
soils allows better movement of water (Brakensiek and Rawls 1994) and the clays
and fine textured soils have lower permeability due to lesser pore space restricting
the movement of water indicating better water retention.

Soil surface area is also dependent on the soil texture and content of coarse
fragments. The higher the soil surface area, better will be the retention of water,
nutrients, cations and anions, coatings that impart colour to soil (Shaetzl and
Anderson 2005). When soil texture is linked with soil quality, the shape of the
particles is much important in understanding how these two are related. Sand
particles are generally round, while silt and clay particles are usually thinner and
flatter. This again is related with surface area. In sandy soils, dominated by round-
shaped particles, more space is available for air and water, indicating better soil
aeration and poor water holding capacity that could be easily prone to drought. The
size distribution of these particles is equally important in the development and
formation of soil aggregates and their stability. Thus, clay soils with smaller particle

Fig. 9.2 Factors affecting soil health and degradation
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size could get aggregated to crumb structure with larger pores between them and
smaller pores within. When considering the nutrient status as influenced by the soil
texture, soils with increased clay content retain more nutrients and possess higher
cation exchange capacity. These soils can sequester more organic matter.

Soil texture is important in understanding the susceptibility of soil to erosion,
compaction, and understanding the effective soil depth and rooting. Soil texture is a
permanent property, which does not change over time, the total porosity and the
number and size of pores in a soil are influenced by the soil management practices.

9.2.1.2 Soil Compaction

Soil compaction is mainly due to heavy machinery for farming operations. The
compaction causes deterioration of structure and restrict the root growth, water
storage capacity, fertility, biological activity and stability. If the texture is too
open, it will also affect crop growth, as roots cannot hold properly on ground.
Such soils are easily blown by wind, exposing the roots to air and drought. When
the soil is loose aiding in unrestricted root penetration, it is described as a
healthy soil.

9.2.1.3 Erosion

Erosion is a natural geological phenomenon resulting from the removal of soil
particles by water or wind and transporting them to elsewhere. Human activities
can dramatically increase erosion rates and severe erosion is largely irreversible.
More the coarse fragments, more the potential void space. This helps in resisting
compaction, erosion and in maintaining good structure (Poesen et al. 1990; van
Wesemael et al. 1995). The better aggregation and higher organic matter improves
the capacity of soil in resisting soil erosion, which thereby positively affects the soil
health.

9.2.1.4 Infiltration and Soil Bulk Density

Texture of the soils determines the bulk density and infiltration capacity of soils.
Many soils with more coarse fragments possess lower bulk densities (Stewart et al.
1970). Thus, these soils retain some water, affecting soil water characteristics
beyond just their effect on void space (Ugolini et al. 1996). The lower the bulk
density, the better the soil is. More pore space results in lowering the bulk density of
the soil, which is actually advantageous. Compact soils usually have less pore space
resulting in poor infiltration of water. This could lead to flood in those areas with
more compact soils (Jhonson 2009). More pore space indicates better infiltration of
water into soil.
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9.2.1.5 Effective Depth of Soil and Rooting

Soil depth is an important factor, which helps in understanding the ability of soil to
support plants. The depth of soil available for roots to explore for water and nutrients
is defined as the effective depth of soil. The requirement of root depth varies
depending on the crops and species. Plantation crops are deep rooted, while vege-
table crops are shallow rooted. A soil could be considered as good only if it has
sufficient depth for extensive root development. A good arable soil should be easy to
work with implements (Jhonson 2009). Usually problem soils have adverse physical
properties as a result of their inherent chemical properties (Norton et al. 1999). Depth
to root restricting layer along with soil texture thus plays an important role in
maintaining soil health.

9.2.2 Soil Structure

Soil structure refers to the arrangement of primary soil particles: sand, silt and clay.
A good agricultural soil should have a good structure that allows water infiltration,
with better water holding capacity, lesser problems of crusting and the ability to
resist forces that results in soil erosion. These properties are linked with the soil
texture as well as microbial activities. Soil organic matter influences physical
properties of soil such as soil structure, water retention, surface crusting and soil
erodibility (Stott et al. 1999). Knowledge on soil structure helps us to know the
shape and size of pore spaces in soil, which is important in the movement of water,
air and heat in soil (Jhonson 2009). Wet–dry cycles, freeze–thaw cycles, root activity
and fauna all play a role in the formation of soil structure (Materechera et al. 1992).
Though any structure can be formed in soils of any texture, fine-textured soils have
better cohesive forces indicating lesser chances of destruction as a result of tillage,
compaction etc. Soil biota influences the formation of granular and subangular
blocky structure (Shaetzl and Anderson 2005). A soil is considered as healthy
when the soil has a good crumb structure, without any clods and soil breaks apart
easily. Maintenance of good soil structure is essential for soil health as this is very
important in regulation of soil–water cycle and for providing a favourable rooting
medium for plants. Soil structure could be maintained by the mechanisms of soil
aggregation, formation of biostructures and pore networks. This could result from
the soil biological activities mainly by the ecosystem engineers consisting of mega-
fauna, mesofauna, fungi and bacteria (Kibblewhite et al. 2008).

9.2.2.1 Aggregation

Higher the aggregation, higher will be the soil porosity. Larger pores occur usually
between soil aggregates or peds (Schimel et al. 2005). When the soil gets disturbed,
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there will be a reduction in organic matter and aggregates turn less stable, resulting in
an increased susceptibility to soil erosion (Darmody and Norton 1994). When the
soil aggregates are stable, these ensure resistance to the erosive forces of water drops
during irrigation and rainfall (Arshad et al. 1996). Physical degradation of soil is
resisted by several microbial activities too as these biological activities help in
developing and maintaining soil aggregates and soil structure (Tisdall and Oades
1982). Aggregation and the space between aggregates affects the processes of
infiltration, percolation, permeability, soil aeration and nutrient leaching in soil,
which are mainly related to textural characteristics. When considering the textural
aspect and aggregation, larger particles have poor aggregation as evident from the
beach sands as a result of poor organic matter and clay, which serve as the binding
agents.

9.2.3 Soil Water

Soil water content is influenced by soil texture, structure, aggregate stability, bulk
density and earthworm numbers. These all are relevant in understanding a soil’s
ability to accommodate water entry for prolonged periods especially during high-
intensity rainfall and frequent irrigation events. Soil structure plays an important role
in maintaining soil water content. The granular structure is more porous indicating
better infiltration and permeability. However, well-developed platy structure
impedes infiltration. Similarly, prismatic structures result in slow permeability of
water. Increased compaction results in reduced percolation ultimately leading to
water-logged condition. Platy structure results in waterlogged soils, especially when
there is a heavy downpour and intense flooding. Soil water retention is also
influenced by bulk density and biological activity. Lower bulk densities are an
indication of higher pore space indicating better retention of water in soil.
Macropores are more in the soils with more number of earthworms as a result of
the earthworm burrows and these help in easy draining of surface water (Karlen et al.
1994). A stress in soil water encompasses both salt stress and drought stress, where
salt stress is dealt under soil chemical factors. Soil water controls soil biology and
soil chemistry, thus indicating its inevitable role in determining the health and
quality of a soil.

9.2.4 Soil Temperature

Soil temperature is an abiotic factor which influences soil moisture content and
biological activity. It acts as an insulator to protect soil organisms from the extremes
of fluctuations in air temperature (Jhonson 2009). The chemical and biological
activities in soil are affected by soil temperature as more biological activity results
in warmer soils. Soil temperature affects the movement of water through soil matrix.
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The soil water content has an effect on soil temperature as higher water contents
result in increased absorption of sun’s energy (Shaetzl and Anderson 2005).

9.3 Chemical Factors

9.3.1 Soil pH

Soil pH indicates soil reaction. Soil acidity and alkalinity are defined based on the
soil reaction. The soil reaction plays a very important role in nutrient availability,
occurrence and activity of soil microbes and plant nutrition. Acidification and
salinization severely impair the soil functions and reduce plant biomass productivity
in the soil.

9.3.2 Soil Acidification

Soil acidity could affect several factors that are related to the various physical,
chemical and biological properties of soil that make it the best suited to fulfill the
“desired purpose”, which is an important concept in soil quality (Schjonning et al.
2004). Weathering of rocks, nature of the parent material from which the soil is
formed, the interaction between these two factors, the time period involved in the
process of weathering determine the degree of soil acidification and the development
of different forms of acidity (McLean 1982). Soil pH affects the soil properties, and
the maximum availability of nutrients occurs within pH range 5–6. The availability
of most of the nutrients decreases when the pH is below 5. The ionic concentrations
of Al and Mn increase with soil acidity reaching toxic levels even at times. Soils are
naturally acidic in humid tropics. Agricultural practices like addition of organic
matter and acid producing chemical fertilizers attenuates soil acidity. Acid soils are
stressed environment for plants and microorganisms. Fine textured soils with high
amounts of soil organic matter have more hydrogen ions than lighter soils with lower
amounts of clay and organic matter.

9.3.3 Soil Salinity and Sodicity

Soil salinity deteriorates soil health and it is one of the forms of soil degradation
which is predominantly a problem in the semi-arid and arid regions of the world.
Agricultural intensification, along with unfavourable natural conditions has acceler-
ated soil salinity. Salinity develops as a result of natural and anthropogenic pro-
cesses. Natural salinity could be a result of weathering or by oceanic salt deposition.
Anthropogenic salinity results from an imbalance in the soil hydrologic cycle
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between water applied and the transpiration rates (Kumar 2013). Soil salinization is
the accumulation in soils of soluble salts of sodium, magnesium and calcium to the
extent that soil fertility is severely reduced. Soil salinity is measured in terms of
electrical conductivity (ECe) with the exchangeable sodium percentage (ESP) of the
saturated paste extract. The process is often associated with irrigation water and is
common in subhumid, semi-arid and arid climates. Soil salinity results in decrease in
plant available water and thereby water stress. Salinity affects soil physical proper-
ties by flocculation which is caused by binding of fine particles to form aggregates,
which positively affect soil aeration, penetration of roots and root growth. Soil
salinization can improve soil structure by aggregation and flocculation; however, it
negatively affects crop growth and yield. Salinity is one of the serious soil degrada-
tion threats our world faces and it affects agricultural productivity. Crops grown
under these conditions suffer from higher osmotic stress, poor physical conditions,
nutritional disorders and toxicities and reduced crop productivity.

Sodicity is another major chemical degradation taking place in soils. Sodic soils
possess unfavourable physical conditions, decreased nutrient availability, biological
activity, increased soil pH, sometimes exceeding 10 and exchangeable sodium
percentage generally >15%, up to 90% or so making it not suitable for cultivation
of most of the crops (Kanwar and Bhumbla 1969). Sodicity could develop under
certain topographic conditions and as a result of weathering of rocks (Abrol et al.
1988). Sodic soils are those that contain sodium ions on their exchangeable complex.
However, a soil is considered as sodic when the destruction of soil structure
initializes as a result of increased Na concentration (Rengasamy and Sumner
1998). This takes place due to the clay dispersion on addition of water to soil.
Clay dispersion clogs the soil pores, develops a calcareous hard pan in the subsurface
(Sharma et al. 2016) and this results in massive destruction of soil structure which
negatively affects in penetration of roots to soil, establishment of seedlings and water
movement in the soil (Dougherty and Anderson 2001). It also reduces water
infiltration rate and permeability throughout the soil profile. The physical properties
of soils are thus affected negatively by soil sodicity by developing the problems of
surface crusting, poor infiltration and percolation which is hindered by the slaking
associated with clay dispersion (So and Aylmore 1993). The problems of infiltration,
percolation along with the degree of structural deformity of a soil are determined by
two of the main factors such as soil texture and exchangeable sodium percentage
(ESP) (Sharma et al. 2016). Soil sodicity induces changes in hydraulic conductivity
of a soil (Levy et al. 2005). Structural stability of the soils varies according to the
extent of sodicity and columnar structure dominates in sodic soils.

9.3.4 Nutrients

Status of nutrients in soil and their transformations are very critical to soil health.
Deficiencies of nutrients adversely affect soil health and they reduce crop produc-
tivity. Proper management of soils is very much essential in overcoming the issues
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related to nutrient stress, which is a very common phenomenon. Soil pH affects
nutrient availability and transformations in soil and nutrient uptake by plants. An
elevated soil pH affects the availability of essential nutrients for plant growth (Singh
2009; Sharma et al. 2016) and nutrient toxicities are seen associated with the
development of sodicity (Sharma et al. 2016). When the soil pH is above 6, avail-
ability of P, B and Mn decreases. As and when the pH rises above 7, availability
of K, Mg, Cu and Zn is likely to decrease. However, availability of Mo increases
under alkaline conditions. The cations like Ca, Mg, K and Na have a direct
relationship with pH. At lower pH, Fe, Mn and Al are highly soluble and attain
toxic levels, whereas at higher pH these ions become deficient. Phosphorus avail-
ability is highly pH dependent and its availability is the highest when pH is neutral or
slightly acidic and it decreases as the pH becomes strongly acidic or strongly
alkaline. In general, with increase in soil acidity, the availability of micronutrients
present in cationic forms increases and anionic forms, namely Mo and B, decreases.
The activity of bacteria and actinomycetes are seen under mild acidic, neutral and
high pH soils whereas fungi are active in a wide range of pH dominating in acid soils
than that of soils with intermediate pH or higher pH.

9.3.5 Plant Nutrient Depletion

Crop production often leads to depletion or excess of plant nutrients in soils. High
input agriculture with major nutrients alone often leads to deficiency of secondary
and micronutrients. Regular monitoring is necessary to forewarn such deficiencies or
excesses. Nitrogen and phosphorus are the two major nutrients which are highly
influential in the soil system when the soil health and ecosystem services, such as
agricultural production are concerned. Soil microbes are frequently seen to be N
limited though availability of C is the primary limiting factor for their activity
(Schimel et al. 2005). Soil functional ability is influenced by N supply. When the
N inputs are lower with slight leaching and emission losses, demand for N increases
in an undisturbed natural soil system. However, in disturbed soil systems, there are
evidences of increased losses of N from soil as a result of increased rates of organic
matter decomposition and mineralization to inorganic forms, along with N lost in the
form of agricultural produce. So an imbalance in C and N requirements of the
biomass will affect the pool of N available to microorganisms to support soil
functions and plant growth which is a clear indication of declining soil health.
Hence, additional inputs of N are very much essential in N poor soil so as to maintain
soil health in agricultural systems. Similarly, not meeting the requirement of P also
causes a decline in soil health when there exists a shortage of P in its natural pool due
to erosion or cropping losses.

To tackle the nutrient losses, external addition of organic manures or mineral
fertilizers are essential to restore and sustain soil health. When proper management
strategies are adopted for these and implemented effectively, soil health could be
maintained and productivity could be achieved in well-managed agricultural
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systems. However, industrial agriculture results in environmental issues due to
excess additions of nutrients beyond the capacity of the soil–plant system. The soil
system remains unhealthy and polluted under these circumstances (Kibblewhite
et al. 2008).

9.4 Biotic Factors

9.4.1 Soil Organic Matter

Organic matter in soil is composed of organic material (plant roots, leaves and
excrements), living organisms and humus, the end product of decomposition organic
matter. Organic matter plays an important role in key soil functions and is essential
for the soil fertility. It performs binding and buffering capacity of soils, thus limiting
pollution of water. Soil organic matter is very important in maintaining soil health
and it is the food source for soil microorganisms and soil fauna. It serves as soil’s
storehouse for nutrients viz. N, P, S and SOM improves physical and chemical
properties of soil. It helps in improving physical properties like soil structure,
porosity and water holding capacity. Carbon in soil plays a major role in global
carbon cycle through sequestering of CO2 into SOC pool. Soils higher in organic
matter content have lower bulk densities.

The fungi and bacteria, primary agents of decomposition, are a food source for
several microbivorous predators. Several studies have reported that these microor-
ganisms aid in release of nutrients and stimulate microbial population which thereby
regulates the rate of organic matter decomposition (Coleman and Hendrix 2000).
Earthworms, termites etc. are also involved in the process of decomposition. The
process of decomposition is influenced by several factors like climate and soil
conditions. Soil organic matter is present in its active and passive fractions in
which the active fraction contributes to nutrient cycling and passive fraction con-
tributes to soil structural features. Many microbes such as fungi, bacteria, earth-
worms and termites which carry out decomposition process are also contribute
towards modifications in soil structure and nutrient cycling. This indicates the
importance of organic matter decomposition in improving the soil health by means
of improving soil structure and nutrient cycling (Kibblewhite et al. 2008).

Conversion of forests to farming systems often results in decline of organic
matter. Organic matter is the life of soil. When there is a decline in organic matter,
it indicates a decline in soil health. An observation indicating a decrease in organic
matter content to be seen with utmost priority and proper management strategies
need to be adopted for the addition of organic manures so as to maintain the soil
organic matter.
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9.4.2 Soil Biota

Large varieties of living organisms inhabit soil. Soil bacteria, fungus, protozoa and
small organisms play essential role in maintaining the physical and biochemical
properties needed for soil fertility. Larger organisms, worms, insects, snails and
small arthropods break up organic matter which is further degraded by microorgan-
isms. Soil organisms themselves serve as source of nutrients, suppress external
pathogens and break down pollutants into harmless components. Soil biota helps
in maintaining porosity in soil, especially macroscopic soil fauna, consisting mainly
of worms and termites. Biopores are a result of their movement in soil (Dexter 1978).
A fresh earthy smell of soil along with residues at various stages of decomposition
on soil surface and in the topsoil along with more earthworms, many holes and casts,
are indications of a healthy soil. Macropores are a result of activity of roots and soil
biota, e.g. worms. Soil biological activity is influenced by the soil physical and
chemical properties. Soil organisms and plant roots live and function in the pores.
When the soil loses porosity, roots cannot grow as well, and many organisms have
more difficulty in surviving.

The biological processes that contribute to carbon transformation are carried out
by decomposers like fungi, bacteria, microbivores, detritivores and nutrient cycling
by nutrient transformers like decomposers, are functional assemblages of interacting
organisms which are sometimes termed as “key functional groups” (Lavelle 1997;
Swift et al. 2004). Biological population is regulated by biocontrollers consisting of
predators, microbivores and hyperparasites. Soil biological processes decide the
ecosystem services, which along with the biotic interactions are inevitable in the
concept of soil health (Young and Ritz 2005). The pores in the soil and soil biota are
interrelated as the pores are where the biota exists, which in turn is related to the
dynamics of water, solutes, gases and organisms in the soil matrix. The reason
behind soil dynamics in soil is thereby the myriad of biotic interactions in the pore
networks occurring within the soil matrix. The pore networks help in providing
surfaces for colonization. The nature of pore networks defines how the organisms
move through the soil volume.

Soil organisms favour the process of aggregation in soil thereby enhancing the
soil structure along with improved pore networks. The process takes place by
adhesion, coating, enmeshment and alignment of particles and gross movement
(Lavelle et al. 1997; Ritz and Young 2004). On the other hand, all these activities
and decomposition of organic matter by soil biota, may degenerate the structural
integrity too indicating a two-directional interactive relationship existing between
the community and the habitat. This has led to the development of a concept of “soil
as a self-organizing system” encompassing the feed-forward and feedback interac-
tions existing between the biota and architecture of the soil (Young and Crawford
2004). The self-organization capacity could be recognized as an integral component
of soil health. A loss in biodiversity or a reduction in functions by soil biota along
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with changes in soil structure and physical–chemical properties reduce the quality of
delivering ecosystem services which is exhibited by a decline in soil health.
Table 9.2 represents the soil properties as influenced by the abiotic and biotic factors.

Table 9.2 Soil properties influenced by the abiotic and biotic factors

Factors Soil properties References

Soil texture Soil compaction Shaetzl and Anderson (2005)

Soil water movement Lin et al. (1999)

Soil water retention Lin et al. (1999)

Infiltration Jhonson (2009)

Bulk density Stewart et al. (1970)

Porosity Shaetzl and Anderson (2005)

Soil structure Soil water movement Jhonson (2009)

Soil air movement Jhonson (2009)

Aggregation Shaetzl and Anderson (2005)

Porosity Shaetzl and Anderson (2005)

Root penetration Shaetzl and Anderson (2005)

Infiltration Shaetzl and Anderson (2005)

Percolation Shaetzl and Anderson (2005)

Soil water Infiltration Jhonson (2009)

Percolation Jhonson (2009)

Soil chemistry Biswas and Naher (2019)

Soil biology Biswas and Naher (2019)

Soil colour Jhonson (2009)

Soil temperature Soil moisture Jhonson (2009)

Biological activity Shaetzl and Anderson (2005)

Soil pH Soil water content Jhonson (2009), Dougherty and Anderson (2001)

Nutrient availability Singh (2009), Sharma et al. (2016)

Aggregation Jhonson (2009), So and Aylmore (1993)

Soil structure So and Aylmore (1993)

Hydraulic conductivity Levy et al. (2005)

Soil organic matter Soil structure Kibblewhite et al. (2008)

Nutrient cycling Kibblewhite et al. (2008)

Soil biota Soil structure Shaetzl and Anderson (2005)

Aggregation Shaetzl and Anderson (2005)

Porosity Dexter (1978), Shaetzl and Anderson (2005)

Root penetration Shaetzl and Anderson (2005)

Nutrient
transformation

Kibblewhite et al. (2008)
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9.5 Conclusion

In order to carry out the vital functions, maintaining soil health is essential for
sustainability. However, soil is under threat from a wide range of human activities
which are undermining the long-term viability of the resource. When multiple threats
happen simultaneously, their effects are compounded. If not countered, they can
result in soil degradation and loss of soil capacity to carry out its functions. Soil
contamination may result in loss of some or several functions of soil and possible
contamination of water. Contaminated farm land can lead to negative consequences
on food chain and thus affect human health. Abiotic factors that affect soil health
include by soil erosion resulting in loss of surface horizons alteration of soil water
regime via artificial drainage, soil salinization due to poor irrigation practices, loss of
natural soil organic matter caused by arable production or contamination. Soil health
is therefore decided by the land use and management factors. Soil texture, soil
structure, soil water and temperature decide the soil habitat conditions along with
the chemical factors of soil pH, bulk density, nutrient concentration and organic
matter content. These are also influenced by land use and management. These factors
along with the biotic factors and their interactions determine the condition of soil
system and soil health. Biotic factors include the soil organic matter, soil biota, their
type and functional assemblages. Biotic factors affecting soil health indicate that all
the factors are interrelated and overlapping. Soil system is a highly integrated system
and hence any disturbance to any function will alter the dynamics of others. The
degree of interrelatedness is higher at the higher trophic levels. This indicates that
changes in the biota of the higher trophic groups influence the biota on lower trophic
levels. Though organic matter decomposition occurs at the lower trophic level, it has
severe implications in soil health.
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Chapter 10
Seaweeds: Soil Health Boosters
for Sustainable Agriculture

Inderdeep Kaur

Abstract Healthy soil is a key component to growing high quality crops, and it is
essential that we manage our soils well. This would be majorly possible with
intensive inputs of fertilizers, and irrigation as well as integrated soil management.
Fertilization of soil with chemical-based inputs which has been practiced by farmers
since several decades, has challenged the very existence of humankind. Intensive
eco-friendly fertilization of soil is, therefore, a major challenge in face of synthetic
fertilizers opening up the pandora box of environmental degradation and health
hazards. Climate change, loss of biodiversity, and urbanization have also emerged as
serious challenges to farmers. New innovations in fertilizer options for soil manage-
ment need to be worked out. To lift agricultural productivity and food supply,
fertilizer availability and affordability is prime concern of both farmers and stake-
holders. Better still would be to adopt an integrated approach to soil management. It
would not only address issues of environmental quality and land degradation but
would potentially improve agricultural production and crop quality. Macro algae
commonly referred to as seaweeds have fast emerged as promising candidates in soil
management practices and “green” agriculture. Besides eliciting a growth-promoting
effect on plants, seaweeds also affect the physical, chemical, and biological proper-
ties of soil which in turn influence plant growth. Seaweeds in fresh and dried form
and seaweed concentrates enhance soil health by improving moisture-holding capac-
ity and by promoting the growth of beneficial soil microbes, besides fertilizing it.

Seaweeds offer a wide spectrum agri inputs in the form of biofertilizers, soil
conditioners, amendments, enhancers and biostimulants. Seaweeds are preferred
because of the high amounts of macronutrients, micronutrients, vitamins, amino
acids, and growth regulators, e.g., auxins, cytokinins, and gibberellins, they contain
besides phycocolloids of great commercial value. Seaweed extracts are known to
enhance seed germination, increase root and plant growth, yield, protein and quality,
increase resistance to insects and diseases, resistance to drought and frost and
increase shelf life. They are one of the best soil supplements which improve tilth
and other properties of soil. Macro algal effectiveness is due to the fact that it fulfils
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the basic needs of both—the soil and the plants, and can efficiently alter the physical
and chemical properties of soil. The potential of seaweeds as biofertilizers,
biostimulants, soil conditioners, and soil additives for soil health is discussed in
this chapter.

Keywords Seaweeds · Biostimulants · Soil supplements · Biochar · Mulch ·
Compost

10.1 Introduction

Over the last century global population has quadrupled. From 1.8 billion people
around the globe in 1915, there is an increase to 7.3 billion people (UN report 2017)
and in 2050, the population is expected to reach 9.7 billion (https://www.un.org/en/
sections/issues-depth/population/). Accordingly, food demand is estimated to
increase anywhere between 59% and 98% by 2050. Together with increase in
consumption of animal products, this rise in population will drive up demand for
crop species leading to pressures on agro industry. The constraints to increase crop
production by various means would be transmitted to agricultural markets and
farmers worldwide. Though theoretically, increasing the amount of agricultural
land might appear a good option under such circumstances but practically land
under agriculture would remain limited due to economic growth, urbanization, and
rising affluence of developing economies. Hence, to meet the demands of about
10 billion people, enhancing productivity on existing agricultural lands would be a
workable option. Nonetheless, approximately 50% of total habitable land which is
under cultivation has to be “fit and healthy” in order to be productive.

Looking back in history, food demands have always remained high and new ways
of farming have ensured food security from time to time. Chemical-based agricul-
tural inputs became a popular practice in the early nineteenth century and synthetic
fertilizers were frequently used to increase crop yield. Of late, however, intensive
fertilization of soil with synthetic chemicals such as those with urea and potassium
for crop management has resulted in significant environmental degradation. Besides
environmental hazards viz., soil erosion, water contamination, pesticide poisoning,
falling ground water table, water logging, and depletion of biodiversity due to
overuse of chemicals (fertilizers, weedicides, and pesticides), health issues like
cancer, premature ageing, abortions and many other ailments in humans are also
on rise. The fallout of chemical-based agro industry has posed challenge to both, the
long-run sustainability of agriculture and the survival of the farming community in
developing countries.

Awareness among people on health issues and concern among environmentalists
over deteriorating environment, has announced the transition of chemical-based agro
industry into organic-based industry. Scientists are since long working out safe
alternatives to chemicals and use of organic supplements such as green manure,
vermicompost and foliar sprays along with AM fungi, nitrogen fixing bacteria is a
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common practice. Farming based on these inputs is considered a Good Agricultural
Practice (GAP). Biofertilizers from microorganisms, such as bacteria, fungi,
cyanobacteria, and macro algae and their metabolites (lipid extracted microalgal
biomass residues or LMBRs) capable of enhancing soil fertility, soil health, crop
growth, and/or yield, have emerged as a safe option to chemical fertilizers.

Micro algae or cyanobacteria, considered a boon for agro industry, are high value
slow release organic fertilizers with established potency for soil conditioning
(Metting et al.1990). They are popular amongst farmers especially for growing
paddy (Tung and Shen 1985). Blue-green algae-algalization is reported as a safe
agronomic practice. The ability of micro algae to produce copious amounts of
mucilage that binds soil micelle, has made them popular soil conditioners. The
ability of mucilage to absorb and retain water for a long time (Uysal et al.
2015), also greatly improves soil texture (Ibraheem 2007) besides stabilizing soil
surfaces. Certain blue green algae (Cyanophyceae) remove sodium from saline sodic
soils and increase soil fertility or reclaim damaged soil crusts.

Though micro algal biofertilizers have remained a sustainable option for long but
of late micro algae are being tapped for biofuels, as phytoremediators and in
maintaining ecosystem health. More so, the biggest limitation of micro algal agri
inputs is the narrow range of crop species on which the effect is seen. As a result,
agro industry is now flooded with algal products derived from macro algae or
seaweeds.

10.2 What Are Seaweeds?

Algae, it is generally agreed, are simple plants that constitute a heterogenous
assemblage of O2-producing, photosynthetic, nonvascular organisms with unpro-
tected reproductive structures. Regarded to be simple organisms, they are estimated
to include from 30,000 to more than 1 million species (Guiry 2012). Today there is
no particular classification scheme, and to both, phycologists and non-phycologists,
algae are not a taxonomic category in the real sense of the term (Pereira and Neto
2014). Present molecular basis of classification which brings out inter relationships
and closeness of origin between organisms, has excluded certain outlying subgroups
from algae and has reserved the term for a central group naturally reconstituted
within narrower limits.

In the present text, the author recognizes two major types of algae—the macro
algae (commonly referred to as seaweeds) and micro algae (phytoplanktons) and in
this chapter potential of the former group is unraveled as soil health boosters.
Seaweeds occupy littoral zone, and are commonly referred to as greens, browns,
and reds. These plants are found in all coastal areas of the world, in all climatic
zones—from the warm tropics to the “icy polar regions.” Generally speaking green
seaweeds inhabit shallowest zones along the shore (upper intertidal), the browns are
usually found in the mid-intertidal and sub-tidal zones and the reds inhabit the lower
intertidal zone and deeper waters.
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Seaweeds are major players in coastal ecosystems, and constitute the nutritional
base for many shallow water food webs. They are architects of coastal marine
meadows and underwater forests, provide homes and shelter for entire communities
of associated fishes and invertebrates creating biological diversity niches. While
culturing micro algae is simple and can be carried out in tanks, that of macro algae is
done in the ocean and is commonly called “seaweed farming” or mariculture. It
however, involves expert harvesting. Thus, obtaining large biomass of algae for
farming does not require land and therefore, mariculture does not compete with
crops for cultivable land.

The term seaweed was perhaps derived from the fact that several macro algae
grew luxuriantly, became invasive and posed obstruction to navigation in sea and at
ports. But if we exploit the invasiveness of seaweeds as feedstock for “agri inputs”
and consider their ecological and economic importance, seaweeds are no longer just
slimy stuff coating a seaside rock or fluttering in a tide pool but form a multibillion
dollar industry (Kaur 1997). Seaweeds have dominated all spheres of our daily lives
ranging from cosmeceuticals to nutraceuticals and pharmaceuticals; from fodder to
food; from health supplements to esthetics and from ecological to
agricultural spheres.

10.3 Seaweeds as Organic Fertilizers

Both types of algae have gained importance in organic farming and are rated as
essential components of Good Agriculture Practices (GAP). When compared to
micro algae, spectrum of macro algae appears to be broader, though no such claims
have been made. The advent of synthetic fertilizers and chemical agri inputs took
agro industry by storm but long-term adverse effects could not keep the promise of
sustainable development. This practice emerged as one of the major causes of health
risks from deadly diseases like cancer and have raised issues of environment safety
as well. With organic farming picking up around the globe, seaweed resource has
emerged a “safe” option. However, the combined costs of drying and transportation
have confined its usage to limited places where the buyers are not too distant from
the coast. The issues of overexploitation of the resource have also been raised and in
several countries governments have executed plans to manage the resource while in
others, regulations are still being worked out.

10.4 History of Seaweed as Agri Resource

According to Newton (1951), the earliest reference to seaweed manure is in the
second half of the first century when the Roman Columella recommended that
cabbages be transplanted at the sixth leaf stage and their roots be mulched and
manured with seaweed. Since then methods for compressing seaweeds or marine
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plants into a compact, transportable form have appeared in literature. This is
indicative of the value placed on seaweed manure and the need to transport the
product over long distances. Since transportation of seaweed in wet form is uneco-
nomical, alkaline seaweed extracts are becoming popular and the market has several
such products for increasing the crop and soil health. The first attempt to produce a
liquid extract was made almost a century ago (Penkala 1912). According to literature
available, Dr. Reginald F. Milton, a biochemist while investigating fiber content of
seaweeds worked out methods for liquefying kelp for use as a fertilizer. By 1947, he
had succeeded in making a liquid product. His method, based on a hot pressurized
alkaline process, was patented and has since then formed the basis for the Maxicrop
process (Milton 1952) now a big name in liquid fertilizers. In the nineteenth century,
coastal dwellers followed a common practice of collecting storm-cast seaweed,
usually large brown seaweeds, and digging it into local soils. In the early twentieth
century soil was fertilized with storm cast dried and milled macro algal material.
Though in many places, the practice continued for centuries (Blunden and Gordon
1986; Metting et al. 1988; Temple and Bomke 1988) but with chemical fertilizers
taking over, reports were only sporadic. However, since last decade or so seaweeds
have regained global importance as eco-friendly inputs of organic farming and their
use is being encouraged for sustainable crop production. Subsequent researches
proved that while high fiber content of seaweed acts as a soil conditioner and assists
moisture retention, the mineral content is a useful fertilizer and source of trace
elements. This potential has made seaweeds farmer’s first choice as soil health
enhancer.

Interest in agricultural use of seaweeds is increasing rapidly as judged by the
number of related publications appearing since 1950. Though the number of species
with potential as fertilizer is small, the volumes of biomass they yield can be sizeable
(Gibbs 1981). Studies in this field have revealed a wide range of beneficial effects of
seaweed extract applications on plants, such as early seed germination and estab-
lishment, improved crop performance and yield, elevated resistance to biotic and
abiotic stress, and enhanced postharvest shelf life of perishable products (Beckett
and van Staden 1989; Hankins and Hockey 1990; Blunden 1991; Norrie and
Keathley 2006).

10.5 Paradigm Shift: From Biofertilizers to Biostimulants

Seaweed extracts, concentrates, and suspensions in form of Seaweed Liquid Fertil-
izer (SLF) have wider use and market than seaweed mulch, seaweed meal or any
other seaweed-based soil supplement. One big reason for popularity of SLF appears
to be the nonavailability of the seaweed biomass in off-shore regions. The extracts
are sold in concentrated form, are easy to transport and apply, and act more rapidly
when given at lower concentration through aerial parts than through roots. The
seaweed concentrates are applied to crops as root dips, soil drenches, soil condi-
tioners, seed soak, or foliar sprays. Minerals and hormones in seaweed spray are
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absorbed through the epidermis of leaf and give resistance to numerous stresses such
as frost, insect infestation, viral and fungal diseases. As the market is flooded with
foliar sprays from seaweeds, one is forced to believe that extracts are more beneficial
if used on aerial parts; however, it must be emphasized that the concentrates can also
be used as drench and root dip which strengthen root system and healthy root system
is a great binder of soil!

The seaweeds have been put to such use for centuries. Initially when researchers
standardized methods, the extracts were accepted as liquid fertilizers and regarded as
a tonic because of their medicine-like properties that enhanced plant growth. Sub-
sequently, it was argued that since fertilizer had large amounts of nitrogen, phos-
phorus, and potassium, seaweed extracts be more correctly regarded as plant
biostimulants.1 Zhang and Schmidt (1997) from the Department of Crop and Soil
Environmental Sciences, Virginia Polytechnic Institute and State University defined
biostimulants as “materials that, in minute quantities, promote plant growth.” By
referring to biostimulants as substances or microorganisms applied to plants in
“minute quantities,” the authors distinguished biostimulants from nutrients. In
general, biostimulants are accepted as materials, other than fertilizers, that promote
plant growth when applied in low quantities.

In the revolutionized “pro organic” agro industry, demand is for broad-spectrum,
organic products with dozens of nutrients as well as other benefits, and that is where
biostimulants come in. Biostimulants are considered as a new generation of products
for sustainable agriculture (Khan et al. 2009; Michalak et al. 2016). Biostimulants
embrace the qualities possessed by the extract and therefore, the term biostimulant is
generally equated with seaweed fertilizer. According to Yakhin et al. (2017)
biostimulants are available in a variety of formulations and with varying ingredients
but are generally classified into three major groups on the basis of their source and
content. They are humic substances (HS), hormone-containing products (HCP), and
amino acid-containing products (AACP). Among the biostimulants from various
other sources, bioactive substances in the extract from seaweeds are the most
studied. Seaweed liquid extracts which are processed from seaweed biomass using
different manufacturing systems such as alkaline or acid hydrolysis or cellular
disruption under pressure or fermentation, are now commercially available world-
wide (Craigie 2011). They are extensively used as biostimulants by horticulturists,
gardeners, farmers, and orchardists to enhance plant growth and fruit yields.

Ascophyllum nodosum (L.) is the most researched brown alga, and its extract has
been commercialized as Acadian® for enhancing different plant growth attributes
under normal and stress conditions. Kelpak® is another seaweed concentrate derived
from a brown seaweed (Ecklonia maxima), and has been demonstrated to act as a
biostimulant. A novel phlorotannin called Eckol has been isolated from Kelpak®

which is found to have auxin-like activities, and its growth-promoting activity has
been reported in a number of plants (Arafat Abdel Hamed Abdel Latef et al. 2017).

1A precise definition for biostimulants in agriculture has been proposed by the industry for
consideration by the EU regulatory authority (Du Jardin 2015).
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Stirk et al. (2014) reported brassinosteroids in the Kelpak™ seaweed extract. In
addition to brassinosteroids, strigolactones have been found in the Seasol™ seaweed
extract (from Durvillaea potatorum and Ascophyllum nodosum). The other popular
products are Goemar GA 14, Seaspray, Seacrop 16, Algistim, Ujazyme and MAC.

In 1991, it was estimated that about 10,000 tons of wet seaweed were used to
make 1000 tons of seaweed extracts with a value of US$ 5 million. However, the
market has probably doubled in the last few decades and the global production
estimate of seaweed biomass for soil and plant applications is well over 550,000 tons
per annum (Nayar and Bott 2014).

Unlike, chemical fertilizers, extracts derived from seaweeds are biodegradable,
nontoxic, nonpolluting, and nonhazardous to plants (Selvam and Sivakumar 2013,
2014) and contain nutrients that are essential for plant growth. In addition, seaweed
extracts have many other molecules typical of plants, not yet characterized, but are
thought to contribute to the efficacy of various liquid fertilizers. Bioinformatic
studies have discovered plant genes that are activated when plants are treated with
seaweed extracts (Nair et al. 2012; Jannin et al. 2013). There are also benefits from
extracts that relate to improved soil structure, soil water holding capacity, and
improved soil microbes.

10.6 What Makes Seaweeds a Promising Agri Resource?

Marine algae form an important component of the composting mixture and soil meal,
where they contribute micro- and macroelements and chemical substances, e.g.,
amino acids, vitamins, plant growth hormones, and polysaccharides. The products
are known to have fertilizer and/or protective role (Lacatusu et al. 2015),
besides potential to improve the physical properties of soil, as amendments or
supplements. They can be used in fresh, dried, powder, granular form and are also
available commonly as Seaweed Liquid fertilizers. The special feature of seaweed
fertilizers is the release of available nutrients into soil, which may last for several
years (Eghball 2002). From among the three major types, it is the brown seaweeds—
the Pheaophyceae or kelps which are preferred by the agro industry. Used directly as
mulch, and “marinure,” fresh and in dry form or their extracts, composts, soil
conditioners, kelps (a group of browns) are known to enhance plant growth and
productivity (Eryas et al. 2008; Illera-Vives et al. 2013).

Species commonly used as source of nutrients for crops are Fucus vesiculosus,
Ascophyllum nodosum (algifert), Sargassum wightii, Padina pavonica, Turbinaria,
Laminaria saccharina, Padina tetrastromatica, and S. tenerrimum belonging to
brown algae; Hypnea musciformis, Champia, and Porphyra belonging to red
algae; and Ulva lactuca belonging to green algae (Fig. 10.1a–d).

It must be mentioned here that red algae are widely used in cosmetics and food
industry while brown seaweeds are preferred over red and green in the agro industry.
The brown seaweeds not only contain vitamins common to land plants, but also
vitamins which may owe their origin to bacteria that attach themselves to sea plants
(in particular Vit B12). Vitamin C is present in high proportion as Lucerne, while Vit
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A is represented by its precursor beta carotene. B group vitamins present are B1, B2,
B12 as well as pantothenic acid, folic acid, and folinic acid. Also found in the brown
seaweed are Vit E, Vit K, and other PGRs besides indolyl acetic acid. Alginic acid
and mannitol from brown algae are carbohydrates with chelating ability; they
encircle and hold trace elements enabling plants to effectively absorb micronutrients
that are generally in “unavailable” forms. These chelating agents not only make trace
elements from seaweeds “available,” they also make the trace elements more
“available” to the plants. This may be due to the ability of soluble alginates where
each metallic radical combines with one or more alginate molecules to form a
polymer or large molecule with branched chains, thus leading to crumb structure
in soil, an indicator of good water holding property of soil. Since alginic acid and
mannitol do not immobilize available nitrogen as would cellulose, they decompose
more readily than cellulose and contribute greatly to the formation of humus by
stimulating microbial activity. As a result of catalytic action, alginic acid acts as a
binder of soil particles and good soil texture results in a better soil aeration property
with an accompanied increase in aerobic bacterial population. The aggregation of
soil particles also increases the soil surface area which greatly facilitates chemical
and biochemical exchange between elements thereby promoting increased produc-
tivity. According to Stephenson (1968), after the role of nutrients and trace elements,

Fig. 10.1 Seaweeds commonly used as agri inputs. (a)—Macrocystis, (b)—Fucus vesiculosus.
Both are brown algae commonly known as kelps. These are popular soil supplements. (c)—Ulva
sp. a green seaweed, and (d)—Porphyra, a red seaweed. Among brown algae, Ascophyllum; in red,
Porphyra and Palmaria, and in green seaweed species, Ulva has a high content of polysaccharides,
up to 65% of dry weight. Green algae contain sulfuric acid polysaccharides, sulfated galactans and
xylans; brown algae—alginic acid, fucoidan (sulphated fucose), laminarin (β-1, 3 glucan) and
sargassan and red algae—agars, carrageenans, xylans, floridean starch (amylopectin like glucan),
water-soluble sulfated galactan, as well as porphyran as mucopolysaccharides located in the
intercellular spaces. Contents of both, total and species-specific polysaccharides, show seasonal
variations and cold water species provide better quality phycocolloids when compared to seaweeds
from warm waters
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the alginic acid in brown seaweeds is important as it confers seaweed with soil
conditioning properties.

In general seaweeds can contribute to the plant and soil health through four ways:
(1) nutritional benefits (nitrogen, phosphorous, potassium, trace elements), (2) dis-
ease resistance (sulphated polysaccharides), (3) endocrine effects (cytokinins,
auxins, gibberellins), and (4) soil conditioning (water holding capacity, beneficial
soil biota) (Winberg et al. 2011).

10.7 Tapping Drift and Invasive Seaweeds: As Soil
Amendments

Waste algae—the drifts and the casted seaweeds are composted and directly applied
as soil conditioners and/or fertilizers in many coastal regions of the world
(Castlehouse et al. 2003). The biomass is subjected to different composting technol-
ogies and is stabilized. The obtained compost quality varies with the feedstocks that
have been used to produce it, the methods applied for pretreatment of biomass before
composting, the composting time, and the method used to process the compost
(Vendrame and Moore 2005). Seaweed compost treated as organic fertilizer has
several advantages over regular plant compost, especially in the content of micro-
(Mn, Zn, I) and macroelements (P, K, Ca, Mg), as well as the content of plant
hormones such as total auxins and cytokinins (adenine) (~5 times more) and total
amino acids (~7 times more) it contains (Abou El-Yazied et al. 2012).

10.7.1 Drift Seaweeds

Since a large biomass of dry seaweeds is required for application in fields as soil
amendments, it would mean harvesting tons of wet algal biomass and ultimately
disappearance of species. This limitation can be overcome if we exploit drift and
invasive seaweeds as soil amendments, and which are otherwise a nuisance on
seacoasts (drift plants). The large biomass invites bugs and emanates unpleasant
smell, and may also pose problems in navigation (invasive plants).

Drift seaweed is known to accumulate in lines left behind by the receding tide. As
the height of the high tide recedes during the spring–neap cycle (which happens
twice a month) successive lines are left behind. Such drifts are seen in exposed coasts
where drift lines are made generally of brown seaweeds (Fig. 10.2a–c). In more
sheltered localities, however, green algae may be more prevalent. In certain regions
like south coast of England, huge amounts of such material accumulate, often
necessitating removal, else rotting of biomass leads smell bad.
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The drift seaweed in olden days was occasionally dumped inland without any
treatment, constituting a new source of pollution. But gradually people became
aware of the potential of this biomass and experimented with it as soil amendment
where the detached and broken seaweed thalli were used to fertilize soil. In one such
example, in Aran Islands off the west coast of Ireland, the drift seaweed along with
shore sand was transferred to bare limestone to make “buaile” or small pastures. Of
late, such practices have become popular as eco-friendly and sustainable options.
Nowadays part of this algal mass is composted and then used for growing crops and
vegetables in various types of “seaweed amended” soils. In several parts of the
world, drift seaweed or beach-washed seaweed is collected and dried for use
(McHugh 2003; Michalak and Chojnacka 2013; Cole et al. 2016) while the leftover
biomass portion is designated for the landfill disposal. In many places like Breton,
farmers transport large quantities of a brown seaweed, Himanthalia elongata for
raising the artichoke crops (The seaweed site: information on algae). In Cornwall
(United Kingdom), the practice is to mix seaweed with sand, then allow it to rot and
later dig it in soil. This checks the unpleasant sight of bugs and smell emanating due
to decomposition of the biomass. Detached seaweeds sometimes called “total drift”
have been used to raise crops like potato. In Brittany (France), for over a few
hundred kilometers of the coast line around the beach-cast, brown seaweed is
regularly collected by farmers and used on fields. In Scotland farmers use

Fig. 10.2 Drift seaweeds provide a large biomass which is processed as fertilizer. (a)—Giant kelp,
(b)—Sargassum muticum thrown on the beach is frequently collected and used to amend soil. By
Graça Gaspar—uploaded with the author’s permission, CC BY-SA 3.0, https://commons.
wikimedia.org/w/index.php?curid (c)—Strandlines formed by the beach-cast seaweed

172 I. Kaur

https://commons.wikimedia.org/w/index.php?curid
https://commons.wikimedia.org/w/index.php?curid


Ascophyllumwhich after composting is obtained as a dried powder. Similar practices
are carried out in countries with a vast coastline and more tropical climate like the
Philippines, where not only large quantities of Sargassum have been collected, used
wet locally, but sun-dried biomass is also transported to other areas. “Afrikelp” is
another example of a commercially available dried seaweed sold as a fertilizer and
soil conditioner. It is produced from brown seaweed Ecklonia maxima that is washed
up on the beaches of west coast of Africa and Namibia. In Puerto Madryn (Argen-
tina), large quantities, about 8000 tons of green seaweeds are cast ashore every
summer which interfere with recreational uses of beaches besides unpleasantly
rotting in situ (Eyras and Rostagno 1995). In all the cases, addition of compost is
reported to result in improving water holding capacity and plant growth. Such
practice is being encouraged elsewhere also where drift seaweed provides compost,
thus reducing problems of environmental pollution.

Processing of drifted biomass is easily carried out by mixing with a lignocellu-
losic substratum (80:20 seaweed: sawdust proportion, in dry weight, DW). There are
evidences that Ascophyllum drying under controlled conditions for 11–12 days,
results in breaking of alginate chains into smaller chains which retain the property
of forming gels with calcium but are weaker. The composted product is dark brown,
granular with 20–25% water and can be easily stored and used in this form. The
product has yielded good results in areas with steep slopes which are difficult to
cultivate with conventional equipment and are likely to suffer soil loss by runoff.
Spraying such slopes with composted Ascophyllum, clay, fertilizer, seed, mulch, and
water has given good results, even on bare rock. The spray is thixotropic, i.e., it is
fluid when a force is applied to spread it but it sets to a weak gel when standing for a
time and sticks to the sloping surface.

Since algal biomass has become a popular soil supplement, different composting
technologies are applied for algal biomass stabilization. They may be divided into
three groups: (1) passive piles or windrows—A method in which material is left
undisturbed, relies on natural convective air flows for aeration; (2) turned or aerated
piles or windrows—Here, the air is provided by mechanically turning and mixing the
material; and (3) in-vessel systems—optimum environmental conditions of aeration,
moisture, and temperature for the quick decomposition of algal biomass are
maintained (Michalak and Chojnacka 2013).

Besides drift seaweed, “mid-beach” plants can also be gathered. These are often
found scattered on the beach from the water’s edge to the highest point of recent high
tides. The seaweed “mid-beach” is drier than seaweed at the tide line and therefore
lighter to carry. It also has fewer bugs than the seaweed high up on the beach,
making it a little more pleasant to gather. For a sustainable approach, fine broken up
seaweed patches smaller than leaf size are collected and are applied as mulch. To get
best results, seaweed mulch is normally not used on heavy soils but is preferred as a
surface dressing on light sandy soils. This is because seaweeds have some insoluble
fibers in their cell wall and if the alga is dug into such soils, the fibers form an
impermeable layer. However, in light soils, the seaweed (kelp) biomass provides
nutrients and other growth promoting substances.
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Co-composting of drifting and beach-cast seaweeds is recommended for utiliza-
tion of the waste biomass (Illera-Vives et al. 2013). If care is taken to avoid mixing of
treated straw or urban and industrial sludge in the compost as co-composting
materials, the produced seaweed compost is not only of good quality but is also
with very low content of pesticides, such as organochlorine compounds and cereal
growth regulators (Morand 1990).

10.7.2 Invasive Seaweeds

Some seaweed species like Sargassum muticum, Undaria pinnatifida, Caulerpa
taxifolia, and Enteromorpha have invaded ecosystems along the coasts of many
countries displacing native algae and seagrasses, reducing biodiversity and
impairing habitats of fish and invertebrates. Eradicating these invasive species has
so far not only been a costly affair but has also met with little success as the biomass
is huge. Recently such invasive seaweeds have been used for high value products
like biofuel and antioxidants. If biomass of such species is also exploited for
fertilizing soil, it could help in making the “undesirable” bioresource available and
more so make its removal from the site justified. This would cater to the market
demand for biomass. A few reports from various countries on use of invasive
seaweeds as agricultural inputs have appeared indicating the huge potential of
such biomass in agriculture. Gracilaria salicornia, a common invasive red algal
species found in Kāne’ohe Bay and around the world, is a potential potassium
fertilizer source. Analysis of invasive brown algae, Turbinaria ornata and Sargas-
sum mangarevense indicate them to be rich in potassium, nitrates, calcium, iron, and
polyunsaturated amino acids, with a very low level of any heavy metals (Zubia et al.
2003). In another study, soils amended with Eucheuma spp. (invasive) used to raise
sweet potato resulted in better plant growth when compared to the control (https://
scholarspace.manoa.hawaii.edu/handle/10125/101058) while Enteromorpha used in
China has increased crop yield in several cases. Realizing their importance, com-
mercial products from invasive seaweeds have appeared in the market, e.g.,
NZBioActive, a biostimulant is extracted exclusively from brown alga Undaria
pinnatifida, an invasive seaweed.

However, the entire process has limitations of the type—high costs incurred in
processing and transporting biomass to the fields especially if it is to be sent to
off-shore sites. Moreover, the drift algal biomass invites bugs besides consuming
area suitable otherwise for waste settlement, and issues related to leachate and biogas
production during decomposition of algae (Vallini et al. 1993).
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10.8 The New Biomass Service: Biochar

Seaweed biomass besides liquid fertilizer or manure also offers a feedstock for the
production of nutrient-rich biochar which can be used as soil ameliorant. The
product is obtained from intensely cultivated seaweeds such as Saccharina,
Undaria, and Sargassum—brown seaweeds, and Gracillaria, Kappaphycus and
Euchema—red seaweeds. These products have introduced the concept of fertigation
in raising kitchen gardens and on commercial farms (Fig. 10.3a–g).

Biochar, a C-rich “biological charcoal,” is a solid material obtained by pyrolysis
which is the decomposition of organic material under oxygen-limited conditions and
at a temperature ranging from 350 �C to 900 �C (http://www.biochar-international.
org/). When compared to raw biomass, biochar contains a higher amount of carbon
(C) when compared to cow-derived manure, besides other elements such as hydro-
gen (H), oxygen (O), nitrogen (N), and sulfur (S). Biochar is known for its high
stability and surface properties, such as large surface area, porous structure, and
surface functional groups, though the properties may show variations based on the
source of raw material (i.e., biomass), and production conditions (Roberts et al.
2015).

Fig. 10.3 Various forms of seaweed fertilizers. (a)—The dried form can be added to soil to
improve tilth while (b)—the crushed granular form can be added as supplement. The dried seaweed
is packed (c) and sent to factories where liquid fertilizers are prepared (d). Biochar is the new
product (e) where seaweed is occasionally mixed with pine wood to render a balanced fertilizer. For
large-scale farming, the plants are fertilized and irrigated (fertigation) with one application (f, g).
Source: wikivisually and creative commons
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Biochar is used as soil amendment and fertilizer (Bird et al. 2011); as a reducer of
greenhouse gas emissions; as adsorbent of wide range of pollutants in the air, soil,
and water; and as an energy source, among other applications. Application of
biochar to the soil allows fixing carbon, improving soil quality by neutralizing acidic
soil, promoting cationic exchange capacity, and increasing the activities of micro-
organisms. When biochar is applied, the basic cations of biochar are discharged into
the soil, with aluminum (Al) and H+ being replaced. As a consequence, the cationic
exchange capacity of the soil increases (Chan et al. 2007). In addition, biochar has
high N, phosphorus (P), calcium (Ca), and potassium (K) concentrations, which
directly provide nutrients to the soil or associated microorganisms.

While there is some variability in biochar properties as a function of origin of
seaweed, there are several defining and consistent characteristics of seaweed
biochar. In particular a relatively low C content and surface area but high yield,
essential trace elements (N, P, and K) and exchangeable cations (particularly K)
define biochar. The pH range of biochar is from neutral (7) to alkaline (11), making it
work for broad-spectrum applications in diverse soil types. Blending of seaweed
biochar with rice husk and pine saw dust is known to act as a value-added soil
ameliorant that combines a high fixed C content with a mineral-rich substrate to
enhance crop productivity.

10.9 Limitations

Interest in seaweeds as “safe” or eco-friendly fertilizers has increased over the years.
The most intriguing feature of this resource is the availability of biomass which
when wet appears bulky but the dried form produced is quiet less. To date, seaweeds
only produce a small fraction of the global supply of biomass with below 30 � 106
fresh weight (FW) tons of seaweed, in comparison to 16 � 1011 tons of terrestrial
crops, grasses, and forests. The problem gets compounded when the effect of climate
change on the growth of seaweeds is considered. The seaweed biomass, which is
known to have multiple benefits, contains vitamins that get decomposed when the
biomass is exposed to intense heat outside the sea. For using the dry biomass
therefore, one important step would be quick harvest and efficient drying process.
This would also be applicable to drift seaweeds which need to be removed quickly
from coast and processed for use. The second limitation is the amount of biomass
required for compost or mulch is too high and if seaweeds are harvested
unmindfully, environmental concerns are bound to be raised. It is therefore,
recommended that only species that can be cultivated through mariculture be used.
If at all harvesting from sea is required, it should be done under strict surveillance.
The harsh reality is that if the waters are polluted especially with oil spilling and
nuclear run off, the biomass becomes unfit for use as it gets contaminated with toxins
including heavy metals. According to Smith et al. (2010), algae can contain high
levels of organic arsenic, which could be toxic if mineralized. Large amounts of
cadmium have also been measured in different kinds of seaweeds (Besada et al.
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2009). However, Verkleij (1992) stated that only in heavily and chronically polluted
waters, problems are to be expected regarding seaweed quality (for consumption and
agri input). As long as seaweeds are collected in clean areas, no toxicity is expected,
but still monitoring water quality would be necessary when large areas of seaweeds
are harvested for soil fertilization purposes.

The other constituents in biomass, like polysaccharides especially alginic acid are
known to undergo seasonal variation and may be extremely low at some point in life
cycle of the seaweed. Harvesting plants during such stages would yield a poor-
quality soil amendment. Hence, basic knowledge of the life cycle of these plants is
necessary before they are harvested, discouraging collection of poor-quality biomass
and wasting it in the process. The economics of the technology is also lopsided—
The seaweed decomposition in most cases is slow and transporting wet biomass
inland becomes not only costly but also wasteful if the plants start to rot. This would
mean that the resource is more available to coastlands while basic agriculture is
carried out in inland areas. Similarly, the drift seaweed biomass needs to be cleared
from the site before it gets infested with flies. Awareness among local populations
about importance of seaweeds is required. Local population should be educated that
howsoever abundant and vast seaweeds may appear in sea, they are not quick to
replenish especially the seaweeds that produce maerl. They have to be harvested
scientifically and crude methods would be damaging to the resource.

For agri industry to derive maximum benefits from seaweeds, a major research
effort is needed to elucidate the complex modes of action and forms of seaweed
applications on diverse crops. Each plant has special requirements which are gener-
ally not met with by soil unless it is amended. Overdose of seaweed fertilizers/
biochar/manure may result in inhibitory effect and the results may not be convincing.
In addition, we need to recognize that seaweed extracts are inherently different since
their source and processing is different which confers them with specific stability
properties (Stirk et al. 2014). Furthermore, their capacity to elicit plant responses
also depends in part upon the application usage rates, application frequency and the
timing of applications in relation to plant development life cycle. For best results
seaweed products can be applied in combination with other organic products.
Therefore, we need to standardize methods for determining the appropriate time
and plant stages where the results would be encouraging in terms of crop yield. We
also need to define the optimal dosages required to maximize the yield besides
working out combinations to obtain a value-added product. Some soils may also
have special requirements where amendment has to be worked out for specifications.
For example, in dry areas or in areas with poor water retention quality of soil, adding
seaweed in mulch form or granular form is effective in improving water retention of
soil but it may also increase the salt content of soil. It is therefore, important that soil
testing is carried out. In several cases, the soil becomes “hot” upon amending with
solid form of seaweed and seedlings get “burnt.”Whole seaweeds or seaweed meals
are reported to inhibit seed germination and plant growth, to reduce N availability on
the short term and possibly to release toxic sulfhydryl compounds (Craigie 2011). In
such cases, extracts from seaweed are recommended.
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Putatively, seaweed biomass may be a useful amendment for crop production due
to provision of primary plant nutrients and micronutrients (e.g., N, P, K, Ca), effects
on soil water holding capacity, and promotion of microbial activity, among other
plant production benefits, but may be limited by high sulfur, salt, and heavy metal
content. The amount of literature on detrimental effects of seaweed application to
crops is relatively scarce compared to the beneficial effects; these detrimental effects
disappear after a few weeks. The biggest limitation is that the seaweed agri products
are slow to show results. The bottom line, however, is that in the long run these
would prove healthy, economical, and beneficial—only we need to be patient with
results.

10.10 Conservation

Popularity of seaweed agri inputs has put pressures on marine resources and
overharvesting in several instances, has resulted in dwindling biomass and disap-
pearance of a few species while others face dangers of extinction. It is possible that
overexploitation of natural seaweed resources leads to significant ecological, eco-
nomic, and social consequences at local, regional, and even global scales (Graham
et al. 2007; Rebours and Karlsen 2007). This has forced local governments to
develop stringent regulations and directives for sustainable exploitation of seaweed
resources. In many regions seaweed harvesting is under stringent regulation by the
local governments. Countries like Chile, Norway, Portugal, and Canada have devel-
oped and implemented coastal management plans including well-established and
sustainable exploitation of their natural seaweed resources (Rebours et al. 2014). The
State of Hawaii prohibits collection of Gracilaria with “bumps” on it. These bumps
are reproductive bodies on the female plants, that allow the plants to multiply
themselves if left in the water.

Resource scientists, managers, conservationists, governments, and other stake-
holders need to be proactive in the sustainable management of these valuable
resources. Each country is, however, in need of long-term and ecosystem-based
management plans to ensure that exploitation is sustainable.

Besides making rules for seaweed harvesting, “seaweed farming” needs to be
carried out on mass scale for biomass availability, raw material for agri products
(McHugh 2002). The seaweed aquaculture industry still requires technological and
management improvements, institutional changes, and appropriate environmental
and social frameworks, especially in developing countries which have vast resources
but less of know-how in this field (Valenti 2008; Oliveira 2009; Abreu et al. 2011;
Marroni and Asmus 2013).
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10.11 Concluding Remarks

The seaweed agri products have since long been cited as promising soil amendments
and fertilizers. A large variety of products are available in market, but little do we
realize that a large biomass is harvested to bring these products to the market. If
harvesting of seaweeds is carried out unmindfully, most seaweed resources will get
depleted. The solutions lie in improving the strains and mass cultivation of com-
mercial species. With climate change adversely affecting the crop yield, it is
important that integrated methods of agriculture are adopted. Seaweed resources
can be used in several combinations and in forms that do not require much expertise.
They enhance the effect of other forms of manure when used in combinations.
Though biotechnology has provided us with better quality GM crops, but some
genetically engineered products such as brinjal have generated controversies, focus
is therefore, on natural means of increasing crop yield. The first step in such an
endeavor is to improve soil health. Seaweeds if used judiciously have a great deal to
offer. It may be interpreted as role reversal—from our dining table as food they have
moved to fields as food providers! To derive maximum benefit from seaweeds,
limitations of the usage must be worked out.
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Chapter 11
Arbuscular Mycorrhizal Fungi: The
Potential Soil Health Indicators

Manju M. Gupta

Abstract Over the years the concept and understanding of the importance of the
soil health have been well accepted in the agricultural community and there has been
a greater focus on standardizing newer parameters as soil health indicators. In the
present chapter scope of arbuscular mycorrhizal fungal (AMF) symbioses not only
as an indicator but also key determinants of soil health is discussed. Role of AMF in
soil health development is discussed via three main mechanisms: influences on plant
physiology, soil ecological interactions, and soil structural engineering. Their poten-
tial to serve as a soil health indicator is explored with reference to their role in soil
aggregation and land or ecological restoration.

Keywords Soil aggregation · Glomalin · Ecological restoration · AMF

11.1 Introduction

Soil health is commonly defined as the ability of soil to function as a living
ecosystem that sustains biological productivity, maintain air or water and promote
plant, animal, and human health (Doran 2002; Bonfante et al. 2019). Conceptually it
is different from soil quality which focuses on maintaining soil functions
(Apfelbaum et al. 2019). Soil health presents the soil as a finite nonrenewable and
dynamic living resource (Laisram et al. 2012) and is an integrated concept that deals
with management and optimization of the chemical, physical, and biological pro-
cesses of soil that are important for sustained productivity and environmental quality
(Kibblewhite et al. 2008; van Es and Karlen 2019). The term soil health originated
from the observation that soil quality influences the health of animals and humans
via the quality of crops (e.g., Warkentin 1995). Soil health has also been explained
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by several authors via the analogy to the health of an organism or a community
(Doran and Parkin 1996; Bünemann et al. 2018; Bonfante et al. 2019).

Over the years the concepts and understanding of the importance of the soil health
have been well accepted in the agricultural community and have moved beyond a
few innovative producers and scientists, to become a focus in broader circles.
Predetermination of soil health through several measurable parameters/indicators
is the mainstay to turn the phenomenon of soil health determination to one’s
advantage. Compilations of soil health indicators, measurements, and monitoring
protocols have been or are being proposed for diverse purposes (Apfelbaum et al.
2019; van Es and Karlen 2019). The documents known as soil health cards have
many applications including guidance fertilizer recommendations driven by crop
yield, declining water supplies, declining food nutritional density, and soil loss
allowance guidance (Amezaga et al. 2016; Purakayastha et al. 2019).

Indicators of soil health are measurable parameters of soil or plant properties that
provide clues about how well the soil will function in any agroecosystem. Scientific
relevance and practical adoption of an indicator of soil health depends on its
sensitivity to variations in soil management, good correlation with the beneficial
soil functions and other variables which are difficult to access or measure, helpful-
ness in revealing ecosystem processes and comprehensibility and utility for land
managers, costs and ease of measurement (Parisi et al. 2005; Congreves et al. 2015).
The common soil health indicators are classified into physical, chemical, or biolog-
ical. There exist several exhaustive lists and catalogs on type and methodology
followed for these indicators (Moebius-Clune 2016). Numerous reviews in recent
times highlight the need for standardizing newer and innovative methods of predic-
tion of soil health (Cardoso et al. 2013; Bünemann et al. 2018; Apfelbaum et al.
2019). In the present chapter potential of arbuscular mycorrhizal fungal (AMF)
symbiosis not only as indicators but also key determinants of soil health are
discussed.

AMF symbiosis refers to symbiotic associations of crop roots with fungi of
subphylum Glomeromycotina of phylum Mucoromycota (Spatafora et al. 2016)
and are found in most of the crop plants except few members belonging to
Brassicaceae and certain species such as Arabidopsis which form rudimentary
arbuscular mycorrhiza (Cosme et al. 2018). Their potential to act as a soil health
indicator originated from the fact that they are ubiquitous in occurrence, (Davison
et al. 2015) they have an important role in nutrient both macro and micro acquisition,
and thus have important consequences for crop nutritional value. Additionally, AMF
enhance plant water relations through several mechanisms, potentially contributing
to increased crop drought resistance (Augé 2001; Sendek et al. 2019). AMF have
been known to be keystone organisms with myriads of ecosystem roles (Powell and
Rillig 2018). They inhabit simultaneously two habitats: the host plant root and the
soil (Powell and Rillig 2018). Structures produced in soil includes a network of
thicker hyphae that function as channels for the supply of nutrients absorbed through
thin highly branched hyphae called absorptive hyphae (Fig. 11.1) (Brundrett et al.
1996). Spores are large asexual spherical structures (20–1000 μm or more in
diameter) formed on hyphae in soil, and/or in roots depending on the species.
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Structures in roots include nonseptate hyphae which ramify within the cortex,
arbuscules, intricately branched haustoria in cortex cells and vesicles the storage
structures formed by many fungi.

The present chapter will examine the prospects of AMF to act as a soil health
indicator. Different aspects of the functioning of AMF are discussed in relation to
soil health, which includes their role in creating a healthy soil environment. Their
potential to serve as a soil health indicator is explored with reference to their role in
soil aggregation and land or ecological restoration.

11.2 Role of AMF in Creating and Predicting a Healthy Soil
Environment

AMF has been known to be important for soil health via three main mechanisms,
namely, influences on plant physiology, soil ecological interactions, and soil struc-
tural engineering (Fig. 11.2) (Powell and Rillig 2018). They affect almost
all-important aspects of the physiology of plant partner especially during conditions
of biotic and abiotic stress. Nutrients uptake and transfer (Smith and Gianinazzi-
Pearson 1988; Bago et al. 2000), water status (Zhu et al. 2014), and photosynthesis
(Zhu et al. 2014) of plants when exposed to stress, the effect of AMF on lipid
peroxidation, osmotic adjustment (Chen 2014; Wipf et al. 2019) and root exudation
(Bansal and Mukerji 1994; Gupta et al. 2018a) are some of the well-studied aspects.

Fig. 11.1 Diagram of structures produced by AMF inside roots and soil (from left to right s spore,
v vesicle, ir intraradical hypha, a arbuscule, ex extraradical hypha, ah absorptive hypha, ag soil
aggregates)
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AMF increase root absorbing surface 100 or even 1000 times through external
hyphal network that permeates into the microsites of rocks and soils surrounding
the plant roots (Larcher 1995), thus increasing plants’ nutrient and water availability
and absorption (Banerjee et al. 2013; Sendek et al. 2019). The symbiosis is espe-
cially beneficial to plants that are situated in an environment containing heavy
metals. The hyphae of fungi can accumulate these toxic elements (Cu, Pb, Zn,
etc.) in their bodies and thus protect the root of the host plant (Hildebrandt et al.
2007). This improves plants’ soil water relations, tolerance to biotic and abiotic
stresses, increase nutrient supply, growth, yield and reproductive success and reduce
fertilizer requirement (Chen et al. 2018; Gupta et al. 2019; Wipf et al. 2019). The
potential application of managing AMF occurrence and diversity to improve soil
quality and health to increase the productivity of agricultural ecosystems has grad-
ually evolved as a new and very promising technology known as next-generation
mycorrhizal technology (Rillig et al. 2016; Bagyaraj and Ashwin 2017; Gupta et al.
2019) (Fig. 11.2).

AMF influence ecological interactions of an individual and thus influence plant
community structure (Van der Heijden et al. 1998) and are considered to have a
pivotal role in plant community assembly and succession (Janos 1980; Kikvidze
et al. 2010). They have an important role in determining soil microbial interactions in
soil, for example, evidence for AMF protection against fungal root pathogens
(Azcón-Aguilar and Barea 1997; Jacott et al. 2017). AMF could interact positively
with beneficial microbes, such as phosphate solubilizing bacteria, with potential
beneficial contributions to nutrient cycling and plant nutrition. Interaction of AMF
and other soil microbes are driving many fundamental nutrient cycling processes,
soil structural dynamics, degradation of pollutants, various other ecosystem services
(Powell and Rillig 2018) and respond quickly to natural perturbations and environ-
mental stress. This allows microbial analyses to discriminate soil quality status and
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shifts in microbial population and activity could be used as an indicator of changes in
soil quality.

Recent studies have established AMF to be important in determining the soil
structure through their direct effects on soil aggregation in soils and through
secretion soil proteins and exudates (Gupta et al. 2018a; Lehmann et al. 2019).
AMF produce glomalin, a soil protein named after Glomus, the most common AMF,
to coat hyphae to keep water and nutrients from getting lost on the way to and from
the plant. When a hypha stops transporting nutrients, glomalin sloughs off onto
surrounding soil particles (Fig. 11.1). Hundreds of meters of hyphae can grow
throughout a small sample of soil resulting in the production of large amounts of
glomalin. High glomalin concentrations are related to the formation and stabilization
of aggregates in undisturbed and no-till systems compared to nearby conventionally
tilled sites (Nichols and Wright 2006). Given the importance of soil aggregation to
the functioning of ecosystems and the role played by AMF in this context, they have
a pivotal role in determining soil health (Pankhurst et al. 1995).

AMF like other microbial soil health indicators could be used to measure or
monitor the impact management decisions selected toward expected ecological
intensification (Li et al. 2018). A list of criteria, considered to be critical for soil
health indicators according to USDA (Moore-Kucera et al. 2014), includes most of
the criteria which are satisfied by AMF, such as they cover a diverse set of soil
biological, physical, or chemical functions or processes that are relevant to agricul-
ture or ecological systems; they must be sensitive to changes in soil and crop
management systems and should reflect these changes within 1–3 years; the indica-
tor chosen and the method used should be able to be adopted by commercial
laboratories; they should be relatively easy to sample and measure for they should
be cost-effective and repeatable. However, they need to be specifically standardized
for these fungi.

11.3 AMF, Glomalin, or GRSP as an Indicator of Soil
Aggregation

Soil aggregation refers to the formation of aggregates and the resulting matrix of
pore spaces. It is a key ecosystem process resulting in the formation and stabilization
of soil structure. The aggregation of soil is a complex process, regulated by a range
of abiotic factors (e.g., texture) and mediated by plants and multiple biota groups and
their interactions (Rillig 2004). Soil aggregation is important for root growth, plant
emergence, water filtration and for a wide range of soil features and ecosystem
process rates, such as carbon storage and resistance to erosion (Lehmann et al. 2019).
Prior information on the aggregation of soil is very important in soil erosion and land
restoration studies.

Plant roots and their mycorrhizal symbionts have been consistently reported to
play a crucial force in driving soil aggregation (Leifheit et al. 2014; Rillig et al.
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2015). AMF are known to contribute to soil aggregate stability directly by a physical
effect of a hyphal network around soil particles, and indirectly by the hyphal
exudation of an iron-containing, heat stable glycoprotein (extracted at 121 �C)
glomalin as an aggregate binding agent (Gonzalez-Chavez et al. 2004; Rillig
2004). Glomalin occurs in very large amounts in soil, typically in the range of
several to 10 mg g�1 soil (Rillig 2005). Glomalin decomposes slower than the AMF
hyphae producing it, and the turnover time for glomalin in the soil is estimated to be
of the order of several decades (Godbold et al. 2006). Most of the work on glomalin
has been done in pot cultures or soil; however, it has also been reported to be
produced in vitro vultures of AMF (Rillig 2005). Wright et al. (1996) microscopi-
cally observed immunofluorescence of glomalin on the surface of AMF colonized
roots, and first suggested that glomalin may be useful as an indicator of AMF
colonization. Driver et al. (2005) showed that AMF extraradical fungal mycelium
produces glomalin under sterile conditions and could be used as a biomarker for
determination of AMF biomass in soil (Rosier et al. 2008) (Fig. 11.3).

Glomalin is quantified from the soil as glomalin-related soil protein (GRSP) and
is estimated by the indirect method of Bradford protein analysis (Wright and
Upadhyaya 1999). GRSP estimation by this method includes other proteins in
addition to glomalin. Other methods, such as immunoreactive total glomalin, have
also been used to reduce the interference of other substances (Wright and Upadhyaya
1999). GRSP has been related to carbon content, mycorrhization, root exudates and
enzyme activities and soil management (Fokom et al. 2012). Reports have emerged
that GRSP may also have a non-AMF origin (Gillespie et al. 2011). Several studies
have successfully used GRSP as a suitable proxy for estimation of AMF extraradical
hypha length or biomass in soil (Lovelock et al. 2004). It is also used for the
quantification of AMF in roots (Rosier et al. 2008). However, different AMF species
may produce different amounts of glomalin per unit of hyphae (Lovelock et al. 2004;
Rosier et al. 2008). Also, the two most common ways of quantifying the amount of
GRSP in a soil extract, ie the Bradford protein assay and the ELISA with the

Aggregated soilLoose soil par�cles
Soil paricles glued by

AMF hyphae and 
glomalin  

Fig. 11.3 Role of AMF and glomalin in soil aggregation. The loose soil particles (minerals, organic
matter, etc.) are glued together by AMF hyphae and glomalin molecules into pellets. These pellets
are rich in nutrients and resist erosion (Abbreviations in the figure are sa sand, si silt, c clay, om
organic matter, h fungal hypha, g glomalin molecule)
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monoclonal antibody, (MAb 32B11), overestimate and underestimate GRSP respec-
tively (Janos et al. 2008). Thus, there needs to be a calibration done for glomalin
concentration in soil and the amount of external hyphae of these fungi.

AMF and GRSP have been suggested and reviewed by several researchers to be
used as biological indicators of soil quality or health (Rillig et al. 2003; Fokom et al.
2012). The GRSP glue helps to bind soil tiny particles into small aggregates of
different sizes. Well-aggregated soil is favorable for plant and microbial growth
because it is stable enough to resist wind and water erosion and has better air and
water infiltration rates (Lehmann et al. 2019). Additionally, GRSP is known to have
a longer residence time in soils and it plays a pivotal role in long-term carbon/
nitrogen storage and heavy metal sequestration (Yang et al. 2017). According to
Cornejo et al. (2008) and Chern et al. (2007), 1 g of glomalin can bind 4.8 mg of Cu
and 188 mg of Pb. In addition to heavy metals, the accumulation was also observed
in organic pollutants, e.g., phenanthrene (Gao et al. 2017). Thus, the release and
accumulation of GRSP in soils can be a very important mechanism for the ecological
restoration of degraded soils, which has the potential to work as a soil health
indicator at different stages of restoration.

Few studies have examined the effects of site age, land management, and soil
attributes on GRSP in natural and planted forests (Rillig et al. 2003; Fokom et al.
2012). For example, in Brazil, de Souza et al. (2013) suggested that integrating the
GRSP content with soil attributes in a recovery process with contrasting areas of
different ages will help to understand its behavior in soil recovery processes and to
find relationships with other biological, physical, and chemical soil properties and to
improve our knowledge about GRSP as biological indicator of soil quality.

11.4 AMF Abundance and Diversity as an Indicator
of Land Restoration

Land or ecological restoration refers to the improvement of degraded land on a large
scale that rebuilds ecological integrity and enhances people’s lives. It is the process
of ecological restoration of a site to a natural landscape and habitat, safe for humans,
wildlife, and plant communities. The potential role of AMF in ecological restoration
has been well recognized even before restoration ecology emerged as a scientific
field of study (Janos 1980; Brundrett and Abbott 2002; Jeffries et al. 2002).
Assessment of measurable ecological restoration parameters and ecological pro-
cesses in relation to AMF diversity and abundance need to be investigated to be
used as indicators.

Degraded lands are characterized by low levels of AMF abundance and diversity
(Cardozo-Junior et al. 2012; Gupta et al. 2018b). An extensive study was carried out
in Brazil that compared the abundance and diversity of AMF on lands of differing
degradation levels and also compared this with a young restoring site. This revealed
that as the scale of degradation increases, the abundance and diversity of AMF
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reduces and when restoration presumes both AMF abundance and diversity increase
(Cardozo-Junior et al. 2012). Elsewhere also, it was reported that an effective
exclosure increased AMF abundance (Birhane et al. 2010; Gupta et al. 2018b).
Further, a study carried out in a greenhouse with simulated erosion was able to
demonstrate that erosion of soil beyond 7.5 cm could make soil loose AMF
completely (Habte 1989). In another study, it was demonstrated that while AMF
could maintain their infective potential in extremely dry soil conditions, but their
infective potential was significantly lowered when the soil was disturbed (Jasper
et al. 1989). External hyphae of AMF are the important source of inoculum but are
highly susceptible to disturbance and hence, disturbance leads to lowered propaga-
tion (Brundrett and Abbott 2002). Similarly, Gupta et al. (2018b) measured the AM
fungal diversity at nine sites located in Delhi forests, which had different types of
urban usage in terms of heavy vehicular traffic pollution, littering, defecation, and
recreational activities. This study revealed a significant decrease in alpha diversity of
AMF and their abundance (measured as spore density, biovolume, mean infection
percentage in roots), soil hyphal length and easily extractable glomalin-related
soluble proteins (EE-GRSP) at polluted sites.

Furthermore, several studies conducted in agricultural fields have shown that
disturbance not only reduces AMF abundance, diversity, and infectivity but also
results in a drastic shift in the AMF community structure (Brundrett and Ashwath
2013; Gupta et al. 2018b). Most species of the most common AMF families
(Glomeraceae, Acaulosporaceae, and Gigasporaceae) have distinctive biomass allo-
cation strategies whereby species of the Glomeraceae allocate most of their biomass
in the intraradical hyphae while species of the Gigasporaceae allocate most of their
biomass in the extraradical hyphae and species of the Acaulosporaceae produce low
biomass both intra- and extra-radically (Maherali and Klironomos 2007; Gupta et al.
2018b). According to Brundrett and Ashwath (2013), difference in spore size in
different AMF families may also be related to their strategy of biomass allocation.

Distinctive AMF fungal groups have different life-history strategy. Some studies
revealed that most species of the Glomeraceae are ruderals while that of
Gigasporaceae and Acaulosporaceae are competitors and stress tolerators, respec-
tively (Chagnon et al. 2013). AMF species growing on disturbed soil or wasteland
are disturbance tolerant since they have an adjusted life history strategy viz., grow
faster, have short life cycle and invest earlier and more abundantly in spore forma-
tion, fuse fragmented hyphae more readily, and form cross-walls that enable infected
root pieces and severed hyphal fragments to recolonize host roots and have shorter
extra-radical mycelium (Chagnon et al. 2013). AMF communities of disturbed sites
are characteristically dominated by disturbance tolerant species most of the family
Glomeraceae (Chagnon et al. 2013) or Glomus constrictum in another study (Gupta
et al. 2018b). The number of surviving propagules of AMF in soils also declines with
time in the absence of host plants (Brundrett and Abbott 2002). Another study in a
Malaysian forest reported that heavy logging significantly reduced (75% reductions)
the abundance and infectivity of AMF propagules (Alexander et al. 1992). There-
fore, because land degradation significantly reduces plant cover, increases soil
disturbance and erosion, low levels of AMF abundance, diversity and infective
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potential can be considered as a peculiar feature of degraded lands. Degraded lands
are also prone to invasion by exotic alien species.

Determination of soil microbial activity and use of microbial soil health indicators
is especially important phenomenon for determination heavy metals or pesticides
because their impact is dependent on the presence of microbes (Hildebrandt et al.
2007). For example, the concentration of heavy metals in the soil will not change
over small time periods, but their bioavailability may change (Yang et al. 2016).
Similarly, microbial degradation of Polycyclic aromatic hydrocarbons (PAHs)
depends on various environmental conditions, such as nutrients, number and kind
of the microorganisms, nature as well as the chemical property of the PAH being
degraded (Ghosal et al. 2016). Therefore, the total content of chemicals in soil is not
a reliable indicator of its bioavailability (Logan 2000) and thereby soil health.
Instead, bioavailability must be measured in relation to bioassays and specific
microbial processes. In context of this, microbial responses also integrate the effect
of chemical mixtures, the information not obtained by studying the chemical mix-
tures themselves.

11.5 Approaches and Way Forward

AMF are promising soil microorganisms that improve soil health as a tradeoff of
nutrient uptake, disease control, and phytoremediation (Jacott et al. 2017; Yang et al.
2017). Besides the need for constant monitoring and evaluations of physical,
chemical, and biological processes to achieve better soil health, it is imperious to
keep in mind that soil microorganisms and their interactions are the main agents of
nutrient cycling and also have a complex interaction with plants (Jacott et al. 2017).
Any land-use strategy that contributes to a better equilibrium of soil microorganisms
can result in greater crop productivity, at low cost, and contributes to minimizing the
use of mineral fertilizers or pesticides, favoring high sustainability (Gupta et al.
2018a; Chen et al. 2018). Rillig et al. (2015) proposed there is a need for dedicated
experiments for example for separation of formation and stabilization of aggregates
or for comparing different root systems or fungal isolates under otherwise identical
conditions. Also, there is a need to build mycorrhizal fungal strain database since
Lehmann et al. (2019) found soil aggregate formation capability ranging from
neutral to positive and 39 large differences in trait expression among different
AMF strains.
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Chapter 12
Significance and Management of Green
Manures

K. Das, N. Biswakarma, R. Zhiipao, A. Kumar, P. C. Ghasal, and V. Pooniya

Abstract Green manuring is an arable-farming practice in which undecomposed
green material is incorporated (in situ/harvested elsewhere) into soil in order to
increase productivity of subsequent crops. Green manure crop is to be turned into the
soil at the point of flowering, i.e., about 7–8 weeks from sowing in most crops. The
continuous use of green manures enhances the organic matter content and also
supplements the nutrient pool of the soil which ultimately improves the soil physical,
chemical and biological properties and also suppresses the weeds. It provides
nutrient-rich organic matter for the soil microorganisms which easily converts
organically bound nutrients in plant residues to easily available nutrient form to
the crop. The portion of green manure nitrogen available to a succeeding crop is
usually about 40–60% of the total amount contained in the legume and large
amounts of legume N retained in soil mostly in organic forms. However, beneficial
effects of green manure on succeeding crops depend largely on residue quantity and
quality, soil type, soil fertility, soil acidity, biological activity, soil moisture, and
temperature.
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12.1 Introduction

Maintaining healthy soils is a huge task due to high input–cost relationships, costly
fertilizers, and issue of soil degradation. Under such situation green/organic manures
are considered as the cheap and good source for plant nutrients and soil amendment.
Therefore, integration of green manuring crops into cropping systems brings not
only positive influence on the soil properties but also enhances crop productivity,
conserve soil moisture, and check weed infestations. In this chapter, we describe the
work on green manuring crops that has been carried out during the past few
decennium and present days with respect to pros and cons of adopting such practices
for making agriculture more attractive and remunerative to the farmers. Degradation
of soil properties is the foremost reason for the continuous decline in soil fertility and
productivity, consequently leading to reduced economic output. Green manure, also
referred to as fertility building crops, constitutes a technology that has been proven
by researchers and as efficient and economically viable practice to achieve sustain-
able agricultural production. Although, it has many roles and been used in traditional
agriculture for thousands of years, these are still often underutilized by today’s
organic farmers.

Green manuring is an arable-farming practice in which undecomposed green
material is incorporated into soil in order to increase productivity of subsequent
crops. This material may either be obtained from quick-growing green manure crops
(GMs) grown in situ or harvested elsewhere, i.e. green leaf manuring usually from a
perennial crop, and brought in field (Meelu et al. 1994a). Green manures have been
tested by the authors of this chapter in cereal crops. Published reports showed that
sesbania added the highest crop residue, i.e. 38.56 t ha�1 leading to recycling of
major and micronutrients followed by cowpea and mungbean green manures
(Pooniya et al. 2012; Pooniya and Shivay 2013). Presently more emphasis on
mitigating the environmental impact of all farming systems has led to a growing
interest on green manuring due to amelioration of soil physical, chemical and
biological properties. Furthermore, this practice increases biological security by
suppressing weeds and soil-borne diseases and has the potential to disrupt the life
cycle of agriculture pest (Kumar et al. 2014; Varma et al. 2017). In addition, it caters
ground cover and, as regard with legume, fixes nitrogen too. Green manure is
considered as the complete manure because it contains most of the essential nutrients
and releases them slowly during decomposition processes. According to Agricul-
tural Statistics (2005), the area under green manures in India was ~67 lakh ha and
subsequently supplemented 7.55, 1.24 and 4.19 lakh tonnes of NPK into the soil.
Green manuring is widely practised in Indian states like Andhra Pradesh, Uttar
Pradesh, Karnataka, Punjab, Orissa, Gujarat, Madhya Pradesh, Himachal Pradesh
and Haryana, while it is practised on a limited scale in other states (Table 12.1).
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12.2 General Requirements That Should Be Met by Green
Manure/Cover Crops

To actualize the benefits of green manure/cover crops, it is necessary to know all
aspects related to them, i.e. family to which they belong, growth habitat, develop-
mental cycle, nature of weed competition, effects on soil environment, nutrient
recycling pattern, N-fixing capacity, seed production performance, time of pests
and diseases infestation and ways to manage, etc. Furthermore, it is necessary to
know the goal intended to be attained by including them as well as aspects
concerning the production systems in which they will be included, i.e. climate,
soil type, soil fertility, crops with which they will be integrated in the system,
available machinery and/or implements, etc. There exist some desirable features to
be possessed by green manure/cover crops to make them more favourable for
incorporation into an agricultural production system, the most important being
(Florentín et al. 2010): (1) have low establishment and management costs, and
easy to sow or manage; (2) faster growth and weed suppression habit; (3) having
residual effect on succeeding crops, require few crop management practices; (4) pre-
sent good conservation characteristics, avoid the proliferation of pests and diseases;
(5) avoid competition for land, labour, time, and space with cash or subsistence
crops.

Table 12.1 Green manuring scenario in different states of India

State
Area
(lakh ha)

Expected green and dry matter yield
(lakh tonnes)

Nutrients contribution
(lakh tonnes)

N P K Total

Andhra
Pradesh

27.20 544 3.02 0.49 1.67 5.18

Uttar Pradesh 11.00 220 1.23 0.20 0.69 2.12

Karnataka 7.30 146 0.82 0.14 0.46 1.42

Punjab 4.25 85 0.48 0.08 0.27 0.83

Orissa 3.55 70 0.40 0.07 0.22 0.69

Gujarat 2.10 42 0.24 0.04 0.13 0.41

Madhya
Pradesh

1.94 38.8 0.22 0.03 0.12 0.37

Himachal
Pradesh

1.30 26 0.15 0.02 0.08 0.25

Haryana 1.13 22.6 0.13 0.02 0.07 0.22

Others 7.32 146.6 0.82 0.14 0.46 1.42

Total 67.09 1341.8 7.55 1.24 4.19 12.98

Source: Agricultural Statistics (2005)
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The major criteria and characteristics for selection of green manure/cover crops
are the following (Monegat 1991): (1) crops belonging to leguminaceae family and
quick initial growth to suppress the weeds and to produce huge dry matter in shorter
period; (2) deeper and stronger root system for more nutrient and water acquisition
and also improves the soil structural properties; (3) green manures have the capacity
to tolerate biotic and abiotic stresses with wider range of ecological adaptability.

12.3 Types of Green Manuring

12.3.1 Green Manuring In Situ

In this system, short-duration (~45 to 60 days) green manure crops are grown and
incorporated into the soil at same site, either as a pure crop or as an intercrop with the
main crop. In later case, the green manure is sown between the rows and is
particularly well adapted to situations where the soil has to be used as intensively
as possible. This system of generating nutrient resources on-site is popular in
cropping systems with rice as the main crop and predominant in northern and
southern parts of India. This type of green manure should be treated with caution
in order to avoid competition with the main crop and consequently lower yields. The
main advantages of the system are intensive use of the soil, the efficient erosion
control and the reduction in weed population. Crops and tree species suitable for
green manuring in different agro-climatic zones are mentioned in Tables 12.2 and
12.3.

12.3.2 Green Leaf and Brown Manuring

It refers to turning into the soil green leaves and tender green twigs collected from
shrubs and trees grown on bunds, wastelands and nearby forest areas. They are
usually turned down or mixed into the soil 15–20 days before sowing of the
principal/main crops based on the tenderness of the foliage or plant parts. Gliricidia
maculata, Pongamia pinnata, Sesbania speciosa, Leucaena leucocephala,
Azadirachta indica, Delonix regia and Peltophorum pterocarpum are used for
green leaf manuring. Brown manuring is a technique to grow sesbania in standing
rice crop and kill them with the help of herbicide like 2,4-D ester or bispyribac-Na
for manuring. After killing, the colour of the sesbania residue becomes brown and so
it is called brown manuring.
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12.4 Benefits of Green Manuring

12.4.1 Building of Organic Matter and Improved Soil
Structure

A major benefit from green manures is the addition of organic matter to the soil.
Biomass and N accumulation of green manure legumes are influenced by species
grown, water regime, nutrient supply, soil type, photoperiod and age of incorpora-
tion. The continuous use of green manures enhances the organic matter content and
also supplements the nutrient pool of the soil (Kumar et al. 2008), which ultimately
improves the soil physical properties and quantities of organic acid, amino acids,

Table 12.2 Green manure crops suitable for different agro-climatic zones

Tropical areas Temperate areas

Common
name Scientific name Common name Scientific name

Pueraria Pueraria phaseoloides Faba bean Vicia faba

Cowpea Vigna unguiculata Ladino clover Trifolium repens

Green gram Vigna radiata Crimson clover Trifolium incarnatum

Cluster bean Cyamopsis tetragonoloba Subterranean
clover

Trifolium
subterraneum

Lablab Lablab purpureus Soybean Glycine max

White lupin Lupinus albus Black lentil Lens culinaris

Sunn hemp Crotalaria breviflora Red clover Trifolium pratense

Gray bean Mucuna cinerecum Alfalfa Medicago sativa

Pigeon pea Cajanus cajan Hairy vetch Vicia villosa

Jack bean Canavalia ensiformis Barrel medic Medicago truncatula

Buffalo bean Mucuna aterrima Milk vetch Astragalus sinicus

Stylo Stylosanthes guianensis Sweet clover Melilotus officinalis

Velvet bean Mucuna deeringiana Winter pea Pisum sativum

Milk vetch Astragalus sinicus Cura clover Trifolium ambiguum

Desmodium Desmodium ovalifolium Common vetch Vicia sativa

Dhaincha Sesbania aculeata, S. rostrata Purple vetch Vicia benghalensis

Zornia Zornia latifolia (B) Ex situ green leaf manuring plants

Black gram Phaseolus mungo, P. trilobus Common name Scientific name

Kudzu Pueraria phaseoloides Wild indigo Indigofera teysmannii

Soybean Glycine max Gliricidia Gliricidia sepium

Adzuki bean Vigna angularis Subabul Leucaena leucocephala

Wild indigo Indigofera tinctoria Kassod Cassia tora

Alfalfa Medicago sativa Tephrosia Tephrosia purpurea

Jumby bean Leucaena leucocephala Karanj Pongamia glabra

Berseem Trifolium alexandrinum Sesbania Sesbania rostrata

Sunn hemp Crotalaria juncea, C. striata Milkweed Calotropis gigantea

Source: Meena et al. (2018)
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sugars, vitamins and mucilage (Shukla et al. 2011). These organic substances are
capable of binding the soil particles and provide better soil aggregation and help in
improvement of soil structure (MacRae and Mehuys 1985; Schutter and Dick 2001).
The increase in soil organic matter (SOM) following GMs often ranges from 0 to 1%
of total soil mass (Utomo et al. 1990; Reddy et al. 2003). Compounds resistant to
decomposition such as gums, waxes and resins are formed while organic matter are
broken down by microorganisms. These compounds and the mycelia, mucus, and
slime produced by the microorganisms bind soil particles as granules or aggregates.
Soils with better aggregates are easy to till apace with enhanced aeration and higher
water infiltration rate. Soil humus is positively correlated with the amount of organic
matter content in it. Humus is the end product of the decay of plant and animal
materials in the soil which provides a wide range of benefits to crop production.
Pooniya et al. (2012) reported that sesbania and cowpea green manuring accumu-
lated higher fresh and dry weight than mungbean. The fast and determinate growth
habit of sesbania can lead to enhanced organic C content of soil and nutrient
availability. In another long-term study conducted at IARI indicated that maize-
chickpea-sesbania (MCS) system resulted in 18.9% and 20.4% higher soil organic
carbon (SOC) than maize–mustard–mungbean and maize–maize–sesbania cropping
system (Parihar et al. 2016). This could be a result of differential quantity and
chemical constituent in root exudates and/or crop residue biomass among the crop
rotations (Congreves et al. 2015). The narrow C:N ratio of legume residue causes
rapid decomposition and hence higher SOC compared to other cropping sequences.
Further, tap roots of the legume result in higher SOC content in deeper layers.

Table 12.3 In situ green
manuring weeds and their
mineral composition on
dryweight basis

Weed

Nutrient content (%)

N P2O5 K2O

Amaranthus viridis 3.16 0.06 4.51

Cassia occidentalis 3.08 1.56 2.31

Chenopodium album 2.59 0.37 4.34

Cleome viscosa 1.96 1.53 5.81

Dactyloctenium aegyptium 2.78 0.24 1.65

Digitaria sanguinallis 2.00 0.36 3.48

Echinochloa crus-galli 2.98 0.40 2.96

Portulaca quadrifida 2.40 0.09 5.57

Solanum xanthocarpum 2.56 1.63 2.12

Trianthema portulacastrum 2.34 0.30 1.15

Eupatorium spp. 2.93 0.49 1.47

Parthenium hysterophorus 2.66 0.88 1.29

Eichhornia crassipes 2.83 0.90 1.79

Source: Kumar and Pawar (2018)
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12.4.2 Enhanced Soil Microbial Activities

The soil microorganisms multiply promptly and attack the freshly green manure crop
(young, relatively lush green) once it is incorporated into the soil. Further decom-
position of the incorporated green manure serves major functions for microflora
providing both C and energy for growth and formation of new cell material, which
further multiplies its colony saprophytically on the decomposing organic matter
(Ye et al. 2014). The process of decomposition has an immense significance for
longer existence of primary products, through the release of energy and nutrients by
microbial activity (Kumar et al. 2014). During microbial breakdown, nutrients held
within the plant tissues are released and made available to the succeeding crop. The
breaking down of organic matter by microorganisms is influenced by soil moisture
and temperature as well as carbon-to-nitrogen (C:N) ratio of the plant material. The
C:N ratio of plant tissue reflects the kind and age of the plants from which it was
derived. The C:N ratio between 15:1 and 25:1 is favourable for accelerated decom-
position of organic matter. The incorporation of green manures particularly legume
green manures (LGM) has two main positive outcomes from the micro-biological
point of view: (1) primarily it provides nutrient-rich OM for the microbial commu-
nity which easily converts organically bound nutrients in plant residues to easily
available nutrient form to the crops; and (2) it enhances the microbial diversity of soil
microorganisms (Schutter and Dick 2001; Eriksen 2005; Kumar et al. 2016).

12.4.3 Improvement in Soil Physical Properties

Green manuring has favourable effects on soil physical properties. The soil physical
properties that are affected by the incorporation of the green manures include the
structure, moisture retention capacity, consistency and density. Other properties such
as the porosity, aeration, hydraulic conductivity and infiltration are related to the
modifications in the soil structure. The legume green manuring exaggerates total
pore space by decreasing the soil bulk density leading to enhanced root develop-
ment, soil water content and nutrient use efficiency (Anderson et al. 1997; Parihar
et al. 2016). The penetration of green manure roots, especially dhaincha and sunn
hemp prevents soil erosion by holding the soil in its place (Schumann et al. 2000).

12.4.4 Weed Suppression

Weeds flourish on bare soil and green manure crops take up space and light, thereby
shading the soil and reducing the opportunity for weeds to establish themselves. The
effects of incorporating green manures on weeds are often variable and have multiple
mechanisms, whereby weeds may be suppressed by either direct competition or
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allelopathy or through phytotoxic effects on germinating weeds (Creamer et al.
1996; Hoffman et al. 1996). While, on the other hand, it may promote weed
infestation by hindering chemical or mechanical weed control (Thorup-Kristensen
et al. 2003). The prime intent of a non-legume green manure such as rye, millet, or
sudan grass is to provide weed control, add organic matter, and improve soil tilth.
Thus, whenever possible, annual grain or vegetable crops should follow a legume
green manure to derive the benefit of farm-produced nitrogen. The use of green
manure/cover crops lowers the weed population in the cotton field, besides favouring
the crop by reducing competition for water, light and nutrients. Furthermore, it could
provide additional economic advantage for the farmer by saving the labour (hoeing)
for weed control (Florentín et al. 2010). The use of sesbania alone as green manure
has an identical effect on reducing the population and dry weight of weeds as that of
integrated use of urea + sesbania (Khankahre et al. 2002). Employing allelopathic
cover crops and live mulches in suppressing weeds has become an integral method
of weed control in sustainable agriculture. Allelopathic plants are those that inhibit
or slow down the growth of other nearby plants by releasing natural toxins, or
‘allelochemicals’. Cover crops exhibiting allelopathy include the small grains like
rye and summer annual forages related to sorghum and sudan grass.

12.4.5 Nitrogen Fixation

The current environment has been threatened due to overuse of nitrogenous fertilizer
to enhance agricultural production. The use of chemical fertilizers in agriculture and
different industrial units has resulted in enhanced concentrations of reactive forms
(e.g. NOx, N2O, NO3

�, NH3) of N to around 120% in the atmosphere (Meena et al.
2018). Therefore, the scenario compels us to rethink about the role of biological
nitrogen fixation (BNF) whereby green manuring with inclusion of legumes appears
to be the most feasible option. The legume green manuring may have a realistic and
applicable potential in enhancing the agricultural sustainability through improved
nutrient retention (Dinnes et al. 2002), enhancing the soil fertility status by decreas-
ing soil erosion (Fageria and Baligar 2005). There are certain cultural and environ-
mental conditions that limit legume crop growth such as delayed planting, poor stand
establishment and drought which in turn reduce the amount of nitrogen fixation and
its production. While conditions favouring good nitrogen fixation include proper
crop establishment, optimum soil nutrient levels and soil pH, good nodulation, and
adequate soil moisture. Estimates of N accumulation for leguminous GMs and the
relative contribution of biological N fixation in this process range broadly depending
on soil fertility, water availability and GM crops species.

Generally, most legumes accumulate N from biological fixation when their
demand cannot be met by uptake of N from the soil (Gardner 1985). For example,
sunn hemp (Crotalaria juncea L.) has been estimated to fix 27–39% (Ramos et al.
2001), 72–81% (Ladha and Kundu 1997), and 91% (Seneratne and Ratnasinghe
1995) of its total N in different study locations and conditions. Reduction of soil N
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through competition generally increases rates of biological N fixation by legumes.
Water stress and deficiency of nutrients other than N may significantly reduce N
fixation (Gardner 1985). The portion of green manure nitrogen available to a
succeeding crop is usually about 40–60% of the total amount contained in the
legume. However, beneficial effects of green manure on succeeding crops depend
largely on residue quantity and quality, soil type, soil fertility, soil acidity, biological
activity, soil moisture and temperature (Mary and Recous 1994; Thonnissen et al.
2000). Ladd et al. (1983) and Harris et al. (1994) reported that less than 30% of
legume N was recovered by succeeding non-legume crops, and large amounts of
legume N retained in soil is mostly in organic forms. The potentials of different
green manure crops for atmospheric N2 fixation are shown in Table 12.4.

12.4.6 Enhanced Crop Yields

The positive impact of green manuring particularly legume green manuring is well
reflected on grain yield through enhanced soil organic matter and increased nutrition
to growing crops. The application of synthetic N along with green manure enhances
the N use efficiency (NUE). Furthermore, green manure constantly supplies N and
releases slowly matching the plants’ requirement resulting in improved crop perfor-
mance (Westcott and Mikkelson 1987; IRRI 1990). The resultant effect of green
manuring on the growth and yield of various succeeding crops through field exper-
iments by a number of researchers are summarized in Table 12.5.

Table 12.4 Potential N contributions of N-fixing legumes to succeeding crops in Indian soils

Name
Botanical
name

Sowing
season

An average yield of
green matter (t/ha)

N (% on a green
weight basis)

N added
(kg/ha)

Sunn
hemp

Crotalaria
juncea

Kharif 15.2 0.43 84.0

Dhaincha Sesbania
aculeata

Kharif 14.4 0.42 77.1

Mungbean Vigna radiate Kharif 5.7 0.53 38.6

Cowpea Vigna
ungiculata

Kharif 10.8 0.49 56.3

Guar Cyamopsis
tetragonoloba

Kharif 14.4 0.34 62.3

Senji Melilotus alba Rabi 20.6 0.51 134.4

Khesari Lathyrus
sativus

Rabi 8.8 0.54 61.4

Berseem Trifolium
alexandrinum

Rabi 11.1 0.43 60.7

Source: Yawalkar et al. (1996)
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12.4.7 Disease Suppression/Control

Growing non-host species of green manure crops have a significant potential to
break the life cycle of crop-specific pathogens, though some important soil-borne
diseases such as rhizoctonia spp. and fusarium spp. have a wide host range
(Wallwork 2000). Even so, the potential for green manure crop bestowing disease
reduction should not be overlooked; integrating a specific green manure crop in
sequence with another non-host crop could provide the extended disease break
necessary for the susceptible crop (Roper et al. 2012). The use of green manure
crops, especially legumes, promotes the decomposition of cereal stubbles by
balancing C:N ratio and could help in reducing disease pressure where stubbles
are left on the soil surface (minimum or no-tillage) (Roper and Gupta 1995; Felton
et al. 1998).

Table 12.5 Percentage increase in crop yield by adopting green manure practice

Crop State Green manure crop Increase in yield (%)

Rice Tamil Nadu Sunn hemp 24

West Bengal Sunn hemp 20

Dhaincha 21

Orissa Dhaincha 24

Uttar Pradesh Dhaincha 51

Bihar Dhaincha 60

Sunn hemp 63

Andhra Pradesh Sunn hemp 114

Dhaincha 80

Delhi Dhaincha 16

Cowpea 15

Wheat Uttar Pradesh Cowpea 21

Sunn hemp 45

Dhaincha 16

Bihar Sunn hemp 106

Madhya Pradesh Sunn hemp 13

Delhi Sunn hemp 35

Sugarcane Uttar Pradesh Sunn hemp 30

Assam Sunn hemp 9

Dhaincha 8

Cotton Gujarat Dhaincha 21

Maharashtra Dhaincha 12

Tamil Nadu Sunn hemp 21

Sunnhemp—Crotalaria juncea; Dhaincha—Sesbania aculeata; Cowpea: Vignaunguiculata
Source: Yawalkar et al. (1996) and Mishra et al. (2004)
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12.4.8 Soil and Water Conservation

The soil conservation benefits provided by green manure crops extend beyond
protection of bare soil during fallow periods. The mulch that results from a chem-
ically or mechanically incorporated GM crop increases water infiltration and reduces
water evaporation from the soil surface. The inclusion of green manure crop in
rotation improved water availability and enhanced soil water storage carried through
to the following season in contrast to that of continuous cereal crops (López-Bellido
et al. 2007; Blackshaw et al. 2001). It also reduces soil crusting and subsequent
surface water runoff during rainy periods.

12.4.9 Enhanced Availability of Native Soil Nutrients

Legumes not only add nitrogen to the soil but also help in recycling of other nutrients
on the farm. Nitrogen (N), phosphorous (P), potassium (K), calcium (Ca), magne-
sium (Mg), sulphur (S), and micronutrients are accumulated by green manure crops
during a growing season. When the green manure is incorporated or laid down as
no-till mulch, these nutrients become slowly available during decomposition.
Legume green manures lower soil pH, lower C:N ratio in soil organic matter,
scavenge nutrients from the subsoil and translocate them upwards to the surface
rooting zone, where they become available to the succeeding crop (Hargrove 1986).
During decomposition of organic matter carbonic and other organic acids are formed
as a by-product of microbial activity. These organic acids react with insoluble
mineral rocks and phosphate precipitates, releasing phosphates and exchangeable
nutrients. Green manures may enhance P nutrition of the succeeding crops via a
number of mechanisms. Green manure crops may convert relatively unavailable
native and residual fertilizer P to chemical forms more available to succeeding crops.
The availability of phosphorus (P) is enhanced through green manuring (Cavigelli
and Thien 2003) as well as the utilization of phosphorous fertilizers markedly
enhanced from 3% to 39% (Hundal et al. 1992; Bah et al. 2006).

Green manures also influence the availability of micronutrients in soil, especially
through changes in oxidation reduction capacity and releasing micronutrients during
decomposition. Increases in soil solution concentrations of Fe2+ and Mn2+ with
submergence have been found to be accelerated when soils are green manured.
Flooding generally causes a decline in the availability of Zn in soils, which is
accentuated by green manuring. However, in sodic soils, green manuring increases
the availability of Zn because of its favourable effect on soil pH. Under flooded soil
conditions, soluble and exchangeable Fe and Mn increase at the expense of organic
or oxide-held metals, and this process provides surfaces of high absorptive capacity
on which Zn and Cu may be bounded.
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12.5 Agronomy of Green Manure Crops

12.5.1 Method of Sowing

Green manures are usually broadcasted (Raheja 1952; Chela and Gill 1973). The
seed of sesbania may be soaked overnight in water to hasten germination. The close
contact between seed and soil in moist condition is necessary for satisfactory
germination. In rainfed areas of eastern India, rice together with 15–20 kg/ha
sesbania seed are dry-seeded by broadcasting (Garrity and Flinn 1988). Seed can
also be sown by manual drilling behind a plough in rows about 20–30 cm apart
followed by planking, or by bullock/tractor-drawn seed drill (Chela and Gill 1973;
Meelu et al. 1992). Arakeri and Patil (1957) and Tirol-padre and Ladha (1990)
suggested that drilling is better than broadcasting.

12.5.2 Number of Cultivations

In rainfed areas, where a green manure crop is raised in fallow fields during the rainy
season, two cultivations are usually enough (Raheja 1952; Chela and Gill 1973).
However, in Philippines, the conventional method of land preparation for growing a
green manure crop is one ploughing and one or two harrowings of the flooded soil
(Ventura and Watanabe 1991). In irrigated areas in India, green manures can be
grown in the summer season without preparatory tillage. In salt-affected soils, the
land is usually ploughed two or three times followed by levelling (Dargan et al.
1982).

12.5.3 Time of Sowing

Green manure is grown in the summer dry season for use in the wet-season crop
(Singh et al. 1982; Meelu et al. 1992), or in the rainy season for the benefit of the
dry-season crop (Becker et al. 1990; Manguiat et al. 1989). There can be no rigid
time schedule for sowing rainfed green manure crops as the commencement of the
monsoon rains varies from region to region. In northern India, rainfed green manure
crops are sown in early July or as early as possible after the break of the monsoon
(Mirchandani and Khan 1952). Under irrigated conditions, a green manure crop can
be sown from mid-April to mid-May depending upon the harvesting of the
dry-season crop. It may be concluded that a growing period for the green manure
crop of 6–8 weeks before transplanting/planting the main crop is necessary.
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12.5.4 Seed Rate

A high seed rate is recommended for green manuring in order to delay the develop-
ment of woodiness. For sesbania and sunn hemp a seed rate of 50 kg ha�1 is normal.
However, in salt affected soils where germination is likely to be low, an even higher
seed rate may be used. The seed rates for different green manure crops in normal and
salt affected soils are given in Table 12.6.

12.5.5 Inoculation

Most leguminous crops can form root nodules and fix atmospheric N without prior
inoculation with rhizobium. In a field trial, Singh (1990) observed no significant
effect of inoculation on nodulation and dry matter and N yield of sesbania. In the
regions where such a crop is introduced for the first time, there may be difficulty in
obtaining nodulation without inoculation, which enhances the onset and number of
effective nodules and hence the amount of N2 fixed by a legume. In China, milk
vetch was found to respond to inoculation (Chen 1988). Jia (1986) found that, during
the first year of cultivation, inoculation of milk vetch seed with Rhizobium gave a
fourfold increase in green matter production. In Bangladesh, Rhizobium inoculation
increased nodulation and dry matter yield of Sesbania (Subba Rao 1988). In
Pakistan, Siddiqui et al. (1985) reported that inoculation increased the number of
nodules/plant and height of Sesbania only at low levels of P and K application. Gaur

Table 12.6 Seeding rate (kg/ha) and special features of different green manure crops

Species
Seed rate
(kg ha�1) Special features

Sesbania aculeate A quick growing succulent green manure crop and
could correct alkalinity–Normal soils 50–60

–Salt-affected soils 60–70

Sesbania rostrata 30–40 Nodules both on stem and roots, but photosensitivity
nature restrict its use in winter

Sesbania speciosa 50 Adaptive to different soil conditions

Cowpea 30–35 Drought hardy and has wide and droopy leaves—
conserved soil and moisture

Cluster bean 50 The deep tap root system and high adaptability to
water stress condition

Soybean 50

Mungbean/pigeonpea/
lndigofera/lablab

30

Tephrosia purpurea 45 Hardy, drought-resistant and suited for summer

Crotolaria juncea 25–40 Quick growing green manure-cum-fibre crop

Phaseolus trilobus 20–25 Dual-purpose crop, yielding good fodder for cattle and
green manure for land
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(1978) reported that Rhizobium inoculation increased the yield of Sesbania by about
19%. Bhardwaj (1974) considered that Rhizobium was abundantly distributed in
salt-affected soils of India as good nodulation of Sesbania plants was noted. How-
ever, a considerable number of nodules were ineffective. Application of gypsum for
soil reclamation stimulated growth and multiplication of Rhizobium which in turn
gave a better start to the leguminous crops (National Academy of Sciences 1979).

12.5.6 Fertilizer Application

In conventional agriculture, GM crops respond to basal N (15–25 kg N ha�1) and
phosphate fertilization (30–45 kg P2O5 ha

�1) which enhanced the biomass produc-
tion and also its availability to the succeeding crop. Furthermore, a fertilizer
containing Mo and B could be applied to soils showing their deficiency for proper
N fixation. In contrast, fertilizer application cannot be practised in organic farming
and therefore is not recommended.

12.5.7 Irrigation

Dry matter and N yields of green manure crops are affected by soil moisture supply,
but their deep rooting conveys an advantage over other non-leguminous crops under
conditions of soil moisture stress. Singh and Lamba (1971) recommended that
cowpeas should be irrigated when the available water in the 180-cm profile was
depleted to 35%. Gaul et al. (1976) reported that during summer in northern India,
about 600–650 mm of irrigation water was required for raising a 74-day-old green
manure crop of sesbania on sodic soils. Singh et al. (1991) studied water expense and
water-use efficiency of sesbania, cowpea and cluster bean green manure crops. The
water-use efficiency was the highest for cowpea under all irrigation schedules. Total
water expense of 7-week-old green manures was 36–38 cm under favourable
irrigation schedules (IW/PAN-E ¼ 1.0).

12.5.8 Stage of Incorporation

The age at which a green manure crop should be ploughed-in is important for
maximum benefit. In India, Mirchandani and Khan (1952) concluded that a green
manure crop should be turned into the soil at the point of flowering, i.e. about
8 weeks from sowing in most crops. Chela and Gill (1973) considered that sesbania
attained maximum growth about 8 weeks after sowing, sunn hemp was ready for
ploughing in 60–70 days after sowing when flowering began all over the crop, and
cluster bean reached flowering 7–8 weeks after sowing. Panse et al. (1965) reported a
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crop of 7–8 weeks old sunn hemp/sesbania produced the best responses with rice and
wheat. Vachhani and Murty (1964) found that 8-week-old sesbania was tender and
succulent and should be turned-in at the time of transplanting of rice for maximum
response.

12.5.9 Method of Incorporation

Proper incorporation of the green manure into soil containing sufficient moisture is
important for rapid decomposition. Raheja (1952) reported that green manure crops
as high as 2 m can be readily buried by a soil-inverting plough after the standing crop
has been planked down. The soil-inverting plough is run in the direction the crop has
been laid flat in the field and again planked to compact the soil. Standard tractor-
drawn disc harrows can also be used. In Philippines, Meelu et al. (1992) used a
power tiller-drawn mouldboard plough for in situ incorporation of eight 60-days-old
green manure crops. To help cut and incorporate a green manure crop, the IRRI
developed an attachment of ring-knives to the cage wheels of a power tiller-drawn
mouldboard plough. A local animal-drawn implement used by farmers in the
Philippines has also shown promise for green manure incorporation. The implement
flattens a sesbania crop on the first pass while five sharp blades slice the branches. On
the second pass at right angles, plant stems are cut into 25 cm sections and driven
down into the mud; conventional ploughing and harrowing follow with no additional
effort (Garrity and Flinn 1988). In the rainfed areas of eastern India where rice and
sesbania seeds are broadcasted dry, the green manure crop is incorporated by an
operation known as beushening. The field is ploughed and cross-ploughed in
standing water after 4–6 weeks and the sesbania plants are trampled into the mud.
This operation also thins the young rice crop and controls weeds.

12.5.10 Depth of Incorporation

The depth of incorporation influences the susceptibility of the green manure N to
loss and thus determines the efficiency of its use by the crop. In Indonesia, Staker
(1958) reported an increase in rice yield with incorporation of green manure rather
than its surface application. From a 3-year study, Williams and Finfrock (1962)
showed that rice responded significantly better to deep (10–15 cm) incorporation of
vetch green manure than too shallow incorporation. As with fertilizer N, deep
placement of green manure N reduces ammonia volatilization. A green manure
crop should, therefore, be incorporated into the soil for full effectiveness.
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12.5.11 Interval Between Incorporation and Crop
Establishment

The interval between turning-in the green manure crop must accommodate with the
transplanting/sowing of the succeeding crop, particularly under intensive cropping
where time available for growing a green manure crop is relatively short. Hence the
rate at which green manures decompose and mineralize in both upland and wetland
ecosystems is important. Meelu et al. (1992) studied the response of rice to eight
tropical green manure crops and found that succulence and tissue N, which are
expected to be related to decomposition rate, were determined more by plant age
than by species. On average, they also reported a 29% increase in grain yield of rice
by green manuring of eight different legumes over control (no green manuring). In
rainfed areas, green manure is generally grown in the rainy season (early July in
northern India) for the benefit of a dry-season crop about 8 weeks old GM crop is
turned-under at the end of August before the monsoon ends. Wheat is sown at the
end of October, giving a decomposition period of about 2 months. In the pre-Green
Revolution era, Khan and Mathur (1957) studied the effect of age at incorporation
(4–10 weeks) of sunn hemp and time-interval between burial and sowing of a
succeeding wheat crop. They found that 8 weeks was the correct timing for both
periods and made optimum use of plant nutrients. Mirchandani and Khan (1952) also
found that a 2-month interval for sunn hemp green manuring gave the best results.
Anant Rao et al. (1957) used an interval of 50–60 days between incorporating 49 to
56 days-old sunn hemp green manure and sowing of wheat. Singh and Sinha (1964)
applied green matter in early September and allowed it to decompose in the soil until
sowing wheat in mid-November.

In irrigated areas under intensive cropping in India, only about 8 weeks are
available for growing a green manure crop after the harvest of a dry-season crop
and transplanting/sowing of a succeeding wet-season crop; thus, a long decomposi-
tion period is not feasible. Results of experiments have shown that long decompo-
sition periods for green manure are not necessary before rice transplanting (Singh
et al. 1990; Meelu et al. 1994b). Adequate moisture content in the soil and high
temperature enhance the rapidity of mineralization, and longer aerobic decomposi-
tion may result in N loss on flooding at rice transplanting.

12.6 Constraints in the Adoption of Green Manures

Despite high N2 fixation, reduced N losses, increased grain yields, and various
positive effects on soil physical and chemical parameters, the use of green manure
legumes in crop production systems has been dramatically declining over the last
30 years (Roger and Watanabe 1986), and its applicability still remains in the
research farms (Meena et al. 2018). In India, green manuring is a simple yet viable
technology, which will bring both short- and long-term benefits. Meelu et al.
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(1994b), Becker et al. (1990), Meena et al. (2018) have identified the following
constraints and the possible reasons behind it in the adoption and spread of green
manuring. They are listed as under:

1. No obvious or immediate return in cash or kind, except for dual-purpose
cropping, and hence labour input considered unproductive.

2. Narrow window period between the two crops for growing and incorporating
green manure crops during most of the cropping season.

3. Green manure crop, if not incorporated at proper growth stage and time, may
lead to immobilization of N on a temporary basis.

4. Cost-effectiveness unattractive compared with fertilizer, particularly when high-
yielding varieties of rice are grown.

5. Being high water requiring crop, it may not be suitable for dryland agriculture.
6. Difficulty and/or cost of seed supply.
7. Control of the quantity and timing of nutrients applied more complex than with

fertilizers.
8. When intercropped, possible competition for soil moisture, nutrients and space

with the main crop.
9. Problems of decomposition of green manuring in the sowing of the following

crop if proper moisture is not available, particularly in semiarid regions.
10. When grown on rice bunds may reduce crop yield by shading and root

competition.
11. Residual effect not always obvious, particularly in the short term.
12. Low emphasis on organic manures by research and extension workers, partic-

ularly where demonstrations on farmers’ fields are concerned.

12.7 Economics of Green Manuring

The most obvious direct economic benefit derived from legume green manure or
cover crops is nitrogenous fertilizer savings. In most cases, these savings can offset
crop establishment costs. Indirectly, allelopathic cover crop reduces herbicide appli-
cation and control costs of nematode and insect apart from conserving water infer
through no-till mulch and scavenging residual nitrate of ground water. Longer term
benefits are derived from the build-up of organic matter resulting in increased soil
health. Healthy soil lessened the erosivity of soil, resulting in better absorption of
rain water and nutrient recycling, ultimately leading to healthy crops with good
yields. Many studies have shown that legume crops can replace a portion of the
fertilizer nitrogen requirements for the succeeding crop. The economic value of these
nitrogen replacements can be calculated by using a local nitrogen price. These costs
can then be compared to green manure crop seed and planting costs. These simple
nitrogen cost comparisons do not take into account the benefits of improved soil tilth
and increased water infiltration resulting from these crops. Water consumption by
green manure crops is a concern and pronounced in areas with less than 30 inches of
precipitation per year. There is always additional management required when GM
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crops of any sort are added to the rotation. Turning green manures requires addi-
tional time and expense, compared to having no crop at all. It is also worth
accounting that legume green manures have many additional effects like the supply
of additional on-farm fodder, which could be included in economic analysis, or an
impact on soil erosion which is difficult to quantify economically. The economic
benefits of green manuring need to be quantified and clearly demonstrate them to be
effectively adopted by the farming community.

Overall, green manure practice is an efficient management approach for fertility
restoration, and sustainability as it has favourable influences on soil properties and
consequently increased crop yields.
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Chapter 13
Green Manuring and Its Role in Soil Health
Management

Sanjeev Kumar, Samiksha, and Premasis Sukul

Abstract The recent advancement in technology has undoubtedly improved the
agriculture in overcoming many constraints which earlier led to loss in the crop
yields. But many of these improvements include use of chemicals in the form of
fertilizers and pesticides and therefore have led to further problems of reduced C/N
ratio, low microbial diversity and less organic matter per unit area. These all have
resulted in degradation of soil quality and fertility. Therefore, present chapter
discusses the role of green manure (GM) on the expansion of the soil nitrogen
source, the mobilization of soil phosphorus and the improvement of soil organic
matter contain in soil. Another part of the chapter deals with the kinds of green
manure crops cultivated and its propter utilization for sustainable agricultural prac-
tices. In future, we propose holistic system and precise agricultural practices to better
deal with constrain encountered by farmer during adaptation of GM-based cropping
system.
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13.1 Introduction

Green manuring has become a very important agricultural practice since last three
decades, but the interest gradually has declined as the fertilizers were available
readily in the market. Reliance on synthetic fertilizers has proved to be detrimental
for human health as well as to the environment. A dead zone has been created in the
Gulf of Mexico due to the run off of soils and such fertilizers (Pimentel et al. 2005).
Therefore, sufficient production of quality food grains and to feed ever growing
population, green manuring practices are promising tools for the better sustainability
of agriculture in the longer run and with almost no hazards to the environment
(Kumar et al. 2014). Moreover, due to the continuous exertion of soil and incom-
petent methods of soil management like excessive tillage and burning of vegetative
residues, exposure to climatic changes, the accelerated soil degradation has led to
reduced crop production (Florentín et al. 2010). The soil management practices to
increase fertility and productivity should include an increase in biomass along with
reducing its decomposition (Bunch 2012). Green manuring, on the other hand, being
a practice in which the undecomposed plant material is turned under the soil to
provide organic material and nutrients to the soil, can be considered as a suitable
alternative to positively affect the physical, chemical and biological properties of the
soil (Fageria 2007). Giving proper attention and gaining knowledge regarding the
composition, rates and placement of GM crops, the application of fertilizers can be
reduced drastically (Schröder 2005). The potential of green manures is not limited to
only improvement of soil quality and increasing the yields of subsequent crops,
rather pest management and weed control has also been reported when green
manuring practices are followed appropriately (Boydston and Hang 1995;
Al-Khatib et al. 1997). However, the increased production cost of planting green
manure led to minimize farmers’ acceptance to this approach, which is showing a
lack of support for its sustainability (Ntakirutimana et al. 2019).

13.2 Effect of Green Manure in Soil Health and Fertility
Management

In the modern days of agricultural science, crop rotation and green manuring
(GM) offer a technology to achieve sustainable production efficiently. Since contin-
uous and conventional cultivation leads to a decline in soil OM content, soil nutrients
holding capacity are affected severely, resulting in a loss of soil sustainability. One
of the options to maintain sustainability in agriculture by restoring soil quality
(especially in tropical soils) and reclaiming degraded soil is to increase soil OM
content by GM (Kumar et al. 2010, 2014; Chimouriya et al. 2018) because this
practice is eco-friendly, non-polluting and non-hazardous to soil, water and air
(Yang et al. 2018). Moreover, like chemical fertilizers they do not exhibit any
adverse effect on food commodities.GM with high nutrient concentrations and low
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C/N ratios have a great impact on their value as organic fertilizer in crop production
(Talgre et al. 2012). Use of GM together with adequate residue management and
crop rotation could be useful to conserve or increase soil fertility, promote nutrient
cycling at farm scale, bring crop nutrients up from lower soil profiles, smother weeds
and prevent weed seedling growth, and reduce the external nutrient inputs (Drink-
water et al. 1998; Melero et al. 2006; Yadav et al. 2019). GM plants are mainly
grown for the benefit of the soil and are very commonly referred as soil fertility
building crops. In general, green manure enriches soil with organic matter and
nutrients, improves soil physical, chemical and biological properties, causes nutrient
and soil conservation, increases the biochemical activity in soil, reduces soil com-
paction, increases soil porosity, water infiltration and rooting depth and finally
enhances crop health and yield (Schutter and Dick 2001; Golec et al. 2007; Bhattarai
et al. 2012). Although main objectives in using GM are to increase organic matter
content and replenish nutrients in soil, potential benefits from GM include reduced
nutrient, particularly nitrate, leaching and lowering N fertilizer application to the
succeeding crops (Fageria 2007). However, lack of synchrony between nutrient
mineralization from GM and subsequent crop requirements for its nutrients becomes
a major challenge (Mafongoya et al. 1998). GM plants are raised between the main
crops to provide a shield to soils from erosion, restore productivity of exhausted
land, protect fallow land from nitrate leaching and substitute the chemical fertilizers
(Xie et al. 2016; Yang et al. 2018). It has been observed that during maize cultivation
nearly 15–30% of external inputs in the form of chemical fertilizers were reduced,
when GM was used (Yang et al. 2018). However, the correct selection of GM plant
species to precede a main crop is considered critical to maximize crop yield
associated with greater economic return.

13.3 Decomposition and Mineralization

Primarily, decomposition of organic compounds involves two phases: rapid and
slow. In rapid phase complex organic molecules are transformed to water soluble
compounds that on further decomposition gives rise to energy, carbon dioxide, water
and others under aerobic condition, and energy, methane, carbon dioxide and others
under anaerobic condition. Released energy level is more in aerobic condition than
anaerobic condition. Slow phase of decomposition of organic compounds involves
the degradation of lignin and other resistant substrates. They need longer time to be
decomposed. Decomposition with subsequent nutrient release occurs at a quicker
rate in GMs with lower C/N ratios, lignin and polyphenol contents (Palm et al. 2001;
Parton et al. 2007). These parameters are considered as critical to determine the
speed of the decomposition and thus they govern the dynamics of nutrient release
from GM to the soil. Rate of decomposition and mineralization of GM are influenced
by several factors such as type of plants used as GM crop and the growth stages
during their incorporation in soil, climatic conditions and factors related to soil
(texture, structure, pH, soil microbial status, etc.) (Dinnes et al. 2002; Dhakal et al.
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2015; Reddy 2016). Fast rate of mineralization is observed in moist and warm soil.
Both legumes (clovers, lupins, vetches, alfalfa, peas, beans, soybeans) and
non-legumes (phacelia, buckwheat, chicory, mustard, turnips, ryegrass, oats, barley,
rye) are used as GM crops. Leguminous green manure is more effective than other
non-legumes (Bhattarai et al. 2012). However, rate of decomposition of plant
materials and thus nutrient discharging ability may differ within legumes; such as
Mucuna (Mucuna pruriens) exhibited faster decomposition as compared to green
gram (Vigna radiate L.), implying that green gram possesses relatively more resis-
tant materials to decompose than mucuna (Saria et al. 2018). Thus, chemical
composition and the quality of the incorporated materials influence their decompo-
sition and mineralization. It is not always the C:N ratio to determine the occurrence
of mineralization or immobilization. Chemical composition of GM plant materials
also plays a significant role in their decomposition. Carbon may exist in plant
materials in various forms. Cellulose is fast degradable, while lignin is relatively
more resistant to decomposition. Organic compounds containing phenols inhibit
microbial action. Therefore, GM may be selected depending on their specific
functions (Table 13.1) as well as their nutrient contents (Table 13.2). However,
according to the need of the requirement, two different plants may also be considered
to achieve best outcome. Planting together barley and white clover in the fall ensures
soil enrichment with organic carbon and nitrogen for the main crop in spring.

Decomposition of fresh GM by several microorganisms leads to the release of
nutrients and relatively resistant organic residues (humus) that improve soil fertility
status and soil physical conditions, respectively. By decomposing organic matter,
soil microbes obtain nutrients and energy for their growth and multiplications
(Akpor et al. 2006) and at the same time nutrients are released for plant uptake,
thus helping in nutrient recycling. GMs have the high potentials for biomass
production. Soil organic matter (SOM) level is improved after incorporation and
subsequent decomposition and mineralization of GM in soil (Meena et al. 2018a).
SOM provides energy and carbon source to the soil-inhabiting microorganisms
which further multiply saprophytically on the decomposing SOM (Ye et al. 2014).
Eventually soil microbes convert organic forms of nutrients that are unavailable to
plants, to their inorganic but plant available forms. GM is also responsible for

Table 13.1 Classification of green manures based on their functions

Types Function Examples

Cover crop Prevent erosion Oats, winter rye, Sirius peas,
lentils, clovers, vetch

Break crops Interrupt the lifecycle of pests or diseases Mustard, rye, brassica,
alfalfa

Leguminous
crops (N-fixer)

Enrich soils of available nitrogen Clovers, lupins, vetches,
alalfa, peas, beans, soybeans

Nutrient con-
serving crops

Minimize nutrient leaching, and further enrich
soil with more nutrient’s addition

Oil radish, red clover, buck
wheat, rye grass

Smother crops: Smother weeds by outcompeting them in
growth

Buckwheat, oilradish, winter
rye, yellow sweet clover
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microbial species richness in soil causing biodiversity as well as microbial species
abundance leading to an increase in soil microbial population (Kumar and Adholeya
2016).

13.4 Soil Fertility in Relation to Physical, Chemical
and Biological Properties

Incorporation of GM plants in soil increases soil organic matter levels and thus
improves soil physical conditions in terms of increasing water and nutrient holding
capacity, enhancing soil aggregation, decreasing soil bulk density and thus decreas-
ing soil compactness, increasing infiltration rate, increasing air and water movement
in soil etc. (Badanur et al. 1990; Chimouriya et al. 2018). Interestingly, these soil
physical characteristics encourage more microbial proliferation which facilitates the
major conversion of soil available nutrients from their unavailable forms and thus
soil fertility (Pandey and Singh 2016; Zaccheo et al. 2016; Nayak and Vaidya 2018).
However, it is also true that organics present in leguminous and non-leguminous GM
behave differently. Legumes decompose quickly than non-legumes. Legumes
exhibit little effect on long-term soil organic matter building, but they have profound
effect on microbial growth and their dynamics during initial few months after their
mixing in soil. On the other hand, non-legumes decompose slowly in comparison to
legumes. However, in general, effects of GM on soil physical properties may only
become significant after growing several GM crops over a period of perhaps five to
ten years. GM plant roots entangle soil particles, thus encouraging aggregate

Table 13.2 Nutrient contents of green manuring and green leaf manuring plants

Plants

Nutrient content (%) on air dry basis

N P2O5 K2O

Green manure

Sunnhemp (Crotalaria juncea) 2.3 0.5 1.8

Dhaincha (Sesbaniaaculeata) 3.5 0.6 1.2

Sesbania (Sesbania speciosa) 2.7 0.5 2.2

Kolinji (Tephrosia purpurea) 3.1 0.5 1.2

Green leaf manure

Neem (Azadirachta indica) 2.8 0.3 0.4

Subabul (Leucaena leucocephala) 3.5 0.5 0.8

Pongamia (Pongamia glabra) 3.3 0.4 2.4

Gliricidia (Gliricidia sepium) 2.8 0.3 4.6

Gulmohur (Delonix regia) 2.8 0.5 0.5

Parthenium(Parthenium hysterophorus) 2.7 0.7 1.5

Water hyacinth (Eichhornia crassipes) 3.0 0.9 0.2

Ipomoea 2.0 0. 0.4

Cassia (Cassia fistula) 1.6 0.2 1.2
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stabilization and consequently influencing the infiltration rate by increasing pore
size. Water holding capacity of sandy soil is increased when organic matter is added
to it due to a dramatic change in its physical properties such as decreasing pore sizes
and thus reducing the percolation rate (Selvi and Kalpana 2009; Yadav et al. 2019).
Besides, GM increases microbial growth and their dynamics in soil (Eriksen 2005)
by releasing nutrients and energy materials as root exudates and eventually enhances
soil fertility and soil health (Doran et al. 1988). Additionally, microorganisms
synthesize polysaccharide gums that bind the soil particles together to form soil
aggregates and thus soil structure is maintained properly. Except Brassicas and
lupins, most of the green manures are known to maintain the population of soil
mycorrhiza which is normally associated with phosphorus nutrition in soil. Never-
theless, they are also responsible in maintaining soil structure (Dubey et al. 2015) by
entrapping soil aggregates. Additionally, GM prevents water and wind erosion
(Logsdon et al. 1993) due to the root–soil binding effect (Schumann et al. 2000)
and due to the crop canopy, which lessens the beating effect of water and wind on
soil surface so that soil particles are not detached and transported quickly. It has been
found that green manuring by lucerne, chicory and red clover facilitates to break up
compacted soil as they possess deep tap root system (Rayns and Rosenfeld 2010).

GM between crop sequence prevents nutrients being lost from the soil. GM draws
nutrients from the soil and stores them in their bodies. The nutrients held in GM
plants are again released in the soil, which become available to the succeeding crop
when the plants are decomposed after their mixing in soil, and thus help in nutrient
recycling. GM serves as a source of nutrients and energy for innumerable number of
soil organisms which are essentially helpful to maintain soil health. Release of
nitrogen, phosphorus and potassium in soil from decomposing Crotalaria juncea
L. was demonstrated earlier (Sinha et al. 2009); however, the rate of nutrient release
was found to be influenced significantly by climatic factors such as temperature and
moisture (Sinha et al. 2009) as well as plant types (Saria et al. 2018). Buckwheat,
lupin, oil radish etc. are known to enrich soils with phosphorus. Lupin demonstrated
more phosphorus uptake and their utilization than grain crops. Therefore, once GMs
are incorporated in soil, phosphorus from their body will be released and will
become available to the subsequent crop. GM has also been found to increase
phosphorus availability from rock phosphate in rice (Cavigelli and Thien 2003). In
general, they increase fertilizer phosphorus utilization (Bah et al. 2004, 2006). Bah
et al. (2004) demonstrated the benefit of integrating GM and inorganic phosphatic
fertilizers to overcome acid soil infertility. Legume GM shifted the soil acidic pH to
over 6.5 for several weeks (8–16 weeks) that enhanced nitrogen (N), phosphorus (P),
potassium (K), calcium (Ca) and magnesium (Mg) status of soil. Irrespective of their
quality, GM significantly improved the availability of fertilizer P by as much as 40 to
over 80%. The increase in pH may be due to abstraction of protons by organic anions
to form water, ammonification, ligand exchange reactions between hydroxyl groups
on soil surfaces and organic anions, as well as dissociation/association reactions of
various organic acids and decarboxylation of organic anions by microbial action
(Helyar and Porter 1989; Tang et al. 1999; Haynes and Mokolobate 2001). However,
soil pH may be reduced due to organic acids and carbon dioxides released by GM
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through their roots and during their overall decomposition. Thus, GM affects soil pH
significantly (Buragohain et al. 2018). GM, more specifically the leguminous one is
primarily considered as a source of nitrogen, since they contain low C:N ratio
(Bhuiyan and Zaman 1996). Additionally, leguminous type of GM in association
with specific type of microorganisms can fix atmospheric N and increase soil N level
after their incorporation in soil, while non-leguminous GMs increase the SOM
content and do not fix atmospheric N (Tejada et al. 2008). Therefore, application
of GM reduces the use of chemical N fertilizers and additionally, improves soil
physical and biological properties by increasing soil organic carbon (SOC) content
(Pung et al. 2004). Soil microbes decompose organic substances present in soil and
become instrumental to transform unavailable form of nutrients to their available
form for crops. During decomposition of plant residues in soil, the distribution and
population dynamics of soil microorganisms are significantly influenced (Akpor
et al. 2006; Bokhtiar et al. 2003) reported that the GM with dhaincha and sunn
hemp supplemented with urea at different levels exhibited an increase in sugarcane
yield up to 57% along with the significant increase in SOM, total N, available P and
S in the soil. N loss from soil amended with GM is considered significantly low
compared to chemical nitrogenous fertilizers. Thus, GM application to soil mini-
mizes air (acid rain, global warming etc.) and water pollution (eutrophication, nitrate
toxicity etc.). About 14% and 35% loss of nitrogen was demonstrated in flooded soil
with applied GM and split dose of urea, respectively (Becker et al. 1995). This might
be due to synchronization of demand and supply of nitrogen as GM acts as slow
release nitrogen source.

The importance of GMs in the improvement of soil CEC has been demonstrated
by many researchers (Kimetu et al. 2008; Saria et al. 2018). Therefore, it may be
concluded that GMs protect cation from leaching out of the plant root zone and
makes them available to plant roots.

Use of GM has potential to improve crop growth accompanied with both quan-
titative and qualitative yield as compared to N, P and K fertilizers. It is proved that
the nutritional effects of GMs on soil and crop plants depends on their residue quality
(Agbede 2018; Adekiya et al. 2019). Therefore, choice and selection of GMs also
play a pivotal role for the beneficial discharge to the succeeding crop, considering
both qualitative and quantitative aspect of the crop yield. Out of four GMs Moringa
(Moringa oleifera Lam.), Pawpaw (Carica papaya L.), Neem (Azadirachta indica
A. Juss.) and Mesquite (Prosopis Africana Guill., Perr. & A. Rich)], Moringa leaves
were found to be the best green manure improving the fruit quality of Okra in terms
of K, Ca, Fe, Zn, Cu and vitamin C contents compared with other green manures
(Adekiya et al. 2019). They recommended Moringa for obtaining quality of okra
fruits and Mesquite for quantity. Likewise, cassava productivity was increased by
Gliricidia, while Moringa improved root quality (Agbede 2018). Overall, GMs such
as Neem (Azadirachta indica A. Juss.), Moringa (Moringa oleifera Lam.), Gliricidia
(Gliricidia sepium (Jacq.) Kunth ex Walp.) and Leucaena (Leucaena leucocephala
(Lam.) de Wit) were found to increase mineral and starch contents and reduced HCN
content in the cassava tuber roots compared with the control (Agbede 2018). Such
variations might be due to the varied potential of GM plant materials to improve soil
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quality because of the difference in their chemical composition, rate of degradation,
extent of released nutrient elements in soil and in turn influencing the crop uptake.

It has been observed that microbial population, their growth and diversity are
significantly influenced with GM and soil admixture. This might be attributed to the
fact that easily available energy and nutrient source through GMwas delivered to the
soil microbial community, which stimulate their activity and growth. More microbial
proliferation leads to more extra cellular enzymes and their favourable abundance
causes major transformations of nutrients from plant unavailable forms to their
available forms. During 4 years of continuous experiment with ryegrass (Loliummul
tiflorum L.) application to soil, soil microbial biomass carbon (Cmic) and nitrogen
(Nmic), soil respiration, soil enzymatic activities such as urease, invertase, and
catalase were increased as compared to the control treatment (Ye et al. 2014). GM,
Trifolium pratense L. applied @ 25 t/ha increased Cmic by 79.2% (Tejada et al.
2008). Increase in microbial Cmic and Nmic, their size and activity were also observed
by several other researchers (Elfstrand et al. 2007; Ochiai et al. 2008; Balota and
Chaves 2011).

To increase agricultural production, in conventional agriculture chemical N
fertilizers are often overused to such an extent that environment is adversely
affected. Concentrations of several reactive oxidized and reduced forms of N such
as NOx, N2O, NO3

�, NH3 are reported to exhibit an increase in their concentrations
in the environment (Fagodiya et al. 2017; Meena et al. 2018b). Obviously, this
alarming hike in N species in the environment is not only due to chemical fertilizers,
but also due to other agricultural practices such as crop stubble burning after
harvesting, and indeed due to emissions from various industrial units. Nevertheless,
biological N fixation (BNF) from the atmosphere should be a better option to reduce
using chemical fertilizers that cause water pollution (NO3

�), air pollution (NOx),
and climate change (N2O) (Sulieman and Tran 2016). Under practical situations in
organic systems, the leguminous GM acts as the main source of N. Nowadays in
conventional system also legume GMs are used extensively primarily to minimize
chemical fertilizer application and to build up organic C pool in soil. Improved
organic matter level in soil helps to increase soil N as there exists a positive
correlation between them. Soil N level can be improved with improving levels of
SOM. Application of legume GM is an important option to optimize the BNF and to
ensure soil sustainability (Meena et al. 2018b).

Legumes in mutualistic symbiotic association with soil bacteria, called N-fixers,
(Rhizobia) can fix nitrogen from atmosphere and enrich soil with nitrogen through
mineralization, once they are decomposed after their incorporation in soil
(Fig. 13.1). In this process of BNF, the plants act as the C and energy source for
the bacteria which reside in the roots, forming nodules and in turn, supply N to the
plant. The available N present in the soil is critical to determine the extent of N
fixation. If there is abundance of available N in soil during plantation of legume, GM
prefers to use available form of N from soil instead of fixing them from atmosphere.
Therefore, to maximize the soil fertility gain through leguminous GM, one should be
careful during its placement in crop sequence and current soil fertility status.
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13.5 Nutrient Availability

It has been observed that N mineralization is normally very fast during the initial
days after incorporation followed by flooding, afterward release of N decreases.
Sesbania released 31% N in 20 days, which went up to 39% in 40 days (Singh et al.
1992). In a separate experiment also maximum effect on soil nutrient content was
found in sixth and seventh weeks after incorporation of GM, Mucuna
(Mucunapruriens) and green gram (Vigna radiate L.) into the soil (Saria et al.
2018). Green gram and mucuna caused an increase in soil available P content
from 0.03 to 0.39 and 0.37 mg/kg, respectively. They observed a hike in total
organic C in soils by a factor of 2.3 to 3.2. Total N increased significantly from
1.28% to 2.64% at sixth week in soil with green gram and 2.83% at seventh week in
soil with mucuna. However, N mineralization from GM plants is significantly
influenced by soil characteristics such as pH and texture, management practices,
climate, age of the plants and their C:N ratio (Nagarajah et al. 1989; Singh et al.
1992; Kumar and Power 2018).

GM addition in soil may increase P availability to succeeding crops (Vanlauwe
et al. 2000; Cavigelli and Thien 2003; Chimouriya et al. 2018) by several mecha-
nisms such as (1) GM transforms unavailable P arising from native and residual
fertilizer P to some other chemical forms that become available to succeeding crops;
(2) There are some GMs, such as alfalfa, red clover, sweet clover, lupine etc., which
show more ability to absorb available P from soil as compared to other crops (Braum
and Helmke 1995). Their further decomposition and mineralization increase avail-
able P in soil; (3) Carbon dioxide, released during GM decomposition after their
incorporation in soil or metabolically released from root and microbial respiration,
forms carbonic acid in soil solution, that facilitates dissolution of P containing

Fig. 13.1 Soil enrichment with N by fixation and mineralization
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primary minerals like apatite. Additionally, organic acids, generated from the
decaying GM during their decomposition, are responsible for dissolution of P
from rocks and minerals; (4) P availability may be increased in soils of high P fixing
capacity because P adsorption sites may be masked by organic compounds that are
synthesized during GM decomposition (Easterwood and Sartain 1990). Moreover,
organic compounds may also release P from adsorbed sites through anion exchange
phenKangomenon (Kafkaf et al. 1988). Therefore, in general GM decreases soil P
sorption (Singh and Jones 1976; Bumaya and Naylor 1988); and (5) Since repeated
application of GM improves soil physical conditions by decreasing bulk density,
increasing moisture holding capacity and improving soil aggregation, succeeding
crop roots and mycorrhizal growth are improved facilitating more P availability
(MacRae and Mehuys 1985). But this is also true that increased P availability is not
always reciprocated with GM incorporation in soil (Bumaya and Naylor 1988). This
might be due to subsequent P sorption on soil and more utilization of available P by
the soil microorganisms (White and Ayoub 1983).

It has been established that organic matter amendments to soil improves utiliza-
tion of naturally stocked soil micronutrients, and thereby reduce any need for major
external inputs (Aghili et al. 2014). They applied ZnSO4 alone as fertilizer, 65Zn
radiolabelled green manure (sunflower) and their combined application. ZnSO4

application to soil led to an increase in bread-wheat grain Zn concentration from
20 to 39 mg Zn/kg and sole application of green manure of sunflower to soil raised
bread-wheat grain Zn concentration to 31 mg Zn/kg. Their combined application to
soil increased grain Zn concentration even further to 54 mg Zn/kg.

13.6 Reclamation of Saline and Sodic Soil

N, organo-mineral, organic C and total carbohydrate levels in salt-affected soil are
improved to a great extent, when soils were amended with GM (Zubair et al. 2012).
However, this essentially improved the impaired soil physical conditions too. In
sodic soil, green manuring is a common practice to reclaim the soil as well as to
improve the soil fertility. GM lowers down high pH of the soil by adding acids to the
soil and further replaces the exchangeable sodium ions by other favourable ions such
as calcium. Sodic soil is low in its organic contents because sodium carbonate and
sodium bicarbonate salts in the solution dissolve humus, particularly fulvic and
humic acid fractions. Hence, mixing of GM in sodic soil enhances SOM content
(Khan et al. 2000) and eventually improves the soil physical conditions. Addition-
ally, they help to replace sodium ions at the exchange sites by calcium ions. Lime
always exists in sodic soil as insoluble calcium carbonate and thus sodic soil is
always with less calcium ionic activity. As GM addition to soil releases more carbon
dioxide during its decomposition, soil solution is enriched with more soluble
calcium that replaces sodium ions at the exchange site and sodic soil is eventually
reclaimed (Maitra et al. 2018). To reclaim sodic soils, Sesbania aculeata and
Delonix elata, which are resistant to sodicity stress, are found very effective GM
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and green leaf manures, respectively (Baig and Zia 2006; Chandrasekaran et al.
2010). Sesbania aculeata contains 34% Ca on dry weight basis which helps to
replace sodium from sodic soils. Partially decayed tamarind (Tamarindus indicus)
leaves were also reported to ameliorate soil salinity (Vakeesan et al. 2008).

13.7 Nutrient and Soil Conservation

Nutrient and soil conservation are the most important two benefits which can be
achieved from GM, as the topsoil is covered by the crop canopy (Larson and Pierce
1996; Maitra et al. 2018). It protects the soil from the direct impact of rain and heavy
wind which may loosen the soil particles and transport them to other places. Apart
from soil conservation, GM consumes excess nutrients present during the fallow
period and releases them back to the soil during the main crop cultivation. Large
quantities of nitrates are lost from soil by leaching and surface run-off as nitrates are
not strongly attracted by soil particles. This is more pronounced during the gap
period between two main crops. GM crops act as cover crops, protecting the soil
from erosion and nutrient loss (Florentin et al. 2011). Winter GMs can be very
effective crops for ‘mopping up’ excess nitrate in the soil in the autumn. Reduction
in soil nutrient loss is due to the uptake of soluble nutrients by GMs, that might have
been otherwise lost in drainage water or due to erosion. After subsequent mixing
with soil, GMs make C, N, P, S and other nutrients available to the succeeding crops.

Similar to nitrate trapping (Tonitto et al. 2006; Constantin et al. 2011; Tribouillois
et al. 2015), S catching by GM was also reported (Eriksen and Thorup-Kristensen
2002; Eriksen et al. 2004; Couëdel et al. 2018). Crucifers grown as cover crops
minimizes sulphate leaching (S catch-crop service) and subsequently when they are
incorporated into the soil, give back significant quantity of sulphate to the soil, which
are utilized by the successive main crop. These S catch-crop and green manure
services were validated for a wide variety of crucifer and legume species that differ
in architecture, precocity and C:S ratio (Couëdel et al. 2018). In N green manure
service, however, legume is the sole cover crop providing a lower S green manure
service than crucifer sole cover crops because of their lower S uptake and higher C:S
ratio, which may lead to net S immobilization instead of net S release (Eriksen
2005). Hence, cruciferous crops such as winter rape or fodder radish may be
effective to prevent sulphur leaching. GM such as chicory shows its mining effect
with its deep tap root. It may accumulate large amounts of sulphur, boron, manga-
nese, molybdenum and zinc from rich subsoil (Rayns and Rosenfeld 2010).
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13.8 Pest Management

GM controls insect-pests, weeds and soil-borne diseases and disrupts the life cycles
of several crop pests by creating a space in the crop rotation sequence where suitable
hosts for cereal or oilseed insect pests or diseases are not available (Kumar et al.
2014; Varma et al. 2017). Thus, pest incidence may be reduced by providing a break
from cereals with a GM legume.

GM controls weed population (Blackshaw et al. 2001) and inhibits weed seed
germination by their allelopathic effect (Boydston and Hang 1995). Population and
dry weight of weeds were found to be reduced by dhaincha alone or integrated use of
60 kg N/ha through urea +60 kg N/ha through dhaincha.

GM plants encourage proliferation of microbial growth and their activities which
may consequently suppress pathogen. Additionally, they may exhibit direct biocidal
effect on the pathogen. Williams-Woodward et al. (1997) reported a control of
common root rot of pea (Aphanomyces eutieches) bylucerne residues. Similarly,
buckwheat controlled common scab (Streptomyces scabies) and verticillium wilt of
potatoes (Wiggins and Kinkel 2005). In a separate experiment verticillium wilt of
potatoes was found to be suppressed by Austrian winter pea, Pisum sativum L.;
Broccoli, Brassica oleracea L. or Sudan grass, Sorghum vulgare (Ochiai et al.
2007). GM plants (such as Brassica, Crotalaria etc.) exhibited positive effect on
soil-borne disease management (Pung et al. 2004; Larkin and Griffin 2007; Kamil
et al. 2009; Kumar et al. 2010). Brassica GM crops produce isothiocyanates type of
biofumigant to inhibit density of Sclerotinia spp. which causes various soil-borne
plant diseases (Pung et al. 2004). Crucifer type of GM plants contains glucosinolates
that control Pythium spp. and in general suppress total fungal population (Lazzeri
and Manici 2001). There are also reports of releasing fungitoxic compounds such as
avenacin, saponins (Deacon and Mitchell 1985; Engelkes and Windels 1994) from
GM plants. Soil-borne diseases caused by pathogens such as Rhizoctonia solani,
Phytophthora erythroseptica, Pythium ultimum, Sclerotinia sclerotiorum, Fusarium
sambucinum and Sclerotium rolfsii were found to be effectively controlled by
Crotalaria juncea L (Kamil et al. 2009) and Brassica crops such as canola, rapeseed,
radish, turnip, yellow mustard, and Indian mustard (Larkin and Griffin 2007).
Suppression of nematode attack to agricultural crops by GM was also reported
(Pakeerathan et al. 2009; Agbenin 2012). Incorporation of green leaf manuring
with Potria (Thespesia amnea), Calotropis (Calotropis gigantia), Neem (Azadiracta
indica), Gliricidia (Gliricidia maculata) and Glycosmis (Glycosmis pentaphylla)
reduced the incidence of Meloidogyne incognita, a root-knot nematode, in tomato
(Pakeerathan et al. 2009). All in all, GM promotes beneficial microbial activity in
soil (Manici et al. 2004).
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13.9 Types of Green Manuring and Its Application
in Sustainable Agriculture

Green manuring is practiced in different ways depending upon the soil and the
climatic conditions of the area. On the basis of how biomass is added to the soil, the
green manuring practices can be considered of two types.

13.9.1 In Situ Green Manuring

In the northern parts of India, green manuring is done by growing green manure crop
as an intercrop with the main crops (Singh 1984). The crops like sunn hemp, black
gram and green gram can be used as green manure crops. These crops are grown
along the main crop and after reaching flowering stage are cut and buried into the soil
and allowed to decompose. Sesbania aculeata, Crotolaria juncea and
Aeschynomene americana are some of the most commonly used green manures
(Wilson et al. 1986). Sesbania aculeate (GM crops) also known as Dhaincha, is a
fast growing plant which can be incorporated after 8–10 weeks of sowing. It can be
grown as green manure crop and helps in improving physical properties of soil
including infiltration rate and soil organic carbon (Boparai et al. 1992). It is known
for root nodules, fixing nitrogen and growth in adverse conditions like water logging
and drought; it has gained momentum in context of being a sustainable agricultural
crop (Ambika et al. 2015). Sesbania ranks first among green manures in contributing
biomass and nitrogen to the fields (Dubey et al. 2015). Furthermore, Crotalaria
juncea, also known as sunn hemp or Tropic sun, is generally considered as a native
to India and is grown on a wide scale in other countries. Sunn hemp is grown to serve
the purpose of green manure; it should be ploughed down before the full flowering
stage. Application of Crotalaria in long term in the fields improves the soil quality
and promotes shoot growth in Zea mays (Sangakkara et al. 2004). Being a legumi-
nous plant, Crotalaria is known to provide nitrogen content to the subsequent plant
but experiments have shown that input of nitrogen by adding either shoot or root or
both shoot or root showed different results. The subsequent plant in pot with only
root showed that the N recovery rate was significantly higher than the one with both
root and shoot (Choi et al. 2008). Aeschynomene americana is another type of
leguminous annual herb which is used as green manure in rice fields in southern
India. It is grown during the fallow season and ploughed down before the rice crop
has to be sown (Rao et al. 1980). It can be used as GM crops to improve yield, fix
large amount of nitrogen and may help in providing sufficient nitrogen content to
rice plants. Therefore, it can be used as a substitute by resource poor rice farmers
(Dickmann et al. 1996).
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13.9.2 Green Leaf Manuring

Leaf of GM crops is practiced by incorporation of the leaves which are brought to the
fields in bundles and kept covered for the process of decomposition (Vakeesan et al.
2008). In that context, green leaves are harvested from the plants which are pruned
three times in a year, i.e. in June, November and March (Rao et al. 1980). This
practice is followed mostly in central and eastern India. The crops which are known
to be suitable for this purpose include Gliricidia maculate, Leucaena leucocephala,
Azadirachta indica, etc. (Ambika et al. 2015; Lokanadhan et al. 2012). Gliricidia
being thornless, is a fast growing leguminous tree that has the potential to play a
multipurpose role in the agricultural system. It can be used as a GM crop as well as a
fodder to the cattle and can improve the soil nitrogen content and organic content.
Hence it can be used as a fertilizer for rice paddies (Falvey 1982). Experiments by
Bah and Rahman (2001) have shown that the application of Gliricidia leaves to the
surface increased the uptake of nitrogen by maize, thus proving that it potentially can
improve the productivity of soils. Application of Gliricidia pruning combined with
inorganic fertilizers in maize fields helps in enhancing the availability of phosphorus
to the soil which can be utilized by maize plants (Mweta et al. 2007). Leucaena
leucocephala is a deep-rooted GM crop which is able to survive in various soil types
and is known for its resistance to drought conditions (Aganga and Tshwenyane
2003). Studies and experiments have shown that incorporation of leaves and prun-
ings of Leucaena in maize field may serve as a source of nitrogen for the subsequent
crop as effectively as some inorganic nitrogen source (Kang et al. 1984).
Azadirachta indica (neem) is commercially exploitable and useful; the leaves of
tree have gained popularity as being potential manures (Biswas et al. 2007;
Lokanadhan et al. 2012). Because neem is rich in potassium, sulphur, nitrogen,
calcium, etc., it can nurture the plants and soil by providing the required nutrients
and help in increasing the crop yield (Lokanadhan et al. 2012).

13.9.3 Impact of Green Manure on Microbial Diversity

The organic matter provided by green manure serves as a substrate for microorgan-
isms and thus leads to an increase in microbial populations (Feng et al. 2003;
Elfstrand et al. 2007; Mohammadi 2011). The structure and function of these
microbial communities depend upon the soil and the plant species in the field
(Berg and Smalla 2009). The Denaturing gradient gel electrophoresis (DGGE)
analysis has also confirmed the effect of soil and plant type on the microbial
communities (Wieland et al. 2001). These microorganisms like bacteria, fungi,
actinomycetes etc. play a very important role in maintaining fertility of the soil.
The rhizobacteria help in fixing nitrogen whereas many fungi like Vesicular
Arbuscular Mycorrhiza (VAM) can function to convert insoluble phosphates to
soluble forms, accumulate plant nutrients and reduce the severity of plant pathogenic
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diseases (Mohammadi and Sohrabi 2012). However, long-term application of inor-
ganic fertilizers in soil led to deficiency in organic content and microbial activity
(Fauci and Dick 1994). This reduction in organic content can lead to a decreased
microbial activity and diversity (Kumar and Adholeya 2016). Mineral fertilizers, like
nitrogen fertilizers, if applied in high amounts can lead to recession in number of
bacteria Arthrobacter and Streptomyces by 50%. Not only this, the fertilizers can
lead to a complete extinction of genera like Azotobacter, Rhizobium and
Bradyrhzobium (Barabasz et al. 2002). Many approaches have been developed to
estimate the microbial communities and biomass in the soil. Soil microbial biomass
can be assessed either directly by microscopic counting or indirectly by estimation of
any constituent of microbial cell like C, P, S, N, ATP and phospholipids. The
comparison between fields receiving no organic matter and field receiving organic
inputs over years, showed that soils receiving organic inputs showed an increase in
the Phospholipid fatty acid (PPLA) content indicating increases in the microbial
biomass (Elfstrand et al. 2007). Another promising approach to estimate the micro-
bial communities is metagenomic analysis. This approach is based on collection of
samples from the environment and amplifying the 16S rDNA from the DNA present
in collected samples (Đokić et al. 2010). The comparative studies carried out by
researchers in organic and conventionally farmed soils showed a significant differ-
ence in the taxonomic composition of the microbes as the organically farmed soils
were found to be dominated by plant growth-promoting bacteria (Pershina et al.
2016). The analyses also show that manuring has proved to be very effective in
improving the microbial community in the soils, where on the other hand, mineral
fertilization was not found very effective in inducing changes in community struc-
ture (Lentendu et al. 2014).

13.10 Management Practices and Conservation of Green
Manure Crops

The management of green crops is very important for improving productivity and
organic content of soil and for ensuring proper usage of resources. These practices
may vary depending upon the type of green manure used in terms of sowing season,
duration of crops and the farming system used. Other factors that are considered
include fertility management, seed bed preparation, agronomic feasibility etc. Every
crop requires sufficient nutrients, adequate moisture levels and balanced pH for
proper growth. These factors if not available in appropriate quantity to the green
manure might influence the performance of green manures as their nitrogen content
and biomass production may vary according to the field conditions (Ladha and
Garrity 1994). Moreover for proper production of the crops, the depth at which
seed is sown has to be taken care of. According to the size of seed to be sown, the
depth can be determined. The seed bed should be prepared in such a way that the soil
should be loosened leaving no compaction at the surface or in the depth, keeping the
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track of available moisture content. Most of the green manure crops that are used in
cropping systems are leguminous, nitrogen fixing plants. But these plants might also
serve as food sources for various other microorganisms which can cause diseases in
plants and therefore, farmers seem reluctant while growing such plants. Therefore, to
serve as a potential green manure crop, the crops are either needed to be disease
resistant or other or to be managed by other disease resistance strategies (Ladha and
Garrity 1994). The amount of biomass and nitrogen green manures contribute to the
soil is variable in different plant species. Besides this there are other important
factors like sensitivity to photoperiods, ability to withstand harsh conditions and
yields which are needed to be in a plant to serve as green manure crop. Except these
the overall costs are considered to count a plant as a feasible agronomic green
manure crop (Ladha and Garrity 1994).

13.11 New Insight of Green Manure for Crop Improvement

Green manure crops have proved to be very beneficial to farmers as it provides fixed
nitrogen to the subsequent plants improving soil health and significantly reducing
the pest infestation and thus the diseases (Berry and Rhodes 2006). Thus, for them,
to efficiently work as GM crops, they need to be good in biomass, have high nitrogen
fixation rate, resistant to stresses like drought and salinity. Since genetic modifica-
tion of plant uses highly heritable traits, it can be considered as an initiation step in
optimizing the plant (Huyghe 1998). Genetic transformation and regeneration using
A. tumefaciens-mediated transformation were confirmed to create stable herbicide
(Basta) resistant cultivars in Legumes (Atkins and Smith 1997; Fageria 2007).
Moreover, Biswas et al. (2007) reported an increase nodulation efficiency in
Sesbania by two to four-fold using mutant strain of Sinorhizobium saheli, originated
from the root nodule of Sesbania aculeate. Additionally, many literatures manipu-
lated agronomical important gene in cover crops for better biomass, photoperiod
sensitivity, vigorous shoot type to suppress weeds, minimize pod shattering and
create strong resistance against pathogen (such as Fusarium wilt) (Tani et al. 2017).
Recently, a major quantitative trait locus against root-knot nematodes disease in
legumes were identified and mapped by Huynh et al. (2016). Moreover, Pottorff
et al. (2012) mapped Fusarium resistance loci of 85 diverse line of legumes against
Fusarium oxysporum f.sp. tracheiphilum. Besides, introduction of novel gene
pyramiding technology transfer Fusarium wilt and Root knot nematodes resistance
genes in single breeding line of leguminosae crops. wilt into single breeding line of
leguminous crops. New modifications based on increase in plant biomass of legume
cover crop by inhibiting reproductive development was also described by Harfouche
et al. (2011). Similarly, Alfalfa is another crop which is routinely being used as a
green manure crop since past few years. However, crop is susceptible to alfalfa
weevil (Hypera postica). To improve the variety of alfalfa, new transgenic plants
were developed which possess resistance against alfalfa weevil. Additionally, new
transgenic cultivar of Alfalfa was developed using Agrobacterium mediated
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transformation which showed resistance against insect (Alfalfa weevil) (Tohidfar
et al. 2012).
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Chapter 14
Mighty Microbes: Plant Growth Promoting
Microbes in Soil Health and Sustainable
Agriculture

Imtiaz Ahmad and Sania Zaib

Abstract Plants undergo a variety of biotic and abiotic stresses and to cope with
such stresses, they have developed different direct and indirect mechanisms. Soil
contains a diverse microbial community that have a diverse functional niche. For
maximum growth and protection benefits, plants establish partnership with a variety
of different beneficial microbes such as bacteria and fungi. These microbes can live
inside and outside of plant tissue and have a broad host range. Microbes can
modulate plant defense signaling pathways in the presence of stress conditions.
Beneficial microbes can antagonize stresses and improve plant growth and fitness.
We need to better understand the ecology and biology of the microbes associated
with plants to exploit maximum services associated with beneficial microbes. For
environmentally friendly and sustainable agriculture, we should reduce input of
chemical fertilizers, pesticides, and fungicides and in this regard, use of beneficial
plant-associated microbes is a promising alternative.

Keywords Beneficial microbes · Sustainable agriculture · Soil health · Symbiosis ·
PGPR · Fungi · Biotic and abiotic stresses

14.1 Introduction

In the past 50 years, a tremendous increase in the food production has been observed
which is usually the outcome of widespread agriculture system called conventional
or industrial farming system. According to an estimation of World Bank this system
has risen the food production between 70% and 90%. However, for the enhancement
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of food production, this agriculture system relies on various chemicals and artificial
enhancements such as fertilizers, pesticides, genetically modified organisms and
external energy inputs like fossil fuels, large-scale farms and use of large machine
for their management. Although intensive agricultural production is the need of the
time, the massive utilization of the natural resources that are nonrenewable such as
soil, water, fossil fuels and rock mineral reserves etc. and energy-intensive industrial
processes for the fertilizers production and the runoff of the soluble nutrients into the
aquatic systems are the sources of environmental contamination (Browne et al.
2013). In addition, intensive agriculture is also affecting the stability of biosphere
by increasing the production of greenhouse gases and therefore rising the earth’s
temperature. This is ultimately generating various types of stress conditions such as
salinity, drought, nutrient deficiency, soil erosion, contamination, pest and disease
etc. which are affecting both agricultural system and natural ecosystems. Despite
enhanced food production by the industrialized agriculture system, due to the
negative aspects of this technology, many scientists and farmers are shifting toward
sustainable agriculture which is environmentally, economically, and socially more
sustainable.

14.2 Sustainable Agriculture

The word “sustain” comes from the Latin word sustinere (sus means “from below”
and tinere means “to hold”), implying for long-term support. With respect to
agriculture, the term sustainable means a farming system that for an indefinite time
can maintain its productivity and efficacy to a society that is socially supportive,
commercially competitive, resource conserving, and environmentally sound. So
sustainable agriculture mainly emphasizes on long-term production of crops with
minimum effects on the environment. In addition to food, it also helps in lessening
the utilization of fertilizers and pesticides, water conservation and promoting crops
biodiversity. In addition, this system assists in the maintenance of economic stability
and assists the farmers in improving their quality of life by using better techniques.
In accordance to Food, Agriculture, Conservation and Trade Act (FACTA) of 1990,
sustainable agriculture is an integrated system that in the long run will satisfy the
needs of human food and fiber, promote agricultural economy by enhancing the
quality of natural resources and environment, efficiently utilize nonrenewable
resources, and improve the life quality of farmers and society as a whole. In
agriculture, environmental sustainability means good stewardship of the natural
system and the resources on which farms depend upon. This includes the mainte-
nance of healthy soil, management of water, reduction of pollution, and enhance-
ment of plant biodiversity.
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14.3 Benefits of Sustainable Agriculture

The various benefits of sustainable agriculture can be divided into human health
benefits and environmental benefits. With respect to human health, in sustainable
agricultural crops, people are not being exposed to chemicals, i.e., fertilizers and
pesticides, so these crops ensure consumer safety as it reduces their chances of
illness after exposure to these chemicals. Additionally, these crops could be more
nutritious being more natural and healthier than the crops grown through industri-
alized agriculture. It also benefits the environment through saving soil water,
decreasing soil erosion, and by the maintenance of soil quality. Moreover, it also
contributes for enhancing the biodiversity by the provision of natural and healthy
environment to a variety of the organisms. One of the major benefits for the
environment is the 30% less energy consumption for one unit of crop yield. This
reduces the dependence on fossil fuels, and consequently environment is less
polluted.

14.4 Sustainable Agricultural Practices

World population is expected to reach 10 billion in 2050 and almost all this growth
increase is expected to take place in the developing countries. This will generate
many challenges, increasing the demand of more food, fiber and bioenergy and the
demand for the preservation of the biosphere. Researchers are aware to address their
research efforts for satisfying the food demands of a growing and urbanized world
population. In this regard, agricultural practices are basic to fulfill the future agri-
cultural demands of the world (Altieri 2004). Some of the most common techniques
include crops rotation, planting cover crops, reduction or elimination of tillage,
application of integrated pest management, integration of livestock and crops and
adoption of agroforestry practices. Besides traditional solutions, a recommended
approach is the use of beneficial native soil microbes as biocontrol agents, which is a
strategic technique for the achievement of sustainable agricultural production. These
microbes play fundamental role to produce healthy and sustainable crops and
preserve the biosphere. They improve the plant nutrition and health and improve
the quality of soil (Lugtenberg 2015).

14.5 Plant-Associated Soil Microbiome and Sustainable
Agriculture

A goal of sustainability is to look for competent methods of nutrient recycling,
pathogens and pest control and the alleviation of negative effects of abiotic stress
factors. Microbes offer many services to plants and soil (Ray et al. 2016; Zolla et al.
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2013). Various types of organisms are found in the soil microbiome, but among
those bacteria and fungi received much attention (Spence and Bais 2013). Several
factors affect the recruitment and maintenance of the microbiome in the rhizosphere
(a thin layer of soil encircling the plant roots). Plant morphology as well as the
rhizodeposition of the plant give rise to distinct microbial population (Rosier et al.
2016). Along with other environmental factors, the chief traits of soil such as micro-
and macronutrients, pH, redox and water potential, play a vital role in shaping
composition and activity of microbiome. Most of these microbes are found in the
rhizosphere and few of them reside inside the plant tissues, known as endophytes
(Mercado-Blanco 2015). About 90–100 million bacteria and 200,000 fungi are
usually found in a gram of soil. The exudates of plant roots containing a large
amount of photosynthetically fixed carbon is the one of the major sources of
attraction for these microbes. The relationship between plants and microbes may
be beneficial, harmful, or neutral for the plants. Rhizobacteria and fungi that play
beneficial role for plant growth and development are known as plant growth
promoting rhizobacteria (PGPR) and plant growth promoting fungi (PGPF), respec-
tively. Presently, based on successful interaction of PGPR and PGPF with plants,
scientists are now utilizing these in agriculture, horticulture and for other environ-
ment services (Gamalero and Glick 2011). Hence understanding the diversity in
structure and key function of the microbiome can play important role in sustainabil-
ity of agriculture.

14.6 Role of Soil Microbes for Stress Tolerance in Crops

Meta-analysis of the plants under various stresses simultaneously show a complex
regulation of plant growth and immunity. It is fundamental to understand the
phytohormonal interaction in the signaling network, in order to understand the
survival of plant microbiome systems under stressed conditions, which will be useful
for designing biotechnological strategies to optimize the plants stress adaptive
mechanisms and to improve microbes’ ability to ameliorate stress situations in
crops (Pozo et al. 2015). Although under stress situations the mechanisms involved
in plant–microbe interactions are not well understood. However, various ongoing
researches are showing evidences of the microbes induced alterations in the plant
excreted root exudates, activities of transporters and in the plant morphology and
physiology, changes that enable plants to recruit stress alleviating microbes, a
strategy that helps in enhancing crop yield under stress environments (Zolla et al.
2013). As the environmental stress factors badly affect the agriculture productions,
so rhizosphere microbes play a vital role in assisting plants to survive under such
harmful conditions (Barea et al. 2013). Applications of the stress-tolerant PGPR and
Arbuscular mycorrhiza (AM) fungi help in plant growth and survival under severe
conditions (Nadeem et al. 2014). During stress, various direct and indirect mecha-
nisms are utilized by these microbes to combat the adverse effects (Ahmad et al.
2019). Under unfavorable circumstances, microbes use various biochemical and
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molecular mechanisms to promote the plant growth and development. For instance,
PGPR regulate hormonal and nutritional balance, produce phytohormones, induce
systemic resistance against phytopathogens, produce certain metabolites like
siderophores that help in reducing the phytopathogens population around the plants
(Spence and Bais 2015; Złoch et al. 2016). Similarly, they can also fix atmospheric
nitrogen and solubilize phosphate that facilitate plant growth (Ahmad et al. 2011). In
addition, mobilization of nutrients and production of exopolysaccharide and
rhizobitoxine, etc. are other mechanisms used by the PGPR (Vardharajula et al.
2011). Rhizobitoxine by inhibiting the ethylene production helps the plant to cope
stress situation (Kumar et al. 2009). Besides certain key enzymes such as ACC
deaminase, glucanase and chitinase are also produced by these microbes to over-
come adverse conditions (Farooq et al. 2009b). Some bacteria also possess sigma
factors to alter the gene expression in order to overcome negative effects of stress
situations (Gupta et al. 2013). Besides PGPR, fungi also play an important role in the
growth and development of plants. Arbuscular mycorrhiza is the most widespread
mycorrhizal association present in the agriculture field, which plays an important
role in nutrient cycling. So, by utilizing these various mechanisms, microbes assist
the plants in maintaining their original growth under the stress conditions as shown
in Fig. 14.1. As PGPR are the potential alternate of fertilizers and pesticides, so they
are essential for sustainable agriculture production and to deal with future food
security concerns. Use of the stress-tolerant microbes in the sustainable agriculture
practices can help in enhancing the nutritional values and yields of food grains under
the changing environment and can save 20–25% cost of the chemical fertilizers and
pesticides. Further utilization of these practices can also assist the farmers in
enhancing their financial income by producing organic foods and vegetables. We
will focus on the role of PGPR and PGPF in plant growth promotion and protection
(Fig. 14.1).

14.7 Plant Growth Promoting Rhizobacteria

Among the plant-associated microbiome, PGPR are the potential microbes having
ability to colonize the plant roots and stimulate plant growth (Goswami et al. 2016).
These soil bacteria belong to various genera such as Pseudomonas, Bacillus, Rhi-
zobium, Azospirillum Azotobacter, Azoarcus, Clostridium, Enterobacter, and
Serratia (Arora et al. 2015). PGPR are also potential microbes that provide plant
protection against various environmental stresses (Kang et al. 2014). The effective
role of PGPR in sustainable agriculture has been described by an ample literature
(Ahemad and Kibret 2014; Arora and Mishra 2016). Initially PGPR’s role was
explored only for the enhancement of crop productivity, but according to several
recent studies they are also important for the proper functioning of agroecosystems
(Cheng 2009). PGPR can assist in restoring the degraded land, reducing the envi-
ronmental pollutants from the soil and improving the soil quality and combating
changes in the climate (Kuiper et al. 2004) by a variety of mechanisms.
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14.7.1 Mechanisms of Plant–PGPR Interactions

The in-depth understanding of the interactions at the soil–root nexus will help in
unlocking the potential of the microbes for agriculture. During recent past, extensive
research has been conducted to reveal the mechanisms of plant–microbe interactions
(Beneduzi et al. 2012). PGPR usually facilitate the plant growth either directly or
indirectly as shown in Fig. 14.2.

14.7.2 Direct Mechanisms

As the availability of the mineral nutrients in the rhizosphere is important for the
plant growth, the improvement of mineral nutrition in plants by PGPR is one of the
best mechanisms studied among the direct mechanisms (Pii et al. 2015b). Biological
nitrogen fixation, siderophores production, phosphorus solubilization, and the
manipulation of biochemical and molecular pathways for nutrient acquisition are

Fig. 14.1 Role of soilborne microbes in plant growth promotion and protection against stresses.
PGPR, PGPF and other rhizospheric and endophytic soilborne microbes with a diverse host range
help plants in combating several environmental stresses

248 I. Ahmad and S. Zaib



the various ways utilized by PGPR for mineral nutrients acquisition (Terrazas et al.
2016).

14.7.2.1 Biological Nitrogen Fixation

Nitrogen (N) is the most vital element for plant growth and development. Although
78% of N is available in atmosphere, plants are unable to use this molecular nitrogen
directly. Biological nitrogen fixation helps in providing this important nutrient to
plants in a usable form. In this process, N is converted into ammonia (NH3) using
ATP, which is catalyzed by the nitrogenase enzyme. Various microbial genera such
as Psudomonas, Bacillus, Azospirillum, Erwinia, and Rhizobium can fix atmospheric
nitrogen (Silva et al. 2016). Both symbiotic and nonsymbiotic bacteria can fix the
atmospheric nitrogen (Bhat et al. 2015). The nonsymbiotic bacteria include
diazotrophicus, Azospirillum, Azotobacter, and cyanobacteria. The symbiotic nitro-
gen fixation is carried out by the members of Rhizobia genera through forming
symbiotic association with leguminous plants and most of the atmospheric nitrogen
is fixed through this process. However free-living diazotrophs contribute very less
for the bioavailability of N to the plants (Jones et al. 2007). Biological nitrogen
fixation is economically viable and environmentally safe alternative of chemical
fertilizers. Some of these bacteria-forming root nodules also play an important role in
interaction between plants and bacteria (Yan et al. 2008). Different abiotic stresses
like salinity and drought inhibit the root nodulation. Nitrogenase enzyme is very
sensitive to salt stress and its activity is severely hampered under salt stress condi-
tion, which ultimately inhibits nitrogen fixation. PGPR help plants in combating
these stress conditions and offer great services to promote and protect plant growth.

Fig. 14.2 Mechanisms of plant growth promotion by PGPR. PGPR can promote growth and their
mutualistic or symbiotic plant hosts from different biotic and abiotic stresses by multimechanistic
approach
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14.7.2.2 Solubilization of Phosphorus

Like nitrogen, phosphorus (P) is also an essential nutrient important for plant growth
and development. It is important for root growth and for various physiological
processes of plants. Plants usually acquire P from the soil in the form of phosphate
ions. Phosphorus in the soil is present in excess both in the organic and inorganic
forms but less than 1% is readily available for plants (Terrazas et al. 2016). So, in
order to ensure the availability of immobilized P to plants, solubilization of inorganic
forms and the enzymatic mineralization of organic P is required (Gerke 2015). PGPR
make it available to plants through mineralization and solubilization. The plant–
microbe association in soil helps in enhancing the mobility of phosphorus and its
availability to plants. The phosphate solubilizing rhizobacteria are very common in
nature and their numbers differ from soil to soil. They govern biogeochemical cycle
in natural agriculture system and usually mobilize phosphate by producing organic
acids and phosphatase. The phosphate solubilization may result either due to
decrease in pH or due to cation chelation. Various genera of PGPR and fungi are
able to solubilize phosphate (Yadav et al. 2014). Most of the plant-associated PGPR
improve phosphorus uptake in plants from soil under the P deficient condition
possibly through production of organic acids and phosphatases and by lowering
pH. These organic acids compete for binding sites on soil and make the availability
of P to plants. The organic acids decrease the surrounding pH and release phosphate
from the H+ ions. Among the various organic acids, 2-ketogluconic acid is the
effective acid. Moreover, cotransport of protons along with exudation process
acidify the external medium that promotes acid solubilization of the immobilized
P (Terrazas et al. 2016). The phosphatase enzymes of PGPR assist in mineralizing
the organic forms of P and releasing orthophosphate groups in soil (Azeem et al.
2015). Several PGPR are reported to have ability of phosphate solubilization, so
their use in agriculture may be cost-effective and sustainable.

14.7.2.3 Production of Siderophores

Iron is a micronutrient vital for plant growth playing crucial role in photosynthesis,
respiration, DNA synthesis, and nitrogen fixation. Iron in nature exists in ferrous Fe
(II) and ferric Fe (III) oxidation states. Under aerobic environment, iron is mostly
present as ferric (Fe3+) form which has very less solubility due to formation of
insoluble hydroxides and oxyhydroxides that are not available to both plants and
microbes (Mimmo et al. 2014). Microbes usually obtain iron by synthesizing and
secreting low molecular weight organic compounds usually known as microbial
siderophores (Lemanceau et al. 2009), that have high affinity for ferric form of iron
(Mishra et al. 2011). These siderophores form stable complexes with Fe3+ which
through ABC transporters are transported into the microbial cell (Braun and Hantke
2011; Hider and Kong 2010) where they are reduced from Fe3+ to soluble Fe2+ form
(Rajkumar et al. 2010). Siderophores are water soluble and are usually divided into
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intracellular and extracellular siderophores. Plants mostly acquire iron through
microbial siderophores using various means either by direct uptake or by ligand
exchange reaction that helps in enhancing chlorophyll contents of plant leaves.
Application of the siderophores producing PGPR in iron deficient plants helps in
alleviating the Fe deficiency, showing the possible role of these microbes in assisting
the plant roots for nutrients acquisition by making them available to soil (Pii et al.
2015a).

14.7.2.4 Modulation of Biochemical and Molecular Mechanisms

Although plants may have ability of enhancing the mineral uptake by themselves but
PGPR basically enhance the availability of the key nutrients in the rhizosphere,
which improves the mineral nutrition in the PGPR-associated plants. ATPases in
plasma membrane are responsible for the generation and maintenance of H+ elec-
trochemical gradients across the transmembrane, that is necessary for the transport of
numerous nutrients such as phosphate PO4

2�, sulfate SO4
2� and nitrate NO3

�.
Hence PGPR improve the mineral uptake by enhancing H+ extrusion across the
membrane. Concerning the N nutrition, PGPR application induces the expression of
various nitrate transporter genes (Kechid et al. 2013). Similarly, PGPR application
also enhance the root iron chelate reductase activity that is involved in reducing Fe3+

to soluble Fe2+ prior to uptake by transporters (Zhao et al. 2014).

14.7.2.5 Production of Phytohormones

Phytohormones play a key role in plant development and growth (Glick et al. 2010)
and their activity is mainly associated with the plasticity of the root system
(Kloepper et al. 2007). PGPR can also produce auxin, cytokinin, and gibberellins
that influence the root architecture (Vacheron et al. 2013). Many PGPR have the
ability to synthesize and secrete indole-3-acetic acid (IAA, auxin) as secondary
metabolites (Scagliola et al. 2016). Bacterial- and plant-derived IAA play an additive
role by enhancing the root length and surface area to provide better access to soil
nutrients (Glick 2012). Additionally, IAA have been found to induce the expression
of the key genes both in plants ad microbes which are required for the better
establishment of efficient plant–PGPR interactions (Spaepen and Vanderleyden
2011). PGPR producing 1-aminocyclopropane-1-carboxylate (ACC) deaminase
are able to cleave the ethylene precursor (ACC) into 2-oxobutanoate and ammonia
and hence facilitate the plant growth improvement by reducing the stress ethylene
level (Glick 2014). Under stress, ethylene is produced in two peaks, the first one
being much smaller is believed to activate the defense mechanisms whereas the
second peak has adverse effects on plant growth. PGPR having ACC deaminase
activity act as a sink for ACC, thus mitigating the negative effects of ethylene on
plant growth (Glick 2014). As a result, plants applied with ACC deaminase PGPR
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show better associations with microbes, enhance nutrients uptake and ultimately
improve the plant growth (Nadeem et al. 2014).

14.7.3 Indirect Mechanisms

Indirect mechanisms have basic role in biocontrol and based on the features of the
mechanisms, can be further be distinguished into three groups: (1) competition,
(2) antibiotic and lytic enzyme production, and (3) induced systemic resistance
(Beneduzi et al. 2012).

14.7.3.1 Competition

PGPR compete with pathogenic microbes at two different levels: (1) competition for
essential nutrients and (2) competition for niches. Direct competition among PGPR
and pathogens help in reducing the incidence and severity of the diseases. Similarly,
production of microbial siderophores represents an effective biocontrol mechanism,
which due to higher affinity for Fe, reduces its availability to phytopathogens for
their proliferation (Lugtenberg and Kamilova 2009).

14.7.3.2 Antibiotic and Lytic Enzymes Production

2,4-Diacetylphloroglucinol, pyrrolnotrin, zwittermicin A, phenazine, tensin, and
xanthobaccin are some of the antibiotics produced by the biocontrol PGPR, espe-
cially preventing the proliferation of pathogenic fungi (Mazurier et al. 2009).
Depending on the induction by various environmental stimuli, more than one kind
of antibiotics might be produced by each PGPR strain (Duffy and Défago 1999).
Many PGPR acting as biocontrol agents have been commercialized in order to avoid
the use of pesticides. Similarly, many biocontrol PGPR strains are able to produce
lytic enzymes such as proteases, lipases, chitinases, glucanases and cellulases that
help in preventing the infection of various fungi by compromising the integrity of
their cell walls (Kim et al. 2008).

14.7.3.3 Induced Systemic Resistance

Although plants have many chemical and physical methods to defend against
pathogens. Under such circumstances, PGPR colonizing the root surface help plants
by activating their defense response against pathogens (Salas-Marina et al. 2011).
Plants are usually protected from pathogens by preventing the growth of pathogens
through competition for nutrition and space and by reducing symptoms of diseases
(Ghazalibiglar et al. 2016). Various mechanisms of defense against biotic stresses
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are being used by the PGPR. Systemic acquired resistance (SAR) and induced
systemic resistance (ISR) are the two kinds of resistances induced against pathogens.
It is basically a physiological state of enhanced defensive capacity elicited by various
environmental stimuli, priming innate defenses of the plants which react faster
against the future pathogenic attack (Nawrocka and Małolepsza 2013). For the
induction of resistance, both SAR and ISR use different signaling mechanisms.
ISR consists of jasmonic acid (JA) and ethylene pathways while in SAR, salicylic
acid (SA) and pathogenesis-related (PR) proteins accumulate (Dimkpa et al. 2009).
PR proteins act synergistically with antioxidant enzymes and provide higher degree
of protection against pathogens. SA plays a role in systemic development which
acquire resistance. In addition, nonpathogenic bacteria also stimulate ISR in plants
(Wani et al. 2016). They enhance the level of peroxidase and chitinase enzymes in
plant leaves and roots. Moreover, induced resistance is systemic because in addition
to primary infection site, defensive capacity also spread the whole plant, which is
mostly due to JA and ET pathways, stimulating the plant defense mechanisms
against variety of pathogens (Verhagen et al. 2004). The efficacy of SAR and ISR
is widespread and includes bacterial, viral, and fungal pathogens. Their effects vary
from plant to plant and also depend on the level of PGPR–plant interactions.
Activation of defense system enhances the activity of antioxidant enzymes such as
superoxide dismutase, peroxidase, catalase and guaiacol etc. which provide protec-
tion against oxidative damage caused by reactive oxygen species (ROS) and path-
ogen (Ghazalibiglar et al. 2016). Various bacterial components such as flagellar
proteins, b-glucans, chitin and lipopeptides also stimulate ISR inside the plants
(Annapurna et al. 2013). Various changes in plants are induced due to ISR like
alteration in the cell wall, change in the level of chitinase, phenylalanine ammonia
lyase and expression of stress-related genes (Choudhary and Johri 2009). Pseudo-
monas and Bacillus are well known for their induced systemic and antagonistic
effects. Although plants have many chemical and physical methods, use of these
PGPR is very cost-effective, beneficial, and sustainable approach for providing
protection to plants against pathogens.

14.8 Plant Growth Promoting Fungi

14.8.1 Arbuscular Mycorrhizal Fungi

Arbuscular Mycorrhizal Fungi (AMF) establish symbiotic relationship with a variety
of plant species by forming fungal hyphal network and specialized structures called
arbuscules. AMF improve plant growth by accruing nutrient absorption that signif-
icantly affect the soil health status specifically under stress conditions. AMF can help
plants to withstand a variety of biotic and abiotic stresses. One of the important
factors for a better crop production is the availability and absorption of nutrients.
Under limited nutrients conditions, plants establish symbiotic relationship with AMF
to access and utilize the available nutrient resources efficiently for better growth,
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photosynthetic efficiency, and enzyme activity. AMF-inoculated plants show
increased accumulation and absorption of mineral nutrients by improved nutrient
availability, uptake, and assimilation (Hashem et al. 2015). This effect may be due to
the hyphal networks that interact with roots under the soil (Muthukumar et al. 2014)
and may change the root architecture to ameliorate nutrient deficiency. One of the
important and growth limiting environmental stress is water. It can hamper various
metabolic functions such as nutrient uptake, nutrient assimilation, protein synthesis,
and photosynthesis (Ahmad et al. 2019; Nazar et al. 2015). Water stress accompa-
nied with heat stress can lead to extreme drought stress thereby limiting the plant’s
ability to grow (Ahanger and Agarwal 2017). Under drought stress, plants produce
reactive oxygen species (ROS) that are scavenged by different antioxidant enzymes
to minimize the stress symptoms (Hashem et al. 2015; Wu and Zou 2017). However,
symbiotic relationship of AMF with roots can offer great services to withstand the
water stress by a better uptake of nutrients, osmolyte production, and scavenging of
ROS (Hameed et al. 2014; Yooyongwech et al. 2013). AMF can activate the
antioxidant system to scavenge free radicals to maintain cellular redox levels
(Wu and Zou 2017). Temperature stress (high and low) can halt various plant
developmental and metabolic processes thus causing adverse effects on global
agricultural productivity as it is often accompanied with drought, salinity, and
mineral stresses (Jedmowski et al. 2015; Machado and Paulsen 2001). Temperature
stress can damage fruits, cause delays in germination, reduce growth, biomass
accumulation and photosynthetic efficiency (Adam and Murthy 2014; Farooq et al.
2009a; Jedmowski et al. 2015; Liu et al. 2013; Paredes and Quiles 2015). AMF
inoculation increased the plant growth and productivity by increasing photosynthetic
efficiency (Xu et al. 2016; Zhu et al. 2012), accumulation of proline and sugars
(Evelin et al. 2009; Xu et al. 2016) and improved water-use efficiency (Elhindi et al.
2017). Water and temperature stresses are usually accompanied with salinity stress
that is also a major abiotic stress that can severely affect plant growth and develop-
ment (Khan et al. 2014). High salinity can affect ionic homeostasis, enzyme activity
and nutrient acquisition by disrupting the cellular redox level (Iqbal et al. 2015;
Khan et al. 2014). AMF play an important role in improving plant growth, biomass,
productivity, and photosynthetic activity under saline conditions (Alqarawi et al.
2014; Aroca et al. 2013; Elhindi et al. 2017; Evelin et al. 2009; Latef and Chaoxing
2014). More interestingly, AMF-inoculated plants showed reduced salt-triggered
oxidative damage by activating cellular antioxidant and osmoprotectant defense
system (Alqarawi et al. 2014; Scagel et al. 2017; Yang et al. 2014). Soil accumula-
tion of toxic heavy metals can affect the crop growth and productivity. Once present
in soil, these heavy metals such as lead, arsenic, cadmium, and mercury can transfer
easily from soil into plant tissues and can potentially cause several health risks in
humans and animals. However, certain plant species can accumulate heavy metals
and expel them by volatilization. AMF are found under very high saline conditions
in a variety of soils (Ahanger et al. 2014; Hameed et al. 2014). Some plants in
association with AMF can help in the phytoremediation of heavy metals from
agricultural soil thus can reduce the associated health risks by phytoextraction and

254 I. Ahmad and S. Zaib



phytostabilization (Latef et al. 2016). AMF have very beneficial effects in stress
amelioration and activation of key defense mechanisms. However, extensive
research is needed to understand the exact mechanism of amelioration by AMF–
plant interactions.

14.8.2 Entomopathogenic Fungi

Entomopathogenic fungi or insect pathogenic fungi have been studied very well as
microbial control agents in the field and greenhouse experiments (Ahmad et al.
2020; Vega 2018; Vega et al. 2009). When a spore encounters the insect body, it
develops infection structures that penetrate the cuticle, cause intoxication and
ultimately kill the insect. The killed insect sporulates and produces millions of
spores that can start a new infection cycle in a host. Scientists have focused more
on insect–fungal interactions than the biology and ecology of plant–fungal interac-
tions. In addition to their negative effects on insect pests, various entomopathogenic
fungi have been reported as plant growth promotors and protection agents through
rhizospheric and endophytic colonization (Jaber and Enkerli 2016, 2017; Lacey et al.
2015; Vega 2018). Endophytes are the beneficial or mutualistic microbes that reside
within plant tissues without causing any harmful symptoms. Research has mainly
focused on the rhizospheric colonizers and have not tapped much about the endo-
phytes that is emerging as a great area of research. More than 170 bioformulations
have been developed from almost 12 fungal species as inundative biopesticides
against insects, mites, and ticks (de Faria and Wraight 2007). Relatively, less
research has focused on the potential of fungal entomopathogens such as
Verticillium, Metarhizium, Beauveria, Paecilomyces etc. as endophytic agents for
plant protection and growth promotion (Akutse et al. 2013; Gurulingappa et al.
2010; Lopez et al. 2014). Beauveria belongs to the group of entomopathogens that
can cause infection in a wide range of insect and plant hosts (Arnold and Lewis
2005; de Faria and Wraight 2007). Metarhizium spp. colonize many plant species,
including switchgrass, haricot bean, tomato, wheat, and soybean (Akello and Sikora
2012; Behie et al. 2012, 2015; de Faria and Wraight 2007; Elena et al. 2011;
Greenfield et al. 2016; Sasan and Bidochka 2012). Another important aspect of
fungal entomopathogens, such as Metarhizium spp., is their role as nutrient
translocator from a killed insect pest to the host plant (Behie et al. 2012, 2017).
Moreover, fungal entomopathogens can confer plant protection against plant path-
ogens (Akello and Sikora 2012; Akutse et al. 2013; Jaber 2015; Lopez et al. 2014;
Mantzoukas et al. 2015; Vidal and Jaber 2015; Zhou et al. 2016). Microbial
consortia can be facilitated in nature to achieve long-term ecosystem services to
benefit plant productivity and sustainable agriculture. In order to achieve better
biological control and plant growth promotion, the use of compatible microbes as
consortia has gained a great attention. When used as consortia, fungal
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entomopathogens and other beneficial microbes, the bioformulations helped plants
synergistically and effectively in stress management (Shrivastava et al. 2015). These
ecological roles provide opportunities for the multiple use of entomopathogenic
fungi in integrated pest management (IPM) strategies for sustainability in agricul-
ture. We need more research to unravel the mechanisms of action of the plant growth
promoting and pest suppressive effects of entomopathogenic fungi in soil and their
short- and long-term multitrophic interactions. Understanding such interactions will
provide answers to complex but important ecological links and molecular cross-talks
and may facilitate more exploration and exploitation of biocontrol agents to achieve
our sustainability goals in natural and managed agroecosystems. We also need a
concerted approach to explore the potential of entomopathogenic fungi in
establishing systemic or localized endophytic colonization in naturally occurring
biota for improved plant productivity and protection. Future research on such
entomopathogenic fungi as endophytes, biocontrol agents, plant growth promotors,
and disease antagonists could lead to understand in depth their ecological niches,
improved production and formulations and better pest management.

14.8.3 Trichoderma

Trichoderma spp. have been used to control and manage plant diseases and plant
growth. Historically, Trichoderma spp. have been known as an effective biocontrol
agent of several phytopathogens. It is ubiquitously available in soil and can be easily
isolated and cultured to be used for sustainable agriculture. Trichoderma spp. have
the potential to control many plant diseases including sheath blight (de França et al.
2015), Fusarium wilt (Al-Ani 2017), bacterial wilt (Yuan et al. 2016), downy
mildew (Perazzolli et al. 2012), root-knot nematode (Al-Hazmi and Tariq 2016)
etc. Trichoderma spp. employ an array of mechanisms that are very useful to
improve plant growth, mineral nutrients assimilation, secondary metabolites pro-
duction, plant defense modulation, and siderophore production. Such mechanisms of
action establish Trichoderma spp. as suitable candidates for biocontrol of many
phytopathogens and can be formulated as biopesticides. The mode of action of
Trichoderma can be either mycoparasitism or non-mycoparasitism. Trichoderma
spp. act against fungal phytopathogens mycoparasitically (Elad et al. 1982) that
involves development of infection structures, penetration and subsequently killing
the opponent fungus thus offering direct biocontrol. The mycoparasitic mechanism
of Trichoderma spp. is species dependent and is due to the production of cell wall
degrading enzymes (Harman et al. 2004; Sivan and Chet 1989). Some Trichoderma
spp. are not mycoparasites of other fungi and the mechanism of action can be
antibiosis, competition and by mediating plant defenses against phytopathogen
(Howell 2003).
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14.8.4 Other Plant Growth Promoting Fungi

Endophytes from the genus Epichloë (Clavicipitaceae: Ascomycota) can establish
symbiotic relationships with above ground parts of certain grass species and can be
transmitted vertically (Gundel et al. 2011; Schardl 2010). The proportion or preva-
lence of endophytic colonization depends upon the fitness of host plant and potential
of vertical transmission to progeny (Gundel et al. 2011). Epichloë spp. protect plants
from herbivores by producing defensive compounds such as alkaloids (Saikkonen
et al. 2013; Schardl 2010) and get photosynthetic products, protection, nutrients, and
reproduction mechanisms (vertical transmission) in return. They can also enhance
plant growth, photosynthetic efficiency and tolerance to biotic and abiotic stresses in
host (Bao et al. 2015; Saikkonen et al. 2013). The profile of alkaloids depends upon
the fungal species and strains, plant species and the environmental conditions (Ryan
et al. 2015; Saikkonen et al. 2013). Epichloë spp. have been found to modulate SA
signaling pathway in plants and protect them from pathogens (Wiewióra et al. 2015).

Fusarium is a genus that is composed of cosmopolitan species with a wide range
of host plants. Many Fusarium spp. are the causative agents of various diseases in
plants whereas some species have been reported as plant growth promoting agents
with a wide range of host plants to colonize endophytically (Imazaki and Kadota
2015). They can produce secondary metabolites that are the drivers of steering their
biology and ecology (Bills and Gloer 2016; Kaul et al. 2016; Stępień et al. 2018).
Fusarium spp. can assist the host plant from insects and pathogens (Ji et al. 2009).
The potential of Fusarium spp. as a symbiont needs a plenty of research to fill the
knowledge gaps. There are many other plant-associated epiphytic and endophytic
fungi that have the potential to affect the herbivores negatively and plant growth
positively and can be promising microbial agents for soil health and sustainable
agriculture.

14.9 Concluding Remarks and Future Perspective

Plants have coevolved multifaceted direct (production of toxins) and indirect mech-
anisms to defend themselves against a multitude of biotic and abiotic stresses. To
achieve maximum benefits, plants do partnership with a variety of different benefi-
cial microbes (e.g., bacteria and fungi) through mutualism or symbiosis. Microbes
mediate plant defense signaling by modulating and cross-talking and fine-tuning
their phytohormone (JA, SA, etc.) signaling pathways in the presence of stresses
(Pieterse et al. 2012). These defense mechanisms are mostly associated with costs
that can compromise the growth and reproduction. Beneficial microbes can effi-
ciently antagonize stresses and improve plant growth and fitness (Pineda et al. 2017).
In order to exploit the maximum benefits associated with beneficial microbes, we
need to understand the ecology and biology of the microbes associated with plants
for a sustainable agriculture. The ecological roles of plant-associated microbes
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remains elusive and needs deeper digging. We should promote the strategies to
conserve the beneficial microbes among growers for environmentally friendly and
sustainable agriculture while reducing input of chemical fertilizers, pesticides, and
fungicides.
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Chapter 15
Fertilizers and Pesticides: Their Impact
on Soil Health and Environment

Pooja Baweja, Savindra Kumar, and Gaurav Kumar

Abstract The agricultural practices around the world are dependent upon extensive
use of fertilizers and pesticides. These chemical formulations are being added to
improve crop quality and meet the global food demand. Fertilizers and pesticides are
also considered as critical farmland tools for food security. On the other hand, the
inorganic fertilizers and pesticides have many undesirable aspects which cannot be
overlooked. They have properties to remain in soil and environment for a long time
and affect various biotic and abiotic factors. They have adverse effects on soil,
microflora, other organisms, environment, and human health. These undesirable
properties of fertilizers and pesticides have led to the search of another option, i.e.,
sustainable agriculture, which is attracting the farmers and gaining the attention. In
this system, the use of harsh chemicals is avoided and other methods such as organic
farming, biofertilizers, composting, and use of bio control agents etc. are adopted
and that is sustainable agriculture. Keeping all these aspects in view, this chapter
aims at discussing various impacts of fertilizers and pesticides on soil structure,
composition and environment along with the various alternatives to inorganic
fertilizers and pesticides, so that preventive measures can be taken to conserve the
nature.
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15.1 Introduction

All around the world the governments are struggling to meet the demand of ever
increasing population. There is high demand for agricultural produce as well as the
industrial products. To feed all the people on the earth is a biggest challenge and all
around the world efforts are being done to increase the agricultural production. But,
these efforts are costing too much, as due to overuse of fertilizers and pesticides there
is not only pollution and contamination of soil but also it is severely affecting human
health. Also, availability of nutrients in sufficient and balanced quantities for opti-
mum plant growth is also a challenge. Natural reserves of plant nutrients in soil are
largely unavailable to plants. Only a minor portion of plant nutrients is released
through biological activity or chemical processes which is too slow to compensate
for the removal of nutrients by agricultural production and to meet crop requirements
(Chen 2006). Therefore, fertilizers are designed in a way so that they can supplement
the nutrients already present in the soil. Industrially manufactured or synthetic
fertilizers are being added enormously in crop fields, which are composed of
known quantities of macronutrients like nitrogen, potassium, and phosphorous
along with micronutrients like zinc, boron, iron, etc. Approximately, 300 million
pounds of different categories of fertilizers and pesticides are being added in the soils
under different brand names (Tomkins and Bird 2002). In general, out of the total
fertilizers or pesticides applied to crops, 60–90% is lost and the remaining 10–40% is
taken up by plants (Bhardwaj et al. 2014). A lot of benefits are associated with
fertilizers and pesticides. They are considered as most crucial element in farming and
agriculture. Both, fertilizers and pesticides have a strong bonding with each other.
They stimulate crop’s growth with greater yield, help in irrigation, crop protection,
control pests, kill weeds, prevent diseases, and protect food and much more.

Although these chemicals are being added to increase the fertility of soil and crop
productivity, they are also impacting the health and environment. These chemicals
tend to stay in the soil, change its physical properties, disrupt the ecological balance
of soil microflora and environment, disturbing many activities of soil such as nutrient
balance and availability, reduction in rate of decomposition of organic and inorganic
matter. Apart from changing soil characteristics the fertilizers and pesticides when
used in excess quantity release greenhouse gases (N – fertilizers); develop algal
blooms and pest resistance (Prashar and Shah 2016). It is well understood that
fertilizers and pesticides are integral part of agricultural system, but now as we
know their impacts; it is desirable to evaluate their role and effects on soil, environ-
ment and crop productivity besides considering the importance of sustainable
agriculture.
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15.2 Classifications of Fertilizers

Fertilizers are compounds that are applied to agricultural lands either on the soil or
directly on crops to increase the yield as well as the quality. Fertilizers are rich in
plant nutrients which are required for the growth and development of plants. Based
on origin or composition fertilizers are classified as natural or synthetic/industrial
fertilizers and organic or inorganic fertilizers, respectively. Based on application
fertilizers are also classified as direct or indirect fertilizers. The direct fertilizer
provides essential nutrients such as nitrogen, phosphorus and potassium (NPK),
compound or microelements directly to the crops. Indirect fertilizers such as gyp-
sum, lime, and bacterial fertilizers are used for the improvement of soil quality
(https://www.fertilizer-machine.net/solution_and_market/types-of-fertilizer.html).

15.2.1 Organic Fertilizers

These are the fertilizers which are natural and are composed of farmyard manure and
residues of animal or plant products. They are rich in carbonic materials, organic
acids, and nutrients. Examples of organic fertilizers are agricultural waste, livestock
manure, industrial waste, or municipal sludge.

15.2.2 Inorganic Fertilizers

Inorganic fertilizers are made chemically in industries such as nitrogen fertilizers,
urea, phosphate fertilizers, potash fertilizers, macro- or micronutrients etc. On the
basis of composition inorganic fertilizers can also be classified as straight, complex,
and mixed fertilizers.

The straight fertilizers are those which supply only one primary nutrient, for
example sodium, potassium, or phosphorous. The complex fertilizers are composite
forms of 2–3 primary nutrients, for example nitrophosphate, ammonium phosphate,
diammonium phosphate (DAP) etc. and mixed fertilizers are normally the mixture of
straight fertilizers. On the basis of physical form they are classified as solid or liquid
(Fig. 15.1) and on the basis of application, the fertilizers are either direct fertilizers
(applied directly on plant) or indirect fertilizers (which are mixed in soil) (https://
www.sciencedirect.com/topics/agricultural-and-biological-sciences/fertilizers)
(Fig. 15.1).
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15.3 Classification of Pesticides

Pesticides are bioactive toxic substances that are meant to control pests, including
weeds. Pesticides are a group of chemicals which includes various algicides, avicide,
bactericide, fungicide herbicides, insecticides, molluscicide, nematicide, piscicide,
and rodenticide. Out of these various pesticides herbicides are commonly used,
which account for approximately 80% of all. In general, we can say that a pesticide
is a chemical or biological agent that may be a virus, bacterium, or a fungus which
can deter, incapacitate, kill, or otherwise discourage pests (Aktar et al. 2009).
Generally, the pesticides are considered to have a low persistence and biodegradable
properties, which do not affect the nontarget organisms, but the pesticides do not
have any of these properties. They are basically the BIOCIDES, which can harm or
kill the nontarget organism (Prashar and Shah 2016). The pesticides have chronic
and acute toxicity. The pesticides may be classified into various categories based on
target organism as listed in Table 15.1.

Based on chemical composition the pesticides are classified as organochlorines
(DDT), organophosphates (Malathion), carbamates (Mexacarbate), and Pyrethroids
(Permethrin). On the basis of toxicity level four classes have been assigned to
pesticides such as class Ia, Ib, II, III. The pesticides of class Ia are extremely
hazardous (Parathion), class Ib are highly hazardous (Eldrin), class II is composed
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Straight: Supply one primary nutrient as N/P/K example: urea,
ammonium sulphate, potassium sulphate and potassium
chloride

Complex: Supply 2-3 primary nutrients, example. DAP,
nitrophosphate and ammonium phosphate

Mix: Physical mixture of straight fertilizers contain more than 
two primary nutrients

Solid: Available in solid forms such as crystal (ammonium 
sulphate), powder (superphosphate), Prils (urea), granulles
(holland or urea super granulles), briquettes (urea breiquettex)

Liquid: liquid in nature mixed with water or herbicides

Based on
application

Direct: Applied directly on plant

Indirect: Mixed in soil

Based on
physical

form

Fig. 15.1 Classification of inorganic fertilizers
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of pesticides which are moderately hazardous (DDT) and class III pesticides are
slightly hazardous (Malation) (Table 15.2).

Table 15.1 Various types of pesticides, their target organisms and examples

S. No. Types Target organism Examples

1 Acaricides Arachnid (includes
ticks and mites)

Carbamate; Dicofol; Dienochlor; Ivermectin;
Permethrin

2 Algicides Algae Benzalkonium Chloride; Dichlone;
Dichlorophen; Diuron; Endothal; Fentin

3 Avicides Birds Avitrol; Chloralose; CPTH; DRC-1339;
Strychnine

4 Bactericides Bacteria Cephalosporins; Daptomycin; Hypochlorites;
Potassium Persulfate; Vancomycin

5 Fungicides Fungi Acibenzolar; Benomyl; Famoxadone
Monocerin; Nimbin

6 Herbicides Unwanted Plants 2,4-D; Aminopyralid; Dicamba; Fluroxypyr;
Metolachlor; Picloram

7 Insecticides Insects Allethrin; Chlordane; Fenitrothion; Lindane;
Resmethrin

8 Molluscicides Molluscs Allicin; Ferric Sodium EDTA; Metaldehyde;
Methiocarb; Trifenmorph

9 Nematicides Nematodes Abamectin; Benclothiaz; Carvacrol
Diamidafos; Imicyafos

10 Piscicides Fish Fintrol (Antimycin A); Niclosamide
Rotenone; TFM (3-Trifluoromethyl-4-
nitropheno)

11 Rodenticides Rodents Bromethalin; Difethialone; Flupropadine;
Norbormide; Pindone; Pyrinuron

12 Virucides Viruses Cyanovirin-N; Scytovirin; Urumin

Table 15.2 Classification of pesticides based on chemical composition and level of toxicity

S. No. Chemical class Example S. No.
Toxicity
class

Toxicity level
(mg/kg) (LD50
determination in
rats) Example

1 Organochlorines DDT 1 Class Ia Extremely
hazardous

Parathion

2 Organophosphates Malathion 2 Class Ib Highly
hazardous

Eldrin

3 Carbamates Mexacarbate 3 Class II Moderately
hazardous

DDT

4 Pyrethroids Permethrin 4 Class III Slightly
hazardous

Malathion
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15.4 Impacts of Chemical Fertilizers and Pesticides

The fertilizers and pesticide usage is not new in world and they are being used in
fields since the early 1900s to increase the crop production. Initially people were not
aware of usage and problems associated with the use of such chemical, but today the
awareness is getting spread across the globe. Although chemical fertilizers and
pesticides are used to improve the growth of plants and increase the yields of fruits
and vegetables in relatively shorter period, the over usage of fertilizers and pesticides
is imposing possible risks and adverse effects on the soil health, crop productivity,
environment, and human health which are discussed in the following paragraphs.

15.4.1 Soil Health and Properties

A soil is a living and dynamic system. It is considered as healthy, when it has
capacity to sustain biological productivity by maintaining its environment, is able to
promote and support air, water, humans, animals and plant’s health and habitat.
Also, soil is healthy if it can sustain itself and without undergoing degradation it is
able to support plant growth. The three parameters which define a soil healthy
include biological (microbial activities, respiration); chemical (pH, salinity and
soil organic matter), and physical parameters (soil texture and water holding capacity
of soil). All these three parameters are interrelated and influence each other.

The overuse of chemical fertilizers and pesticides have various effects on soil
health. The chemical fertilizers are rich in N, P, K which are highly water soluble and
change biochemical properties including organic carbon content, nitrogen content,
pH, moisture, altered enzymatic activities etc. The change in biochemical properties
of soil leads to variable nutrient availability. The inorganic content of fertilizers
decreases the organic and nitrogen content of soil thus decreasing the microflora and
alter the properties of various soil organisms. These inorganic fertilizers are also
highly water soluble and with irrigation they leach down to subsoil layers and alter
its characteristic properties. Also through surface runoffs or leaching they reach the
adjoining water bodies and contaminate them. The pesticides are known to remain in
soil for longer period, form transformation products having toxic and harmful
effects, and are retained in soil. This retention is directly proportional to the organic
matter content of soil. The fertilizers and pesticides also cause the acidification of
soil by lowering its pH. The acids in soil fasten the process of dissolving of soil
crumbs, which are rich in minerals and are important for oil drainage, resulting in
highly compacted soil with reduced drainage and air circulation.
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15.4.2 Microorganisms

The overuse of inorganic fertilizers or pesticides leads to decline in the population of
beneficial soil microorganisms. The fertilizer controls the functional diversity of the
soil microbial community. The fertilizers and pesticides applied to soil directly affect
the microbial community present in agricultural fields. As stated earlier inorganic
fertilizers tend to decrease the microbial population, for example Pseudomonas
sp. population decreases tremendously with the application of inorganic fertilizers.
As the microbial population decreases, the activity of various soil-based enzymes
such as dehydrogenase, catalase, invertase, urease, casein protease, and
arylsulphatase has also been found less (Prashar and Shah 2016).The pesticides
which are present in soil for longer periods have toxic and harmful effects. The more
pesticides stay in soil the more is the shift in microbial population. With the increase
in inorganic content of soil the microbes in soil decrease. The chemical compounds
present in fertilizers and pesticides lower the pH of the soil. The altered pH makes
the soil acidic and eliminates the beneficial microorganisms. The sensitive microbes
tend to die immediately on application of long and persistent pesticides. These
microorganisms are an integral component of healthy soil. They maintain soil
structure, transformation, and mineralization of organic matter. They are also capa-
ble of degrading various pollutants and pesticides. Various plants such as legumes
depend on soil bacteria for conversion of atmospheric nitrogen to nitrates. The
mycorrhizal fungi present in soil also aid in nutrient uptake. The pesticides like
oryzalin, trifluralin, triclopyr are found to be toxic to mycorrhizal fungi and their
spores (Aktar et al. 2009); on the other hand there are some pesticides like
carbofuran (insecticide), iprodione (fungicide), simazine (herbicide) which do not
have any negative impact on soil microflora (Prashar and Shah 2016).

15.4.3 Crop Productivity

The disproportionate use of fertilizers causes chemical burns to crops. The use of
synthetic chemical fertilizers leads to imperfectly synthesized protein in leaves,
which is responsible for poor crops and in turn for pathological conditions in humans
and animals fed with such deficient food (Talukdar et al. 2003). The undue applica-
tion may cause damage to leaves (chemical leaf scorch) and lead to less crop
productivity. The herbicide glyphosate causes reduced seed quality. Exposure to
clopyralid decreases fruit production in tomato plants (Aktar et al. 2009).
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15.4.4 Nontarget Organisms

The pesticide sprays can directly affect the nontarget vegetation and either kill them
or have sublethal action on them. Fertilizers and pesticides present as contaminants
can also harm nontarget plants and animals such as fish. Chlorpyrifos and trifluralin
present in pesticides are highly toxic to fish. 2,4-D herbicides affect salmon and
trout, and also it reduces the percentage of successful hatching of chicken eggs.
Pesticide poisoning is also common in dolphins and has been reported worldwide. In
addition, there is also adverse effect on reproductive and immunological activities of
aquatic animals such as shellfish, shrimp, mussels, otters, and mink by DDT and
PCBs. A herbicide oxadiazon is found to be toxic to bees, which are the potent
pollinators. Also many insect and spider population also get affected and get
declined when such plants and foliage are destroyed which are needed for their
food and shelter. Brodifacoum (a rodenticide) can be lethal to many birds when they
eat. Various herbicides which tend to kill unwanted plants may have adverse effect
on nontarget aquatic plant, for example oxadiazon, atrazine, and alachlor reduce
algal growth and diatoms by damaging cells, blocking photosynthesis, and stunted
growth (Aktar et al. 2009).

15.4.5 Environment and Human Health

Excessive use of synthetic fertilizers and pesticides has caused tremendous harm to
the environment as well as human population indirectly. Continuous use of these two
has also resulted in the development of resistance against the pests, which become
difficult to control by other means. They are sprayed onto crops, food, especially
fruits and vegetables, and they may leach into soils and groundwater ending up in
drinking water and may drift and pollute the air or soil. The fertilizers and pesticides
may enter the human body through inhalation of polluted air and dust or inhalation
of vapors that contain pesticides; by consumption of contaminated food and water;
and through dermal exposure by direct contact (Yadav and Devi 2017). Chemical
fertilizers and pesticides not only cause environmental pollution at the application
site but also the adjoining sites get contaminated. The leftover from manufacturing
sites, when released without any treatment, pollutes the nearby streams and water
bodies. When water soluble nitrogen fertilizers are applied to the soil, a good portion
of added nutrients does not become available to the plants, but is lost to the
groundwater through leaching or runoff. The excess nitrate leached into rivers or
ponds causes blooms, encourages the growth of organisms, and thus produces a lot
of organic matter which on decomposition lead to foul smell, having an adverse
effect on health. The contaminants also reach sites far from the application site and
pollute the soil and water bodies of that area (Fig. 15.2).

Chemicals such as DDT, polychlorinated biphenyls, or organo chemicals used in
fertilizers and pesticides undergo biomagnification. These contaminants are taken by

272 P. Baweja et al.



organisms through the food they consume, and when other organisms at the higher
level in food chain feed on such organisms the toxins get accumulated in the
organism at higher trophic level. The pesticides, insecticides, fungicides, and fertil-
izers when added in the soil undergo leaching, deposition, chemigation, or evapo-
ration etc. and enter the food chain. Approximately, 60% of all herbicides (weed
killers), 90% of all fungicides (mold killers), and 30% of all insecticides (insect
killers) are potentially cancer causing. Residues of these chemicals affect the central
nervous system, respiratory and gastro intestinal system. They may cause depres-
sion, insomnia, hyperreflexia etc. Some pesticides can also cause wheezing and
nausea by irritating the lungs if large amounts are inhaled. Foods grown with
overapplication of chemical fertilizers or pesticides cause various deteriorating
health hazards in animals as well as human beings as listed in Table 15.3.

15.5 Alternatives to the Chemical Fertilizers and Pesticides

Sustainable development is the development that meets the need of the present generation,
without compromising the need of the future generations (WCED 1987).

In recent years, because of the concerns related to chemical fertilizers and
pesticides, the concepts of sustainable agricultural development have been much
debated. Sustainable agriculture is the need of the hour, as it provides food security
to the growing human population. Also, there are a number of ecological, economic,
social, and philosophical issues being addressed by sustainable agriculture and is
thus essential for the overall development of any nation. The different methods of
sustainable agricultural are organic farming, biofertilizers, and biocontrol agents. In

Fig. 15.2 Various mechanisms involved in the movement of fertilizers and pesticides
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the present scenario, these strategies are gaining the attention of scientists, farmers,
and the general public worldwide. After green, white, and blue revolution it is a new
revolution in the field of agriculture. This revolution has come in the wake of a
realization of the ill effects of the Green Revolution such as public health, loss of
biodiversity, and environmental pollution as people are now health conscious and
are ready to pay for clean, healthy, and naturally produced food. The concept of
sustainable agriculture has given a sense of direction, and an urgency, that has
sparked innovative thinking in the agricultural world.

15.5.1 Organic Farming: A Sustainable Option

Organic farming is one of the sustainable agricultural methods, which not only
ensures food safety but also is environment friendly. According to Sir Albert
Howard (Father of Organic Farming), “The maintenance of the fertility of the soil
is the first condition of any permanent system of agriculture” (Howard 1943).
Organic farming can broadly be described as a form of special cultivation technique
on the concept of working “with nature” instead of against it. Organic farming relies
on components such as green manure, compost, crop rotations, and biological pest
control as well as it may involve the use of biofertilizers and pesticides which are
obtained from natural sources to maintain soil productivity (Epule 2019). It is an
age-old chemical-free farming system followed in India since ancient time and
practiced centuries before the advent of the Green Revolution. Natural microflora
of the soil such as useful bacteria, algae, and fungi including the Plant Growth
Promoting Rhizobacteria (PGPR) are the main components of organic farming.

Table 15.3 Effects of various fertilizers on humans and animals

S. No. Type of fertilizer Effects

1 DDT (Dichloro diphenyl
trichloro ethane)

Affects central nervous system, carcinogen

2 Potassium fertilizer Decreases vitamin C and carotene content in vegetables

3 Nitrogen fertilizers Infant disease, methemoglobinemia, also amines produced
from the nitrogenous fertilizer cause cancer in human
beings

4 Aluminum based
fertilizers

High levels lead to birth defects, asthma, Alzheimer and
bone diseases

5 Calcium rich fertilizers Developmental and neurological toxicity, growth retarda-
tion, cognitive delay, kidney, nervous and immune system
damage

6 Cobalt At high level leads to lung damage

7 Boron Causes low sperm count, nose, throat and eye irritation

8 Chloropyripos Causes fetal malnutrition, pneumonia, muscle paralysis and
even death to respiratory failure

9 Malathion Damages nervous system, if it enters the body
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According to various theoreticians, organic farming is a holistic practice which
promotes soil health, biodiversity of soil microorganisms, insects and microbes
which are part of biogeochemical cycles.

Although, organic farming represents only 1% of world agricultural area, it is one
of the fastest growing sectors of world agriculture.

The various advantages of organic farming are: Organic fertilizers provide
nutrients to crops directly and also by microbial actions. The biocontrol agents are
an environmental friendly and cheap alternative to chemical pesticides. The
resources used in organic farming are natural, nonpolluting, and inexpensive.
Besides improving fertility of soil, the organic fertilizers enhance water uptake,
provide disease resistance etc. Organic farming also protects water quality and
helps in pest and disease control. However, compared with conventional farming
practices, organic farming reportedly has lower productivity. Although there are
some advantages associated with organic fertilizers, some disadvantages are also
associated with it as mentioned in Table 15.4.

Table 15.4 Advantages and disadvantages of organic fertilizers

Advantages

1. Balanced nutrient supply to keep plants healthy

2. Enhanced soil biological activity to improve nutrient mobilization from organic and chemical
sources and decomposition of toxic substances

3. Enhanced colonization of mycorrhizae to improve P supply

4. Better root growth due to better soil structure

5. Increased organic matter content of the soil to improve the exchange capacity of nutrients,
increased soil water retention, promotes soil aggregates and buffers the soil against acidity,
alkalinity, salinity, pesticides, and toxic heavy metals

6. Slow release of nutrients and contribution toward the residual pool of organic N and P in the
soil, reducing the loss of N through leaching and P fixation; they can also supply micronutrients

7. Better growth of beneficial microorganisms and earthworms

8. Suppresses certain plant diseases, soilborne diseases and parasites

Disadvantages

1. Too slow nutrient release rate to meet crop requirements in a short time, hence some nutrient
deficiency may occur

2. The major plant nutrients may not exist in organic fertilizer in sufficient quantity to sustain
maximum crop growth

3. Variable nutrient composition of compost and high cost

4. Long-term or heavy application to agricultural soils may result in salt, nutrient or heavy metal
accumulation and may adversely affect plant growth, soil organisms, water quality, and animal
and human health

5. Method of application and storage of the product are all critical to the success of a biological
product. Short shelf life, lack of suitable carrier materials, susceptibility to high temperature,
problems in transportation and storage are bottlenecks that still need to be solved in order to obtain
effective inoculation
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15.5.1.1 Biofertilizers for Organic Farming

Any microbial or organic substances when applied to soil, seeds, or plant surface
help in increasing the availability of nutrients to crop plants, which are known as
biofertilizers. Biofertilizers offer an eco-friendly and cheap alternative technology
over chemical fertilizers to replenish the required deficient crop nutrients. Different
kinds of microorganisms play a vital role in fixing/solubilizing/mobilizing/recycling
nutrients in the agricultural ecosystem. Even though all these microorganisms are
naturally present in soil and play crucial role in various crops, their population is
often scanty. Therefore, these microorganisms have to be artificially supplemented
in the form of biofertilizers or microbial inoculants. The different sources of
biofertilizers are microbial, algal, fungal, and agro-waste. Recently seaweeds are
gaining recognition for their use as biofertilizers.

The rhizosphere (narrow zone surrounding plant roots) is a hot spot for numerous
organisms and is considered as one of the most complex ecosystems on Earth
containing ~1011 microbial cells per gram of root and >30,000 prokaryotic species
that in general improve plant growth and productivity (Bhowmik and Das 2018;
Mendes et al. 2013). These rhizosphere microbial communities or biofertilizers have
been identified as an alternative to chemical fertilizers to increase soil fertility and
crop production in sustainable agriculture and biosafety program (Wu et al. 2005). In
a broader perspective, the biofertilizers may include all organic resources (manure)
for plant growth which are concentrated in an available form for plant absorption
through microorganisms or plant associations or interactions. They have their own
advantages and disadvantages in the context of nutrient supply, crop growth, and
environmental quality.

15.5.1.2 Bacterial Biofertilizers

The knowledge of applied microbial inoculums is long history which passes from
generation to generation of farmers. Nitrogen, phosphorous, and potassium are
available in our environment in abundance but they are not freely available for
plants. Most of the soil bacteria have close relationship with plant roots. In place of N
fertilizer, use of rhizobium inoculation is a well-known practice to ensure adequate
N supply to legumes. Heavier application of inoculums mixed into peat granules
trickled into soil as the seeds are planted is an alternative technique to encourage
nodulation (Khosla 2017). Examples of free living nitrogen fixing bacteria are
obligate anaerobes (Clostridium sp., Desulfovibrio sp., Rhodospirillum sp.,
Rhodopseudomonas sp., Desulfotomaculum sp., Desulfovibrio sp., Chromatium
sp., Chlorobium sp.); obligate aerobes (Azotobacter sp., Beijerinckia sp.,
Tolypothrix sp., Aulosira sp.); facultative anaerobes (Klebsiella pneumonia, Bacillus
polymyxa); photosynthetic bacteria (Rhodobacter); and some methanogens. Azoto-
bacter sp. and Azospirillium sp. inhabit root surface or rhizosphere soil. These
bacteria are not host specific but can fix nitrogen. The bacteria, for example
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Azotobacter sp. can also produce antifungal compounds which can fight against
many plant pathogens, increase germination and vigor in young plants (Khosla
2017). Azospirillum sp., Herbaspirillum sp., Gluconobacter diazotrophicus,
Azoarcus sp. are examples of associative nitrogen fixing bacteria. Apart from
nitrogen fixation many bacterial species also help plant in solubilizing potassium
(e.g., Bacillus mucilaginous) or phosphorous (e.g., Bacillus megaterium, Bacillus
circulans, Bacillus subtilis and Pseudomonas straita). Phosphobacterin, mainly
bacteria and fungi, can make insoluble phosphorus available to the plant because
under acidic or calcareous soil conditions, large amounts of phosphorus are fixed in
the soil but are unavailable to the plants. The phosphobacterins have solubilization
effect as they produce organic acids that can lower the soil pH and bring about the
dissolution of bound forms of phosphate (Khosla 2017).

15.5.1.3 Blue-Green Algae (Cyanobacteria)

The cyanobacteria or blue-green algae are an ancient group of Gram-negative pro-
karyotes with a very old and diverse evolutionary history. Some of them are able to
fix atmospheric nitrogen due to the presence of heterocysts which is often referred to
as nitrogen fixing factories because of the presence of nitrogenase enzyme.
Cyanobacteria play a potential role in the enhancement of agriculture productivity
and mitigation of GHG emissions. Furthermore cyanobacteria naturally occur in
several agroecosystems like paddy fields around the globe, and in Antarctica to
Arctic poles because they can easily survive on bare minimum requirement of light,
carbon dioxide (CO2), and water (Singh et al. 2016). Important nitrogen fixing
cyanobacterial genera can be classified as unicellular (Aphanothece sp.,Dermocapsa
sp., Synechococcus sp., Gloeocapsa sp., Myxosarcina sp., Pleurocapsa sp.,
Xenococcus sp. etc.); filamentous heterocystous (Anabaena sp., Anabaenopsis sp.,
Aulosira sp., Calothrix sp., Nodularia sp., Nostoc sp., Rivularia sp., Scytonema sp.,
Stigonema sp., Tolypothrix sp. etc.); and filamentous non-heterocystous (Lyngbya
sp., Oscillatoria sp., Pseudanabaena sp., Schizothrix sp., Trichodesmium sp. etc.).
Many nitrogen fixing genera also live symbiotically with other plants such as
Anabaena sp., Nostoc sp., Scytonema sp., Pleurocapsa sp. etc. in Azolla sp.,
Anthoceros sp., cycads, Gunnera sp. etc. Permanent perpetual symbiosis of
cyanobacteria Anabaena azollae on dorsal leaf cavities of the host plant Azolla,
naturally found in the rice paddy fields is capable of high rates of nitrogen fixation. In
addition to the property of nitrogen fixation they are also able to release plant growth
promoting substances such as sugars, vitamins, and growth hormones which may be
used by other microorganisms leading to better colonization, enrichment of micro-
flora, and the maintenance of microbial diversity. The reported N content in maxi-
mum standing crops of Azolla ranged from 20 to 146 kg ha�1 and averaged 70 kg
ha�1, and N2-flxing rate ranged from 0.4 to 3.6 kg N ha�1 d�1 and averaged 2 kg N
ha�1 d�1 in a growing cycle of approximately 40 days. The N balance in the 0–50-
cm soil profile after 27 cropping cycles confirmed an average annual gain of 76 kg N
ha�1 under Azolla treatment (Reddy et al. 2002). The system is known as “green
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gold mine” owing to its multifaceted uses. Reddy et al. (2002) highlighted the
following benefits of cyanobacteria to the agroecosystem:

1. Cyanobacteria enhance solubilization and mobilization of nutrients of limited
supply.

2. They make complexes of heavy metals and xenobiotics to limit their mobility and
transport in plants.

3. Mineralization of simpler organic molecules such as amino acids for direct
uptake.

4. Protection of plants from pathogenic insects and diseases as biocontrol agents.
5. Stimulation of plant growth due to their plant growth promoting attributes.
6. Improved bioavailability of phosphorus.
7. Improved physicochemical conditions of soils.

In addition many cyanobacterial genera (e.g., Anabaena sp., Anabaenopsis sp.,
Calothrix sp., Glactothece sp., Nostoc sp., Plactonema sp., Synechocystis sp.,
Cylindromum sp., Chlorogloeopsis sp., Calothrix sp. etc.) produce plant growth
promoting chemicals such as auxins, gibberelins and cytokinnins (Reddy et al.
2002). In spite of so many potential uses, lack of awareness and improper extension
machinery contribute to the limited use of these important biofertilizers.

15.5.1.4 Seaweeds

Seaweeds are a rich source of various macro- and micronutrients and have a great
potential for agricultural applications. They are being used in agriculture since
antiquity, but recent demands of organic farming and organic food, the application
of organic treatments like seaweed extracts in agriculture has increased (Nabti et al.
2017). They are being used because of the presence of high amounts of macronu-
trients, micronutrients, vitamins, amino acids, and growth regulators. Among the
seaweeds brown algae members are most commonly used as biofertilizers. Some of
the examples are Fucus sp., Laminaria sp., Macrocystis pyrifera, Sargassum sp.,
Ascophyllum nodusum, Dictyoteris australis, Durvillea potatorum, Ecklonia max-
ima, and Turbinaria. Seaweed biofertilizers are considered superior than the chem-
ical fertilizers and farmland manures because the benefits of seaweeds application in
agricultural field are numerous and diverse. Some of them are used for stimulation of
seed germination, enhancement of health and growth of plants namely shoot and root
elongation, improved water and nutrient uptake, frost and saline resistance. Sea-
weeds can also be used as biocontrol agents and for resistance toward phytopatho-
genic organisms, remediation of pollutants from contaminated soil (Nabti et al.
2017; Hernández-Herrera et al. 2014).
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15.5.1.5 Mycorrhizal Fungi

In today’s era, when people are looking for sustainable agriculture, mycorrhizae are
effective candidate for biofertilizer. Mycorrhizae are symbiotic associations
between fungi and roots of plants. The fungus receives carbohydrates from green
plants while the roots obtain mineral nutrients that the fungus has absorbed from the
soil. Mycorrhizae show one of the most ancient associations between plant root and
filamentous fungi. The fossil record suggests that mycorrhizal association would
have been established more than 450 million years ago (Delaux et al. 2015). They are
ubiquitous soil fungi distributed in wide range of habitats. These mycorrhizal
associations are widespread throughout the vascular plant kingdom and they colo-
nize more than 80% of land plants (Delaux et al. 2015) including virtually all plant
species of economic importance ranging from bryophytes, pteridophytes, gymno-
sperms, and up to angiosperms. Mycorrhizae can be categorized on the basis of
symbiosis type and partner taxa such as Arbuscular Mycorrhiza, Fine Root Endo-
phytes, Ectomycorrhiza, Ectendomycorrhiza, Arbutoid Mycorrhiza, Monotropoid
Mycorrhiza, Orchid mycorrhiza, Ericoid Mycorrhiza, Sheathed Ericoid Mycorrhiza,
Sebacinalean Endophytes, Dark Septate Endophytes, Fire-Associated Mutualism,
and Feremycorrhiza (Kariman et al. 2018).

There are a number of features which make mycorrhizae a good source for
organic farming:

1. It is ubiquitous in nature and can be easily isolated.
2. Its carrier-based inoculum (dried powder form) can be made with ease and have

long shelf life in comparison to other sources of organic farming.
3. It is known to increase surface area of plant root (100–1000 times) which leads

to enhanced water and nutrient uptake by the plant.
4. It is well known for phosphate solubilization which is an important

macronutrient.
5. It improves uptake of some micronutrients needed by the plant like iron, zinc,

copper etc.
6. Mycorrhiza also helps the plants in combating various abiotic stresses, e.g.,

heavy metal stress, salt stress, drought stress etc. It also helps plant to fight
against biotic stress (pathogens) by secreting certain compounds and in
bioremediation.

7. It also known to boost uptake of nitrogen; however, AMF themselves do not fix
nitrogen.

8. Mycorrhiza also increase physical, chemical, and biological properties of soil.
9. It promotes augmentation of Plant Growth Promoting Rhizobacteria (PGPR).

10. AMFs have shown vast potential in revival and reclamation of wastelands
produced due to various natural and anthropogenic activities.
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15.5.1.6 Composting

Nowadays, not only chemical pesticides and fertilizers, but also generation of huge
amount of solid waste around the globe is a major ecological and technical problem,
and one of such biggest challenges is crop residues, which are leftover material
generated as part of any agricultural and allied activities. When crop residues are
applied directly to the soil plant system for crop production, it can create hazards
related to nutrient management. Composting technology has been recognized as the
most eco-friendly and cost-effective alternative to convert these leftovers into the
products that conditions soil and nourishes plants. Composting enhances soil fertility
and soil health resulting in increased agricultural productivity, improved soil biodi-
versity, reduced ecological risks, and better environment. Composting can be con-
sidered as a highest form of recycling process that directly or indirectly benefits
mankind. Composting has evolved during the twentieth century from an art to a
science (Howard 1943).

Composting as a process involves the biological decomposition of organic matter.
On the basis of organism used, process or space used, composting can be further
subdivided into various types such as vermicomposting, microbial composting,
aerobic composting, anaerobic composting, fungal composting, onsite composting,
offsite composting, vessel composting, tank composting, etc. Pit methods, Perfo-
rated Tank method, and Windrow method are some of the common microbial
composting methods which can be employed to prepare compost using compost
inoculants.

Vermicomposting has manifold relevance to today’s rural and urban environment
which may be a very efficient option to handle solid waste in an environmentally
friendly way. It is extremely useful for organic farming and is also an important
technology for solid waste management. Vermicomposting involves bio-oxidation
and stabilization of the waste as a result of the interactions between some species of
earthworms and microorganisms (Domínguez et al. 2010). The species of earthworm
used most often to produce vermicompost are Eisenia fetida (Red wiggler),
Lumbricus rubellus, and Eisenia hortensis (European night crawler). The earth-
worms perform different roles in the soil such as that of a turner, mixer, aerator,
screener, and accelerator that result in enhanced soil fertility, improved plant growth
in an economic and eco-friendly way.

15.5.2 Biocontrol Agents for Reducing Pesticide
Consumption

Biological control is an approach to reduce populations of harmful organisms with
natural enemies. It is defined many times as “the use of natural or modified
organisms, genes, or gene products to reduce the effects of undesirable organisms
(pests) and to favor desirable organisms such as crops, trees, animals, and beneficial
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insects and microorganisms.” This definition provides a scientific framework that
covers all the strategies toward biological control for all categories of pests. Biolog-
ical control agents have poor storage, are highly target specific, have slow speed to
kill, have long persistence through secondary cycling and thus have lower frequency
of application, are environmentally friendly and low hazard for humans and live-
stock (Doelle et al. 2009). Parasitism, competition, pathogenesis, production of
allelochemicals and making host plant resistant to pest are the most common actions
of agents of biological control. Biological control agents include invertebrates
predators (spiders and insect herbivores, mites, flies, ants, beetles, dragonflies, and
water bugs); vertebrates predators (amphibians and fishes, reptilians, birds, rodents,
and mammals); parasites (parasitoids); pathogens (entomopathogenic and
nematopathogenic protozoans, nematodes, earthworms, fungi, bacteria, virus, and
virus-like particles); pheromones and botanicals (plant products/extracts such as
nicotine, azadirachtin, sesamin and seasamolin etc.) (Kwenti 2016). Apart from
these biological control agents humans are practicing since long time to use mechan-
ical methods to control pest. Some of the popular mechanical methods used for pest
control are installation of bird shelter, using light trap, pheromone traps and colored
plates. Biocontrol agents kill or suppress pathogens and pests by parasitizing the pest
or pathogen, competing for space or nutrients, producing toxins to kill and/or
inducing a change (physiological or biochemical) in the host plant making it less
susceptible to tolerance to pest and pathogen attack.

There are three broad and somewhat overlapping types of biological control
methods: conservation, classical biological control (introduction of natural enemies
to a new locale), and augmentation (Gurr and Wratten 2012). Conservation process
involves manipulation or creation of the environment to favor natural enemies, either
by removing or mitigating adverse factors. These modifications include construction
of artificial structures, provision of supplementary food and alternative hosts,
improvement of pest–natural enemy synchronization, control of honeydew-feeding
ants, and modification of adverse agricultural practices (Barbosa 1998). Classical
biological control is an approach to search useful natural enemies, introduce them
into the area of the target pest, and permanently establish them so that they can
provide continuous pest management without any human intervention or with very
less involvement. There are many examples of successful classical biological control
programs, e.g., control of the cottony cushion scale, Icerya purchasi in California
with the predatory coccinellid, Rodolia cardinalis imported from Australia in 1988;
control of prickly pear, Opuntia spp., in Australia with the pyralid Cactoblastis
cactorum from Argentina (1920s); the control of the coconut moth, Levuana
iridescens, in Fiji Islands with the tachinids by Besa remota imported from Malaya
in 1925 (Caltagirone 1981). Management of papaya mealy bug (Paracoccus
marginatus) in Tamil Nadu, Maharashtra, and Karnataka by introduction of
Acerophagus papaya is the recent example of classical biological control (Mani
et al. 2012). Augmentation involves various techniques, including periodic releases
and environmental manipulation to increase populations or beneficial effects of
natural enemies (Hoy 2008). The extent to which the biological control agents can
be utilized varies from crop to crop and from location to location (Kerkut 1985).
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Ladybird beetles, lacewings, or parasitoids such as Trichogramma are frequently
released in large numbers (inundative release). Introduction of Trichoderma spp. as
an effective biological control agent of the plant pathogens and as plant growth
enhancer has come as a boon to agriculture. As most of the crops are infected by the
seed-or soilborne plant pathogens that primarily attack the vulnerable seeds or
seedlings, the antagonists can be applied directly to the targeted area, i.e., to seeds
or seedlings, and a single application (seed treatment, biopriming, furrow treatment)
can significantly reduce crop losses (Maheshwari and Dubey 2008). A number of
successful commercialized products based on different species of Trichoderma have
been commercialized in India and elsewhere. Naturally occurring chemicals
extracted from plants have long been proclaimed as an alternative to chemical
pesticides. Approximately 2000 plant species have been documented to possess
pest management properties, out of which 1005 species of plants exhibit insecticide
properties, 384 with antifeedant properties, 297 with repellent properties, 27 with
attractant properties, and 31 with growth inhabiting properties (Sharma and Gaur
2017). Many plants such as Azadirachta, Cymbopogon etc. have already been
exploited for the commercial production of biopesticides.

15.5.3 Other Approaches

There are many other approaches apart from those discussed above and one of the
methods is intercropping. It is the agricultural practice of cultivating two or more
crops in the same space at the same time. This method is an old and commonly used
cropping practice which is practiced around the globe and it aims to match crop
demands efficiently according to the available growth resources and labor
(Lithourgidis et al. 2011). There are many advantages of intercropping such as better
yield, improved soil fertility because of biological nitrogen fixation with the use of
legumes, increased soil conservation, reduced pest incidence, suppression of weeds,
reduced fertilizer and pesticide requirements, thus minimizing environmental
impacts of agriculture. However, there are some disadvantages of intercropping as
well, for example the selection of the appropriate crop species and their combination
is very important, appropriate sowing densities and extra work during crop manage-
ment practices, including harvesting. Wheat and maize are the two most widely used
crops for intercropping. These are alternated with various other crops such as wheat/
maize, wheat/chickpea, maize/chickpea, wheat/soybean, peanut/maize, pea/barley,
etc. (Banik et al. 2006; Zhang and Li 2003; Hauggaard-Nielsen et al. 2001; Li et al.
2001, 2004).
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15.6 Conclusions

Ever since the farming practices have been initiated there is depletion of soil health
and environment. Human beings are using various chemicals to enrich the soil for
better crop production. Although fertilizers and pesticides are being added to meet
the food demand, they have turned out to be a point of concern. They are influencing
biological, chemical, physical properties of soil, deteriorating soil health, contami-
nating the water, causing environmental pollution etc. Thus, a potential alternative is
required which can minimize the use of fertilizers and pesticides and one of the
options is sustainable agriculture. There have been examples from around the world
where it has become possible to increase the crop yield in a sustainable way. Farmers
around the globe must be trained with such methods and techniques and the use of
inorganic fertilizers and pesticides must be stopped.
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Chapter 16
Portraying Microbial Beneficence
for Ameliorating Soil Health and Plant
Growth

Jay Kishor Prasad, Riddha Dey, Sandeep Kumar Gupta,
and Richa Raghuwanshi

Abstract Soil microflora is a vital component in improving plant growth as it
performs many crucial and primary soil functions such as soil fertility, nutrient
cycling, increased availability of limited nutrients, and decomposition of inorganic
as well as organic matter. Soil microorganisms also positively influence physical
properties of soil like its structure, porosity; aeration, and water infiltration which are
favorably affected by their soil aggregate forming capabilities. Further the soil
microflora plays an important role in practicing ecofriendly approaches like detox-
ification (bioremediation) of soils contaminated with toxins and undesirable com-
ponents added due to anthropogenic activities. The global concern about chemical
residues affecting soil health and environment has stimulated interest in the dynamic
role of soil microbes in soil protection. Microbial interactions with the plants evoke
various kinds of local and systemic response that not only improve plant’s metabolic
capability to resist abiotic stress but also indirectly affect the soil health as plant
growth, microbial activity, and soil health are closely interlinked. The present review
is focused on the central role of soil microbes in ameliorating the harmful effects of
chemicals on soil health and plant growth.
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16.1 Introduction

Soil health may be defined as the continuous capability of soil to act as a vital living
system, within ecosystem and land-use boundaries, maintaining biological produc-
tivity (Doran et al. 1996). Abiotic stresses and the fluctuating climate are the major
factors deteriorating soil health by imbalancing the nutrient cycling and degrading
the physical and biochemical properties of soil thereby reducing agricultural pro-
ductivity. Besides natural factor even anthropogenic activities have led to an
approximate loss of 24 billion tons of fertile soil from the world’s crop lands
(FAO 2011). The intensity of degradation caused by anthropogenic activities
extends from highly degraded (25%) to moderately degraded (36%) lands of
which only 10% of land is reported to be improving. The increasing population
with changing consumption patterns has further intensified the problem by increas-
ing the demand for energy by 45%, food by 50%, and water by 30% (IFPRI 2012).
Although the use of agricultural chemicals increased the productivity of the available
lands, high energy demands and environmental costs associated resulted in the
search for alternative methods to improve soil fertility and productivity in degraded
lands. No doubt that the traditional agricultural practices like composts, green and
farm yard manures, and crop management practices like natural fallow,
intercropping, relay cropping and crop rotations improve soil health but still the
adaptive capability of plants is unable to keep pace with the rapid global environ-
mental changes taking place due to anthropogenic activities. Under such a scenario,
microorganisms which are critical in maintaining soil quality and health can be
exploited as a tool to promote plant growth and maintain environmental sustainabil-
ity (Jeffries et al. 2003). Plant growth promoting microbes have risen as an alterna-
tive tool among the sustainable agricultural practices to minimize the application of
chemicals. Bacteria that promote plant growth either directly (nitrogen fixation,
phosphate solubilization, siderophore production, and phytohormone production)
or indirectly (antibiotic production, suppression of plant pathogens, induction of
resistance in host against biotic and abiotic stresses, modifying plant–microbe
interactions like mycorrhizal and Rhizobium symbiosis) are referred as plant growth
promoting rhizobacteria (PGPR). Besides PGPR, the arbuscular mycorrhizae (AM),
which is a wide spread mutualistic symbiosis between land plants and fungi benefit
soil by their soil aggregation capabilities and plants by enhancing nutrient uptake
and resistance against various stresses. Thus plant–microbe interactions not only
provide a fundamental support to the plant in acquiring nutrients and imparting
resistance but also affect soil health (Nguyen et al. 2016; Turner et al. 2013) as these
three factors are dependent on each other. Any ecosystem functioning is largely
governed by soil microbial number and activities which get reduced on addition of
chemical and this reduction becomes critical for the reestablishment of the vegeta-
tion cover in a degraded soil. The present review discusses the role of microbes in
terms of replacing chemicals, degrading chemicals, and facilitating plant growth in
degraded soils.
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16.2 Soil Structure and Aggregation

Soil structure denotes the three dimensional arrangement of organic or mineral
complexes (aggregates) and the pore size (Rillig and Mummey 2006). Soil aggre-
gates are clusters of soil particles that are clumped together by moist clay, organic
matter (like roots), gums (from bacteria and fungi), and by fungal hyphae. The
aggregates are made up of particles of different sizes, varying from 2 μm about
200 μm diameter in size. Soil pores are the spaces between soil aggregates and these
are necessary for storing air, water, nutrients, microbes, and organic matter. Soil
aggregation is an integral process in the development of soil structure and has a
strong impact on the biological, hydrological, and mechanical properties of soils.
Plant growth can be severely disturbed if the soil structure is not favorable for
seedling emergence or root development (Marshall and Holmes 1988). The binding
of soil particles into stable aggregates is essential for the production of optimum soil
tilth. The soil profile depicted in Fig. 16.1 shows the different layers having different
make up, texture, age, and characteristic. The O horizon, primarily composed of
decaying organic matter, hosts most of the roots and soil microbes which contribute
immensely in maintaining soil quality. Aggregate formation around roots involves
the adherence of fine soil particles to living root hairs, bacteria, and fungal hyphae
(Mishustin 1945; Hubbell and Chapman 1946). Soil biodiversity is a property that is
vital for the continued capacity of the soil to produce crops. Thus, the ecological
attributes associated with the soil biota, i.e., its diversity, food web structure,
activity, and the range of functions it performs are important in maintaining soil
health.

Fig. 16.1 Soil profile diagram
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The two ways proposed for the formation of soil aggregates by bacteria are:

1. Bacteria produce polysaccharides which makes many points of contact with soil
particles producing aggregates. Bacterial polysaccharides resist decomposition
(Harris et al. 1964).

2. Bacteria develop a small electrostatic charge which attracts to the electrostatic
charge on clay surfaces, bringing together small aggregates of soil (Naseem and
Bano 2014).

The mechanisms involved in the development of water-stable soil aggregates
(Harris et al. 1964) is depicted in Fig. 16.2.

Soil aggregation is an important index for evaluation of soil physical properties as
it sustains soil health and fertility, reduces soil erosion and mediates the air perme-
ability, water infiltration and nutrient cycling (Spohn and Giani 2011; Zhang et al.
2012). Soil aggregates are highly stable in soil rich in organic carbon. Several factors
that interact like microbial activities, nutrient reserves, moisture availability,
exchangeable ions, environment, pedogenic processes results in complex dynamics
of soil aggregation (Kay 1990). The abundant water stable aggregate of size
0.25–0.1 mm resides at the upper soil surface layer (0–15 cm), determines the
potential for sheet erosion and crust formation (Ahemad et al. 2012). Soil aggregates
help in retaining soil organic carbon and protect against the decomposition of
organic matter (Six et al. 2000). Soil aggregate stability is a good index of soil
erodibility (Diaz-Zorita et al. 2002) as well.

However, under water stress conditions soil aggregation can be challenging and
hence rhizobacteria play a dynamic role in overcoming this barrier. PGPR have
different kinds of mechanisms that directly help to increase the soil organic carbon
and maintain soil fertility. PGPR produces exopolysaccharides (EPS) which are
most important part of extracellular matrix that often represent 40–95% of bacterial
weight (Flemming and Wingender 2001). Bacteria produce EPS in two forms:
(1) slime EPS and (2) capsular EPS (Vanhooren and Vandamme 1998). EPS are
found in diverse complex structures (Kumon et al. 1994). The important roles
exhibited by EPS are (1) protection, (2) surface attachment, (3) biofilm formation,
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(4) microbial aggregation, (5) plant–microbe interaction, and (6) bioremediation
(Manca de Nadra et al. 1985). Exopolysaccharides are the active constituents of
soil organic matter which help in improving soil health and fertility (Gouzou et al.
1993). Histochemical investigations confirm that polysaccharides are the most
important component of root mucilage for binding soil particles. The mucilage
from the rhizosheath bacterium Cytophaga sp. has been shown to bound to soil by
component protein (Watt et al. 1993). Earlier, Reid and Goss (1981, 1982) showed
that polysaccharides from growing roots played an important role in stability of
microaggregates in a silt loam and a sandy loam soil. Bacterial and fungal hyphae
together with fine roots of plants are involved in the formation of microaggregates
and their turnover. Residues of root and shoot form the cavitation sites for the growth
of fungi and bacteria. Microbial activity is activated by the biological macroaggre-
gates forming around growing roots in soil. Soil fauna especially earthworms,
termites, and ants play an important role in formation of biological macroaggregates
in soils in diverse climates (Six et al. 2002).

Role of glomalin protein secreted by arbuscular mycorrhizal fungi (AMF) in soil
aggregation is well documented (Wright et al. 1996) as these symbionts produce the
protein 2–3 folds higher than other fungi (Wright and Upadhyaya 1996). Among all
soil factors Jastrow et al. (1998) demonstrated that AMF hyphae have a direct effect
on soil aggregation through production of glomalin protein which helps in soil
binding. Role of AMF in soil engineering has mostly been studied with respect to
soil aggregation, as these aggregates physically protect the carbon inside and
contribute to the soil carbon pool (Jastrow 1996; Six et al. 2000). Based on C dating
Rillig et al. (2001) concluded that glomalin had a residence time in soil ranging from
6 to 42 yrs., as it is not readily metabolized by soil organisms. Rillig et al. (2001)
demonstrated that glomalin actually accumulates in soil to the extent that it repre-
sents 4 to 5% of the soil carbon. Mycorrhizal helper bacteria like Pseudomonas
species stimulating the formation of arbuscular mycorrhizas, are also known to affect
the stability of macroaggregates (Krishna et al. 1982). Lolium perenne grasses and
most of the C4 plants support more external hyphae and stabilize soil more effec-
tively than C3 grasses like Trifolium repens (Tisdall and Oades 1979; Miller and
Jastrow 1990).

16.3 Soil Degradation

Decline in soil quality in terms of its physical, chemical, or biological state is
referred to as soil degradation. While soil degradation may be a natural process, it
is highly exuberated by human activity. Physical factors like rainfall, tillage, floods,
surface runoff, wind erosion, and mass movements resulting in the loss of top fertile
soil decrease the soil quality. Alkalinity or acidity resulting due to mining and excess
use of chemicals also leads to soil deterioration in the long term. Extensive cultiva-
tion and improper agricultural practices like mono-cropping, poor manuring, excess
use of chemical fertilizers, excessive irrigation, overgrazing, and deforestation also
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accelerate the process of soil degradation. Soil degradation leads to adverse changes
in soil structural attributes, organic matter and nutrient status thereby affecting crop
productivity. The various causes of soil degradation are depicted in Fig. 16.3.

Any factor adversely affecting the soil microfloral diversity and count also
reduces the biological or microbial activity of soil. Mono-cropping often leads to
increasing attack of pests and diseases, thereby affecting the soil microbial equilib-
rium and in turn its activity. Similarly organic matter is rapidly decomposed and
leached or eroded by heavy rains or floods (Bennett 1993). Salinity also lowers
productivity through its adverse effects on the availability of nutrients. The adverse
effect of alkalinity on availability of nutrients is due to deflocculating effect of
sodium ions. Dumping of unprocessed industrial waste in open grounds often
leads to the accumulation of heavy metals such as Lead (Pb), Cadmium (Cd), and
Arsenic (As) in the soil. Excessive and unrestricted application of chemical fertil-
izers and pesticides creates not only negative impacts on soil fertility and soil health
but also a major part of it is inaccessible to plants (Bhandari 2014), which further
leads to decrease in soil organic carbon, loss of beneficial microbial flora, increased
acidity/alkalinity, and hardening of soil (Nicholson and Hirsch 1998; Yang et al.
2000; Bohme et al. 2005).

Soil erosion is another major cause of soil degradation. Soil erosion mostly
disturbs the upper fertile layer of soil, making it deficient in essential minerals and
resulting in productivity loss. Destruction of forests accompanied by reduced rainfall
frequency is also a factor for soil erosion causing damage to agriculture property.

CAUSES  OF  SOIL DEGRADATION

PHYSICAL CHEMICAL BIOLOGICAL ANTHROPOGENIC

� MINING

� DEFORESTATION

� INDUSTRIALISATION

� EXTENSIVE 

CULTIVATION

� USE OF CHEMICAL 

FERTILISERS AND 

PESTICIDES

� MONO  CROPPING

� OVER GRAZING

� REDUCTION IN 

SOIL 

BIODIVERSITY

� DECREASE IN 

SOC

� MICROBIAL 

ACTIVITY

� NUTRIENT 

DISORDER

�ACIDIFICATION

� SALINATION

�ALKALINITY

� LEACHING

�ACCUMULATION 

OF HEAVY METALS

� EROSION

� FLOOD

� DROUGHT 

AND ARIDITY

� WATER 

LOGGING

� STRUCTURAL 

DECLINE

� COMPACTION

Fig. 16.3 Various causes of soil degradation

292 J. K. Prasad et al.



Soil erosion not only makes an area vulnerable to nutrient loss but also destroys
microbial dynamics affecting the ecosystem at large (Lal 1987).

16.4 Microbial Assistance in Plant Growth
in Degraded Soils

Plant’s response to any microbial treatment is the result of the complex interactions
with the rest of the soil microbial inhabitants and soil condition. Soil health in turn is
influenced by the plant roots as the root exudates are not only rich in nutrients (amino
acids, nucleotides, fatty acids, phenols, plant growth regulators, organic acids,
putrescine, sterols, sugars and vitamins) compared to bulk soil but also provide a
surface for microbial attachment and proliferation. This leads to enrichment of
microorganisms (multiple folds than the bulk soil) such as bacteria, fungus,
cyanobacteria, algae and protozoa, among which growth promoting rhizobacteria
is most significant (Uren 2007). These microbes can be used as a replacement to
chemicals used in agriculture or may help in overcoming the adverse effects of
chemicals as discussed below.

16.4.1 Fertilizer-Affected Soils

Non-sustainable intensive agricultural practices like cultivating fertilizer-responsive
crops or short duration crops with high yield often make the soils scarce in organic
matter and nutrients and accelerate the loss of plant nutrients to a much greater extent
compared to what is supplemented through fertilizers. Long-term fertilization alters
the soil organic carbon, nitrogen content, pH, soil moisture and thus shifts the
microbial population (Bohme et al. 2005; Bunemann and McNeill 2004; Wu et al.
2012). A survey of long-term monitoring of 10 field sites in China revealed that soil
pH decreased substantially by 0.45–2.20 units over a 8 to 25 years period in plots
fertilized with mineral N, P, and K fertilizers (Guo et al. 2010). Use of large amount
of potassium fertilizers causes Ca, Fe, and Zn imbalance which disrupts the nutrient
balance and uptake by plants. Usage of fertilizers more than the recommended
amount leads to soil compaction in the long term. High compaction decreases
porosity and aeration while increasing bulk density and soil penetration resistance.
Restricted root development further limits the water and nutrient uptake adversely
affecting the yields (Massah and Azadegan 2016). Moreover overuse of fertilizers
shows negative effects on organisms like worms and soil mites which are responsi-
ble for maintaining soil health. Chemical fertilization creates nutrient channels or
patches which results in nutrient gradients in the soil affecting the microbial
populations and diversity (Li et al. 2013).
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The use of microbes as biofertilizers is a potential method to decrease the negative
impact in the environment caused by the continuous overuse of chemical fertilizers.
PGPRs mostly influence plant growth either by facilitating uptake of nutrients from
the soil or by synthesizing plant hormones (Glick et al. 2007) like IAA, which
promote root growth enhancing the nutrient absorption. Diazotrophs convert atmo-
spheric nitrogen into usable organic forms in rhizospheric soil. Rhizobium inocula-
tion helps to enhance nodulation, plant growth, and produces enhanced grain yield
by 10–15 fold (Nutmen and Roberts 1969). Azotobacter plays an imperative role in
nitrogen fixation as well as releases considerable amounts of biologically active
substances like vitamins such as thiamine and riboflavin (Revillas et al. 2000). It also
helps in secretion of ammonia in the rhizosphere along with the root exudates, which
results in modification of nutrient uptake by the plants (Narula and Gupta 1986).
Azospirillum is reported to fix atmospheric nitrogen, produce plant growth promot-
ing substances IAA and IBA, and increase the rate of mineral uptake by plant root
enhancing the plant yield (Gadagi et al. 2004). Blue-green algae, a diverse group of
prokaryotes often form complex associations with bacteria and green algae forming
cyanobacterial mats used as biofertilizers in modern agriculture to supplement
nitrogen. Besides these well-known microbes, a number of microbes (Serratia,
Enterobacter cloacae, Burkholderia ambifera, Pantoea ananatis) are being studied
for their diazotrophic role.

Many PGPR help in solubilizing insoluble phosphate either by producing organic
acids that lowers the soil pH, by chelation of cations or by competing with phosphate
for adsorption sites in the soil (Nahas 1996). Pseudomonas degrade organic nitrog-
enous compounds and also enhance circulation of nitrogen and phosphorous in soil
(Hayat et al. 2010). It is a visual observation that the plant growth regulators result in
vigorous development of greener and larger leaves, despite the unfavorable condi-
tions (Nagy and Pinter 2015). Plant growth promoting microbes like Pseudomonas,
Bacillus, and Trichoderma show beneficial effect upon plant growth and can be used
as biofertilizers for agriculture (Broughton et al. 2003; Saxena et al. 2016a, b).

Arbuscular mycorrhizal fungi are primarily responsible for increased nutrient
uptake by plants. Extraradical hyphae from the mycorrhizal plant extend up to
several centimeters and increase the effectiveness of absorption of immobile ele-
ments by 60-folds (Bieleski 1973). Though AM fungi are able to absorb and transfer
all the 15 macro- and micronutrients necessary for plant growth, this behavior is
particularly evident with soil nutrients that are more immobile such as P, Zn, and Cu
(Khan et al. 2000). When a mixture of PGPR strains Bacillus amyloliquefaciens,
Bacillus pumilus T4 and AMF (Glomus intraradices) were inoculated in tomato, it
supplemented 75% of the recommended fertilizers, increasing yield (Adesemoye
et al. 2009). Similarly, inoculation of Glomus coronatum with Rhizobium sp. NR9
showed increased plant growth, nutrient uptake, and mycorrhizal root colonization
(Barea et al. 1997). Soil microbial components and their interactions can be used for
restoring the soil’s natural fertility and the microbes being self-replicating minimizes
the need for repeated application as is with chemical fertilizers.
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16.4.2 Pesticide-Affected Soils

Pesticides are bioactive, toxic, and xenobiotic substances which directly or indirectly
affect agroecosystem quality and soil productivity (Imfeld and Vuilleumier 2012).
Pesticides and fertilizers have become an integrated part of the modern agricultural
practices that has been able to manage the rising food demand but the soil health has
been severely compromised due to its adverse effects. An actively growing living
system shows rapid metabolism of the chemical pesticides which dilutes its adverse
effects compared to a relatively static soil system where it persists for prolonged
period (Edwards 1975). Furthermore, the breakdown of pesticide molecules results
in release of many toxic molecules in the soil. Some essential biochemical reactions
that occur in soil like nitrogen fixation, mineralization, nitrification, denitrification,
and ammonification are affected by the pesticides through alteration of specific soil
microorganisms or by activating/deactivating the enzymes involved (Kinney et al.
2005; Menon et al. 2005; Niewiadomska 2004). The excess uses of chemical
pesticides like unden and lindane (156 and 125 g ha�1) inhibit the growth of
microbes and alter the physicochemical structure of the soil decreasing the crop
yields in future (Glover-Amengor and Tetteh 2008). Similar reports on inhibition of
nitrification by higher dose of hexazinone pesticide have been reported in a soddy
podzolic soil (Bliev et al. 1985). Pesticides adversely affect the nodulation by
affecting virulence of attacking nodular bacteria. Niewiadomska (2004) and
Niewiadomska and Klama (2005) reported the adverse effects of carbendazime,
thiram (fungicides), and imazetapir (herbicide) on nitrogenase activity of Rhizobium
leguminosarum, Sinorhizobium meliloti, and Bradyrhizobium sp., in clover, lucerne,
and serradella plants. Herbicides have been reported to affect Bradyrhizobium
japonicum growth in vitro and reduce the nodulation of soybeans under greenhouse
conditions (Malik and Tesfai 1985, 1993). Application of pesticides affects the
efficiency and activity of nitrogenase enzyme. Pesticides also show inhibitory effects
on rates of decomposition of organic matter and mineralization in agricultural and
grassland ecosystems (Perfect et al. 1981; Pimentel and Warneke 1989), forest areas
(Weary and Merriam 1978), and desert ecosystem (Santos and Whitford 1981).
Metalaxyl (fungicide) significantly decreased total C and N contents in soil during
0–30 days of incubation (Sukul 2006). Similar results are described by Das and
Mukherjee (1994, 1998a, b, 2000a, b) in laterite, alluvial, and in rhizospheric soil of
rice. Nitrification was repressed and phosphate solubilization was decreased in the
soil for 30 days by application of pesticides (lindane, captan, and malathion)
(Ogunseitan and Odeyemi 1985). Pesticides falling on soil disturbs the microbial
metabolism or enzymatic activities. The activity of soil enzymes like dehydrogenase,
hydrolases, and oxidoreductases are negatively affected by pesticides (Engelen et al.
1998; Liu et al. 2008; Topp et al. 1997). On application of chlorimuron ethyl and
furadan the urease activity is enhanced up to 14–18% and 13–21%, respectively.
Mefenoxam, metalaxyl inhibit alkaline phosphatase and stimulates acid phosphatase
(Monkiedje and Spiteller 2002). It is difficult to quantify the net impact of pesticides
on biochemical reactions in soil due to greater soil resilience, nature and
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concentration of pesticide, its activity and metabolism in soil. But in most cases,
application of pesticides disturbs the microbial biochemical equilibrium and cycling
of biological elements.

Some rhizospheric bacteria and fungi degrade the toxic pesticides converting
them into their nontoxic or natural compound (Vargas 1975) which may further be
used as energy or nutrient source (Ishaq et al. 1994; Megadi et al. 2010; Mohamed
et al. 2011; Tancho et al. 1992). Simultaneously due to co-metabolism the pesticides
which do not serve as the source of energy or nutrient for soil microflora are also
degraded by the microorganisms (Bollag and Liu 1990). A wide-ranging soil
bacteria when constantly exposed to high amounts of toxic and persistent pesticides
in agricultural soils develop a capacity not only to survive the presence of these
highly toxic substances but may also use them as energy and nutrient source. This
leads to complete or partial transformation/mineralization of these pesticides to a
level in soil that are either no more toxic or considerably less toxic than the parent
molecule resulting in bioremediation of such contaminated sites. Some PGPRs well
studied for their mechanism of growth promotion with pesticides degrading property
are summarized in Table 16.1.

Biocontrol strategy for disease management elucidated long back by Lenné and
Parbery (1976) controls the plant pathogens, restoring the lost homeostasis of the
environment. The potential of biocontrol agents (e.g., Trichoderma) for controlling
the phytopathogens like Alternaria, Colletotrichum, Phytophthora, Pythium, Rhi-
zoctonia, Sclerotinia, Verticillium (Begum et al. 2008; Imtiaj and Lee 2008; Jain
et al. 2012; Saxena et al. 2016a, b) is well established. The mechanisms involved
have been attributed to be antibiosis, mycoparasitim, competition for space and
nutrients, enhancing the mechanical strength along with its ability to induce systemic
resistance in the plants against the pathogens (Harman 2006; Shoresh et al. 2010;
Hermosa et al. 2012; Saxena et al. 2015).

Role of mycorrhizal fungi in imparting resistance against biotic stress has mostly
been discussed with its effect in inducing physiological changes in hosts, increased
lignification, production of antifungal chitinase, arginine accumulation, and changed
root exudation (Dehne and Schonbeck 1979; Harrier and Watson 2004; Ramaiah
and Bagyaraj 1989). Mycorrhizal associations lower the competitive ability of weeds
relative to crop (Van der Heijden et al. 2008).

16.4.3 Flood-Affected Soils

Soil inundation sets in motion a variety of chemical, physical, and biological
processes that alter the capacity of soils to support plant growth. Flooding with
moving water often removes soil by scouring or adds soil by transport and silting
(Brinson et al. 1981). Changes in soil structure following flooding typically include
breakdown of aggregates, deflocculation of clays, and destruction of cementing
agents (Ponnamperuma 1984). Major chemical changes include decrease or disap-
pearance of O2, accumulation of CO2, increased solubility of mineral substances,
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reduction of Fe and Mn, anaerobic decomposition of organic matter, and formation
of toxic compounds (Gambrell et al. 1991; Janiesch 1991). Flooding eliminates soil
O2 because water occupies previously gas-filled pores. The O2 concentration
remains high in only the few millimeters of surface soil that are in contact with
oxygenated water. Well-drained soils are characterized by redox potentials of
+300 mV or higher, whereas flooded soils have redox potentials of -300 mV or
lower (Pezeshki and Chambers 1985a, 1985b). The aerobic organisms typical of
well-drained soils are replaced in flooded soils by anaerobes, primarily bacteria,
which cause denitrification and reduction of Mn, Fe, and S. Many potentially toxic
compounds accumulate in flooded soils. Soil flooding or waterlogging causes major
changes in the normal functioning of plant roots (Jackson and Drew 1984) as the gas
diffusion rates get reduced in flooded soil (Jackson 1985) and at the same time,
respiration by microorganisms and plant roots leads to a rapid buildup of anaerobic
conditions in the soil. Methane, ethane, propylene, fatty acids, hydroxy and
decarboxylic acids, unsaturated acids, aldehydes, ketones, diamines, mercaptans,
and heterocyclic compounds are products of anaerobic metabolism of microbes.
Similarly ethanol, acetaldehyde, and cyanogenic compounds are produced by roots
(Fulton and Erickson 1964; Rowe and Catlin 1971; Ponnamperuma 1984). Ethylene,
a gaseous stress hormone is produced in abundance by flooded plants (Kozlowski
and Pallardy 1984) and by microbial metabolism (Lynch 1975; Lindberg et al.
1979). Overall the toxic conditions of soil affects some of the vital processes like
ion uptake in root (Jackson and Drew 1984) affecting plant growth.

Most of the studies done on role of microbes in plant growth promotion in flooded
soil are with respect to the activity of ACC deaminase (ACCD) enzyme as this
reduces the ethylene induced negative response to a great extent in plants (Glick
2005). ACC deaminase producing PGPR (Barnawal et al. 2012; Grichko and Glick
2001a; Li et al. 2013) mitigate the stress by lowering the ethylene level in plants
(Saleem et al. 2007) and thereby ameliorating the stress effects. Studies have shown
that flooded plants inhabiting ACCD producing microbes are able to overcome the
flood response partially. Even plants are genetically engineered to express this
enzyme in root-specific manner resulting in less accumulation of ethylene in the
roots and thereby minimizing the adverse effects of flooding (Grichko and Glick
2001a, b). Most of the phyllospheric, rhizospheric, and endophytic microbes with
ACCD producing enzymes are non-specific toward their host which make them
further beneficial. They exhibit a wide range (>100 fold) in ACCD activity and act
as a sink for the ACC produced in response to stress. Grichko and Glick (2001)
studied the effect of inoculation with ACCD PGPR on tomato subjected to flooding.
Seeds of wild type tomato plants when inoculated with Enterobacter cloacae CAL2,
Pseudomonas putida UW4 and P. putida (ATCC17399/pRKACC), respectively,
showed substantial tolerance to flooding stress implying that bacterial ACCD
lowered the effects of stress induced ethylene. Different ACCD producing bacteria
have been reviewed by different authors (Glick et al. 2007; Glick 2014;
Raghuwanshi and Prasad 2018) for their efficacy in plant protection against yield
loss caused by flooding.
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16.4.4 Salt-Affected Soils

High levels of salinity in soils are due to inadequate irrigation management and
excess fertilization leading to secondary salinization which has almost affected 20%
of globally irrigated land (Glick et al. 2007). An arid and semi-arid condition also
leads to salinization of land and water resources. Salts in the soil occurring as ions
are released from breaking down of minerals, i.e., weathering. They may also
increase through irrigation water, fertilizers, or sometimes move upward in the soil
from shallow groundwater. When precipitation is inadequate to leach ions from the
soil profile, salts accumulate in the soil which leads to soil salinity (Blaylock 1994).
Water soluble salts are present in all types of soils. Plants uptake essential nutrients
in the ionic form of salts, but excessive accumulation strongly decrease the plant
growth. During the last century global natural resources have faced serious physical,
chemical, and biological land degradation processes resulting in inorganic/organic
contamination, compaction and diminished microbial activity/diversity. Around
800 million hectares of land is estimated to be affected by salinity throughout the
world (FAO 2008). Approximately seven million hectares of land in India comes
under saline soil (Patel et al. 2011) and it continues to expand by the introduction of
irrigation in new areas. Salinization can be checked by leaching of salt from root
zone, altered farm management practices and use of salt tolerant plants. Salinity
stress creates an oxidative burst in cells resulting in an increased accumulation of
reactive oxygen species which affects the plasma membrane, cell metabolism, and
homeostasis. Studies on interaction of PGPR with other microbes and their effects on
the physiological response of crop plants under different soil salinity regimes are still
in initial stage.

Association of plants with PGPR equipped with ACCD activity can have a
tremendous effect on mitigating plant growth inhibition resulting from stress ethyl-
ene formed during salt stress. Under salt stress condition, much of the ACC exudes
out from plant roots where ACCD bacteria sequester and degrade ACC to
α-ketobutyrate and ammonia, thus, decreasing the building up of stress ethylene in
plants. Many reports have shown that high ACC deaminase activity could be one of
the primary mechanisms by which bacteria support plant growth under salt stress
(Mayak et al. 2004; Saleem et al. 2007). Studies done on maize plant growing in
saline–sodic soil when treated with fertilizer along with ACCD producing Pseudo-
monas strains showed 198% augmented plant dry weight (Zafar-ul-Hye et al. 2014).
Improvement in the growth of groundnut and red pepper plants by ACCD containing
Pseudomonas fluorescens TDK1 and Bacillus sp. under salt stress have been
reported in earlier studies (Saravanakumar and Samiyappan 2007; Siddikee et al.
2011). Similarly, Nadeem et al. (2009) also reported a protective effect of ACCD
containing bacteria Pseudomonas syringae, Enterobacter aerogenes and Pseudo-
monas fluorescens on the growth of maize under salt stress conditions. Another
experimental report of Gamalero et al. (2008) also suggested a plant growth stimu-
latory effect of Gigaspora rosea BEG9 and Pseudomonas putida UW4 on the
growth of cucumber under salt stress condition. ACCD activity has also been
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observed in Achromobacter, Azospirillum, Agrobacterium, Burkholderia,
Enterobacter, Pseudomonas, and Ralstonia (Blaha et al. 2006). PGPR isolated
from saline habitats are well adapted to tolerate salt and hence can be helpful in
increasing plant resistance to salt stress. Reviews of Mosse (1986) and Sylvia and
Williams (1992) point that most of the effect of AM fungi in protecting plants from
salt stress is based on the compensation of plant damage by improved nutrient
acquisition. When salt concentrations in soils are high then sodium ions compete
with potassium ions for binding sites. A high Na+: K+ ratio generated due to salinity
disrupts the ionic balance in cytoplasm further disrupting the plant metabolic
processes (Giri et al. 2007). Mycorrhizal colonization not only enhances K+ absorp-
tion but also prevents Na+ translocation to shoot tissues (Giri et al. 2007; Sharifi et al.
2007). However, contrasting studies have been reported in this regard (Allen and
Cunningham 1983).

16.4.5 Metal-Affected Soils

Rhizoremediation has been defined as the removal of soil contaminants by the help
of microbes found in rhizosphere (Segura and Ramos 2013). Rhizoremediation
technique uses combined degradative potential of plants and their associative
rhizospheric microorganisms (Zhuang et al. 2007). Microbes produce a wide range
of hydrolytic enzymes that accelerate the degradation process and helps in
eco-restoration of polluted site (Daane et al. 2001). Microbial remediation of metal
has gained considerable interest with the understanding of the microbe–plant inter-
action. The dynamic microenvironment of rhizosphere harboring microbes not only
has considerable potential for plant growth promotion but also detoxification of
harmful chemical compounds (De Souza et al. 1999).PGPR that solubilize inorganic
phosphate and synthesize growth promoting substances can be utilized in the plant-
assisted bioremediation of metal affected soil (Khan et al. 2009). The heavy metal
resistant microbes in rhizosphere affect trace metal mobility and availability to the
plants through the secretion of chelating agents, acidification, phosphate solubiliza-
tion, and redox changes (Abou-Shanab et al. 2003; Idris et al. 2004). Bacillus
megaterium has been reported for microbial assisted phytoremediation of lead
contaminated soils (Gullap et al. 2014).

Alcalegenes sp. RZS2, Pseudomonas aeruginosa RZS3 has been reported for its
bioremediation and growth promotion activities against Zn-induced oxidative stress
in wheat, as it improves the availability of necessary nutrient, elicits the antioxidant
defense system of the plant, and lowers the Zn metal uptake (Islam et al. 2014).

Copper being a trace element at elevated levels in soil affects the plants and
microbial processes and hence its removal from the polluted soil becomes essential.
A study revealed that inoculation of Vicia faba with copper accumulating PGPRs
Enterobacter cloacae and Pseudomonas sp elevated copper tolerance in Vicia faba
by altering antioxidant enzyme system (Fatnassi et al. 2015). Few soil microbes like
Kocuria sp. CRB15, Enterobacter clocae and Pseudomonas sp. have been reported
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for their strong metal binding capacity which prevents their bioaugmentation in
plants (Hansda and Anshumali 2017; Fatnassi et al. 2015).

Cadmium, a toxic heavy metal highly mobile in soil gets accumulated in crops
which when consumed by animals and humans affect their survival (Sanita di Toppi
and Gabrielli 1999). Cadmium contamination also alters the microbial diversity of
soil (Roberts 2003; Lenntech 2009; Shukla et al. 2010). Interest has therefore
increased in developing a system that could remove or neutralize the toxic effects
of metals found in soils, sediments, and wastewaters. Besides phytoremediation
some microorganisms, like Bacillus subtilis, Citrobacter spp., and Pseudomonas
spp. have been found effective in reducing/remediating the toxicity of metals like
cadmium (Sheng-wang et al. 2008; Chunxiao et al. 2009). Losses due to the toxic
effects of cadmium on plant physiology are well documented (Vassilev et al. 2004).
Glutathione having several roles in the cell metabolism such as scavenging ROS,
redox state regulation, transport of amino acids, and sulfur storage (Meister 1995;
Noctor and Foyer 1998) gets augmented in plants grown in Cd-contaminated soil
when inoculated with Cd-tolerant strains of Rhizobium (Figueira et al. 2005). It has
been reported that Cd content in the soil can be decreased by the help of certain
Pseudomonas strains (MKRh1, MKRh3, and MKRh4) (Ganesan 2008) and Rhizo-
bium leguminosarum (Sofia et al. 2012) through enzymatic solubilization.

Chromium contamination in soil occurs due to the disposal of chromium con-
taminated industrial wastewater or sludge that excess the quality standard. Chro-
mium concentration in soil ranges between 1 and 300 mg/kg while the maximum
health standard is 2.5 mg/kg. For use of microbes as bioinoculant for microbial-
assisted phytoremediation, the microorganisms must be able to promote plant
growth even under heavy metal stress. Many previous studies have put forward
the role of Pseudomonas aeruginosa, Enterobacter, Bacillus, and Shewanella in
alleviating Cr (VI) from the contamination site (Wei-hua et al. 2009, Samuel et al.
2013; Ahemad 2015). Addition of Bacillus subtilis in chromium-contaminated soil
could reduce up to 5–11% of the Cr content (Purwanti et al. 2017). Upadhyay et al.
(2017) reported that Bacillus sp. MNU16 isolated from the coal mine areas reduces
chromium (VI) toxicity of the contaminated soil.

Nickel mobilizing rhizobacteria Pseudomonas sp. SRI2, Psychrobacter sp. SRS8
and Bacillus sp. SN9 help plants in defending growth inhibition caused by
Ni. Bacillus sp.SN9 while significantly increased the Ni concentration in the root
and shoot tissues of Brassica juncea and B. oxyrrhina, at the same time promoted
plant growth against the toxic effects of Ni in soils by producing IAA, siderophore
and solubilization of phosphate (Ma et al. 2009). Most of the findings reveal that
inoculation of Ni mobilizing PGPR increases the efficiency of phytoextraction in
plants protecting them from heavy metal. Bacillus subtilis SJ-101 is reported to
decrease Ni content through microbial assisted phytoremediation (Zaidi et al. 2006).
Burd et al. (2000) showed that Kluyvera ascorbita SUD165 enables plant growth
even in Ni-contaminated soil.

Mercury is a heavy metal and toxic pollutant entering the ecosystem through
industries associated with production of paints, disinfectants, fungicidal bactericidal
agents, and through mercury mining (Moreno et al. 2008). Mercury tolerance is a
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widespread character in PGPRs isolated from mercury-contaminated environments
(Abou-Shanab et al. 2007; De Andrés et al. 2007; Ruiz-Díez et al. 2012).
Enterobacter cloacae, Enterobacter ludwigii, and Klebsiella pneumonia having
good PGPR traits have been known to impart mercury tolerance in the wheat crop
(Mishra et al. 2016).

Arsenic removal by detoxification has been reported by several bacteria
possessing ars gene that encode protein for detoxification like Escherichia coli,
Staphylococcus aureus, and Staphylococcus xylosis (Tamaki and Frankenberger
1992; Cervantes et al. 1994). Pseudomonas species strain As-1, isolated from an
electroplating industry showed great tolerance toward high concentrations of As
when compared to reference organisms P. aeruginosa, P. putida, B. subtilis,
A. eutrophus, E. coli, S. aureus, B. subtilis, and S. cerevisiae (Carlin et al. 1995;
Wysocki et al. 1997; Canovas et al. 2003; Podolskaia et al. 2002).

16.5 Conclusion and Future Prospects

Deterioration of soil health quality due to natural and anthropogenic interventions
has pressing ecological concerns. Plant growth promoting microbes functioning as a
vital living system within an ecosystem hold immense possibilities to improve soil
health through their multifaceted roles. Maintaining soil health by microbial inter-
ventions is a cost-effective, renewable, and nonintrusive practice. In the past
25 years, plant researchers have developed efficacious use of PGPRs in areas of
plant growth promotion and soil health but a greater need is to put the endophytic
and rhizospheric microbes together with mycorrhizal fungi to understand their
mechanism of interactions in promoting plant growth and soil health. Understanding
the microbial functioning through metabolomic approaches may help in overcoming
the barriers in its effective application.
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Chapter 17
Role of Soil Organisms in Maintaining Soil
Health, Ecosystem Functioning,
and Sustaining Agricultural Production

Neemisha

Abstract Soil is the fundamental natural resource on which all living and nonliving
things are evolved and sustained for carrying out vital life processes. Sustainable
agriculture directly relies on soil health which is defined as the capacity of the soil to
ascertain environmental quality, sustain biological productivity, and maintain health
of all living beings. The biotic and abiotic components of an ecosystem interact with
each other for proper functioning of all processes. Soil organisms consist of different
living forms dwelling in the soil which spend at least one part of their life cycle in
soil. These include soil megafauna, macrofauna, mesofauna, microfauna, and micro-
flora. The life within the soil is hidden and so often suffers from being out of sight
and out of mind, but their role in maintaining soil health and ecosystem productivity
is indispensable. This chapter is an attempt to highlight the contribution of soil
organisms in sustaining soil health, fertility, and agricultural productivity.

Keywords Biogeochemical cycles · Decomposition of organic matter · Soil
macrofauna · Soil mesofauna · Soil organism · Microbial aggregates

17.1 The Living Soil

Optimal soil health represents a balance between productivity, environmental qual-
ity, and health of living beings residing on it (Doran 2002). Nowadays, the term soil
health is directly used in connection to sustainable agriculture (Kibblewhite et al.
2008; Cardoso et al. 2013; Frac et al. 2018) and is defined as the capacity of the soil
to maintain environmental quality, sustain biological productivity, and promote
animal, human, and plant health (Doran and Parkin 1994; Frac et al. 2018; Doran
and Jones 1996). The four spheres of an ecosystem, i.e., biosphere, hydrosphere,
lithosphere, and atmosphere interact reciprocally using biological, chemical,
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biochemical, and physical transformations and translocations (Biological and phys-
ical). The soil ecosystem consists of both abiotic and biotic components, and these
components interact with each other for the proper functioning of the ecosystem. The
biotic components include soil macroorganisms (moles, rats, earthworms), microor-
ganisms (bacteria, fungi, actinomycetes), plant roots, and algae. The abiotic compo-
nents include mineral particles, nutrients, gases, water, and nonliving organic matter.
The term soil biology represents diverse groups of organisms dwelling in the soil
which spend at least one part of their life cycle in soil (Fig. 17.1). Although soil
microorganisms are large in number as compared to other organisms, macrofauna
has received more attention as compared to microorganisms. A detailed classifica-
tion of soil organisms (Swift et al. 1979; Barrios 2007) their types and functions
performed in the ecosystem is represented in Table 17.1.

17.2 Soil Macrofauna

Soil macrofauna includes the organisms which range in size from 500 μm to
50 mm (Swift et al. 1979). Soil macrofauna represents an invertebrate group that
is found within terrestrial soil samples which has the majority of its individuals
visible to the naked eye (IBOY 2000). Soil macrofauna groups include organisms
like ants, centipedes, Coleoptera (adults and larvae), Diptera larvae, Dermaptera,

Fig. 17.1 Diagrammatic representation of soil organisms and their functions in soil
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Table 17.1 Classification of soil organisms

Classes Organisms Types/habit Functions

Megafauna Soil dwelling
animals

Mice, moles, groundhogs • Soil turnover and distribution
• Loosens soil structure
• Improves aeration and drainage
• Distributes soil microorganisms

Macrofauna
(500 μm–

50 mm)

Earthworms Epigeic
Endogeic
Anecic

• Improves soil structure, aera-
tion, and water infiltration
• Casts are rich in organic matter,
microbes, and nutrients which
improves nutrient cycling
• Modify food quality through its
passage in the gut
•Mineralization of organic matter
and release of nutrients
• Influences soil chemical com-
position through the deposition of
excrement
• Disseminates bacteria and
spores in soils

Ants Microarthropds
Decaying organic debris
Seeds
Plant secretions
Aphid secretions

• Important in mixing soil from
lower depths with surface soil
• Redistribute nutrients around
the ecosystem
• Turn and aerate the soil
• Consume a variety of foods

Termites Wood feeders
Plant debris feeders
Soil humus feeders
Fungus growers

• Formation of biogenic structure
• Burrowing activities
• Eat soil organisms, organic
matter and maintain equilibrium

Mollusks Soft-bodied animals
enclosed within a calcium
carbonate shell
Snails, slugs

• Significant role in the food web
and ecosystem processes
• Nutrient cycling
• Decomposition of SOM (cellu-
lases)
• Affects microbial and micro-
fauna diversity

Solitary wasps Construct nests in soil • Prey on insects and spiders to
feed developing eggs

Millipedes Calcareous skeleton • Saprophagus feeders
• Consume dead and decaying
organic debris
• Important in calcium cycling
• Feces acts as food for microbes
• Their droppings contribute to
humus and soil formation

Centipedes Multilegged creatures • Active predators of various
microarthropods in soil and sur-
face litter

(continued)
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Table 17.1 (continued)

Classes Organisms Types/habit Functions

Scorpions Predatory arachnids with
burrowing habits

• Mobile predators of other
arthropods, lizards, mice, and
birds

Spiders Air breathing arthropods • Predators of soil insects
• Considered as indicators of the
sustainability and adequate man-
agement of agricultural
landscapes

Bettles Predacious
Leaf feeding
saprophagous

• Feed on other insects, animal
feces, and plant roots

Isopods Cryptozoans surface soil
dwellers under stones,
bark, and litter layers

• Feed on roots, vegetation, and
decaying plant litter
• Appear at night and otherwise
roll back to balls to avoid
desiccation

Mesofauna
(80 μm–

2 mm)

Collembola
Acari
Springtails

Opportunistic
microarthropods

• Feeds on bacteria, fungi, min-
eral soil particles, organic matter,
protozoa, and nematodes
• Important biological control
agents for crop and feeds on
pathogenic fungi
• Important food sources for pre-
dacious mites, beetles and ants

Tardigrades
(Water bears)

Found in the top few
centimeters of soil

• Feed on algae, microorganisms,
and organic matter
• Undergo dormancy induced
environmental stress
• Similarities of both nematodes
and microarthropods

Rotifers Rotifers are commonly
found on mosses, lichens,
and tree trunks

• Require moisture for their sur-
vival
• Serves as a major food source
• Decomposition of organic
matter

Mites Oribatids
Prostigmatics
Mesostigmatics
Astigmatics

• Oribatids feed on detritus and
fungi
• Prostigmatics feeds on fungi,
algae, and other organisms
• Mesostigmatics acts as preda-
tors of nematodes and other
microarthropods
• Astigmatics are mainly found in
moist soil with high organic mat-
ter content

(continued)

316 Neemisha

https://ucmp.berkeley.edu/plants/bryophyta/bryophyta.html
https://ucmp.berkeley.edu/fungi/lichens/lichens.html


Table 17.1 (continued)

Classes Organisms Types/habit Functions

Protura Wingless insects lacking
antennae and eyes

• Lesser importance in the soil
community
• Little influence on soil
processes

Diplurans Delicate insects with long
antennae and two small
cerci

• Feed on decaying vegetation
• Predacious on nematodes,
collembola, and enchytraeids

Pseudoscorpions Small scorpion lacking
tails and stingers

• Feeds on nematodes,
micro arthropds, and
enchytraeids

Symphylids Insects resembling
centipedes

• Feeds on vegetation and soft
soil animals

Pauropoda Colorless many legged
insects with branched
antennae

• Feeds on fungi and other soil
organisms

Enchytraeids Potworms • Feeds on fungi, algae, bacteria,
and other soil organisms
• Usually smaller than
earthworms

Microfauna
(5–120 μm)

Protozoa Mostly feeds on bacteria • Nutrient turnover in the rhizo-
sphere
• Production of plant growth-
promoting substances
• Phagotrophic with bacteria,
fungi, algae, and other fine par-
ticulate organic matter

Nematodes Pathogenic Herbivorous
Microbivorus omnivo-
rous
Carnivorous

• Nutrient turnover
• Soil organic matter
decomposition

Algae
Lichens

Different types • Soil formation from rocks
• Soil aggregate stability
• fix atmospheric nitrogen
• Add organic matter to the soil
• Liberate oxygen to the soil
environment

Microflora
(1–100μm)

Fungi Yeasts
Molds
Mushrooms

• Decomposition of organic mat-
ter
• Promotion of soil aggregation,
nutrient cycling, and biocontrol
of plant pathogens
• Plant diseases
• Degradation of wastes and
harmful chemicals

(continued)
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earthworms, Isopoda, Lepidoptera larvae, millipedes, slugs, snails, spiders, termites
and majority of insects (Ruiz and Lavelle 2008; Menta 2012). Among these organ-
isms, earthworms, termites, and ants are most abundant in soils. Earthworms act as
decomposers by fragmentation of dead organic matter and obtain food by growing
on it. Earthworms are classed into three main ecological types (Lee 1985): endogeic
(live and feed in soil), anecic (feed on surface litter and mix it with soil), and epigeic
(live within the litter layers where they are subject to adverse environmental condi-
tions viz occasional drought, extreme temperatures, and high predator densities).
They also play a major role in nutrient recycling, improve infiltration rate, water
holding capacity, and reduce surface water erosion. Earthworms also contribute in
mixing and soil aggregation as they excrete organic matter in form of feces in the
soil. While making bio-structures in soil, earthworms fragment litter, mix organic
matter with soil, and release their gut contents to the soil which are rich in organic
matter, nutrients, and water (Bhadauria and Saxena 2010). The earthworms eat
organic matter and excrete partially digested material which is rich in NPK,
micronutrients, and beneficial soil microorganisms. Due to all these enrichments
they can foster high populations of microorganisms (Nechitaylo et al. 2010; Mora
et al. 2005; Haynes and Fraser 1998). The existence of microbial diversity and
species richness depends upon the species, microhabitat (gut or casts), and surround-
ing environment of earthworms (Medina-Sauza et al. 2019). These effects can be
positive (Hoeffner et al. 2018), neutral (de Menezes et al. 2018), or negative (Gopal

Table 17.1 (continued)

Classes Organisms Types/habit Functions

Bacteria Photoautotrophs
Photoheterotrophs
Chemoautotrophs
Chemoheterotrophs

• Nutrient cycling
• Organic matter decomposition
• Production of industrially
important secondary metabolites
• Plant diseases
• Degradation of wastes and
harmful chemicals

Actinomycetes Terrestrial
Aquatic
Marine

• Decomposition of soil organic
matter
• Release of nutrients
• Mostly develop during later
stages of decomposition
• Very important in curing of
compost
• Inhibit the growth of several
plant pathogens in the rhizo-
sphere
• Biological buffering of soils

Viruses
Viroids
Mycoplasmas
Prions

Variable • Influence ecology of soil bio-
logical communities
• Turnover of nutrients and gases
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et al. 2017). Earthworms generally exert beneficial effects on plant growth and soil
health. Ayuke et al. (2011) investigated the effects of organic and inorganic inputs
on soil abundance, biomass and taxonomic diversity of macrofauna as well as
aggregate formation in Central Kenya. Earthworms play a pivotal role in improving
soil fertility by depositing nutrients (brought from deep soil) on the soil surface as
castings, checks nutrient leaching, improves soil structure, and incorporates organic
matter into the soil.

17.3 Soil Mesofauna

Mesofauna includes organisms that range in size from 80 μm to 2 mm. Mesofauna is
mainly grouped as Acari, Collembola, Insecta, Isopoda and Myriapoda, and among
these, Acari and Collembola are the most abundant and diverse (Culliney 2013).
Other organisms include Diplurans, Enchytraeids, Mites, Pseudoscorpions,
Pauropoda, Protura, Rotifers, Symphylids, Tardigrades etc (Franzluebbers 2009,
Table 17.1). These organisms directly contribute to several ecosystem processes
such as organic matter decomposition and nutrient cycling. Soil ecological condi-
tions control the population density of soil invertebrates (Neher and Barbercheck
1998). Dominant mesofauna species are morphologically and physiologically
adapted for living near the soil surface (Ubugunova et al. 2007). Unlike macrofauna,
mesofauna cannot modify soil structure and thus use existing channels, pore space,
and cavities for movement in the soil (Neher and Barbercheck 1998). Mesofauna
which feeds on microbes regulates decomposition rate by affecting microbial
growth, metabolic activities and alter microbial community (Neher and Barbercheck
1998). In a forest ecosystem, soil microarthropods are important in nutrient cycling
as well as decomposition of the organic matter; however, a little variation in the
microarthropod population can significantly affect mobilization of nutrients
(Heneghan and Bolger 1998). The major function of Collembola is plant litter
decomposition and soil microstructure formation (Heneghan et al. 1998; Rusek
1998). Moisture plays an important role in determining the survival, abundance,
and distribution of Collembola in soil, e.g., Collembola and Acari population remain
low during drought conditions (Wiwatwitaya and Takeda 2005). However, certain
factors such as soil acidification (Collembola), soil-water availability (Acari), nitro-
gen supply (Oribated mites), and intensive farming (Collembola) have a negative
impact on soil mesofaunal diversity (O’Lear and Blair 1999; Deleporte and Tillier
1999; Rusek 1998; Bedano and Domínguez 2016).

17.4 Soil Microfauna

Soil organisms less than 1 mm constitutes microfauna. They include effective
predators such as protozoa and nematodes which feed on soil bacteria, fungi, and
other microfauna (Table 17.1). Protozoa play a major role in nutrient mineralization
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by delivering extra nitrogen in the form of ammonium which is easily uti-
lized (by bacteria and plants) in the soil near the root system of the plant. Another
important function of protozoa is to maintain the population of bacteria by eating
bacteria, which further enhance the bacterial growth, soil aggregation, and decom-
position rates. Protozoa are also involved in the control of diseases by eating and
competing with pathogens and acts as a food source for pathogens. Like protozoa,
nematodes are also involved in nutrient mineralization and release of usable forms of
ammonium in soil. Quality of soil is directly linked with the occurrence of a variety
of nematodes performing different functions in the soil food web. Nematodes also
act as biocontrol agents as they control disease development by blocking access to
roots. They also serve as food source for soil insects, microarthropods, predatory
nematodes, and maintain equilibrium between bacteria and fungi (Tugel and
Lewandowski 2010).

17.5 Soil Microflora

Soil contains diverse organisms like bacteria, archaea, fungi, algae, insects, annelids,
and other invertebrates which show an intimate relationship to each other and with
plants (Glick 2010). Soil microorganisms play a very important role in developing
a healthy structure of the soil. Soil microbes secrete sticky substances such as
mucilage and polysaccharides which help in cementing the soil aggregates. This
cementing action of gummy substances prevents crumbling in aggregates on expo-
sure to water. Fungi exhibit threadlike structures which add stability to soil structure
because these filaments have a large surface area which spread throughout the soil
(Johns 2017). The contribution of microbes in changing the physical structure of the
soil is less as compared to macroorganisms. Soil microorganisms have been classi-
fied into three types depending upon their functions in soil as ecosystem engineers,
chemical engineers, and biological regulators (Bagyaraj and Ashwin 2017).

(a) Ecosystem engineers: Ecological engineers which create or modify habitats for
other organisms by constructing resistant pores and soil aggregates. These
habitats act as hot spot for the proliferation of mesofauna, microfauna, microbes
etc. and also act as a regulator of resources for other organisms.

(b) Chemical engineers: Chemical engineers bring about decomposition of organic
matter and provide readily available nutrients (Gardi and Jeffery 2009).

(c) Biological regulators: Biological regulators act as predators of plants, inverte-
brates and microorganism and regulate their dynamics in space and time. These
include mites, nematodes, pot worms, and springtails. This group of organisms is
relatively less explored as compared to rest of the two groups.

Due to their capability to adapt to adverse or extreme environmental conditions
and high plasticity, fungi are considered as the most successful inhabitants of soil
(Sun et al. 2005; Frac et al. 2018). Based on their functions in soil (Swift 2005; Gardi
and Jeffery 2009; Frac et al. 2018), fungi can be grouped as: Ecosystem regulators,
Biological controllers, Decomposers and compound transformers. Actinomycetes
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are aerobic, spore-forming Gram-positive bacteria that bear the talent of degrading
recalcitrant substances which are very hard to decompose. Moreover, they produce
the a characteristic earthy smell of soil and one of the most exploited organisms for
production of antibiotics (Tugel and Lewandowski 2010). These microorgan-
isms (bacteria, fungi and actinomycetes) play an important role in cycling of organic
matter, control of plant pathogens (Jose and Jha 2016), production of extracellular
enzymes and metabolites (Gomez-Escribano et al. 2016; Katz and Baltz 2016;
Charousova et al. 2017), nitrogen fixation, P solubilization, siderophore production,
improving availability of minerals and nutrients, formation and stabilization of
compost piles (Bhatti et al. 2017) and bioremediation (Radwan et al. 1998).

17.6 Role of Soil Biology in Maintaining the Sustainability
of Agriculture

17.6.1 Microbes for Conservation of Soil Structure

Sustainable agriculture mainly relies on the adoption of management practices that
minimize soil erosion and conserve soil fertility. The success of these practices is
judged by their ability to create soil aggregates which act as a sink of nutrients and
prevent soil erosion (Elliott and Coleman 1988; Pankhurst and Lynch 1995). The
soil aggregates are composed of soil mineral (sand, silt, and clay) fragments, gases,
water and solutes, decaying, and living organisms bound together. According to
Forster (1990), in sand dunes, three types of aggregates are found in the soil which
include: (1) Microbial aggregates (1–12 mm in diameter): These aggregates are
usually formed by the interaction of soil particle with bacteria, actinomycetes,
fungi, cyanobacteria, and algae; (2) Root-microbial aggregates: Root microbial
aggregates are formed by the combined action of microbes and roots (structural
components and exudates); (3) Debris-microbial aggregates (up to 6 mm in diame-
ter): These are formed by the decomposition of macroscopic plant debris.

17.6.1.1 Mechanism of Aggregate Formation

Soil aggregates act as microhabitats for the proliferation of a variety of microorgan
isms. The process of aggregate formation occurs via physical attachment of microbes
or their products with mineral and organic debris, and this results in the formation of
microaggregates. These microaggregates are subsequently trapped by extraradical
hyphae and plant roots to form macroaggregates (Oades and Waters 1991). The
macroaggregate are further stabilized by cementing with polysaccharides or other
organic substances to result in the formation of inter-microaggregate and inter-
macroaggregate. Several microbes have been reported to contribute to soil aggregate
formation by the production of specific exudates (Table 17.2). Some of these
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organisms along with their contributing properties are explained in the
subheads below:

17.6.1.2 Bacteria in Soil Aggregation

Bacteria exist in the soil as individual cells, as colonies or biofilms inside the pores of
microaggregates (Degens 1997; Rashid et al. 2016). Bacteria produce polysaccha-
rides, polyuronic, and amino acids that are negatively charged and help in attaching
to clay particles to form aggregates. Some microbial species (e.g. Azotobacter
vinelandii, Bacillus megaterium, Chlamydomonas sajao and Rhizobium sp) have
been reported to increase aggregate stability through production of extracellular
compounds or polysaccharides (Metting 1986; Alami et al. 2000; Ortiz et al. 2015;
Mengual et al. 2014).

17.6.1.3 Fungi in Soil Aggregation

Arbuscular Mycorrhizal (AM) fungi bear extra-radical hyphae to modify the mor-
phological structure, biochemical nature, and rhizosphere microbes in its vicinity
(Borie et al. 2008; Peng et al. 2013; Rashid et al. 2016) and adds stability to soil
aggregates (Daynes et al. 2012). Saprophytic, ectomycorrhizal, AM, and other fungi
form soil aggregates by complicated direct and indirect mechanisms. The direct
mechanism includes the formation of hyphae and mycelium which entangle soil
particles and bring them together to form aggregates (Rashid et al. 2016). Indirect
mechanisms include the exudation of polysaccharides glomalin, mucilages,
hydrophobins, and extracellular compounds from hyphae into the soil (Caesar-
TonThat 2002). Glomalin, a hydrophobic protein, existing in the hyphal wall is

Table 17.2 The microbial products which help in soil aggregate formation

Microbes Group Exudates Mechanism

Fungi Mycorrhizal fungi Glomalin Glomalin binds to the hyphal wall and
transports water nutrients and for
Arbuscular mycorrhizae

Hydrophobic
compounds

Transports water and nutrients for
fungi

Hydrophobins Increase hydrophobic soil organic
matter and add stability to aggregates

Saprophytic fungi
(Basidiomycetes and
Trichocomaceae)

Extracellular
exudates

Bing to soil particles and increase
stability

Bacteria Azotobacter, Bacillus,
Chlamydomonas,
Rhizobium

Amino acids,
mucigels,
Polysaccharides,
polyuronic acids

Act as glue/gum
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responsible for the transport of water and nutrients for AM Fungi (Rashid et al.
2016). Glomalin protein combines with organic matter and minerals to form clumps
of hydrophobic soil aggregates. The adhesive properties of glomalin imparts initia-
tion and stabilization to aggregates (Miller and Jastrow 2000; Leifheit et al. 2015)
and also helps in binding of soil particles (Wright and Upadhyaya 1996). This
protein protects fungal hyphae and their spores from adverse environmental condi-
tions and attack by microbes. Saprophytic fungi produce extracellular exudates,
which bind to soil particles and increase their stability (Agerer 2001). Certain
small proteins known as hydrophobins are known to increase hydrophobic soil
organic matter. Hydrophobins are known to affect the soil wettability and water
repellency and hence reduce the breakage of dry soil aggregates (Six et al. 2004;
Diehl 2013) (Table 17.2).

17.6.2 Role of Soil Microbes in Biogeochemical Cycles

All living forms of life are dependent on a stockpile of essential elements from the
earth that are necessary for life (Gougoulias et al. 2014). Earth is considered as a
closed system where recycling of mineral elements is a continuous process which
avoids their exhaustion, thus ensuring a finite supply of essential elements such as
carbon (C), hydrogen (H), nitrogen (N), oxygen (O), phosphorus (P), and sulfur
(S) (Gougoulias et al. 2014). The quantity of all the compounds found on the surface
of the earth represents a net balance between their rate of formation and utilization in
the biological and geological processes. The key steps of the biogeochemical cycles
are mentored by soil microorganisms and enzymes produced by them (Modi 2013;
Schaller 2009). Relatively small size and large surface–volume ratio of microbes
allows a rapid exchange of substrates and waste products among microbes and
the environment. Transformations of different elements such as N, P, S, and C
with microorganisms involved and their functions are tabulated in Table 17.3.

Nitrogen is an essential component of biological systems and the main nutrient
limiting life on terrestrial systems (Ward and Jensen 2014). The acquisition of
nitrogen and its cycling play a pivotal role in shaping the microbial communities
and directly control ecosystem productivity (Kuypers et al. 2018). Earth’s atmo-
sphere contains abundant nitrogen gas (N2); however, due to extreme stability, its
conversion to other forms requires high energy. The utilization of this gaseous
nitrogen consists of four major steps: nitrogen fixation, ammonification, nitrification,
and denitrification (Modi 2013). Different groups of microorganisms are involved in
these transformations and in this way net N2 concentration in the ecosystem is
regulated. Microorganisms are integral to the soil phosphorus (P) cycle and play
a crucial role in mediating the P availability to plants (Richardson and Simpson
2011). Several microbes (bacteria, fungi, actinomycetes, and algae) possess P
solubilization and mineralization ability (Alori et al. 2017). The only possible way
of increasing plant available phosphorus is by microbial P solubilization and min-
eralization (Bhattacharyya and Jha 2012). Sulfur is an element whose transformation
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Table 17.3 Role of microorganisms in different biogeochemical cycles

Nutrient
cycle

Processes
involved Soil microorganisms Functions

Nitrogen
cycle

Symbiotic nitro-
gen fixation

Symbiotic N2 fixers
Rhizobium, Bradyrhizobium,
Mesorhizobium

Symbiotic fixation of atmo-
spheric nitrogen by micro-
organisms in roots nodules
of leguminous plants

Nonsymbiotic
nitrogen fixation

Aerobic heterotrophic
Azomonas, Azotobacter,
Beijerinckia, Derxia, Pseudo-
monas,
Aerobic autotrophic
Blue-green bacteria,
Anabaena, Calothrix, Nostoc,
Oscillatoria
Anerobic heterotrophic
Aerobacter, Clostridium
Anerobic autotrophic
Chlorobium,
methanobacterium
Rhodospirillium

Nonsymbiotic fixation of
atmospheric nitrogen in cel-
lular form in bulk and
rhizospheric soil

Ammonification Bacteria
Bacillus, Clostridium, Pro-
teus, Pseudomonas,
Actinomycetes
Streptomyces
Fungi
Alternaria, Aspergillus,
Mucor, Penicillium

Ammonia released with
degradation of organic mat-
ter of dead plants and ani-
mals through proteolysis
and amino acid degradation.

Nitrification Nitrifying microorganism
Nitrosomonas, Nocardia,
Nitrosospira, Nitrosolobus,
Nitrosococcus, Nitrobacter

Facilitate the uptake of
nutrients by converting the
nutrients into plant consum-
able form such as conver-
sion or oxidation of
ammonia into nitrate

Denitrification Denitrifying microorganism
Bacillus, Bacillus
licheniformis
Chlorobacterium, Micrococ-
cus denitrificans, Paracoccus,
Pseudomonas denitrificans,
Serratia, Thiobacillus
denitrificans

Degrade the availability of
nutrients in soil such as
reduction of plant available
nitrate form into nitrogen
and nitrous oxide gases.

Phosphorus
cycle

Mineralization
(phosphatases)
and
Solubilization

Bacteria
Azotobacter, Bacillus,
Burkholderia, Enterobacter,
Erwinia, Flavobacterium,
Pseudomonas

Mineralization of organic
nitrogen compounds with
the degradation of organic
phosphorus into insoluble
inorganic phosphates.

(continued)
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Table 17.3 (continued)

Nutrient
cycle

Processes
involved Soil microorganisms Functions

Fungi
Alternaria, Aspergillus,
Cephalosporium,
Cladosporium, Fusarium,
Glomus, Helminthosporium,
Micromonospora, Penicil-
lium, Pichia fermentans,
Pythium, Rhizoctonia, Rhizo-
pus, Saccharomyces, Sclero-
tium, Torula, Trichoderma
Actinomycetes
Micromonospora,
Streptomyces

Organic and inorganic forms
of phosphates are converted
into plant available form,
i.e., soluble inorganic phos-
phates and assimilation into
organic phosphates.

Sulfur cycle Liberation of H2S
with degradation
of organic
compounds

Beggiatoa, Chlorabiaceae,
Chromatiaceae,
Desulfococcus,
Desulphurase,
Desulfotomaculum,
Desulfosarcina,
Desulfonema,
Thermoproteus,
Thermococcus

Sulfur-containing amino
acids are released with deg-
radation of proteins.

Oxidation of H2S
to elemental
sulfur

Photosynthetic sulfur bacteria
Chlorobium, Chromatium,
Chloroflexus, cyanobacteria
Non-sulfur purple bacteria
Rhodospirillium,
Rhodopsudomonas,
Rhodomicrobium

Hydrogen sulfide degraded
to elemental sulfur.

Oxidation of ele-
mental sulfur to
sulfates

Achromatium, Macromonas,
Paracoccus, Pseudomonas,
Sulfolobus, Thermothrix,
Thiomicrospira, Thiobacillus
thioxidans, Thiobacterium,
Thiothrix

Oxidation of elemental sul-
fur and organic sulfur or
sulfates into plant consum-
able form with the help of
chemolithotrophic bacteria.

Reduction of
sulfates

Sulfur-reducing bacteria
Desufovibrio,
Desulphotomaculum

Reduction of sulfate sulfur
into hydrogen sulfide gas.

Carbon
cycle

Carbon dioxide
fixation

Plants, phytoplankton
autotrophic and heterotrophic
bacteria

Oxidized form of carbon is
reduced into organic carbon
compounds through the
process of photosynthesis.

Restoration of
oxidized form

Decomposers cellulolytic
bacteria and fungi
Cellulomonas species

With the mineralization of
organic matter, CO2

released in the atmosphere
for restoration.
Process of respiration
Accidental forest fire
Fuel burning

(continued)
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and fate in the environment is critically dependent upon microbial activities. All
living beings contain sulfur in the form of amino acids, coenzymes, vitamins and
can metabolize sulfur compounds during various catabolic, anabolic, or excretory
processes (Troper 1984). Sulfur cycle involves a series of oxidation–reduction and
assimilation–dissimilation steps (Bremner and Steele 1978). The fate and transfor-
mation of sulfur in nature are critically dependent on microorganisms (Klotz et al.
2011). The carbon cycle is one of the most important cycles in the ecosystem. The
terrestrial carbon cycle is maintained by the process of conversion of oxidized form
of carbon to reduced form by the process of photosynthesis (Gougoulias et al. 2014;
Modi 2013) by plants, photo autotrophic and chemoautotrophic bacteria that convert
carbon dioxide to organic material (Trumbore 2006). The reduced form is then
oxidized by respiration (autotrophic and heterotrophic organisms), fires and decom-
position by microorganisms (Liang and Balser 2011). Thus in nutshell nutrient
cycles regulates the flow of nutrients, helps in the storage of elements, establishes
equilibrium in nature, facilitates the transfer of elements, and provides available
nutrients to all living organisms.

17.7 Decomposition of Organic Matter

Organic matter is the non-mineral, solid portion of the soil originating from plant and
animal residues (Aust and Lea 1991). Organic matter play several important roles in
soil which includes stabilization of soil aggregates, easy cultivation, improving soil
buffering and water-holding capacities, release of nutrients, and adsorption of heavy
metals (Carter and Stewart 1996). The major portion of organic matter is contributed
by plant residues and their main constituents are carbohydrates (which range from
simple sugars to starch to cellulose), lignins, polyphenols, and proteins. The process
of decomposition of organic matter by soil organisms (Fig. 17.2) is divided into
different steps (Brady and Weil 2015).

Table 17.3 (continued)

Nutrient
cycle

Processes
involved Soil microorganisms Functions

Organic matter
decomposition

Fungi
Trichoderma, Aspergillus,
Penicillium, Fusarium,
Rhizocotonia, Pleurotus etc.
Bacteria
Clostridium, Streptomyces,
Bacillus, Nocardia,
Xanthomonas etc.

Decomposition of cellulose,
hemicelluloses and lignin
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17.7.1 Reduction in Surface Area by Macrofauna

Macrofauna attack the litter and puncture holes in leaf epidermis via a process
known as fenestration. The physical fragmentation results in destruction of leaf
protective layer which expose cell contents. This improves aeration, water-holding
capacity, and movement of particulate and soluble substances (Culliney 2013).
Saprophagous animals result in comminution of plant litter by ingestion during
which certain catabolic changes occur while passing through the digestive system.
Thus, the excreta produced by the organism is different in chemical composition and
smaller in size than the ingested food (Swift et al. 1979; Culliney 2013). The feeding
activity of soil organisms significantly contribute to total annual litter turnover such
as Collembola and oribatid mites (20%), Isopoda and Diplopoda (3–10%), termites
(60%), and Symphyla (2%) (Berthet 1967; Edwards 1974; Petersen 1994; Collins
1981). Macrofauna helps to macerate, pulverize, transport, and mix the litter with the

Fig. 17.2 Schematic diagram showing role of soil organisms in decomposition of organic matter
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soil. If macrofauna is removed from the soil the process of decomposition
slows down.

17.7.2 Enzymatic Degradation of Carbonaceous Materials

In this step, different carbonaceous materials undergo enzymatic degradation to
produce carbon dioxide, water, energy, and decomposer biomass. Plant litter is a
mixture of easily degradable (simple sugars, starch, amino acids), moderately
degradable (cellulose, hemicelluloses, proteins) and recalcitrant forms that are dif-
ficult to degrade (lignins, tannins, chitin, subarin, keratin) (Coleman et al. 2004).
Microbes cannot transport these carbonaceous materials into their cytoplasm so they
depend on the activity of extracellular enzymes that are secreted into their immediate
environment (Burns 2010). Different enzymes involved in the degradation include
β-glucosidase (convert cellulose to glucose), cellobiohydrolase (convert cellulose to
disaccharides), xylosidase (hemi-cellulose degraders), α-glucosidase (convert solu-
ble saccharides to glucose), N-acetyl-glucosaminidase (chitin degraders), leucine-
amino-peptidase (convert protein to amino acids), phosphatase (convert phosphate
group to phosphate ions) etc. Certain strains of bacteria, actinomycetes and fungi
have been reported which can degrade carbonaceous materials using cellulase,
hemicellulase, and laccase enzymes.

17.7.3 Essential Elements Release or Immobilization

A series of cyclic transformations take place in nature in the form of nutrient cycling
where several organisms are involved for the release or immobilization of nutrients.
The mechanism of action of each transformation is specific and unique. Soil macro-
and mesofauna constitute an important nutrient pool in the soil including K+,
PO4

3�, N, Na+, and Ca2+ (Hassall 1977; Cornaby et al. 1975; Teuben and Verhoef
1992; Seastedt and Tate 1981). Soil macrofauna immobilizes ions temporarily and
thus prevents their leaching. The feces of soil organisms are rich in NO�

3 nitrogen
(Collembola, Teuben and Verhoef 1992), total nitrogen (Glomeris marginata,
Bocock 1963; Marcuzzi 1970), sulfur (Oniscus asellus, Morgan and Mitchell
1987; Morgan 1983) and carbon and nitrogen (termites, Zaady et al. 2003).

17.7.4 Formation of Resistant Compounds

In this step, different compounds are formed either through microbial synthesis or
through modification of compounds and result in the formation of a complex which
is very resistant to microbial degradation.
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17.8 Use of Microbes or Microbial Amendments

The use of microbes, either directly or indirectly as inoculants or amendments, can
promote plant growth, yield, and soil health. The direct mechanisms include nitrogen
fixation, P solubilization, phytohormone production, and siderophore production by
PGPRs and AM fungi (Adesemoye et al. 2008). The indirect mechanisms include
the use of biocontrol bacteria (Bashan et al. 1993) that promote plant growth by
controlling plant pathogens through phytotoxic substances (antibiotics, cellulase,
chitinase, ethylene, hydrogen cyanide, pectinase). Another group consists of Stress
Homeoregulating Bacteria (Sgroy et al. 2009) which help the plant to overcome
biotic and abiotic stresses either directly by releasing stress-related phytohormones
(Abscisic acid, jasminoic acid, salicyclic acid). Indirect mechanisms include plant
growth regulators and stress signaling molecules (Sharma et al. 2017). Microbial
amendments can be classified as either specific or general strategy. Biostimulants are
microbial amendments that improve soil health and fertility by supplying growth
factors and nutrients. They stimulate the soil and plant metabolic activities for
improving crop growth, productivity, nutrient mineralization, decomposition of
organic matter and also help in the proliferation of microbial activity (Chen et al.
2002; Lehman et al. 2015; Mishra et al. 2016; Subler et al. 1998). The restoration of
degraded soil could be achieved by a thorough understanding of mechanisms of
action of microbial amendments.

17.9 Breakdown of Toxic Compounds

Many toxic compounds find their way into the soil. These toxic substances can be
produced by microorganisms as metabolic by-products, some are applied by humans
as agrichemicals to kill pests and some are deposited in soil because of unintentional
human activities or as effluents from factories. If these chemicals remain in the soil
system they can be of potential harm for the ecosystem and its diversity (Brady and
Weil 2015). Fortunately, most of the biologically produced toxins are utilized as
food by some groups of microbes. However, xenobiotics are resistant to microbial
attack by commonly occurring microorganisms. These toxic compounds are
degraded by a specific group of fungi and bacteria which are mostly localized on
the surface soil. Several bacterial genera have been isolated and characterized for
degradation for xenobiotics from the soil as Arthrobacter, Flavobacterium, Pseudo-
monas, Sphingobium, Xanthobacter etc. (Bhatt et al. 2017). Wittich et al. (2007)
isolated a bacterium Sphingobium aromaticiconvertens sp nov which could degrade
monochlorinated dibenzofurans from aerobic river Elbe sediments. Sphingobium
yanoikuyae XLDN2-5 is an efficient carbazole-degrading strain. Anan’ina et al.
(2011) isolated moderately halotolerant Rhodococcus naphthalene-degrading bacte-
ria from soil samples and slime pit bottom sediment of the Verkhnekamsk salt
mining region of Russia. A halotolerant bacterial strain of Ochrobactrum sp. VA1
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capable of degrading polycyclic aromatic hydrocarbons was isolated from marine
water samples (Arulazhagan and Vasudevan 2011). This culture was able to degrade
anthracene (88%), benzo (k) fluoranthene (57%), benzo(e)pyrene (50%), fluorene
(97%), naphthalene (90%), phenanthrene (98%), pyrene (84%) and at a 30 g/L NaCl
concentration. Chien et al. (2014) determined the ability of Pseudomonas putida
strain TP1 and Pseudomonas aeruginosa strain TP6 for degradation of TNT and
found that after 22-days incubation, more than 90% of the TNT was degraded.
Methylobacillus sp. utilizing dibutyl phthalate (DBP) as sole carbon and energy
source was isolated and its chemical pathway for DBP degradation was proposed by
Kumar and Maitra (2016).

17.10 Conclusion

Soil biology represents living organisms dwelling in the soil which vary from small
mammals, large invertebrates, arthropods, to microorganisms. Megafauna and
macrofauna contribute in comminution of soil organic matter, improve aeration,
water infiltration and hence improve soil structure. Mesofauna forms an important
component of food chain and help to maintain biological equilibrium in soil.
Microfauna are important predators of bacteria and algae and microflora is an impor-
tant component for the cycling of nutrients in the ecosystem and critical players for
decomposition of organic matter. In soil, all these organisms work alone or together
for the proper functioning of biogeochemical cycles, organic matter decomposition,
promoting plant growth, and maintaining soil health. Thus, the soil biota plays a
critical role in sustaining agricultural productivity by making soil healthy and
productive.

Acknowledgment I am highly thankful to Dr Arun Kumar, Senior Scientist, CSIR-IHBT,
Palampur for helping me in preparing figures.
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Chapter 18
Bacterial Inoculants: How Can These
Microbes Sustain Soil Health and Crop
Productivity?

Anu Kalia, Sat Pal Sharma, Sukhjinder Kaur, and Harleen Kaur

Abstract An increasing trend for the use of microbial bioinoculants to accomplish
sustainable agriculture has been witnessed across the globe. Bacterial inoculants,
mostly composed of beneficial bacteria including the plant growth-promoting
rhizobacteria (PGPRs), exhibit tremendous metabolic versatility for carrying out
processes such as nitrogen fixation, phosphate, potassium, zinc, silica, and other
substrate solubilization or mineralization, release of plant growth-promoting sub-
stances (PGPSs), antibiotic synthesis, and biodegradation of soil organic matter.
These processes contribute toward maintenance of soil health. Appropriately
screened and applied bacterial inoculants can be a prodigious tool for increasing
crop productivity besides decreasing current intensive use of chemical or synthetic
fertilizers. These inoculants can help in achieving the long-desired goal of sustain-
able productivity with a low eco-footprint such that environmental quality conducive
for the health of humans, livestock, plants, and soil can be maintained. Because the
soil microbial diversity, enumerated as microbial species richness and number, can
be considered as an index of soil health and fertility, bacterial genera in the
rhizosphere and endosphere of the plants will indicate the health of the soil and,
therefore, have a regulating effect on crop productivity. This chapter discusses
various mechanisms of action of these bacteria and the beneficial effects of plant
growth-promoting bacterial inoculants to realize the concept of conservation of
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natural resources, particularly the soil as a natural resource for sustainable crop
production.

Keywords Microbial inoculants · Endophytes · Plant growth-promoting
rhizobacteria · Soil health · Sustainability

18.1 Introduction

The industrial cultivation of crops involves the application of chemicals, hormones,
and antibiotics to achieve improved growth and yield compared to primitive agri-
cultural practices (Alori and Fawole 2017; Gilchrist et al. 2007). Heavy doses of
chemical fertilizers and pesticides are applied to achieve high yields and to maintain
crop productivity levels. However, intensive application of agri-inputs can be
detrimental to the soil microbiome, with repercussions involving altered soil fertility
and quality standards (Alori et al. 2017). Further, the use of pesticides to curb and
control the spread of unwanted pests and pathogenic microbes may also kill plant-
friendly microbes that are helpful to establish homeostasis and improve the growth
of plants (Kothe and Turnau 2018). Moreover, contamination and degradation of the
soil is becoming a sporadic problem. It is, therefore, essential to look for a new
technology that can reduce the health hazards posed to the atmosphere, human
beings, and livestock or may help avert the negative impacts of industrial agriculture.

Microbe-based products can be successfully utilized for developing sustainable
agricultural practices, because plant beneficial microbes may enhance plant growth
through improvement in nutrient availability via numerous mechanisms (Zaidi et al.
2009) and thus may reduce reliance on chemical input (Alori and Babalola 2018). By
versatile physiological and biochemical potentials and the intrinsic biological poten-
tial of rhizosphere processes, microbial agents allow supplementing or possibly
replacing inorganic and other agri-chemicals for ensuring food security (Yang
et al. 2017). In view of these aspects, this chapter summarizes the effect of bacterial
inoculants on crop productivity and sustainable maintenance of plant health. The
diversity and plant growth-promoting effects of bacterial inoculants, their influence
on soil fertility, overall plant health, and the cycling of nutrients, are also discussed.

18.2 The Rhizobacteria Microbiome: Bacteria Associated
with Plant Roots

The rhizosphere microbiome includes a functional gene pool (including viruses,
prokaryotes, and eukaryotes) linked with diverse habitats of the host plant that can
directly influence plant health and productivity. The rhizosphere is designated as that
region of the soil which is being constantly affected by plant roots in the process of
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rhizodeposition (Moe 2013; Lakshmanan et al. 2014). Rhizodeposition, one of the
main rhizosphere processes, includes the release of organic substances from low
molecular weight (organic acids, amino acids, sugars, phenolic acids, flavonoids,
etc.) to high molecular weight compounds (carbohydrates, enzymes, etc.). As the
exudates released by plant roots are extremely variable, differences in plant species
and ecological conditions can affect the type and amount of root exudates (Mimmo
et al. 2011). Further, these exudates may alter the diversity of the root-associated
microbiome. Thus, the plant roots can maintain a specific population of microor-
ganisms in the soil surrounding the roots where there are more nutrients in the
rhizosphere region as compared to the bulk soil, so the rhizosphere can show
enormous biological and chemical activity.

Microorganisms are generally involved in interactions with numerous hosts, and
these microbe–soil–plant interactions and the soil physicochemical parameters
cumulatively affect plant growth and development (Igiehon and Babalola 2018).
Exploring the microorganisms that reside near the plant (in the rhizosphere, on the
rhizoplane, and in the endosphere) is a justified option to isolate and multiply
microbes showing close proximity with the plant roots. The coexisting diverse
rhizospheric macro- and microorganisms display varied interactions within them-
selves as well as with their host plant (Prashar et al. 2013). Mutually, the rhizosphere
microorganisms can influence the plant by producing regulatory compounds. Thus,
the rhizospheric microbiome acts as a highly evolved external functional milieu for
plants (Spence and Bais 2013; Spence et al. 2014), acting as the plant’s second
genome (Berendsen et al. 2012).

The rhizosphere microbiomes of plants exhibit beneficial or even deleterious
effects on plant development. The belowground and aboveground microbial diver-
sity within the rhizosphere can stimulate numerous interactions, which can be
effectively utilized in agriculture to improve both soil and plant health. Thus,
consideration of rhizospheric and endophytic microbial interactions is imperative
for current agricultural practices (Igiehon and Babalola 2018). The microorganisms
associated with the rhizosphere are more vigorous and contribute to soil health and
fertility phenomena. Plant growth-promoting rhizobacteria (PGPR) have a close
association with the plant as these bacteria colonize the roots and may alter the
plant’s growth and development more explicitly than those occurring in the bulk
soil. Further, rhizospheric microbial diversity can limit or completely restrain the
growth of pathogenic microorganisms by producing antibiotics, antifungals, and
insect-repelling or insecticidal compounds (Yang et al. 2017).

18.2.1 Rhizobacteria–Plant–Soil Interactions: Diversity
of Predominant Bacterial Genera
in the Rhizosphere Soil

Plant-associated microorganisms are essential in agricultural, for ensuring food
safety and contribute to environmental equilibrium (Montesinos 2003). The
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interactions between a plant and the rhizosphere microbiome occur through a
coordinated process mediated by the host plant and the soil. The plant developmental
stage and the type of genera or species of the host plant are essential in shaping the
rhizosphere microbiome (Peiffer et al. 2013; Chaparro et al. 2013). Certain other
factors such as prevailing climatic conditions, biotic or abiotic stress, and anthropo-
genic interventions determine the establishment of the rhizospheric and endophytic
microbiome (Bulgarelli et al. 2012; Lundberg et al. 2012). Because different plant
host species possess different surface receptors to perceive the secretory exudates of
microbes, variations exist in the composition and number of active members of the
rhizo-microbiome. Further, root exudates released by plants are a crucial driving
force for many interactions occurring in the rhizosphere that govern both plants and
the microbial community (Bais et al. 2006). Apart from utilizing the root exudates as
substrates, plant-associated microorganisms also respond to these exudates so as to
grow competitively in a complex interactive manner in the root environment
(Lakshmanan et al. 2014). The plants provide numerous habitats (phyllosphere,
rhizosphere, endosphere) for close interaction with microorganisms. These interac-
tions are named neutralism, commensalism, synergism, mutualism, amensalism,
competition, or parasitism depending upon the useful or harmful effects of the
microorganisms on the host (Ho et al. 2017).

The rhizosphere thus consists of an enormously complicated microbial diversity
(Avis et al. 2008), with populations ranging from 1010 to 1012 cells per gram of soil
whereas the density is normally less than 108 cells in the bulk soil (Prashar et al.
2013). The largest numbers of bacteria occur in the rhizosphere. Proteobacteria and
Actinobacteria are the major groups of bacteria in the rhizosphere (Teixeira et al.
2010), of which the genus Pseudomonas is especially abundant. The predominance
of gram-negative bacteria in the soil may result from the efficacy of these bacterial
genera to use exudates released by the plant roots in greater amounts than gram-
positive bacteria, which are rather inhibited (Steer and Harris 2000). The aerobic,
spore-forming genus Bacillus constitutes the major gram-positive population in soil,
followed by Arthrobacter and Frankia (Barriuso et al. 2008). A smaller number of
aerobic bacteria exist in the rhizosphere due to decreased effective concentration of
oxygen in the region (Garbeva et al. 2004). The most common rhizospheric bacterial
genera include Pseudomonas, Bacillus, Arthrobacter, Rhizobium, Agrobacterium,
Alcaligenes, Azotobacter, Mycobacterium, Flavobacterium, Cellulomonas, and
Micrococcus. Recent reports have also demonstrated Bacillus to be dominant in
the rhizosphere compared to other bacteria. Bacillus, Pseudomonas, Enterobacter,
Acinetobacter, Burkholderia, Arthrobacter, and Paenibacillus are the PGPRs most
frequently observed in the rhizosphere (Yang et al. 2017). Hence, it seems that the
rhizosphere is among the richest soil environmental zones in terms of diversity.
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18.2.2 Endophytic Bacteria: Communication Signals
for Internalization in Plant Tissues

Endophytes constitute a group of microbes that reside intercellularly or intracellu-
larly in plant tissues without causing any detrimental effect on their host. These
bacteria, recognized as the major source of bioactive natural products, reside inside
their hosts, either completely or for a certain phase of their life cycle, without
exhibiting any disease. Endophytic bacteria show multifarious interactions with
hosts, involving antagonism, mutualism, and rarely parasitism (Kaur et al. 2019).
Therefore, these bacteria are regarded as a subclass of rhizospheric bacteria, in fact, a
specialized group that has acquired the ability to invade within the plant host,
including aboveground and underground plant parts and even seeds. These bacteria
share all the crucial traits consistent with those required for plant growth promotion
of the host (Chebotar et al. 2015) and exhibit greater beneficial effects on plants than
do the rhizospheric bacteria (Afzal et al. 2019). Endophytic bacteria have been
isolated and characterized from diverse plant hosts including agronomic crops,
plants growing in extreme environments, and wild and perennial plants (Nair and
Padmavathy 2014; Yuan et al. 2014). Also, these bacteria have been isolated from
various plant parts (roots, stems, leaves, seeds, fruits, tubers, ovules, nodules).
However, roots exhibit the maximum diversity of bacterial endophytes compared
to the aerial plant tissues (Afzal et al. 2019).

Various endophytic microorganisms have been categorized as plant growth-
promoting bacteria (PGPB). These bacteria are currently being used to develop
formulations of different bioproducts (e.g., biofertilizers and biofungicides) or to
modify the phyto-microbiome by introduction of bacteria beneficial in agriculture
(Zhang et al. 2019). Obligate endophytes rely on the metabolic activity of the plant
for their existence and are usually seed transmitted. These endophytes move inside
through vertical colonization or by the action of vectors in plants. In other words,
these endophytes do not originate from the rhizosphere. In contrast, facultative
endophytes are free in nature and may inhabit the plant tissues at certain stage of
their life cycle through the rhizosphere. Root wounds are another possible entry
mechanism for passive endophytes; thereafter, these bacteria adhere to the surface of
roots as in the associative bacteria (Santos et al. 2018). Endophyte–plant interactions
are controlled by expression of genes of both plant host and the microbiont with
further modulation of the interactions by the third factor, the environment
(Rosenblueth and Martínez-Romero 2006).

Endophytes are either transferred through seeds or can be recruited from the
rhizospheric soil (Singh et al. 2017). Endophytes enter plant tissues primarily
through the root zone; however, aerial portions of plants, such as flowers, stems,
and cotyledons, may also be used for entry. Specifically, the bacteria enter tissues via
germinating radicles, secondary roots, stomata, hydathodes, lenticels, nectaries, and
nectar glands or as a result of foliar damage. The fate of the internalized microbe
depends on its ability to travel through the plant tissues. Thus, internalized endo-
phytes may either remain localized at the point of entry or spread throughout the
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plant body. These microorganisms can reside within cells, in the intercellular spaces,
or in the vascular system (Zinniel et al. 2002). During invasion, degradation of the
plant cell envelope is caused by microbe-derived enzymatic activity
(endoglucanases, pectinases, cellulases), which helps in endorhizospheric coloniza-
tion. The larger cellulose fibers are loosened by the action of endoglucanases,
thereby assisting these bacteria to enter the plant cell. Additionally, the process of
colonization is aided by exoglucanases (Singh et al. 2017). The endophytic bacteria
colonize the plant passively through a bacterial motility mechanism. They navigate
through soil, exhibiting chemotactic motility toward the plant roots, by the release of
exudates by roots which act as a carbon source. After initial recognition between the
plant and endophyte, colonization occurs, with reversible adsorption of microbial
cells followed by an irreversible adhesion mediated by bacterial extracellular pro-
teins. The survival of endophytic bacteria depends on various biotic and abiotic
factors, after which the endophyte proliferates in internal tissues of the plant in
search of more favorable niches (Santos et al. 2018).

18.3 Bacteria and Plant Growth Promotion: Mechanism
of Action

The PGPRs constitute approximately 2–5% of the rhizosphere bacteria (Antoun and
Prevost 2005). These bacteria are usually divided into two groups depending on the
complex mechanisms of their modes of action. Foremost are those involved in
nutrient cycling and plant growth stimulation, including nitrogen (N2) fixation, P
solubilization, Fe sequestration via excretion of siderophores and other chelating
compounds, and the production of phytohormones. The PGPRs belonging to the
other group are primarily involved in the biocontrol of plant pathogens mediated by
mechanisms such as antibiosis, competition (for space and nutrients such as iron in
the rhizosphere), and induced systemic resistance (mediated by ethylene) (Kang
et al. 2013).

18.3.1 Direct Effects Imparted on the Inoculated Plant

The growth regulators produced by plants are complex organic compounds that
manage the proper growth of plants. A plant uses a substantial amount of energy and
nutrients for the synthesis of these complex compounds. Besides synthesizing
phytohormones, plants are capable of uptake of growth regulators when applied
exogenously as extracted hormones or synthetic analogues (Gouda et al. 2018). The
alternative sources of these compounds are those secreted by the bacteria having
synthesis capacities up to 60 times more than are produced by the plant themselves
(Camerini et al. 2008). The phytohormones exhibit a distinct positive effect on
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growth and development of the plant. Gibberellins, cytokinins, abscisic acid, ethyl-
ene, brassino-steroids, and auxins are among the general groups of phytohormones
that alter the uptake of nutrients and water (Sureshbabu et al. 2016).

Auxin is a major regulator of plant growth, development, and stress response (Liu
et al. 2014). It is well known for its role in development of lateral roots and is also a
major player in nodule meristem elongation (Oldroyd et al. 2011). Many important
plant–microbial interactions are centered on production of auxins, particularly
indole-3-acetic acid (IAA), which is responsible for the division, expansion, and
differentiation of plant cells and tissues and stimulates root elongation. IAA pro-
duction is widespread among PGPRs in the soil and rhizosphere (Martinez-Viveros
et al. 2010). Several IAA-producing bacterial species have been isolated previously,
such as Streptomyces sp., Bacillus, Pseudomonas syringae, Pseudomonas
fluorescens, Agrobacterium tumefaciens, Alcaligenes faecalis, Azotobacter
tumefaciens, Burkholderia, Enterobacter, and Rhizobium (Yousefi 2018).

Besides auxins, several PGPRs can produce cytokinins and gibberellins, but the
exact function and synthesis mechanism of these hormones in bacteria are not yet
entirely understood (Kang et al. 2009). Enhanced shoot growth and root exudate
production in plants from higher amounts of gibberellins have been reported by
some of the PGPR strains (Jha and Saraf 2015; Becker et al. 2018). Cytokinin
production has been documented in various PGPRs such as Arthrobacter
giacomelloi, Azospirillum brasilense, Bradyrhizobium japonicum, Bacillus
licheniformis, Pseudomonas fluorescens, and Paenibacillus polymyxa.

The process of nutrient cycling is primarily carried out by soil microorganisms.
Soil organic matter includes 50% carbon and the rest is constituted by N, P, S, and
other nutrients. Apart from the degradation of soil organic matter by microorgan-
isms, these microbes also function for the availability of fixed nutrients such as
phosphorus (P), zinc (Zn), potassium (K), and iron (Fe). The lowering of soil pH by
organic acid production by microorganisms is the primary mechanism underlying
solubilization of plant-unavailable nutrients (Ahmad et al. 2018). Nitrogen, a major
plant nutrient, is generally available in lesser amounts because of heavy losses
incurred through emission or leaching processes. Therefore, microorganisms
possessing the ability to convert atmospheric N into available forms for plants
have a vital function. Biological N fixation can be performed by several bacteria
that may exhibit symbiotic or asymbiotic association with their host plants. Biolog-
ical nitrogen fixation (BNF) is the key mechanism by which the majority of
atmospheric N is fixed, and it takes place in well-defined structures called nodules.
The process of BNF is mainly restricted to legume plant species–rhizobia interac-
tions and certain trees and shrubs forming actinorrhizal roots by Frankia association.
Among the symbiotic PGPR, Rhizobium sp., Beijerinckia sp., and Klebsiella
pneumoniae are the predominant genera (Ahemad and Kibret 2014). Inoculation
of biological N2-fixing PGPR to crops and crop fields can revitalize growth-
promoting activity, provide disease management, and may help maintain the nitro-
gen level in agricultural soil (Damam et al. 2016).

Phosphorus (P) is the second most important element crucial for growth and
development of plants (Azziz et al. 2012). This element exists in both organic and
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inorganic forms in soil which are generally unavailable to plants. It is made available
by various PGPR strains through the process of solubilization (through secretion of
low molecular weight organic acids by soil bacteria) and mineralization (by bacteria
capable of producing phytase enzymes for the mineralization of phytates) (Sharma
et al. 2013). Phosphate-solubilizing PGPR including the genera Arthrobacter,
Agrobacterium, Bacillus, Beijerinckia, Burkholderia, Enterobacter,
Microbacterium, Paenibacillus, Pseudomonas, Erwinia, Rhizobium, Rhodococcus,
Mesorhizobium, Flavobacterium, Serratia, and Thiobacillus upon soil inoculation
can improve plant growth and yield (Oteino et al. 2015). Bacillus, Burkholderia,
Enterobacter, Pseudomonas, Serratia, and Staphylococcus are among the
P-mineralizing PGPR strains (Alori et al. 2017).

After phosphorus, potassium (K) is another crucial macronutrient; however, the
amount of soluble K is generally very much less in soil because approximately 90%
of K occurs in the form of insoluble rock and silicate minerals (Parmar and Sindhu
2013). The deficiency of potassium in crops has become a major constraint, without
which the plants display poorly developed roots, low seed production, slow growth
rate, and a lower yield (Kumar and Dubey 2012). Acidithiobacillus sp., Bacillus
edaphicus, Ferrooxidans sp., Bacillus mucilaginosus, Pseudomonas sp.,
Burkholderia sp., and Paenibacillus sp. have been reported as K-solubilizing
PGPR strains capable of releasing potassium in available form from potassium-
bearing minerals (Liu et al. 2012). Hence, application of K-solubilizing PGPR as a
bioinoculant may result in agriculture improvements (Setiawati and
Mutmainnah 2016).

The micronutrients particularly iron (Fe) can be made available to plants by
rhizomicrobes by secretion of siderophore compunds. These are low molecular
weight peptide molecules containing side chains and functional groups that offer
high-affinity ligands for binding of ferric ions (Goswami et al. 2016). Siderophores
released by microorganisms through various mechanisms, such as chelation and
release of Fe, direct uptake of Fe-complexed siderophores or can increase Fe uptake
by plants by ligand-exchange reactions. The ferric–siderophore complex, a potent
siderophore, has a significant role in plant iron uptake in the presence of other
metals, such as nickel and cadmium (Beneduzi et al. 2012). Based on the iron-
coordinating functional groups, structural features, and type of ligands, the
siderophore-producing microorganisms can be divided into four major classes:
carboxylate, hydroxamates, phenol catecholates, and pyoverdines (Crowley 2006).
Pseudomonas strains capable of producing siderophores can significant increase
germination and plant growth (Sharma and Johri 2003).

18.3.2 Indirect Benefits Imparted Through Various
Interaction Mechanisms

Indirect mechanisms enhance the host natural resistance by processes in which
PGPRs can neutralize or reduce the harmful effects of phytopathogens on plants
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through production of inhibitory substances (Singh and Jha 2015). Under abiotic as
well as biotic stress conditions, indirect mechanisms aid the plants to grow properly
(Akhgar et al. 2014). In indirect mechanism, PGPRs cause the production of
hydrolytic enzymes, the synthesis and secretion of antibiotics in response to plant
pathogens, the production of siderophores, volatile organic compounds (VOCs), and
exopolysaccharides (EPSs), and the initiation of systematic resistance against dif-
ferent pathogens and pests (Nivya 2015).

Microorganisms functioning as biocontrol agents can perform antibiosis, parasit-
ism, or competition with pathogens for nutrients and space, production of antimi-
crobial compounds, and facilitation of plant defense by regulatory homeostatic
mechanisms (Bhattacharyya and Jha 2012). Therefore, protection of plants from
phytopathogenic attacks may result from one or more microbe–microbe or plant–
microbe interactions (Vurukonda et al. 2018).

PGPRs contribute to the sustenance of intrinsic plant resistance to pathogenic
organisms (Enebe and Babalola 2018) by an induced systemic resistance (ISR)
mechanism. PGPRs stimulate the mechanism of this resistance mechanism at par-
ticular sites in plants where pathogenic attack has occurred (Kundan et al. 2015).
Because the ISR is nonspecific against a particular pathogen, it keeps the plant from
being infected by diverse types of phytopathogens. The ISR primarily employs two
plant hormones, jasmonate and ethylene, to stimulate plant defense response to
pathogens (Verhagen et al. 2004).

Plant growth-promoting rhizobacteria, apart from the aforementioned mecha-
nisms, synthesize and release volatile organic compounds (VOCs) (Kai et al.
2009). These VOCs are lipophilic, low molecular weight compounds (less than
300 Da) that possess relatively lower boiling points. Because these volatiles occur
in a wide range and over a long distance, these compounds act as ideal infochemicals
(Wheatley 2002). Hence, these compounds exhibit a profound effect on the adjacent
microorganisms, thereby altering the growth and development of microorganisms in
a particular biological niche. These VOCs have been reported to be biologically
valuable in various aspects, such as the localization of flowers to pollinators,
attraction of herbivore predators (indirect defense), or by overpowering the patho-
gens directly or by complete growth inhibition. Accordingly, the VOC compounds
may operate either inter- or intraspecifically (Piechulla and Pott 2003). Volatile
compounds are chemically diverse, including alkanes, alkenes, alcohols, aldehydes,
ammonia, esters, ketones, sulfides, and terpenoids-bearing compounds. Volatiles of
diverse soil-inhabiting bacteria can alter pathogenic fungal growth (Fernando et al.
2005). Volatiles also are important in the inhibition of fungal sclerotial activity, limit
ascospore production, and may help reduce disease severity. Other volatile com-
pounds such as ammonia and hydrogen cyanide (HCN) produced by a number of
rhizobacteria have been reported to be important in biocontrol.

Antibiosis has an active role in the biocontrol of plant diseases as it has been
postulated to be important in disease suppression (Mallesh 2008). It often acts in
association with competition and parasitism. HCN is a broad-spectrum antimicrobial
compound involved in biological control of root diseases by plant-associated
rhizobacteria (Ramette et al. 2003). Many PGPRs can produce HCN, which is a
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secondary metabolite that suppresses the growth and development of competing
microorganisms by effective inhibition of many metal-containing enzymes, espe-
cially copper-containing cytochrome c oxidases (Hassanein et al. 2009). It also
inhibits proper functioning of enzymes and natural receptors by reversible mecha-
nism of inhibition.

18.4 How to Screen for the Potential Bacterial Cultures
and Develop Inoculant Formulations?

Screening of bacteria for their in vitro potential for various plant growth-promoting
traits may offer a consistent way for efficient PGPR selection in combination with
growth-promoting potential under field conditions. Under field conditions, several
other factors are involved that reduce PGPR ability to elicit beneficial effects on
plant growth (Nelson 2004). The efficacy of the processes mediated by PGPRs are
strongly varied by certain factors such as the competitive ability of the PGPR strain
in the rhizosphere along with root colonization, metabolite production and release,
and species and genotypes of plants residing in the rhizosphere (Shaikh et al. 2018).
Root colonization is also considered to be a crucial step in the application of
microorganisms for beneficial purposes such as biofertilization, phytostimulation,
biocontrol, and phytoremediation (Lugtenberg et al. 2017). This complex process is
influenced by various parameters such as bacterial traits, root exudates, and biotic
and abiotic factors. The efficiency of PGPR depends on achieving specific cell
densities, that is, establishing an effective population density of active cells in the
plant rhizosphere. In general, PGPR cultures utilized for inoculation are prepared at
cell densities of 108–109 CFU ml�1 for root dipping and soil inoculation (Martinez-
Viveros et al. 2010). Inoculation efficacy depends on the rhizosphere competence of
the bacteria for a particular host plant. The re-inoculation of microbial inoculants at
regular intervals of crop growth is required to maintain effective microbial popula-
tion, but the re-inoculation approach includes the higher cost of inoculum prepara-
tion along with its viable cells for longer periods.

Microbial inoculant formulations can exist as solid- or liquid-based formulations
and may consist of a single culture or a consortium of cultures (Reddy and Saravanan
2013). The solid inoculant formulations can contain a range of carriers such as clay,
coal, fly ash, peat, peat amended with chitin-containing materials, sawdust, wheat
bran, or inorganic materials such as bentonites, kaolin, perlite, silicates, and vermic-
ulite. The choice of carriers for preparation of inoculum is based on the type that
provides the PGPR strain(s) a suitable microenvironment along with maintenance
of their viability and sufficient shelf life. The dimensions of the granules or beads
utilized for immobilization of a solid inoculum range from 75 to 250 mm (Malusá
et al. 2012). Liquid microbial inoculants can be in the form of broth cultures, humic
acid suspensions, or oil-in-water suspensions (mineral/organic oils). The powder- or
liquid-based inoculants can be applied directly on the seeds, or in the form of foliar
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spray, or root dipping at the time of seedling transplantation, or can be used in seed
beds directly (Reddy and Saravanan 2013). Thus, it is essential to develop effective
strategies for better inoculation so that the inoculating bacteria gain the benefit for
faster and effective colonization and exhibit higher competitiveness in the inoculated
niche (Fig. 18.1). The plant growth-promoting potential of inoculants combined with
compatibility and shelf life are the key factors required for efficient colonization and
performance under field conditions (Lee et al. 2016).

18.5 Beneficial Bacteria and Effects of Their Inoculation
in Different Crops

The role of microbial inoculation in agriculture is vital in improving crop produc-
tivity as well as maintaining soil management. Biofertilizers can promote plant
growth and development, besides improving the soil structure and nutrient uptake
by the plant, can enhance phytohormone activity, have ability to tolerate abiotic
stresses, particularly drought tolerance, and can impart protection to crop against
biotic stress agents (Mahdi et al. 2010). The growth-promoting effects of bacterial
inoculants in different crops are summarized in Table 18.1.

18.6 Organic Agriculture, Soil Health, and Fertility
Improvement

Soil is an important biological component for sustaining human existence as it is
required for the cultivation of food crops. It is a natural habitat for diverse microbes,
with cell numbers ranging from 108 to 109 bacteria per gram of the soil. Proliferation
of microbial activity in the soil is vital for the maintenance of soil fertility (Kalia and
Gupta 2005; Kalia and Gosal 2011). Deterioration in soil microbial diversity can
cause a decline in soil fertility, which can be a major concern (Kalia and Gosal
2011). Organic farming aims at using alternative methods of weed, pest, and disease
control, banning use of chemical fertilizers and emphasizing animal welfare (Srutek
and Urbn 2008). Use of biofertilizers is considered a securing approach to achieve
sustainability via organic farming as application of beneficial soil microbes as
biofertilizers has a wide range of functions in controlling soil health and crop
productivity.
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Table 18.1 Plant growth-promoting potential of bacterial inoculants in various crops

Bacterial strain Crop
Growth
conditions Reported PGP role References

Cereal crops

Acetobacter
pasteurianus,
Stenotrophomonas

Wheat Laboratory Enhanced plant
growth and nutrient
content

Majeed et al.
(2015)

Pseudomonas Rice Laboratory Increase in growth
attributes

Sen and Chan-
drasekhar
(2014)

Bacillus sphaericus,
Rhizobium

Rice Laboratory Increased seedling
emergence, vigor,
root length, root sur-
face area and volume

Mia et al.
(2012)

Bacillus sp.,
Providencia sp.,
Brevundimonas sp.

Wheat Greenhouse Enhanced plant bio-
metric parameters, N,
P, and micronutrient
content

Rana et al.
(2012)

Bacillus spp. and
nanozeolite

Maize Greenhouse • Increased growth
parameters, including
plant height, leaf area,
number of leaves
chlorophyll content
• Increased total pro-
tein content
• Higher soil physico-
chemical parameters.
• Threefold increase
in soil enzyme
activities

Khati et al.
(2018)

Agrobacterium sp. Maize Greenhouse Increase in growth
attributes

Yousefi (2018)

Pseudomonas
alcaligenes, Bacillus
Polymyxa, Mycobac-
terium phlei

Maize Greenhouse Increased plant
growth and NPK
uptake

Egamberdiyeva
(2007)

Pseudomonas, Bacil-
lus, Azospirillum,
Azotobacter

Maize,
wheat

Greenhouse Increased growth
attributes

Karnwal (2012)

Klebsiella sp., Bacil-
lus pumilus,
Acinetobacter sp.

Maize Greenhouse Increased dry bio-
mass, total N content
and bacterial coloni-
zation in
non-rhizosphere, rhi-
zosphere, and
endosphere of maize
roots

Kuan et al.
(2016)

Azotobacter sp.,
Streptomyces badius

Wheat Field Enhanced yield
attributes

Gangwar et al.
(2018)

(continued)
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Table 18.1 (continued)

Bacterial strain Crop
Growth
conditions Reported PGP role References

Serratia sp., Bacillus
subtilis

Wheat Field • Increased yield,
no. of tillers, grain
no. per spike, 1000-
grain weight and bio-
mass
• Increased soil prop-
erties in the terms of
available N, P and
potassium, microbial
biomass carbon, soil
enzyme activities and
population of
phosphate-
solubilizing bacteria

Sood et al.
(2018)

Bacillus, Azospirillum Wheat Field Enhanced plant nutri-
ent content

Turan and Sahin
(2012)

Azotobacter Wheat Field Increase in growth
and yield attributes

Singh et al.
(2013)

Pseudomonas putida,
P. fluorescens,
Azospirillum
lipoferum

Rice Field • Improved plant
growth and yield
• Higher chlorophyll
content
• Enhanced iron and
zinc content

Sharma et al.
(2014)

Enterobacter sp.,
Bacillus sp.

Rice Field Increase in growth
and yield attributes

Saengsanga
(2018)

Pseudomonas sp.,
Azospirillum sp.

Maize Field Increased plant
height, seed weight,
number of
seeds per ear, leaf area
and shoot dry weight

Gholami et al.
(2009)

Leguminous crops

Sinorhizobium
meliloti, Delftia sp.

Alfalfa
(Medicago
sativa)

Laboratory Increased shoot dry
weight and nodulation
rate

Morel et al.
(2011)

Bacillus, Pseudomo-
nas, Rhizobium

Lentil Laboratory Enhanced seedling
germination, vigour,
root and shoot length,
fresh and dry weight

Kaur and
Khanna (2014)

Rhizobium and
arbuscular mycorrhiza

Pigeon pea Greenhouse Enhanced chloro-
phyll, nitrogen and
phosphorus contents

Bhattacharjee
and Sharma
(2012)

Pseudomonas
fluorescens, P. putida

Pea (Pisum
sativum)

Greenhouse Increased growth
attributes

Zahir et al.
(2008)

(continued)
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Table 18.1 (continued)

Bacterial strain Crop
Growth
conditions Reported PGP role References

Pseudomonas sp.,
Rhizobium
leguminosarum-FB1

Rajmash
(Phaseolus
vulgaris L.)

Greenhouse Increased root and
shoot dry weight,
nodulation, nutrient
uptake, pod yield and
nutrient content of
pods

Mishra et al.
(2014)

Escherichia coli,
Pseudomonas
fluorescens,
Burkholderia sp.

Chickpea
(Cicer
arietinum
L.)

Greenhouse
and field

Increased plant
height, no. of leaves/
plant, pod bearing
branches, pods/plant,
nodules/plant and
100 seed weight

Dasgupta et al.
(2015)

Variovorax
paradoxus

Pea (Pisum
sativum)

Greenhouse Increased root and
shoot biomass, sto-
matal conductance, N,
P, K, Ca, and Mg
uptake

Jiang et al.
(2012)

Horticultural crops

Pseudomonas putida,
Enterobacter cloacae,
Serratia marcescens,
P. fluorescens, Bacil-
lus spp.

Cucumber,
pepper,
tomato

Greenhouse Increased growth Kidoglu et al.
(2008)

Pseudomonas putida,
Azotobacter
chroococcum and
Azospirillum
lipoferum

Tomato Greenhouse Increased lycopene,
antioxidant activity,
and potassium
contents

Ordookhani
et al. (2010)

Bacillus subtilis,
B. megaterium,
Acinetobacter
baumannii, Pantoea
agglomerans

Tomato,
cucumber

Greenhouse • Increased fruit
weight, width, length,
number per plant,
plant length, total sol-
uble solid and dry
matter
• Enhanced plant
mineral content
and N, P, Mg, Ca,
Na, K, Cu, Mn, Fe,
and Zn contents in
fruit

Dursun et al.
(2010)

Pseudomonas, Azoto-
bacter, Azosprillum

Tomato Greenhouse • Increased plant bio-
mass and height
• Increased NPK and
Ca and Mg content

Shahram (2012)

Bacillus cereus,
Achromobacter
xylosoxidans

Potato Greenhouse Increased vegetative
growth parameters,
photosynthetic pig-
ments and NPK
concentrations

Dawwama et al.
(2013)

(continued)
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Table 18.1 (continued)

Bacterial strain Crop
Growth
conditions Reported PGP role References

Pseudomonas
aeruginosa,
Stenotrophomonas
rhizophilia

Potato Greenhouse Increased fruit yields,
pomological traits,
and chemical contents

Dashti et al.
(2014)

Pseudomonas
stutzeri, Bacillus
subtilis,
Stenotrophomonas
maltophilia,
B. amyloliquefaciens

Cucumber Greenhouse Higher levels of ger-
mination, seedling
vigour, growth and N
content in root and
shoot tissues

Islam et al.
(2015)

Azospirillum sp.,
Agrobacterium sp.,
Pseudomonas sp.,
Enterobacter sp.,
Rhizobium

Potato Greenhouse Increased growth and
nitrogen uptake

Naqqash et al.
(2016)

Bacillus
amyloliquefaciens,
B. pumilus

Tomato Greenhouse Increased plant
height, shoot dry
weight and N and P
uptake

Fan et al. (2017)

Agrobacterium rubi,
Burkholderia gladii,
Pseudomonas putida,
Bacillus subtilus,
B. megaterium

Mint
(Mentha
piperita L.)

Field and
greenhouse

Enhanced rooting
performance, root
length and dry matter
Content of root, cut-
tings of mint

Kaymak et al.
(2008)

Pseudomonas
fluorescens

Tomato Field and
greenhouse

Enhanced growth and
total fruit yield

Ahirwar et al.
(2015)

Bacillus sp. Raspberry Field Increase the yield,
growth and nutrition

Orhan et al.
(2006)

Klebsiella sp.,
Erwinia sp.,
Azospirillum
brasilense, Bacillus
sphaericus

Sweet
potato

Field Enhanced root dry
weight and increased
the concentrations
of N, P, and K in
shoots and root

Yasmin et al.
(2007)

Fodder crops

A. chroococcum,
Azospirillum
brasilense,
A. lipoferum,
P. fluorescens

Fodder
maize

Field Increased silage fod-
der yield

Hamidi (2006)

Azotobacter
brasilense,
P. fluorescens

Sorghum Field Increased green fod-
der yield, dry matter
yield, crude protein
and ash contents

Chattha et al.
(2017)

Azotobacter
vinelandii, Pantoea
agglomerans,
P. putida

Onobrychis
sativa

Field Increased germina-
tion, plant growth,
and nutrient uptake

Delshadi et al.
(2017)

(continued)
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18.6.1 Enhancement of Soil Physicochemical Properties

Application of biofertilizers is considered a promising agriculture management
practice. Addition of microorganisms in the form of bacteria, mycorrhizal fungi,
cyanobacteria, and microalgae to the soil can alter organic matter content and
improve fertility (Wu et al. 2005). Inoculation of a single type of biofertilizer can
serve more than one purpose. For example, besides fixing atmospheric N,
cyanobacteria may improve soil structure by adding organic matter to soil.
Cyanobacteria can also function as primary colonizers by their ability to photosyn-
thesize (Svircev et al. 2019) and can aid the establishment of microflora in soils.

Biofertilizers are supplementary resources generally used in combination with
chemical fertilizers. Ramírez-López et al. (2019) combined the application of a
nitrogen chemical fertilizer with photosynthetic and N-fixing microbial consortium
in soil sown with wheat (Triticum aestivum L.) in different proportions. They
observed an increase in pH, phosphate content, electrical conductivity, and nitroge-
nase activity on application of biofertilizers. However, biofertilizers resulted in a
decrease in ammonium and nitrate content as compared to 100% chemical fertilizer
treatment. Zabee and Maliki (2019) studied the effect of Glomus mosseae (mycor-
rhiza fungus), Ascophyllum nodosum (alga), Saccharomyces cerevisiae (yeast), and
different levels of chemical fertilizers on soil aggregate stability in a potato crop. The
highest aggregate stability was observed with the combined application of mycor-
rhiza and yeast.

The combination of two different types of biofertilizers can have improved effects
on crop as compared to a single type of biofertilizer inoculation. A field experiment
was conducted by Das and Singh (2014) to study the effect of different types of
organic manures on soil properties of a mung bean crop. Application of farmyard
manure, cereal and legume compost (sole and combined) with and without a
consortium composed of Rhizobium, Azotobacter, Pseudomonas, and Trichoderma
was performed. Treatments containing the consortium showed increased pH, organic
carbon, and available NPK as compared to the treatments containing only organic
manures without consortium inoculation. In another study, inoculation with
biofertilizers, Azotobacter, and Azospirillum increased the organic carbon content
of soil as compared to control (Gogoi et al. 2004).

Akbar et al. (2019) compared the effect of PGPRs on two different soil types.
Seed bio-priming of wheat seeds with different strains of Bacillus megaterium,

Table 18.1 (continued)

Bacterial strain Crop
Growth
conditions Reported PGP role References

Bacillus,
Acinetobacter,
Enterobacter

Alfalfa
(Medicago
sativa L.)

Field Increased water, chlo-
rophyll, NPK con-
tents, plant height,
leaf-to-stem ratio and
fresh and dry weight

Daur et al.
(2018)
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Pseudomonas fluorescens, and Bacillus subtilis in combination with different doses
of NPK was carried out to observe the effect on soil properties in sandy loam and
silty loam soil types. The researchers stated that the effect on soil properties was
more prominent in silt loam as compared to the sandy loam soil type.

18.6.2 Alterations in Soil Microbial Diversity

As discussed in the previous sections, maintenance of microbial biodiversity or
species richness in agro-ecosystems is pivotal. Diversity serves different purposes
including nutrient cycling, detoxification of recalcitrant compounds, and disease
suppression. The soil microbial community structure is complex and dynamic. It is a
direct indicator of soil fertility and productivity (Kalia and Gupta 2004). The soil
ecosystem exhibits profound changes from anthropogenic activities through critical
alterations in the microflora that result in the loss of soil fertility. Fertilizers and
pesticides rank first among the factors responsible for the erosion of species diversity
in soils (Kalia and Gosal 2011). Therefore, the ecological function of the soil, which
is dependent on the diversity and composition of soil microbial communities, may
vary such that these variations in communities can have deteriorating effects on soil
productivity, thereby leading to yield loss (Mazzola and Manici 2012). The micro-
bial biodiversity of a particular soil biome depends on its indigenous microflora,
abiotic conditions (such as temperature, pH, sunlight, moisture, and aeration),
cultivation practices (tillage and fertilization), crop cultivated, and augmentation
with plant or agricultural biostimulants. These plant biostimulants are microorgan-
isms and substances such as humic acids, fulvic acids, amino acids, protein hydro-
lysates, and seaweed extracts that enhance plant growth, nutrient uptake, and
tolerance to abiotic stress (Calvo et al. 2014). Regulation of soil microbial commu-
nities is prerequisite and can be achieved by inoculation of beneficial microbes to
renovate microecology and boost crop yields.

Biofertilizer application over a time period of 1 year can improve the diversity
indices in inoculated treatment as compared to untreated controls in rhizospheric soil
(Dong et al. 2019). Biofertilizer inoculation also changed the relative abundance of
bacterial groups: a decrease in Gemmatimonadetes and Anaerolinea,
Cryobacterium, and Methanobacterium during flowering/fruiting and vegetative
stages, respectively, whereas increase occurred in Chloroflexi and
Anaeromyxobacter, Bdellovibrio, and Sphingomonas during flowering, fruiting/
root growth, and vegetative stages, respectively, and a decrease in the relative
abundance of Fusarium. It has also been documented by various researchers that
establishment and maintenance of PGPR populations is necessary for the exhibition
of growth-promoting actions on plants (Cattelan et al. 1996; Hatzinger and Alexan-
der 1994; Holl and Chanway 1992). Kang et al. (2013) tested this hypothesis by
inoculating strains of Bacillus pumilus and Pseudomonas chlororaphis in Vicia faba
soil. The results revealed that the growth-promoting effects of both strains were
highly correlated with the occurrence and establishment of P. chlororaphis and
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bacterial community regulation by B. pumilus. However, no significant effect on
diversity and composition of soil bacterial communities may also occur, as reported
by a study in calcareous soil on application of microbial inoculants, Bacillus
megaterium and Bacillus mucilaginous (Zhao et al. 2019).

18.6.3 Nutrient Availability in the Rhizo-/Endosphere

PGPRs exhibit potential for enhancing nutrient availability to plants either by
lowering the ethylene levels in the plant or by enhancing the production of phyto-
hormones such as indole-3-acetic acid (IAA) (Simranjit et al. 2019). Addition of
biofertilizers can significantly affect the soil NPK status after harvest, as has been
observed in a banana crop (Gogoi et al. 2004). The researchers observed
increase from 267.21 kg ha�1 to 369.43 kg ha�1 for N, from 17.68 kg ha�1 to
30.30 kg ha�1 for P, and from 115.18 kg ha�1 to 242.42 kg ha�1 for K content in soil
after inoculation. Gosal et al. (2012) observed improvement in available soil N
content on soil application of Azotobacter in sugarcane.

Application of biofertilizers in combination with chemical fertilizers,
vermicompost, and castor cake can increase the available soil NPK after harvest in
sodic soil sown with green gram (Selvarasu et al. 2019). Similarly, application of
biofertilizers (Rhizobium and PSB) increased the N and P status of the soil after
harvest in a chickpea-fodder maize cropping system (Jat and Ahlawat 2008). Sourc-
ing N from farm yard manure and poultry manure combined with biofertilizers
[consortia of Azospirillum, phosphate-solubilizing bacteria (PSB), and potassium-
solubilizing bacteria (KSB)], Trichoderma viride, and neem oil increased
postharvest NPK of soil in muskmelon (Cucumis melo L.) cv. GMM3 (Sankhala
et al. 2019). Simranjit et al. (2019) studied the effect of fungal–bacterial biofilm
biofertilizers containing combinations of Anabaena, Trichoderma, and Azotobacter
on soil nutrient availability for cucumber grown in field conditions. The results
indicated an increase in available P and N, as well as in concentrations of
micronutrients Zn, Cu, Mn, and Fe, in the soil.

18.7 Enhancement of Growth and Yield for Sustainable
Crop Productivity

18.7.1 Leguminous Crops

Legumes are the prime source of N in the human diet. Their production in arid and
semiarid regions is limited by inadequate rainfall and water scarcity; hence, the
spring-sown plants when exposed to heat stress and drought conditions in their late
vegetative and reproductive stages exhibit significant yield losses (Amirnia et al.
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2019). Mechanistically, the PGPRs are known to increase stress tolerance in plants
via production of phytohormones and improvement of plant–water relationships.
Use of such biological stress mitigators should be optimized for better uptake of
nutrients, crop productivity, and tolerance to abiotic and biotic constraints.

Nutritionally, legume crops exhibit high phosphorus demands. Phosphorus is
required for plant growth and is needed for pod filling and improvement in the grain
yield (Sharma et al. 2019). The phosphatic fertilizers are very costly and offer very
low nutrient use efficiency (NUE). Therefore, the use of biofertilizers (N fixers and P
solubilizers) for enhancing plant growth and yield is lucrative and a mandatory
technique for leguminous crops (Thiyagarajan et al. 2003). The rhizosphere of
leguminous crops presents a unique ecological niche exhibiting elaborate plant–
microbe interactions in which nodule formation is an important aspect of the
metabolic activities (Prakash et al. 2013). Biological nitrogen fixation depends on
P availability in soil; therefore, efficient root uptake of elemental P is expected to
stimulate the symbiotic functions in legumes besides regulating the N nutrition of the
plant (Bargaz et al. 2018). Further, balanced input of N fertilizers also affects
nodulation and nutrient use pattern in pulses (Thiyagarajan et al. 2003). Rhizobium
leguminosarum inoculation improved germination percentage and yield in Pisum
sativum (Sofi et al. 2019). Use of PSB and Aspergillus awamori as adjuncts with P
fertilization increased nodule number, leaf area index, plant height, and grain and
straw yield in mung bean (Vigna radiata L.) (Venkatarao et al. 2017).

Synergistic effects of two or more types of microbial inoculants have been studied
in various legumes. Sharma et al. (2019) studied the synergistic effects of Rhizo-
bium, PSB, AM fungi and Azotobacter inoculums with different doses of phospho-
rus fertilizers on nutrient uptake and yield of chickpea (Cicer arietinum L.) under
rainfed conditions. The highest yield (56% higher than the control) and NPK uptake
was observed in treatment having all the bioinoculants combined with 75% of the
recommended dose of phosphate fertilizers. Coinoculation of pea plant with two
cyanobacterial strains (Nostoc endophytum and Oscillatoria angustissima) proved
more effective than a single inoculation (Osman et al. 2010). In another experiment
on coinoculation using N-fixing bacteria (Azotobacter) with mycorrhizal fungi
(Glomus intraradices), seed yield was improved as compared to a single inoculation
in lentil (Amirnia et al. 2019). Similarly, triple inoculation of Bradyrhizobium
japonicum, Bradyrhizobium elkanii, and Streptomyces griseoflavus on soybean
improved plant growth, nodulation, nutrient uptake, and productivity (Htwe et al.
2019).

Biofilm inoculants are emerging as a new type of biofertilizers. Biofilms can
occur in the soil as bacterial, fungal, and fungal–bacterial biofilms (Seneviratne et al.
2008). Bacterial and fungal biofilms are formed on abiotic surfaces in the soil,
whereas for bacterial–fungal biofilms, fungi provide a biotic surface for the bacteria
to adhere. Biofilm biofertilizers have been used to increase plant growth resulting in
significantly improved nutrient acquisition. Use of cyanobacterial and biofilm inoc-
ulants including different combinations of Anabaena torulosa, Bacillus subtilis,
Mesorhizobium ciceri, Anabaena laxa, and Trichoderma viride as a fungal–bacterial
biofilm in chickpea resulted in significant increase in yield (Bidyarani et al. 2016).

356 A. Kalia et al.



The same type of microbial inoculants can exhibit varied effects on the host plant.
Lupinus termis seeds treated with Cylindrospermum muscicola showed significant
increase in shoot length, leaf area, and shoot mass whereas a nonsignificant effect
was observed with Anabaena oryzae treatment as compared to the control (Haroun
and Hussein 2003).

18.7.2 Cereal Crops and Bacteria

Microbe-based bioinoculants are extensively used as plant growth-promoting agents
in cereal crops, especially wheat and rice. Rhizospheric bacteria have a positive
effect on the growth attributes of wheat by the application of PGPRs (Khalid et al.
2004). Inoculation with four PGPR isolates in two cultivars of wheat under axenic
conditions resulted in 17.3% and 13.5% increase in root length and dry weight,
respectively, with 37.7% increased shoot height and 36.3% increased dry weight of
wheat seedlings. Seed inoculation with peat-based selected PGPR strains also
displayed stimulatory effects on wheat grain yields in pot studies as well as field
experiments (Khalid et al. 2004). Application of actinobacteria and phosphate-
solubilizing bacteria (PSB) resulted in a positive effect on wheat growth (Rudresh
et al. 2005). Rosas et al. (2009) studied the promotion effect of Pseudomonas
aurantiaca SR1 on maize and wheat in the field. Both crops when inoculated with
the SR1 strain exhibited significant promoting effect in growth parameters with
higher yields obtained using lower fertilization doses than conventionally applied.
Similarly, increase in the yield attributed to traits such as tiller numbers (Salamone
et al. 2012) and number of leaves (Ashrafuzzaman et al. 2009) have also been
reported with PGPR inoculation of rice plants. In another field study conducted by
Gholami et al. (2009), increased dry mass of root was observed in maize on
inoculation with Pseudomonas putida, P. fluorescens, and Azospirillum lipoferum.
Rana et al. (2012) reported maximum dry root mass for PGPR-treated wheat plants.
Yousefi and Barzegar (2014) showed that inoculation of wheat plants with microbial
cultures increased the growth characteristics of wheat. The Actinobacteria signifi-
cantly enhanced tiller numbers, panicle numbers, filled grain numbers and weight,
stover yield, grain yield, total dry matter, root length, volume, and dry weight in a
rice crop (Gopalakrishnan et al. 2013). Golinska et al. (2015) reported that endo-
phytic Streptomyces enhanced plant growth by nutrient mobilization and secondary
metabolite production.

18.7.3 Horticultural Crops

The benefits of PGPR application have been evaluated in various horticultural crops
including vegetable crops across different agroecological regions. These inocula-
tions have been found to be effective in reducing the chemical inputs as well as
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improving yields (Zaidi et al. 2015). Dong et al. (2019) have compared the effects of
growth-promoting biofertilizers (Burkholderia and Rhizobium consortia) and dis-
ease biocontrol biofertilizers (Actinomyces, Bacillus, and Aspergillus consortia) on
yield attributes of Panax ginseng. Growth-promoting biofertilizers increased the root
growth and yield by 16.5% and 17%, respectively, and disease biocontrol
biofertilizers improved root growth and yield by 15.7% and 19.1%, respectively,
as compared to uninoculated controls. Lily Devi et al. (2019) studied the combined
effect of biofertilizers and biocontrol inoculation on growth and yield in brinjal
(Solanum melongena L.) under polyhouse conditions during off season. In this
study, a biofertilizer (mixture of Azotobacter and PSB) and biocontrol agents
(Pseudomonas fluorescens and Trichoderma) were used in addition to farmyard
manure. The combined inoculation of biofertilizers and biocontrol agents with
farmyard manure showed significant increase in plant height, number of fruits, and
fruit yield per plant as compared to biofertilizers used alone with farmyard manure.

Microbial inoculation of Bacillus megaterium and B. mucilaginous increased the
shoot biomass, root biomass, and yield of chili pepper by 14.1%, 8.4%, and 28.5%,
respectively, as compared to control (Zhao et al. 2019). Seed coating of cabbage
(Brassica oleracea) with different PGPRs, viz. Bacillus megaterium, Pantoea
agglomerans, and Bacillus subtilis increased fresh and dry weight, seedling height,
and stem diameter in the inoculated plants (Turan et al. 2014). Seed coating with
Bacillus subtilis and Pseudomonas fluorescens increased fresh and dry plant weight
in radish (Raphanus sativus) under salt stress conditions (Mohamed and Gomaa
2012). Inoculation with Burkholderia tropica increased fruit number and weight in
two varieties of tomato (Lycopersicum esculentum cv. “superman” Seminis) plants
(Bernabeu et al. 2015).

The effect of Azotobacter chroococcum and Azospirillum brasiliense inoculation
was studied on growth and yield of tomato (Lycopersicum esculentum Mill.)
(Ramakrishnan and Selvakumar 2012). Azotobacter inoculation increased the plant
height, yield per plant, average fruit weight per plant, and fruit content, and
Azospirillum inoculation increased the number of leaves and fruits per plant. Dual
inoculation of both inoculants increased all the traits as compared to single inocu-
lation. In another study, Bumandalai and Tserennadmid (2019) investigated the
effect of the microalga Chlorella vulgaris on the germination of tomato and cucum-
ber seeds. Surface-sterilized seeds were placed in petri dishes containing microalgal
cultures 3, 6, 9, and 12 days old. In the tomato seedlings, increase in shoot and root
length was observed for 3-, 6-, and 9-day cultures but decreased root and shoot
length was observed for 12-day-old cultures as compared to control. However, in the
cucumber seedlings, increase in root and shoot length was observed in all the
cultures as compared to control. Shariatmadari et al. (2011) studied the effect of
Anabaena vaginicola, Nostoc sp., and Nodularia harveyana on germination and
plant growth in squash (Cucurbita maxima), tomato (Solanum lycopersicum), and
cucumber (Cucumis sativus) plants. Inoculation with different cyanobacterial
extracts increased the seedling height, root length, plant height, leaf number, and
root, shoot, leaf, and stem fresh and dry weight in all the plants to different extents
compared to controls.
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Biofertilizers have also been used with varied levels of chemical fertilizers to
reduce the dosage of chemical fertilizers. Effect of different P levels in PSB and
vesicular-arbuscular mycorrhizal (VAM) fungi inoculation (single and dual) on
quality parameters and yield of garlic (Allium sativum L.) was studied (Meena
et al. 2019). The AM fungal inoculation improved both yield and quality character-
istics in garlic. Ramandeep et al. (2018) have studied the effect of biofertilizers
(Azotobacter and PSB) and different levels of NPK fertilizers on growth of potato
(Solanum tuberosum L.) cv. Kufri Pukhraj and Kufri Jyoti. Application of
biofertilizers along with 80% of the recommended NPK fertilizer combined with
1% urea improved the number of leaves per plant, plant height, tuber weight, and
tuber yield in both test varieties.

Mohammadi et al. (2019) compared the effect of Azotobacter and Azospirillum
inoculation with different levels of N and P fertilizers on growth of baby corn (Zea
mays L.). Application of 100 kg N ha�1 and 75 kg P ha�1 combined with
Azospirillum inoculation resulted in significantly higher growth as compared to
application of lower rates of N and P and Azotobacter inoculation. Similarly, a
combination of farmyard manure, chemical NPK fertilizers, and microbial consor-
tium (Azospirillum and PSB) resulted in maximum root yield in radish (Raphanus
sativus L.) crop (Dash et al. 2019). Abdel-Razzak and El-Sharkawy (2013) com-
bined biofertilizer application (mixture of Azotobacter, Azospirillum, and Klebsiella)
with potassium humate spray as a source of humic acid to achieve improvement in
garlic bulb quality, quantity, and storability.

18.7.4 Fodder Crops

Fodder crops are crops cultivated primarily for animal feed. These crops may be
classified as either temporary or permanent with the former being cultivated and
harvested like any other crop while the latter relate to land used permanently (for
5 years or more) for herbaceous forage crops, either cultivated or growing wild, and
may include some parts of forest land if it is used for grazing. Green fodders are a
staple feed for dairy animals (FAO 2011). Dairy animals producing up to 5–7 L milk
per day can be maintained by feeding green fodder exclusively. Inclusion of green
fodder in the diet of dairy animals decreases the amount of concentrate feeding and
thus improves profit. Therefore, for economical and sustainable dairy farming,
fodder production round the year is essential.

Mishra et al. (2008) have studied the effect of inoculation of Azospirillum
brasilense and mycorrhizal fungal consortia with Glomus intraradices inoculum
on yield and quality of forage in guinea grass (Panicum maximum Jacq.) at different
intervals of cuttings. The inoculants were seen to possess synergistic effects leading
to enhanced fodder quality and production. Gangwar et al. (2015) isolated 24 isolates
from root nodules of berseem plants and evaluated the isolates for plant growth-
promoting traits. Isolate B-2 was observed to be high IAA producing
(50.8 � 0.90 μg/ml). Field evaluation of a few of these isolates showed that
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significant improvement occurred in symbiotic and growth parameters of the ber-
seem plants on seed inoculation.

18.8 Innovative Technologies for Improving Soil Health
and Crop Productivity

Nanotechnology is emerging as the sixth revolutionary technology (Abobatta 2018)
in this era. The nano-scale materials studied have diverse origins, biological, phys-
ical, or chemical, with at least one dimension in the range of less than 100 nm.
Nanotechnology enables the use of materials and equipment that are capable of
exploiting physical and chemical properties of a substance at molecular levels, thus
facilitating its use in various disciplines from medicine to agriculture (Fakruddin
et al. 2012).

The major arena for nano-agricultural interventions has been in sectors such as
food production and postharvest food handling, although nanotechnology-enabled
products or devices are also becoming popularized in crop production and protection
aspects. In crop production, the main challenge is the low nutrient use efficiency of
conventional chemical fertilizers. These fertilizers also exhibit bioaccumulation of
toxic trace elements. Further, the loss of applied chemical fertilizers from agricul-
tural fields via leaching and runoff processes can have severe environmental conse-
quences such as eutrophication and contamination of groundwater sources. The N
fertilizers also exhibit vulnerability for immediate loss from volatilization. Other
nutrients such as P, Fe, Cu, and Zn applied to soils for fertilization transform to
bound form quickly, rendering them unavailable for plant uptake and therefore
necessitating their repeated application. In recent decades, scientists have empha-
sized the use of biofertilizers over chemical fertilizers to maintain ecological bal-
ance. However, certain limitations of biofertilizers including shorter shelf life,
possibility of remaining ineffective under fluctuating environmental conditions,
and the requirement of longer incubation durations for establishment in the inocu-
lated niche hinder their wider applicability.

Development of nanofertilizers may possibly help researchers to overcome the
limitation of conventional fertilizers (Kalia and Kaur 2019a, b; Kalia et al. 2019,
2020) besides holding promise to improve the efficacy of biofertilizers (Kalia and
Kaur 2019c). The nanofertilizers exhibit improved nutrient use efficiencies and can
make available nutrients to plants through a slow or controlled release phenom-
ena. Simultaneously, there are possibilities that use of these nanofertilizers
containing nano-scale particles at higher concentrations may exhibit toxicity to
plants through uptake or release of toxic ions following dissolution of nanoparticles
in soil. Therefore, under such circumstances, nanofertilizers may negatively affect
plant growth, germination, biomass, and root and leaf growth from the increased
production of reactive oxygen species (ROS), may exhibit negative effects on plant–
water relationships, and alter plant metabolic pathways and photosynthesis (Kalia
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and Kaur 2019c; Kumar et al. 2019). At such point, the development of
nanobiofertilizers will act as a boon for modern-day agriculture (Kalia and Kaur
2019c). The science of nanotechnology offers nanobiofertilizer formulations in
which biofertilizer can be coated in nano-scale polymer matrices, a process known
as nano-encapsulation (Kumari et al. 2019), or co-embedding of nano-scale particles
with biofertilizer in a polymer matrix for co-delivery to the crop plants (Mahakham
et al. 2017; Kalia and Kaur 2019c).

Nanofertilizers have the potential to increase NUE threefold and increase the
ability of plants to tolerate environmental stress. These fertilizer formulations may
improve crop productivity by promoting metabolic pathways such as nitrogen
metabolism, protein synthesis, and the antioxidant system (Iqbal et al. 2019).
Nanobiofertilizers offer improved NUE through targeted delivery and controlled
release of their biological agent (microbial inoculant) in response to environmental
triggers and biological demands. Application of nanobiofertilizer may help in
optimizing photosynthesis, nutrient absorption, photosynthate accumulation, and
nutrient translocation (Kumari et al. 2019). Mardalipour et al. (2014) studied the
effect of nanobiofertilizer on growth parameters of spring wheat. Application of this
formulation, which contained Azotobacter, Pseudomonas, Fe, Zn, andMn, increased
spike length, spike number in square meters, seed number in square meters, and seed
weight to physiological maturity. In another study, Farnia and Omidi (2015)
observed an increase in grain yield and harvest index in a maize (Zea mays L.)
crop under water-stressed conditions.

The field of nanotechnology has experienced a sudden increase in research and
application in the agriculture sector during the past few years, as demonstrated by the
rapidly increasing number of publications and patents (Kah et al. 2019). A number of
bottlenecks such as low funding, slow adoption of innovations by agricultural
research organizations, negligence under government policies, lack of awareness
regarding use of nanofertilizers, and ethical issues regarding their use have risen to
obstruct the extensive use of nanobiofertilizers. Moreover, strict safety assessment
should be implemented for validation of the permissible and safe limits of crop-
specific nanoparticle doses. An understanding of the biodegradability, biotransfor-
mation, bioaccumulation of nanobiofertilizers in plants as well as animals and
humans must be assessed to gain comprehensive knowledge of the toxicity.

18.9 Conclusion

Bacterial inoculants may help in increasing crop yields and, therefore, possess
prodigious potential to supplement or even substitute for synthetic agricultural
chemicals. Regardless of the enormous capability of bacterial inoculants, the
existing literature suggests that positive results can be obtained under greenhouse
conditions. However, generally these inoculants fail to perform well under field
conditions. The major obstruction for large-scale implementation of bioinoculant
technology is the variability in field performance that may result from the cumulative
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effect of dilution or migration of inoculated microbes in the soil–microbe–plant
continuum on interaction with the soil components, native vanguard microbial
communities, and prevailing environmental conditions. Therefore, the prerequisites
for a field-performing bioinoculant include developing an improved process of
selecting suitable strains, identifying the appropriate technique(s) of inoculant appli-
cation, and understanding the interactions involved between inoculated and native
microorganisms. Overall, a holistic approach should be established to enhance
agricultural production in a sustainable manner with minimal ill effects.
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Chapter 19
Role of Rhizomicrobiome in Maintaining
Soil Fertility and Crop Production

Maddur Puttaswamy Raghavendra
and Aralakuppe Narayana Santhoshkannada

Abstract Microorganisms are involved in several major biological events associ-
ated with almost all the living organisms. Agriculture, in particular, which involves
and revolves around the cultivated crops with special reference to its growth and
yield demands association of microorganisms. As the world of microbiome associ-
ated with several animals especially human beings started highlighting the need of
association of microorganisms for health condition, the interest is also started
pointing towards the role of microbiome/rhizomicrobiome which is associated
with plant roots and thereby promotes plant growth. Rhizosphere is a hot spot of
microbial diversity; its distribution is guided by root exudate pattern and the soil
type. There is a complex interaction between soil, plant and microbes which decides
the growth of the plants. Especially rhizobiome is considered as an alternate genome
of the plants, which guides several physiological and ecological activities of the
plants. In recent times, rhizosphere engineering, application of synthetic
microbiome, agent-based modelling of the rhizobiome, metagenomic studies of the
different agricultural soil, understanding of the complex interaction between micro-
organisms in biome, role of plants in developing these biomes, role of individual or
group of microbes associated with rhizobiome in plant growth promotion and finally
documenting the different rhizobiome of the agricultural crops are gaining momen-
tum. These new areas of research are providing more insights into understanding of
microorganisms associated with plants in general and its roots in particular. The
bioformulations of these microorganisms which support plant growth would be the
good solution for future green revolution strategies.
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19.1 Introduction

To achieve self-sufficiency in the food production for rapidly growing population,
there has been extensive use of chemical fertilizers and pesticides that in turn
resulted in increased environmental and health hazards. Microorganisms associated
with plants internally and externally (plant microbiome and rhizobiome) have also
been disturbed, which resulted in the loss of beneficial interaction between two
components (plant–microbe) of the ecosystem associated with primary productivity.
On the basis of research experimentations, it is tempted to state that crop yield can be
increased with the use of indigenous microbiome without environmental and health
hazardous, especially rhizosphere microflora, which is known to increase the effi-
ciency of water absorption and mineral nutrition from the soil for plant usage. The
rhizosphere microbes are known as hot spot for plant root interactions and also
considered as second genome of the plants (Berendsen et al. 2012).

The microbiome is a total aggregate of microbes in a community (Orozco-
Mosqueda et al. 2018). Those, the total number of microbes present in plant
rhizosphere can be termed as rhizomicrobiome and other parts of the plant can be
termed as plant microbiome. One may define rhizosphere in their own ways, like it is
a root surface plus attached soil, total roots plus soil or soil cores containing some
roots (Badri et al. 2009; Doornbos et al. 2011). Balandreau and Knowles (1978)
definition was considered to define rhizosphere as a soil that is attached to as affected
by the roots or the vicinity of the soil which is under the influence of the root
exudates.

The root-associated complexes are divided into three important types, such as the
endosphere (root interior), rhizoplane (root surface), and rhizosphere (soil close to
the root surface), each of which possesses distinct microbiome. The ectorhizosphere
and rhizoplane comprises root surface where microbes resides. The endorhizosphere
includes microbes present inside root tissues, including rhizodermis, cortex and
stele, which is more specific term than endosphere (Berg et al. 2014), which also
consists of aboveground part of the plants. The root associated microbes are the
constituents of both rhizoplane and endorhizospheres.

The microbiome composition in controlled environment varies with soil source
and genotype. Under field conditions, the factors such as geographical location,
cultivation practice, namely organic versus conventional were different contributors
for various microbiomes (Edwards et al. 2015). According to Berendsen et al. (2012)
the totality of rhizosphere community includes the microbes and genetic elements
present. The specific microbial community with specific functions associated with
plants like rhizosphere, endosphere and phyllosphere (Berg et al. 2016) is even
though fixed for a given period of growth it is dynamic in response to root exudation
pattern and circadian rhythm. In the soil root microbiome assembly, the rhizoplane
plays an important role in multistep microbiomes complex model.
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19.2 Microbiome of the Plants

Plant microbiome determines the health, growth, fitness and consequent plant
productivity (Lakshmanan et al. 2014). The microbiome induces different functional
expression in plants such as primary productivity and soil health and fertility. Plant
microbiome studies help in understanding the plant–microbe interactions as well as
the genetic and functional capacity of the host and vital aspects of metabolism and
physiology can be understood by studying the microbiome structure and functions of
specific plants (Rout and Southworth 2013). Even though a root association with
microbiome is currently a forefront research field through which understanding and
unravelling of importance of microbiome has begun (Geldner and Salt 2014).

The plant–microbiome interaction requires connecting link that mediates between
them, such as root exudates and soil parameters. They help plants in repelling or
attracting rhizobiome, which initiates significant effect on plants (Bais et al. 2006).
All types of root exudates are not involved in plant nutrition and growth. Some
exudates act as signal molecules mediating interactions in the rhizobiome. The
different rhizome exudates possess different compounds such as monosaccha-
rides—fructose, mannose, glucose; five carbon sugars—arabinose; disaccharides—
maltose, oligocaccharides; amino acids—aspartate, asparagines, glutamine, arginine
and cysteine; organic acids—ascorbic, acetic, benzoic, ferulic, oxalic and malic
acids; phenolic compounds—coumarin and high molecular weight compounds
such as flavonoids, enzymes, fatty acids, auxin, gibberellins, nucleotides, tannins,
steroids, terpenoids, alkaloids, polyacetylenes, and vitamins (Gunina and Kuzyakov
2015; Hayat et al. 2017). Along with these, the vital carbon cost compounds
continuously secreted from root exudates were carbon fixed by photosynthesis
(like phytoanticipins and phytoalexins) (Bamji and Corbitt 2017).

On the other hand, microbes produce secondary metabolites that can alter plant
metabolism and signalling, which help in receiving nutrients in addition with
antibiotics (Brazelton et al. 2008; Kim et al. 2011). Even though host-symbiotic
organisms were studied widely, factors that contributes to host–microbiome inter-
actions, and evolution and ecology of the symbioses were poorly understood. The
host-associated microbial communities play basic roles in plants or animals nutri-
tion. The fundamental key for the evolution of land plants and underlining funda-
mental ecosystem processes are root-associated microorganisms (Fitzpatricka et al.
2018).

19.3 Rhizobiome of the Agricultural Fields

Even though the role and importance of rhizosphere microbiome for plant growth is
known, there are numerous microbes that exist in agricultural fields, but remaining
unknown. The study of these microbes will enhance the knowledge on plant growth
and health (Mendes et al. 2013). For example, methanogens are commonly present
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in every spatial compartment of rice fields, which make the rice fields as one of the
major sources of global methane emissions. The detailed study of this may improve
the potential networks involved in cycling of methane and also provides information
on other phyla associated with root microbiomes of rice and other plants (Edwards
et al. 2015). They observed that the rice field microbial diversity has significant
influences on the field site. The α-diversity measurement of the field rhizospheres
indicates that cultivation site significantly impacts microbial diversity.

It is obvious that as the plant traits varies the root microbial diversity also varies,
i.e. traits show variation even between rhizosphere and endosphere compartments.
Endosphere diversity was positively associated with increasing root hair density,
while rhizosphere diversity was positively associated with host productivity and
negatively associated with root length (Fitzpatricka et al. 2018).

To understand the microbial diversity, rice (Edwards et al. 2015), wheat (Ofek-
Lalzar et al. 2014), maize (Peiffer et al. 2013), soybean (Mendes et al. 2014) and
Arabidopsis (Bulgarelli et al. 2012) rhizobiomes are already characterized and
documented. These studies revealed the presence of microorganisms in rhizobiome
which are subset of the bulk soil microbiome. Microorganisms derived from the bulk
soil are filtered by the plants to create the rhizobiome with specific structure and
function. The composition of the microbes is also influenced majorly by the type of
the soil and environmental conditions along with plant genotype. Among the several
factors influencing, it is the plant genotype and root exudate pattern which majorly
decide the rhizosphere structure and composition (Haney et al. 2015). These
rhizobiome microflora are coordinating with the plants in natural ecosystems from
time immemorial, hence they might have coevolved understanding the needs of each
other for ecosystem fitness (Philippot et al. 2013).

The enrichment of respective microbes in rhizosphere can be done by altering the
composition of root exudates and inducing release of more amounts of favourable
exudates by means of reprogramming microbes of plants (Prikyrl et al. 1985;
Bulgarelli et al. 2013). Thus, for the establishment of microbial communities in
the rhizosphere and for competitive niche exclusion antimicrobials and secondary
metabolites are vital factors. Those for achieving coordinated communication
between microbes, plants, and their environmental signals, competitiveness for
establishment and dominance of communities are highly essential.

The independent studies of rice rhizosphere indicated that bacterial community is
largely occupied by Proteobacteria (mainly Alpha, Beta and Delta proteobacteria
classes), Acidobacteria, Actinobacteria and Chloroflexi phyla. The bacterial com-
munity composition in the rice rhizosphere is distinct from that in the rhizosphere of
other crops such as maize, soybean, potato, Populus and Arabidopsis based on the
selected studies.

The rice is usually cultivated in flooded paddy soils compared to other crops. The
oxic zones were created around the rice roots (e.g. rhizosphere) that are surrounded
by anoxic bulk soil, which is a result of secretion of oxygen through rice root
aerenchymatous tissues (Yuan et al. 2016; Zhao et al. 2018). The oxic–anoxic
interface created due to this will favour the growth of aerobic, anaerobic or faculta-
tive anaerobic microbes (Revsbech et al. 1999; Li and Wang 2013). The main
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biogenic sources of methane (CH4) release was due to methanogens inhabiting the
rice rhizosphere at its anoxic interface accounts to nearly 5–19% of global methane
(Bao et al. 2016). The higher demand for food and increasing global climate change
resulted in major challenges in rice agriculture to obtain high yield with limited
cultivation area and with alleviated methane emissions in paddy soils. Indeed, plant
productivity is greatly influenced by microbial diversity (Conrad 2007), the crop
health promotion and sustainable productivity of paddy ecosystems can be signifi-
cantly increased by comprehensive understanding and exploitation of the overall
microbial community (i.e. microbiome) associated with rice roots. However, studies
of the microbiomes residing in the rice root related compartments, i.e. endosphere,
rhizoplane and rhizosphere were still lacking.

Indeed, many rhizosphere sampling strategies because of low resolution are likely
not reproducible enough. The maize and Brachypodium studies indicates that dif-
ferent root types harbour different microbial communities (Kawasaki et al. 2016; Yu
et al. 2018), and this suggests that microbiome varies with different tissues of the
same plant. In single-root types, longitudinal separation of developmentally diverse
root zones such as root tip, elongation zone, differential zone, and maturation zone
will be beneficial to comprehensively detect the development-dependent microbial
gradients of host–microbe interactions. In addition, rhizosphere and endosphere
microflora isolation by laser capture microdissection in combination with generation
sequencing would be important tool to systemically target the direct interaction
between plants and microbes at the cellular level.

19.4 Beneficial Aspects of the Rhizosphere Microflora

As it is observed with human gut microflora, plants and their microbiomes are
interdependent, making microbes as superorganisms (Berendsen et al. 2012) and
hence plants depend on rhizosphere microbes for specific functions and characters.
The rhizomicrobiome of plants were significant in:

1. Plant nutrition, like nitrogen fixation or phosphate solubilization
2. Biological control, by competing with pathogens or by inducing resistance in

plants
3. Plant growth and stress release by phytohormone production or degradation

(Martinez-Viveros et al. 2010; Berendsen et al. 2012; Gaiero et al. 2013)

In brief, microorganisms associated with plants as microbiome and
rhizomicrobiome will impact several parameters of the plants either positively or
negatively (Fig. 19.1).

It is observed that several microorganisms associated with plants are not fully
understood whether it is culturable or nonculturable. Keeping its importance in plant
growth promotion or diseases, it is imperative to evaluate the microflora in detail to
document all the microbes present in different agricultural fields in different growth
conditions and under diurnal alterations. These studies will provide more insights
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into the structure and functions of the rhizomicrobiomes and through which a
detailed interaction within or between plant and microbes can be easily recorded.
Even though little information are available with model plant systems such as
Arabidopsis (Lundberg et al. 2012; Bulgarelli et al. 2012; Schlaeppi et al. 2014;
Bai et al. 2015), it is important to understand how rhizobiomes are assembled into a
specific structure with specific composition in other cultivated crops. It helps in
understanding the principle underlying the beneficial interaction between the micro-
organisms and plants in enhancing the plant growth.

19.5 Signalling Between Species

Rhizosphere microbes mediate root–soil, microbe–microbe and soil–microbe inter-
actions (Berendsen et al. 2012). It is reported that interactions between and within
species of bacteria are through complex chemical lexicon. Quorum sensing and the
array of chemicals serving as a signalling in the process is thrust area of research for
plant biologists. The mechanisms of enhancing and inhibiting quorum sensing were
recognized in both prokaryotes and eukaryotes, which indicates that quorum sensing
is subjected to regulation both within bacterial interactions as well as bacteria–
eukaryotic associations (Henke and Bassler 2004).

Even though much attention was paid to molecular aspects of cell–cell commu-
nication, the ecological reasons for why bacteria produce signalling molecules that
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results in intraspecific and interspecific signals demands a thorough research (Crespi
2001), but in recent times volumes of information is available on how this interaction
takes place and its impact on disease or growth progression in plants.

Especially, the study on quorum quenching between prokaryotic bacteria and
eukaryotes await attention, it shows that different chemical communications are
involved in interfering this mechanism. It is helping the biotechnology industry
too especially in developing significant strategies for controlling bacterial infections,
e.g. the quorum quenching study of eukaryotic sea weed Delisea pulchra with
prokaryote halogenated furanones revealed inhibition of Serratia liquefaciens and
also reported to inhibit quorum sensing dependent biofilm formation in Pseudomo-
nas aeruginosa (Ren et al. 2002). Even the Bacillus aiiA gene encoding for the AHL
lactonase is associated with quorum sensing which is reported to mediate resistance
in transgenic potato and tobacco plants to Erwinia carotovora, thus resulting in
control of the virulence factors associated with plant pathogens (Dong et al. 2001).
Thus it is observed that AHL-dependent quorum sensing behaviour such as viru-
lence and biofilm formation is a heterologous expression of aiiD gene in Ps.
aeruginosa (Lin et al. 2003).

The autoinducer signals for the different interspecies interactions has clear sig-
nalling effect involving LuxS and AI-2, which is associated with control of gene
regulation in different bacteria (Surette et al. 1999; Xavier and Bassler 2003). The
biofilm formation in dental plaque communities like Streptococcus gordonii and
Porphyromonas gingivalis requires AI-2. If both species do not have LuxS, the
biofilm is not produced on glass coat between P. gingivalis and S. gordonii. The
introduction of LuxS into either species again initiates the mixed biofilm formation
(McNab et al. 2003).

This interesting finding shows that P. aeruginosa does not contain the LuxS gene
and therefore not able to produce AI-2. But AI-2 is produced from the nonpathogenic
microflora of host in sputum of cystic fibrosis. That results in composition of
complex microbial community of pathogens Ps. aeruginosa and non-virulent bac-
teria in cystic fibrosis lungs. As a result sputum collected from patients of cystic
fibrosis showed high level of AI-2, which in turn induces the production of virulence
factors in Ps. aeruginaosa like elastase, exoenzyme T, rhamnolipid and phenazin
(Duan et al. 2003).

AI-2 detection is not exclusive to bacterial “eavesdropping” because AHL signals
will be intercepted by Salmonella enterica. Thus the Gram-negative bacteria pro-
duce LuxI enzyme which induces response to AHLs, resulting in expression of rck
operon and other genes that protect S. enterica from defences of host in intestine
(Ahmer 2004).

These findings are also observed with plant pathogens. The AHL based signalling
is used to control bacteria to bacteria exchange of plasmid containing gene required
for virulence of plant pathogen Agrobacterium tumefaciens (Piper et al. 1993). The
expression of plasmid-encoded genes occurs during infection, where bacteria deliver
the plasmid to plant resulting in formation of tumours. The tumours producing
molecule opine is required for nourishment, increase of gene exchange between
bacteria and infective capacity in population (Fuqua and Winans 1996).
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Cis-11-methyl-2-dodeceenoic acid a novel a, b, unsaturated fatty acid produced
from Xanthomonas campestris is used as a signal molecule in regulation of poly-
saccharide and extra cellular enzymes production, which are main virulence factors.
The molecules are structurally related to farnesoic acid (produced by Candida
albicans that inhibits filaments growth) and are diffusible signalling factor (DSF)
(Oh et al. 2001). The diffusible signal factor of Xanthomonas campestris inhibits
Candida albicans growth, increase farnesoic acid concentration and also important
component of pathogenicity (Wang et al. 2004). The biological significance and
molecular mechanism of this cross domain signalling still requires further study.

The proteomic study to understand the influence of these diffusible signals on
gene regulation shows that over 150 protein expression in legume Medicago
truncatula is regulated by AHL signals produced by Sinorhizobium meliloti and
Ps. aeruginosa. The AI-2 production was regulated by AHLs by affecting the
secretions of plant compounds and also by stimulating AHL quorum sensing
reporter strains. These will encourage AHL signalling between the bacteria which
produce AHL than AI-2 producers. Hence, to understand the effect of these plant
metabolites on the bacteria, with which M. truncatula naturally associated requires
further understanding (Mathesius et al. 2003).

The cooperative signal does not simply involve quorum sensing chemicals for
interactions, but entails requirement of other cues and chemical manipulations.
These signals may be useful or involved in conflicts within or between species.
Thus, it is important to study why and how bacteria react with chemical substances
produced by other bacteria (Keller and Surette 2006).

19.6 Factors Associated with Development of Rhizobiome

Plant species and its genotype, soil and environmental conditions play a major role in
shaping the plant microbiome/rhizomicrobiome; these variables were hard to disen-
tangle from each other in natural systems. For example, Populus in its different soil
condition shows different root associated bacteria as well as endophytic and
ectomycorhizal fungi. The particular Populus genotype is not associated with par-
ticular single taxon or consortium of microbes. It is observed that the fungi and
bacteria are represented from different orders such as Rhizobiales, Cytophagales,
Chitinophagales and Burkholderiales and fungi are represented by arbuscular
mycorrhizal, endophytic and ectomycorrhizal fungi (Bonito et al. 2019).

The experiment on Populus rhizobiome decouples plant genotype under the
influence of soil property impact structure of fungal and bacterial communities in
soil. The 16S and ITS datasets sequences were assessed for co-association patterns
of fungal and bacterial taxa (Bonito et al. 2019). They showed that the impact was at
the community level rather than at the species level. It was supported by their further
observation that 20 fungi are commonly abundant in all the test samples irrespective
of the plant genotypes. Instead it was observed that the geographic location, soil
texture and phosphorous level show positive correlation with networks of fungal and
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bacterial communities. This indicates that microbial taxa across landscape were not
evenly distributed and the composition of plant microbiome is largely influenced by
edaphic and local environmental factors.

It is also evident from the other works also, which reports the difference between
endosphere and rhizosphere communities of Populus deltoides due to distinct nature
of seasonal, geographical, and habitat differences. Similar results were also reported
from Arabidopsis, agave and pine (Lundberg et al. 2012; Talbot et al. 2014;
Fonseca-García et al. 2016).

On the other hand, it was observed that the structure of bacteria and fungi within
the plant rhizomicrobiome is influenced by host species and its genotype (Bonito
et al. 2014). The aboveground tissues (leaves, stems) and belowground root tissues is
reported to have varied influence on microbiome (Bálint et al. 2013; Cregger et al.
2018). But the influence of soil properties on plant genotype directly is yet to be
proved and it seems it will have indirect influence through soil microflora.

19.7 Biofilm Formation for Better Communication

The relationship for biofilm formation especially between prokaryotes and eukary-
otes was first discovered based on the quorum sensing communication between
marine bacteria and green seaweed Enteromorpha (Joint et al. 2002). The
Enteromorpha zoospores attach to marine bacterial biofilms (Vibrio anguillarum)
and initiate its growth. However, if the conditions are not ideal for seaweed, they
simply detach and continue its planktonic lifestyle. Based on the observations it has
been hypothesized that autoinducers produced by bacteria are recognized by
Enteromorpha.

The AHLs (3-oxo-C10-HSL, C6-HSL and 3-hydroxy-C6-HSL) is used in regu-
lating quorum sensing in a Gram-negative bacteria Vibrio anguillarum. The mutants
lacking the synthases for production of quorum sensing signals were generated to
understand the importance of these signals in biofilm formation. The AHL signals in
seaweed play a crucial role, which in its absence fails the Enteromorpha zoospores
to adhere and it may be due to unpredictable phenotype created by quorum sensing
mutation in Vibrio anguillarum. After transferring genes necessary for synthesizing
three AHLs to E. coli, authors observed binding of zoospores to E. coli biofilm.
Finally, they also proved that if biofilm lack AHL synthases, the attachment can be
restored by adding synthetic 3-oxo-C10-HSL, 3-hydroxy-C6-HSL and C6HSL.

Biofilm formation is also observed in several plant-associated microorganisms
whether it is beneficial or harmful. Table 19.1 provides brief information on the
application of biofilm formation on the host or the bacteria in combination or
individually.
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Table 19.1 Biofilm formation for beneficial/harmful micobial interaction with plants

Biofilm forming
species Plant host Active component Uses References

Rhizobium
leguminosarum

Trifoliuum,
Pisum,
Vicia,
Phaseolus

Lipopolysaccharides Affects adhesive
forces among
bacteria.
Alters the cell
surface hydro-
phobicity
required for
infection and
nodulation

Priefer
(1989); Cava
et al. (1989);
García and
Brom (1997);
Rolfe
et al. (1996).

Xylella fastidiosa Citrus,
alfalfa,
coffee

Rhamnose O-antigen Cell aggregation Clifford
et al. (2013).

Azospirillum
brasilense

Grass Outer membrane pro-
teins (67-kDa Outer
membrane lectin)

Promotes bacte-
rial flocculation,
autoaggregation.

Burdman
et al. (1999).

Ensifer meliloti Leguminous
plants

Galactoglucan
(exopolysaccharides
II)

Acts as molecu-
lar glue, that
initiates and
maintains con-
tact between
cells

González
et al. (1996).

Rhizobium
leguminosarium

Vicia sativa,
Pea

Cellulose microfibrils Agglutinating
activity

Ausmees
et al. (1999);
Laus et al.
(2005); Wil-
liams
et al. (2008).

Azospirillum
brasilense

Arabinose-rich extra-
cellular
polysaccharides

Aggregative
activity

Bogino et al.
(2013)

Bradyrhizobium
japonicum

Glycine max O-antigen
Exopolysaccharide
(pentasaccharide units)

Enhance adhe-
sion to plastic
support.
Biofilm forma-
tion on both
inert and biotic
surfaces. As role
in initial attach-
ment of rhizobia
to root epider-
mal cells

Lee et al.
(2010);
Minamisawa
(1989);
Poveda et al.
(1997);
Pérez-
Giménez
et al. (2009).

Ensifer meliloti Medicago
sativa

Succinoglycan
Galactoglucan

Required for
biofilm forma-
tion and effec-
tive symbiosis

Reuber and
Walker
(1993);
Cheng and
Walker
(1998); Her
et al. (1990).

(continued)
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Table 19.1 (continued)

Biofilm forming
species Plant host Active component Uses References

Agrobacterium
tumefaciens

Ubiquitous
plant
pathogen

Succinoglycan Reduces the
attachment and
biofilm
formation.

Cangelosi
et al. (1987);
Tomlinson
et al. (2010).

Xylella fastidiosa Plant
pathogen

Putative Fastidian gum Bacterial patho-
genicity.
Cell attachment
and overall bio-
film formation

Roper
et al. (2007).

Pantoea stewarii Plant
pathogen

Stewartan Essential for
adhesion and
maturation of
biofilm struc-
ture.
Colonization
and efficient
dissemination
through xylem.

Nimtz et al.
(1996);
Koutsoudis
et al. (2006).

Erwinia
amylovora

Plant
pathogen

Amylovoran, Levan Biofilm forma-
tion.
Virulence factor
helps in biofilm
formation.

Nimtz et al.
(1996);
Koczan
et al. (2009).

Pseudomonas
brassicacearum
J12

Tomato 2,4-
diacetylphloroglucinol
(2,4-DAPG)
hydrogencyanide
(HCN)

Antimicrobial Zhou
et al. (2012).

Bacillus
amyloliquefaciens
SQR9

Cucumber Citric acid Biofilm
formation

Zhang
et al. (2014).

Bacillus subtilis
N11

Banana Fumaric acid Biofilm
formation

Zhang
et al. (2014).

Bacillus subtilis
FB 17

Arabidopsis
thaliana

L-malic acid Colonization
and biofilm
formation

Rudrappa
et al. (2008).

Paenibacillus
polymyxa SQR 21

Watermelon Malic acid and citric
acid

Colonization
and biofilm
formation

Ling
et al. (2011).

X. campestris
X. axonopodis

Plant associ-
ated
pathogen

Xanthan gum Microcolony
formation.
Structured bio-
film formation
for abiotic
surfaces.

Jansson et al.
(1975);
Rigano et al.
(2007a, b);
Torres
et al. (2007).

(continued)
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19.8 Unravelling Secrets of Interaction: Transcriptomic
Analysis of Rhizosphere Microflora

The rhizosphere is a “hot spot” of microbial colonization and hence Yi et al. (2017)
suggested that transcriptomic analysis of the soil or endophytic microorganisms with
special reference to root exudation pattern will provide actual gene regulation pattern
in these organisms associated with plant growth promotion.

Presently, there are several reports available on the transcriptomic studies of
rhizosphere and endosphere of land plants. As revealed by Yu et al. (2018) plant–
microbe interactions have a significant correlation with genetic factors of rhizo-
sphere species and genotype of host plants. Even though advancement in
metagenomic analysis shows only 5% of bacteria were cultured, yet other bacteria
and their functions were not known (Mendes et al. 2013). On the other hand, the
bacterial quorum sensing signal demonstrates induction of gene expression in
legume like Medicago truncatula (Mathesius et al. 2003).

The metatranscriptomic analysis with evaluation of rRNA transcripts reveals the
active community. Like for, oat, wheat and pea, the rhizosphere and bulk soil
compartments show active prokaryotic diversity with each plant species. The
slightly less diverse at higher taxonomic, i.e. the genus level was found in oat
rhizosphere soil. The number of microbial taxa was considered approximately
belongs to 300–400 genera per gram of soil showing high richness. But with regard
to composition of community at genus level, all rhizosphere soils were different
from the bulk soil (Turner et al. 2013). This indicates that in the rhizosphere soil
specific bacteria were active and plants too plays a significant role on the composi-
tion of the microbiome in soil rhizosphere.

The functional characterization of communities can also be done by parallel
metagenome analysis (Ofek-Lalzar et al. 2014). The individual functional groups
represent by their relative abundance of gene fragments, where the functional pro-
files of root and bulk soils were different significantly. Interestingly, there was

Table 19.1 (continued)

Biofilm forming
species Plant host Active component Uses References

Ralstonia
solanacearum

Solanum
plant

Acidic
exopolysaccharides
(composed by N-
acetylgalactosamine
and amino sugars
(bacillosamine,
galactosaminuronic
acid)

Major virulence
factor

Cook and
Sequeira
(1991);
Chapman and
Kao (1998)

Mesorhizobium
tianshanense

Glycyrrhiza
uralensis

Exopolysaccharide Biofilm forma-
tion and involve
in successful
establishment of
symbiosis

Wang et al.
(2008)
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enrichment in genes linked to motility, chemotaxis, lipopolysaccharide biosynthesis
and plant cell wall polysaccharide degradation enzymes in root associated commu-
nities. This suggests a strong functional and metabolic adaptation of microbes to the
root compartments.

Even application of xenobiotics to agricultural field is known to influence the
microbial interaction in different way and it is usually unnatural. It is observed in
commercial agriculture that use of specific agrochemicals potentially affects popu-
lation and interactions of rhizosphere microflora, which was probably due to alter-
ation of gene expression in these organisms, e.g. changes in bacterial gene
expression within the rhizosphere of corn tolerant to glyphosate and soybean in
response to long-term glyphosate treatment was observed. In both, the rhizosphere
bacterial metatranscriptomes were dominated by transcripts of RNA and carbohy-
drate metabolism. This finally determines long-term glyphosate use will affect
rhizosphere bacterial activities and potentially helps in shift of bacterial community
composition favouring bacteria more tolerant to glyphosate (Newman et al. 2016)
leading to artificial evolution surrounding the plant root zones.

Once it is proven that the rhizobiome is subjected to alteration and it is not static,
several recent advanced methods started engineering the rhizosphere microflora. The
rhizosphere modification processes through changes in plant structure and physiol-
ogy can be done using tools like clustered regulatory interspaced short palindromic
repeats (CRISPR)-Cas. The studies of how plants control microbiome assembly and
function in the rhizosphere by systematic alterations in plant architecture or physi-
ology that helps in mechanistic studies is also systematically worked out (Nemudryi
et al. 2014).

Similarly, the modification of root exudation processes by genetic engineering
and gene-editing helps in disruption of mutualistic interactions between microor-
ganisms which will aid in nutrient capture and plants that provide carbon sources for
microbial growth (Ahkami et al. 2017). The specific families of compounds are
produced in the rhizosphere by modification of root exudation processes. The study
of plant selection for functionally distinct microbial taxa was also tried by altering
host physiology through transcription factors (Su et al. 2015). The functional and
taxonomic shifts in the rhizosphere could help further in understanding the selection
of specific microbial groups.

For present day sustainable agricultural gains, the interactions in the rhizosphere
of all partners (plant roots, soil and microbes) of the tripartite interactions can be
manipulated or engineered to shift direction in favour of plants (Ryan et al. 2009;
Zhang et al. 2015; Dessaux et al. 2016).

19.9 Cooperative Interactions Among Rhizosphere
Microbes for Plant Growth

Today there is an explosion of research related to interactions between the cells,
i.e. bacteria can communicate, cooperate and alter their behaviour, according to
changes that occur in social environment. In nature, cooperation between the cells is
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widespread phenomenon, ranging from microbial populations to multicellular
organisms (Celiker and Gore 2013).

Cooperation between genetically identical microbes is often natural (Riley and
Gordon 1999; Griffin et al. 2004; West et al. 2006), whereas in genetically heterog-
enous social groups, organisms proficient at cooperation will frequently interact
(Strassmann et al. 2000; Diggle et al. 2007; Vos and Velicer 2009; Liu et al. 2014).
Therefore, the evolutionary reasons of divergence in social fitness between natural
isolates that cooperate each other is often unclear (Vos and Velicer 2009; Buttery
et al. 2009; Strassmann and Queller 2011; Ostrowski et al. 2015).

Earlier, the three types of interactions such as (i) Cooperation between PGPR and
Rhizobium for effect N2-fixation; (ii) Microbial antagonism for biocontrol of plant
pathogen; and (iii) Interactions between rhizosphere microbes and AM fungi to
establish a functional mycorrhizosphere were generally considered because of their
relevance in sustainable agroecosystem development (Barea et al. 2005).

Further, this has led to understanding of group-to-group and community-level
microbial interaction influencing soil nutrient cycling and other plant growth pro-
motion activity by applying evolutionary biology to microbiome experiments. The
components of complex microbiome study and its impact on plant host biology
provides significant knowledge on unknown concepts of host–microbe biology of
crop production, interaction and protection (Garcia and Kao-Kniffin 2018). The
increasing interest in host–microbe biology, the development of mixtures of new
and re-established terms in recent years, describes the complex associations of
organisms that are heritable (Rosenberg and Zilber-Rosenberg 2016).

As mentioned earlier, soil microbial communities are largely influenced and
affected by environment parameters, but the microbial interactions dominate in
microscale environments such as rhizosphere and plant microbiome communities
(Cordero and Datta 2016). It has been reported that rather microbes in bulk soil, the
interaction of root-associated microbes are more complex, which may be due to
diversity and density of microbial cells in rhizosphere and also their predominant
positive interactions (>80%), it reveals the greater potential for mutualistic associ-
ations in rhizosphere (Shi et al. 2016). The indirect mediations and interactions of
plant roots for plant beneficial and pathogenic microbes through root exudates
signals, benefits plant themselves. The soil-borne pathogen attack of crops stimulates
recruitment of antagonistic bacteria by roots, which is considered as a better way of
defence strategy against infectious pathogens (Berendsen et al. 2012).

Plant rhizospheres encompass a dynamic zone of interactions between microor-
ganisms and their respective plant hosts. During past few years’ research helped in
understanding complex interactions influencing different aspects of plant growth,
development and evolution. Earlier, in root zone the plant–microbial interactions
were focused on single microbial species or strains on a plant host effects. But
presently, the studies on understanding complex microbiome effects on the biology
of plants are unravelling. Further better understanding of how rhizosphere interac-
tions influence plant growth development and its implementation by novel frame-
work research methodologies need to be experimented (Garcia and Kao-Kniffin
2018).
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For example, in a split root system increase of cucumber root secretions like citric
acid and fumaric acid due to infection of wilt disease pathogen Fusarium oxysporum
f.sp. cucumerinum helped to enhance its root colonization and to recruit plant
beneficial B. amyloliquefaciens SQR9 (Liu et al. 2014). The barley roots infected
with Pythium ultimum induced the expression of 2,4-diacetylphloroglucinol (DAPG)
by biosynthesis gene phlA used for biocontrol of bacterium Pseudomonas
fluorescens CHA0 in another side of roots. The induction of DAPG production of
CHA0 in vitro at very low concentration was due to secretion of vanillic acid,
fumaric acid and p-coumaric acid (Jousset et al. 2011).

Some Pseudomonas strains increase the number of nodules and reduces acetylene
in soyabean plants when incubated with B. japonicum. It has been demonstrated that
gus-A marked rhizobacteria used in bacterial colonization of roots (Chebotar et al.
2001). Manero et al. (2003) showed that enhancement of nodule formation takes
place by metabolites other than phytohormones, such as siderophores, phytoalexins
and flavonoids, but this hypothesis is subjected for verification (Lucas-Garcia et al.
2004).

The increase of nodulation and nitrogen fixation in alfalfa plants occurs by
inoculation of phosphate-solubilizing bacteria (PBS), which helps in increasing the
phosphate content of plant tissues (Toro et al. 1998). This shows that phosphate
dependent processes were responsible for increase of nodulation and nitrogen
fixation by nitrogen fixing bacteria (Barea et al. 2005).

In another study, the increasing nodulation of clover plants growing in soil rich in
Cd, in presence of PGPR was observed (Vivas et al. 2005). PGPR present in Cd rich
soil was reported to reduce the Cd concentrations and its uptake by plants and as well
as Rhizobia, thus preventing Cd toxicity and increasing nodulation. Along with this,
PGPR also increased production of β-glucosidase, phosphatase, dehydrogenase and
was found to increase auxin production around PGPR inoculated roots.

Similar results are observed in the direct antagonism and induction of plant
resistance involved in effective multiple biocontrol methods. For example
rhizobacteria from genus Pseudomonas spp. produces several antimicrobial com-
pounds which inhibit other bacteria and fungi (Hass and Keel 2003). Thomashow
and Weller (1988) itself demonstrated clearly that bacteria produce antibiotic that
suppress other plant pathogens in an ecosystem. The direct correlation between the
phenazine antibiotic production by fluorescent Pseudomonas spp. and its effective-
ness against all diseases of wheat makes it good biocontrol agent. Another key factor
of this organism is its ability of compete and production of siderophores such as
pyoverdine and pyochelin. It is this ability for siderophore-mediated competition for
iron that helps in biocontrol of Fusarium and Pythium in soils (Duijff et al. 1994;
Raaijmakers et al. 1995).

Compared to individual strains, in most of cases selected strains of bacteria used
as a consortium in field trails are supporting the significant gain in yield from the
plants. Considering this the present day research is focussed on multipartite interac-
tions involving array of microorganisms viz., bacteria, fungi and other living organ-
isms which holistically support the plant growth. For example the co-inoculation of
Aspergillus niger, Salmonella serovars such as typhimurium resulted in increased

19 Role of Rhizomicrobiome in Maintaining Soil Fertility and Crop Production 387



plant growth which is significant compared to individual performances in the field. It
was observed that the synergistic interaction between these two organisms supported
one another to support the plant growth. In this interaction A. niger supported the
growth of the bacteria, on the other hand the biofilm produced by the bacteria
protected the fungus from antifungal agents such as cycloheximide. Similar result
was also observed in the legume plant Amorpha canescens when inoculated with
arbuscular mycorrhizal fungi in association with Rhizobium bacteria which
supported the greater plant biomass production than the individual treatments
(Larimer et al. 2014).

Another result reveals that the legume seedlings when associated with both AMF
and nitrogen fixing rhizobia show 15-fold higher productivity than only with either
of them. Hence Larimer et al. (2010) is of the opinion that these mutualistic studies in
microbes provide more appropriate information than meta-analysis. The synergism
serves as an indication that the cumulative impact of multipartite interactions over-
takes effects of single microbial species. Is observed in case of inoculation of Cicer
arietinum with AMF Glomus intraradices and PGPRs Pseudomonas alcaligenes
and Bacillus pumilus significantly reduced the impact of M. incognita and M.
phaseolina compared to the individual performances (Akhtar and Siddiqui 2008).
Hence present day research is involved in increasing the effect of multipartite
interactions on plant health through manipulation of microbial communities in the
rhizosphere.

19.10 Natural Selection Favours Defectors in Simple
Environments

The natural selection acting on whole groups of organisms in addition to individuals
is called multilevel selection as proposed by Darwin (Wilson and Wilson 2008). The
knowledge of plant and their associated microbiomes are very little than compared to
their study on animals. The study on types of selective pressures that dictate
microbial density-dependent rhizosphere processes such as nutrient cycling has a
significant application in plant nutrition (Garcia and Kao-Kniffin 2018).

It is observed that cellular cooperation involves production of public goods
(i.e. exopolysaccharides, extracellular enzymes, antibiotics, siderophores and quo-
rum sensing molecules) which benefit other cells in the population (West et al.
2007). Cooperative action of cells are cost providing one, which range from a small
metabolic burden to the death of individual cells, like self-destructive cooperation,
where cooperative individuals die while formation of public goods (Ackermann
et al. 2008). The cooperation evolves, where cooperating cells assort that was
achieved by various mechanism like spatial heterogeneity of population structure,
reciprocity, multilevel selection and other ecological factors (Nowak 2006).

The different prevalence of cooperation within a population depend on frequency
and size of the disturbances such as ecological disturbances that temporarily alter the
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environment. The interaction of cooperating and cheating cells is affected by
limiting resources and efficiency of competing species. The side effects on the
cooperative population dynamics was seen when unrelated environmental condi-
tions, for example hypermutability in response to stress which leads to evolution of
final traits (Celiker and Gore 2013).

The primary functions of some antibiotic compounds released at low concentra-
tions by some microbes are for communication rather than inhibition or exclusion of
competitors (Aminov 2009). The antimicrobial compounds because of range of
functions were key in establishing microbial communities in the rhizosphere. A
wide array of Antibiotic Resistance Genes (ARG) are reported in soil microbiomes,
which serves as a potential candidate for horizontal ARG transfer, that has important
implications in agriculture as well as human health due to presence of several human
pathogenic bacteria in soil (Cytryn 2013).

19.11 Multilevel Selection

The evolution of social traits was affected by metapopulation dynamics (Damore and
Gore 2011, 2012). The selection can favour subpopulations with higher fitness when
different groups of spatially separated subpopulations compete with one another.
Thus the cooperative traits evolution theory suggests that selection can drive the
evolution of cooperation (Nowak 2006).

It was also observed that the cooperator frequency decreases at the level of
subpopulation. At the same time the frequency cooperators increase when observed
at the level of global population, due to higher productivity of groups with higher
cooperator frequency. A modelling study showed that demographic fluctuations lead
to large variance in the composition of subpopulations, which further promotes the
evolution of cooperation in this system (Cremer 2012). The population structure
traits affect by concurrent evolution of cooperators (Powers et al. 2011).

It proves that the evolution process now a day is driven by several unnatural
driving forces. Evolving microbes due to these multilevel selection and cooperation
with other microbes may lead to development of microbiomes which may or may not
support the plant growth. It is alarming issue that need to be addressed through
thorough scientific research on factors associated with this problem.

19.12 Intraspecific Interactions Between Microorganisms

The selective force that promotes cooperation during intraspecific interaction in
species that lack complex cognitive abilities is kin selection. This is a general
principle of altruistic acts that directs towards relative production of important
kind of reproductive compensation. The intraspecific communication has relatedness
between bacteria, low cost of signal production (e.g. AI-2-dependent signalling) and
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high benefits for bacteria to behave in coordinated manner, e.g. coordinate regulation
of virulence genes or in fruiting body formation in Myxococcus.

The signal production is costly or benefits of coordinated behaviour are limited,
when the communication is less common when multiple strains of the same species
of bacteria are mixed. Experimental study of pathogenic bacterium Ps. aeruginosa
showed higher levels of cooperation as a result of higher relatedness. Similarly,
experiments with strains of Myxococcus xanthus showed most pairings, when
competed against one another in all possible pair-wise combinations showed at
least one competitor as strong antagonism towards its partner. It shows that bacteria
can perceive the presence of different strains, which change in overall relatedness
that have profound effects on growth of population and its survival.

The extra cellular enzymes (that degrade macromolecules) from bacteria present
in environment regulate their expression by use of quorum sensing. The enzymes
and their products will diffuse away from cell to cell initiating catabolic production,
when there are sufficient numbers of cells to scavenge all the products making it
more beneficial. This more clearly indicates that rather than in single isolated cells,
microcolony is more efficient and coordinate expression of the enzymes using
intraspecies signalling systems would be optimal. In this respect it is important to
note that quorum sensing pathways connected with virulence determinants are
mostly extracellular (Keller and Surette 2006).

The sum of plant response to the environment and to the microbiome (including
endophytes and pathogens) is called plant phenotype and on the other hand
microbiome also responds to the environment and interacts with each other
(Hardoim et al. 2015). The similarities between gut and plant rhizosphere
microbiomes is that both are open systems, with a gradient of oxygen, water and
pH resulting in a large number and diversity of microorganisms due to the different
existing conditions. Likewise there is difference in microbiome compositions; there-
fore, the similarities related to nutrient acquisition, immune system modulation and
protection against infection were there (Mendes and Raaijmakers 2015). The func-
tional diversity is considered to be the key factor in microbiome diversity whereas it
is lost in the present agricultural fields due to more human interventions and
aggressive agricultural practices (Berg et al. 2015).

The wide ranges of bioactive natural products are produced by actinomycetes.
The compounds produced in each interaction (Streptomyces coelicolor with actino-
mycetes) were unique with differential response in each case. It is reported that
227 compounds are differentially produced in interactions and half of these were
known metabolites such as actinorhodins, prodigines, acyl-desferrioxamines and
coelichelins (Traxler et al. 2013).

The production of specific fungal secondary metabolites due to fungal–bacterial
interactions, which not only is a diffusible compound, but also act in communication
along with contribution from other physical interactions. The intimate physical
interaction between Aspergillus nidulans and actinomycetes Streptomyces
rapamycinius leads to the activation of fungal secondary metabolite genes related
to production of aromatic polyketides (Schroeckh et al. 2009). It is because of the
alterations of fungal histone acetylation through Saga/Ada complex that triggered
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induction of PKS cluster of actinomycetes. It signifies that bacteria can trigger
alterations of histone acetylation in fungi (Nutzmann et al. 2011).

The symbiotic relationships of remarkable complex of inter-kingdom interaction
between bacterial genus Burkholderia and Rhizopus, genus of pathogen that causes
rice seedling blight also stands as a better example. The phytotoxin “rhizoxin”
compound is responsible for rice seedling blight produced by endosymbiotic bacte-
ria Burkholderia species (Partida-Martinez and Hertweck 2005). It was observed in
this case that exopolysaccharides (EPS) produced by Burkholderia rhizoxinica
played a key role in the interaction. Further experiment on mutant showed that
EPS production did not affect the endosymbiotic interactions with Rhizopus micro-
spores (Uzum et al. 2015). But still the complex symbiont–pathogen–plant interac-
tion and communication mechanisms were poorly understood. It is also observed
that nacyloxins, an antibiotic compound, was produced by Burkholderia gladioli
only in co-culture with R. microspores (Ross et al. 2014).

The analysis of multicellular cooperative behaviour of microbes in the light of
evolutionary biology needs careful consideration of the unique aspects of the
genetics and ecology of microbes. Ultimately to have great benefits in microbial
and evolutionary fields enhancement of cooperative interdisciplinary research of
both microbiologists and evolutionary biologists is highlighted (Dunny et al. 2008).
The new approaches for managing plant microbiomes for health and sustainability
are to identify and understand the functions of keystone microbial species in plant
microbiomes (Bonito et al. 2019).

19.13 Division of Labour

In present day, the fundamental open issue in biology, relevant to plant and human
health, metabolic engineering and environmental sustainability is based on under-
standing how microbes assemble into communities. The possible mechanism of
microbial interactions is through cross-feeding, i.e. the exchange of small molecules.
These exchanges may allow different microbes to specialize in distinct tasks and
evolve division of labour (Thommes et al. 2019).

The supply of some essential metabolites relying on neighbouring organisms and
microbes face a trade-off between being metabolically independent organisms. This
balance of conflicting strategies is an important implication in microbiome research
and synthetic ecology affecting microbial community structure and dynamics. At
present, the emergence of obligate mutualism is coupled with sharp metabolic
network differentiation and exchange of different chemicals (Thommes et al. 2019).

The obligate mutualism is specifically displayed by construction (or evolution) of
artificial microbial consortia which shows interdependencies. In the interactions of
synthetic communities, one strain is unable to synthesize essential metabolite (like
amino acid) that is supplied via overproduction or leakage by another strain (Shou
et al. 2007; Harcombe 2010; Wintermute and Silver 2010; Kerner et al. 2012; Mee
et al. 2014; Bernstein et al. 2012; Henry et al. 2016; Hoek et al. 2016). This ensures
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that, in order to grow, the two strains require each other’s presence (Pacheco et al.
2018). The involvement of complex metabolic mutualism beyond single amino acid
exchanges was given due to complexity of metabolism, its evolutionary history and
possibly due to naturally evolved cross-feeding strategies (Medlock et al. 2018).
These information are useful in novel strategies such as bioproduction, design of
bioformulations and engineering of consortia for specific metabolic pathways.

In microbial applications, the significant drop in cell performance was result of
metabolic burdens and hence division of labour through the natural and synthetic
microbial consortia will address this problem. Today success of bioformulations in
field condition depends on understanding different aspects of synergy in plant
microbiome and rhizomicrobiome. It is also important to understand the strains
used as inoculums, its nutritional requirement and divergence, cross-feeding or
co-metabolic activity and mutualistic evolutionary growth history to develop the
stable consortia. Along with these, the metabolic behaviour of these strains with a
single or multiple substrates need to be modelled through metabolic modelling and
13C-metabolic flux analysis which will throw light on the metabolism of the sub-
strates in mixed culture and co-metabolic activity of the strains used in consortia.
Computational approach to understand performance of consortia in group or indi-
vidually will also provide a concrete information (Roell et al. 2019).

19.14 Concluding Remarks

To provide the insights into the structure of the particular microbial community, it is
necessary for attempting to define the interaction, rather than with more generic
descriptors. In broader terms, to understand the progress in quorum sensing and to
develop bacteria as better model organisms in ecology and evolution, it is important
to link branches between microbiology and field of ecology and evolution (Keller
and Surette 2006). To unravel the rhizobiome species composition the modern
molecular techniques are used, even though understanding interactions were in
progress, the thorough investigation is yet to be made on interplay between the
rhizobiome root exudates and other factors involved in maintenance of plant health.
To improve the plant health, optimization of growth and productivity of host plants
and microbial diversity of rhizobiome and modulatory techniques need to be clearly
understood (Olanrewaju et al. 2019). Quorum sensing, under many environmental
conditions, from soil and water (where quorum sensing genes influence nutrients
cycling) to animal hosts (where quorum sensing regulated genes determine pathogen
virulence) moderates bacterial metabolism. How we might modify bacterial behav-
iour for environmental gains can be realized by understanding the ecology of
quorum sensing that yield vital clues (Mund et al. 2017).

Moreover, microbiome will be shaped by environmental factors such as geogra-
phy and soil type. The health and fitness of the whole system is determined by
relationships between the root-associated microbiome, architectural variations and
functional switches within the root system. Yu et al. (2018) suggested that the
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detailed information on the important factors guiding plant–microbe interactions is
the fundamental agricultural importance and supports significantly even plant breed-
ing through crop improvement. Microbiome engineering associated with modulating
microbial communities in different living organisms is an upcoming branch of
research (Mendes et al. 2013). By altering the ecological processes such as modu-
lation in community diversity, changing structure of microbial interaction networks
and by altering the evolutionary processes the microbiome engineering can be
achieved. It leads to extinction of few microbial species in microbiome, horizontal
gene transfer and mutations that can restructure microbial genomes (Mueller and
Sachs 2015). The complex interactions involving multiple players will replace focus
by single microbial isolate effects. The recent popularity of examining synthetic
communities comprised multiple microbial strains that help to advance microbiome
science further, which would be beneficial to move beyond cultivation-dependent
methods. The reduction of diversity of complex microbiomes associated with a plant
trait could enable by applying selective filters more to top-down and bottom-up
approaches that comprised cultivation-dependent and -independent multiplayer
interaction studies. The complexity of the rhizosphere studies could ultimately
help in developing a better understanding of how rhizosphere microbiomes influence
plant growth, development and fitness (Garcia and Kao-Kniffin 2018).

The molecular approaches, particularly for specific plant genotypes and mutants,
and major research coupling of reduction list will unravel how plants shape their
known microbiome and clarify causal relationships in complex root communities.
The nature of how plants recognize and filter the root communities should be known
in detail using well-defined plant mutants instead of different cultivar or species
(Reinhold-Hurek et al. 2015). Several approaches can also be used in order to define
which microorganisms should be inoculated. The first approach is to know core
microbiome associated with plant health or to understand the function of
rhizobiomes by sequencing techniques, which can be followed by experiments in
tissue culture technique or green house experiments. The microbiome with a specific
plant growth promoting activity individually and in consortia can then be applied in
field as bioinoculants for sustainable agriculture.
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