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Preface

Climate change and continuously increasing population are adding enormous pres-
sure on the agricultural sector to provide consumers good quality food. In order to
meet the qualitative and quantitative needs of the consumer, agricultural scientists
must focus on plant stress physiology and different types of mitigators to alleviate
the negative effects of stresses on plant productivity. Plant stress mitigators includ-
ing beneficial microbes and other organic compounds (green chemicals, botanical
extracts, microbial-derived products, etc.) help plants to cope with different types of
biotic and abiotic stresses. The inclusion of such eco-friendly approaches in agri-
cultural practices will help to achieve our goal for sustainable agriculture production.
Over the past decade, several studies have been conducted on plant stress mitigators
to find out new bioactive compounds and beneficial microorganisms to reveal the
metabolism involved in remarkable crop performance and quality under different
stress conditions. These mitigators have gained maximum attention of farmers and
industrialists in incorporating these products in organic farming practices to quan-
titative and qualitative foods. Hence, these plant stress mitigators have a huge global
market. The plant stress mitigators follow different action mechanisms for enhancing
plant growth and stress tolerance capacity including nutrient solubilizing and mobi-
lizing, biocontrol activity against plant pathogens, phytohormone production, soil
conditioners, and many more unrevealed mechanisms.

This book discusses the stress alleviation action of different plant stress mitigators
on crops grown under optimal and suboptimal growing conditions (abiotic and biotic
stresses). The area of interest also includes potential contributions regarding the
effect as well as the molecular and physiological mechanisms of plant stress miti-
gators on nutrient efficiency, product quality, and the modulation of the microbial
population quantitatively and qualitatively. The content of this book is divided into
three parts, viz. (1) Climate change impacts on plant and soil health, (2) Microbe
mediated plant stress mitigation, and (3) Advances in plant stress mitigation. We
strongly believe that this compilation of high-standard scientific chapters on the
principles and practices of plant stress mitigators will foster knowledge transfer
among scientific communities, industries, and agronomists and will enable a better
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understanding of the mode of action and application procedure of these mitigators in
different cropping systems.

The editors would like to acknowledge all the contributors for their efforts in
making this book worthy to disseminate complete knowledge for scholarly involve-
ment around the globe. We are grateful to our family members for their constant
support and blessings. Also, the editors would like to thank the handling editors and
Springer team for the opportunity to publish this book.

Zurich, Switzerland Anukool Vaishnav
Rohtak, India S.S. Arya
Noida, India D K Choudhary
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Climate Change Impact on Alteration )
of Plant Traits e

Pooja Ahlawat, Babita Rani, Anita Kumari, Seema Sangwan, Pooja,
Sarita Devi, and Vinod Goyal

Abstract One of the main drivers of organism growth and species distributions is
climate; thus, a drastic change in climate has many consequences for plants, be it
droughts, heat waves, or increased flooding. Besides these cumulative effects of
global warming, rising concentration of carbon dioxide and rapid increase in tem-
perature affect the persistence, growth, and reproduction of plants. These impacts
would have devastating consequences on natural vegetation, agriculture, and
humankind too and are very difficult to predict. A large number of studies reflected
the importance of climate change, investigating how plants respond to rising CO,
concentration and temperature as well as interaction with other environmental
factors. Consequences of these impacts were already felt, as the 0.5° warming of
Earth’s temperature in the last 50 years shifted the distribution of plant and animal
species and crop yields have decreased. In this chapter, we will focus on the effects
of increasing atmospheric CO, concentration, high temperature, drought stress, and
their interaction with plant developmental processes in roots and leaves, plant
species distribution, phenology, and reproductive structures of plants. This compen-
dium of research provides an important means for predicting shift in forests,
ecosystems, and crop patterns in the coming decades and for finding ways to protect
and adapt plants in order to avoid the harmful effects of global climate change.

Keywords High CO, - High temperature - Plant species - Plant phenotypes
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Introduction

Climate is a long atmospheric pattern in a particular region. The weather can change
from time to time, daily, monthly, or yearly. However, climate is a weather pattern
over a period of more than 30 years. The desert area can experience a rainy week but
in the long run has little rain fall. The desert area has a dry climate and the climate is
almost constant, so organisms can adapt to it. The enormous diversity of life on Earth
occupies most of the various climates that exist, but the climate changes. The change
in climate due to natural causes is extremely slow. As the climate changes, the
organisms that live in the area are at risk of adaptation, relocation, or extinction.
The climate of the Earth has changed many times. Changes in atmospheric
greenhouse gases also affect the climate. Many anthropogenic activities result in
huge emission of greenhouse gases. Gases such as carbon dioxide trap solar heat in
the atmosphere, raising the temperature of Earth’s surface. These activities are
dramatic and dangerously changing the global climate. Average global temperature
has been rising since about 1880 (Fig. 1). Due to greenhouse gases, Earth’s atmo-
sphere temperature is increasing gradually. Severe climate change can lead to more
severe weather patterns: more tornadoes, typhoons, and hurricanes. Where there is
less rainfall, there is more rainfall elsewhere. When the climate changes, the habitat
of living things changes. In the history of the Earth, the climate has changed multiple
times, but the changes have occurred slowly over thousands of years. But due to
human activities, the pace of climate change has accelerated which led to severe and
prolonged changes in atmospheric composition (such as rise in CO, concentration),

1.0 —— NASA Goddard Institute for Space Studies (v4)
—— Hadley Center/Climatic Research Unit (v5)
0.8 H —— NOAA National Center for Environmental Information (v5)

Berkeley Earth

Temperature Anomaly (°C)
0.6 - Common Baseline 1951-1980

T T T T T T T
1880 1900 1920 1940 1960 1980 2000 2020

Fig. 1 The data shows continuous rise in temperature in the past few decades. The highest
temperatures were recorded in 2016 and 2020. Source: NASA’s Goddard Institute for Space Studies
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temperature, precipitation, and hydrological cycles. These changes in turn affect the
flora and fauna of the Earth.

The climate change which causes the increase in global temperature greatly
affects plants by modifying their developmental, physiological, and metabolic
activities. The impact of climate change is observed on crop yield and quality.
These effects might be positive or negative, but the net effect is likely to be negative
which poses great menaces to the global food safety. Plants are affected directly and
indirectly by climate change. Direct impact of climate change includes the
following.

Variations in Plant Species Distribution

Climate change factors, such as changes in local temperature and precipitation that
exceed the permissible range of phenotypic plasticity of the species, lead to change
in its distribution, which is unavoidable. Evidences support that change in the
regional climate results in shifting of plant species in their distribution in altitude
and latitude. However, it is difficult to predict how the range of species changes with
climate and to differentiate these changes from all other anthropogenic environmen-
tal changes such as eutrophication, acid rain, and habitat destruction. The rapid
change in the climate has great potential to alter plant species distribution as well as
render many species out of adaptable climates. Information on how species can
adjust and support quick changes is still relatively limited.

Variations in Life Cycles (Phenology) of Plants

Climate greatly influences the phenology of plants as they are intricately linked to
the climatic factors such as photoperiod and temperature which acts as an important
stimulus for the flowering. Along with flowering and fruiting (Xia and Wan 2013),
other processes like germination (De Frenne et al. 2012) and leaf emergence (Jeong
et al. 2011) are influenced by changing climate. An interesting example of how
warming of climate influences fertilization is of the early spider orchid (Ophrys
sphegodes). It depends upon deception to reproduce. A vital step in its pollination is
to trick the lonely male bees into thinking that the plant is its female partner by
secreting pheromone (Robbirt et al. 2010). This phenomenon is called
pseudocopulation. The orchid’s body is bulbous and crimson which looks like an
insect. This works because the blooming time of orchid coincides with the emer-
gence of male bees from hibernation but before female bees appear. But as the
temperature is rising and period of growing season is prolonged leading to earlier
onset of spring, female bees are emerging earlier than orchid bloom. With each
degree Celsius of rise of temperature, there are decreases in the period of 6.6 days in
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the emergence of male and female bees which provides orchid less chances to
reproduce (Robbirt et al. 2010; Robbirt et al. 2014).

Indirect Impacts of Climate Change

Climate change is happening right now; there is a dire need of change to bring down
discharge of greenhouse gases which cause heating of the atmosphere. Climate
change is absolutely linked to the greenhouse gases which have a great effect on
the crop productivity (IPCC 2014). The elevation in CO, concentrations increases
the net photosynthesis as well as improves the water use efficiency of plants (Deryng
et al. 2016). As photorespiration is reduced due to elevated CO,, it results in higher
photosynthesis, but this effect is observed only in C; plants like wheat, rice, and
soybean. If this rise in CO, remains constant, it will negatively affect the climate
although crop yield will increase (Senapati et al. 2019; Wei et al. 2019). Ozone is one
of the more reactive oxidants which also leads to severe damage to plant tissue and
leaf injuries as well increases the pace of senescence and finally cell death
(Vandermeiren et al. 2009). Changes in O; will have a considerable detrimental
impact on key agricultural crop yields.

Climate change has led to shift in pattern of rainfall. Severity of rainfall has
increased the incidences of flood, and intense drought spells and offseason pre-
cipitations are expected. A significant loss of plant is observed if the crop faces
offseason rainfall during its critical stages (Lobell and Burke 2008). An intense
rainfall during winter and autumn increases the pest population in oilseed rape which
might lead to occurrence of diseases (Sharif et al. 2017). Unseasonable damage in
the young plants of soybean and maize is observed due to more pronounced rainfall
during spring (Urban et al. 2015). Severe rainfall is associated with extreme floods.
Countries like Bangladesh and China have much of their harvest area within flood-
threatened regions. Food safety is at risk in such countries where floods either delay
crops or destroy the cultivable land (Fig. 2).

Flooding causes low O, and CO, levels due to anoxia; in addition to that, high
salt content of seawater will lead to ionic and osmotic stress in plants. It has been
observed that if Brassica napus is exposed to seawater flooding conditions, it will
face lower seed mass and lower number of siliques which will contribute to
reduction in crop productivity (Hanley et al. 2019).

With the rise in temperature and decrease in rainfall, certain regions face frequent
and prolonged drought events. Drought affects the growing season negatively and
causes a severe drop in crop production, a major effect on crop productivity (Saadi
etal. 2015; Lesk et al. 2016; Zipper et al. 2016). The most critical stage to be affected
by drought is the reproductive stage which greatly leads to reduction in crop yield.
Drought faced at this stage leads to ovary abortion in Zea mays, and pollens are
rendered infertile in barley and wheat, and all these factors result in a decrease in the
number of kernels and overall biomass of the plant (Boyer and Westgate 2004). In
generalized terms drought leads to water deficiency in plants which sends signal to
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plant for stomatal closure which in turn leads to low intake of CO,. Decreases in
CO2 concentration within plants directly affects the rate of net photosynthesis which
is directly linked to the reduction in biomass of plant (Garofalo et al. 2019). Salinity
is caused by water shortage due to drought conditions. Osmotic stress due to salinity
reduces the plant growth significantly. Yield is reduced even in tolerant plants such
as barley, sugar beet, and cotton due to salt stress as well as in sensitive crops like
wheat and maize (Zorb et al. 2019).

Elevated CO, Impact on Plants

Pre-industrialization the CO, concentration was less than 280 ppm, but post-
industrialization it has increased to greater than 400 ppm today (Meehl et al.
2007). Elevated CO, vastly affects the photosynthesis, stomatal gaseous exchange,
and other developmental and phonological aspects of plants (Ainsworth and Long
2005). The indirect effects of CO, are trapping of solar radiations contributing to
warming of the Earth and causing climate change. About 40 species were studied at
12 free-air CO, enhancement experiments in which it was observed that rise in CO,
increases photosynthetic carbon assimilation rates by 31% (Ainsworth and Long
2005). As expected in C; plants due to increase in photosynthesis in response to high
CO2, biomass increased by 20%. Reich et al. (2014) reported a 33% increase in
biomass in a grassland provided with optimum water and nitrogen under elevated
CO,; however, when other conditions were altered, such as much less water and low
nitrogen provided, lower biomass was observed. In addition to shoot biomass, root
biomass also increased significantly in response to high concentration of CO2 in
many plants (Madhu and Hatfield 2013). In many crop species such as peanut,
soybean, rice, bean, and wheat, a notable enhancement in crop yield was observed
(Hatfield et al. 2011). Increased average leaf size is linked to the aboveground
biomass by increasing CO, in poplar trees and soybean (Dermody et al. 2006).
Higher cell production and expansion can lead to increased leaf size, and both of
these mechanisms seem to contribute increase in leaf size, with enhanced CO, in the
species where these processes have been studied. These responses vary quite a bit
depending on the cell type. Taylor et al. (2008) reported that increased level of CO,
enhances the size of epidermal cell in immature leaves but not in mature hybrid
Populus x euramericana, whereas palisade and spongy mesophyll cell size
increased in young and old leaves in response to elevated CO,.

In many species, increasing CO, causes a considerable increase in root biomass.
More thorough studies describe alteration in architecture of root as well as changes
in the structure of cell to shed light on how this rise in biomass can occur. However,
no comprehensive study has looked at how all of these responses are conserved
between and within different plant species. Mini-rhizotron tests in soybean showed
that increased CO, enhance the length of root, especially at shallow and intermediate
soil depth, and that enhanced CO, associated with lower rainfall enhances the
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quantity and root nodule density which is inhabited by nitrogen-fixing
(Bradyrhizobia) bacteria (Gray et al. 2013, 2016) (Fig. 3).

Although increased CO, boosts seed yield in a variety of crop plants, the grain
nutritional quality suffers as a result of variation in ion profiles, particularly lower
iron and zinc concentration (Loladze 2014). Increased CO, also lowers the nitrogen
and protein content of legume crop seeds (Myers et al. 2014). The increased CO,
enhanced seed output by an average of 9% across 18 soybean genotypes across
repeated growing seasons, but the fractionating coefficient dropped by 11% (Bishop
et al. 2014). The increased amount of seed yield caused by high CO, varied with
climate, with seed yield decreasing to zero in dry and hot conditions (Gray et al.
2016).
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Impact of High Temperature on Plants

Due to climate emergency, the crop yield production increase that began in the
previous century has stalled and in some cases has even decreased (Quint et al.
2016). At extreme conditions indicated by heat shock responses, the high-
temperature response has been studied. Even small variations in ambient growing
temperature, on the other hand, can have a significant impact on crop growth and
output. Although there is a wealth of information on how plants cope with extremely
damaging heat, there is less information on how plants adjust to higher temperature
(Vu et al. 2019). Table 1 listed some plant species affected by climate change.
Warmer climates also have an impact on after flowering stages, limiting grain
growth and accelerating fruit senescence. Furthermore, when the temperature rises,
so does the evapotranspiration rate, which reduces soil water content and leads to
water shortage for grain filling. When plants are exposed to excessive temperatures
for a short period of time, these systems are harmed considerably more (Asseng et al.
2019; Liu et al. 2019). Excess heat has been shown to reduce grain output in wheat,
rice, and sorghum by narrowing the growth cycle and modifying inflorescence
development (spike size and total count of spikes per plant), and reduce grain size

Table 1 List of plant species affected by climate change
Name of the

S. No. | plant Description References

1. Soybean (Gly- | Elevated CO,—Root length and number of | Gray et al. (2013),
cine max) nodules increased Bishop et al. (2014),

Drought—In shallow depth soil root length | Gray et al. (2016)
decreased, no. of pods decreased, and
accelerates maturity

2. Rice (Oryza High temperature leads to spikelet sterility | Jagadish et al. (2007),

sativa) and delayed flowering Pandey and Shukla
Drought leads to reduced plant height, bio- | (2015)
mass and tillers, overall reduction in yield

3. Wheat Drought and high temperature lead to early | Naresh Kumar et al.
(Triticum maturation and yield reduction as well as (2014), Daloz et al.
aestivum) reduced pollen viability (2021), Trnka et al.

(2019)

4. Barley Reduced grain filling which results in yield | Danici¢ et al. (2019),
(Hordeum loss due to drought and high temperature Olesen et al. (2011)
vulgare)

5. Maize (Zea High temperature and water deficiency lead | Adhikari et al. (2015)
mays) to significant reduction in yield

6. Cotton Slight increase in temperature has positive | Li et al. (2020), Bange
(Gossypium impact on cotton plant growth and (2007)
spp.) lengthens the cotton growing season. Ele-

vated CO, could favor cotton yields

7. Pear] millet Drought at flowering stage decreases grain | Gloria (2013), Azare
(Pennisetum filling which results in unstable yields et al. (2020)
glaucum)
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and grain per spike (Lesk et al. 2016; Fahad et al. 2017). Furthermore, yield losses in
Brassica juncea, Brassica rapa, and oilseed rape are due to a decrease in the number
of silique per plant and number of seed per silique, as well as abnormal pod
development (Angadi et al. 2000; Morrison and Stewart 2002). Extreme heat also
changes the seed content, resulting in a decline in crop quality. High temperature
lowers the oil, protein, and carbohydrate content of seeds in cereals and oilseed crops
(Jagadish et al. 2015; Fahad et al. 2017). Elevated temperatures in wheat have been
demonstrated to diminish the quantities of important protein while causing the
buildup of proline and soluble carbs (Qaseem et al. 2019).

Plants require more water in tropical climates owing to enhanced evaporation and
transpiration and reduced water absorption by the root, resulting in an overall
drought (Heckathorn et al. 2013). Various responses of plasmatic membrane fluidity
and aquaporins to enhance temperature in roots have been seen in studies using a
variety of crops. Water intake in warmer soil appears to be positively correlated with
aquaporin functioning in pepper and wheat (Maurel et al. 2015). Variations in
climate also affect nutrient content. The influence of temperature on nutrient uptake
varies depending on the crops, just as it does with water. Relatively warm soils
inhibit root growth and reduce nutrient uptake, resulting in lower macro- and
micronutrient levels in tomatoes (Giri et al. 2017). Supra-optimal root temperature
causes a reduction in root and branch growth in Andropogon gerardii, a fodder plant.
Higher temperatures have a mild effect on nitrogen intake, but their efficient
utilization is significantly hampered. Warm temperatures, on the other hand, had
no effect on maize potassium, phosphorus, and nitrogen uptake, but increased
temperatures appear to modestly decrease potassium and phosphorus uptake
(Hussain et al. 2019). Rising temperature responsible for the negative root reactions
jeopardizes water and nutrient uptake, resulting in a significant drop in crop output.

Increased temperature can affect reproductive growth by changing the schedule
of reproductive stages or damaging reproductive structures with heat. When a plant
is sown at a higher temperature, reproductive developmental events tend to occur
sooner. When Arabidopsis is cultivated at a high temperature, for example, an early
transition of flowering has been studied extensively (Balasubramanian et al. 2006;
van Zanten et al. 2013). As the temperature goes up, many crop species said to
advance more quickly through vegetative and reproductive development, up to a
species-specific ideal, and then after, growth and development decline and finally
stop (Hatfield et al. 2011). Flowering is accelerated in high-temperature environ-
ments, which may limit the plant’s ability to collect the resources needed for
successful gamete production (Zinn et al. 2010). Burghardt et al. (2016) revealed
that in numerous Arabidopsis accessions, variable high temperatures induced
flowering to commence even sooner than steady high temperatures, implying that
range of temperatures, in addition to mean temperature, regulates flowering time. By
changing the cold season chilling circumstances, higher temperatures may impact
the timeline and effectiveness of reproductive development.
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Conclusion

Changing climate will influence plant growth in such a way that will have a profound
impact on agricultural plant and natural ecosystem function. Temperatures will rise
in the future, as will the prevalence of extreme occurrences such as heat waves and
droughts, as well as changes in the atmospheric composition (IPCC 2014). In the
future, due to climate change plant developmental flexibly will be crucial for
ecosystem function and crop productivity. The amount of trials undertaken in
physiologically relevant environmental stresses now limits our capacity to recognize
and anticipate plant growth response to climate changes. For instance, we know
more about the molecular mechanism underlying plant responses to high drought
conditions than we do about the mechanisms underlying mild drought conditions
(Clauw et al. 2015). Merging of data from different levels of biological study,
particularly molecular investigations of growth process at better spatial resolution,
is required for a more comprehensive knowledge of plant responses to the aspects of
climate change. Molecular studies should be conducted in various species at the cell
type and tissue level in controlled and realistic situations to examine the effect of
developmental and molecular alterations on entire plant morphology and yield.
Ultimately, plants will not be unaffected by climate change elements in isolation:
increasing temperatures, altering hydrological cycle, and an increase in the fre-
quency of extreme weather events will all occur as concentration of greenhouse
gases rise in the future (IPCC 2014). It will be crucial to improve our mechanistic
understanding of plant developmental responses to various, interacting aspects of
climate change in order to predict implications on agricultural and natural systems.
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Climate Change: A Key Factor M)
for Regulating Microbial Interaction e
with Plants

Awadhesh Kumar Shukla, Vinay Kumar Singh, and Sadanand Maurya

Abstract In the current scenario, global climate alteration is a serious concern
influencing every organism on the earth. The predicted variation in temperature
and precipitation in the environment is may be due to changing climatic conditions.
This change may promote difficulty and ambiguity in agricultural practices and
generally threaten sustainable management. The beneficial microbes associated
with plants may stimulate plant growth promotion and also enhance disease resis-
tance activity against a variety of abiotic and biotic stresses. Moreover, climate
change also directly influences the crop productivity and the structural dynamics of
the relationships among insect pests, diseases, and crops. In this chapter, the
regulation of microbial interaction with plants in relation to climate change is
critically discussed.

Keywords Climate - Heavy metals - Greenhouse gas - Stress - Microbial interaction

Introduction

Every organism is being affected either directly or indirectly by continuously
changing environmental conditions. Due to improper activities for the last few
decades by anthropogenic activities for the last few decades, the earth’s environment
is changing quickly, and the impacts are being seen in unicellular and multicellular
organisms. It is prudently predicted by the researchers that climate is changing in its
pace in the coming centuries, and several parameters would be directly affected in
the environment (Houghton et al. 2001). Scientists have predicted that climate
change may directly influence the soil biological activity over a longer period of
time (Conant et al. 2011). It is demonstrated earlier that temperature and
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precipitation are the two major influencing factors and consequently affect the
activity of microbes present on the earth crust (Cheng et al. 2017). Microbes are
ubiquitous and cosmopolitan in nature; however, in soil the microorganisms play a
pivotal role in biogeochemical cycling and ecosystem functions and services
(Conant et al. 2011). It is determined by earlier researchers that temperature may
potentially involve and influence the metabolic activity and development of various
microorganisms (Bradford et al. 2010). Precipitation is one of the environmental
factor, important for enhancing the microbial activity in dried soils (Austin et al.
2004; Li et al. 2018). Although there is scanty information on the effects of water
availability on microbial activity, the effects of different climatic conditions in the
environment directly or indirectly are correlated with the functionality of microbes.
According to the reports of Intergovernmental Panel on Climate Change (IPCC), the
atmospheric CO, concentration is continuously increasing in the environment (IPCC
Climate Change, 2007). Due to continuous increasing temperature, it is possible that
the moisture content of water is expected to decrease in some areas and consequently
create drought situations in different areas of the world (Le Houerou 1996). The
continuous changing environmental conditions are affecting by and large the plant
and microbe interactions in the soil ecosystem adversely.

Owing to the changing environmental condition, the physiological activities of
the plant are also little bit changed. They possess inherent potential to choose
different pathways in order to complete their life cycle for their better metabolic
activity and survival. It is demonstrated that, under warming condition, the plants are
able to sprout out and show early stage of flowering in the growing season (Cleland
et al. 2007; Wolkovich et al. 2012). It is assumed that change in climatic condition
may alter root phenology and plant-rhizosphere interactions.

The plant growth-promoting microorganisms have a potential to colonize inside
and nearby areas of the phyllosphere and rhizosphere. The soil directly attached with
the root surface is impacted by root exudates released by microorganisms along with
population density of the microorganisms (Bent 2006; Lugtenberg and Kamilova
2009). It is reported that some microorganisms survive and penetrate through the
root and rhizosphere of the host plants and promote the metabolic activity as an
endophyte. Plant growth-promoting arbuscular fungi such as arbuscular mycorrhi-
zae, ectomycorrhizae, endophytic fungi, and plant growth-promoting rhizobacteria
are the group of microorganisms that promote and help in growth of crop plant for
sustainable agriculture (Kloepper and Schroth 1978; Das and Verma 2009). These
microbes are exploited as biocontrol agents against a variety of phytopathogens, as
potential biofertilizers, as phytostimulators in agriculture, and phytoremediators for
decontamination of contaminated environment (Lugtenberg and Kamilova 2009).
These important mechanisms adopted by the microorganisms in soil microbiota are
adversely affected by altered environmental conditions.

Plants and microbes play an important role in maintaining life on earth. In this
case, they interact with each other mutually. But in nature, it is not so easy because
they are under a variety of environmental pressures. Several greenhouse gases like
carbon dioxide (CO,), methane (CH,), ozone (Os3), nitrous oxide (N,O),
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chlorofluorocarbon (CFC), etc. and heavy metals such as Cd, Pb, and Hg are factors
which interfere the interaction between plants and microbes. This chapter mainly
focuses on the impact of environmental pressure on the interaction of microbes with
the plant.

Impact of Greenhouse Gases (GHGs) on Microbial
Interaction

Greenhouse gases enhance the temperature of the planet Earth by trapping the light
energy radiating from the sun’s rays and reflecting it back to the atmosphere. The
global climate change is a serious concern for every, organism residing on earth and
it is predicted that the radically transformed in coming century and would be affected
due to variation in environmental conditions (Houghton et al. 2001). It is evident that
atmospheric carbon dioxide concentration is also increasing continuously and alter-
ing the environmental conditions (IPCC 2007). Due to the warming condition of the
environment, the soil water content in the crop plant is expected to decrease in some
areas, and consequently the plant-microbe interaction is largely affected
(Le Houérou 1996). It is reported earlier that the global warming potential may
occur due to increased influx of greenhouse gases, and after temperature enhance-
ment, ozone levels may influence the structural composition of microbial commu-
nities and its functional dynamics, which directly or indirectly influence the further
coevolution of plants and their pathogens (Garrett et al. 2006; Eastburn et al. 2011;
Singh et al. 2019). Moisture contents in soil may largely influence the dynamics of
microbial community composition of the soil. It is predicted that small changes in
soil moisture, there is seen that fungal community may shows shifting from one
dominant member to another while no change in bacterial communities were
observed (Kaisermann et al. 2015). After successful colonization of microbial
community in the rhizosphere, the endophytic bacteria may alleviate temperature
or drought stress on plants by inducing a response (Yang et al. 2009; Aroca and
Ruiz-Lozano 2009).

Stress and Heavy Metal Pollution

Heavy metal pollution is usually found in the area of huge mining and agricultural
activities. Heavy metal stress can alter to produce a variety of microbial community
patterns. It is reported earlier that changes in physico-chemical and biological
properties of the soil do not necessarily change the indigenous soil microbes
(Peréz-de-Mora et al. 2006). The areas of soil, where the organic carbon content of
soil is high due to heavy metal pollution, may lower the efficacy of the microbial
population in mineralization of organic compounds. This is a plausible indication of
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the heavy metal pollution on soil microbial communities (Kozdroj and Jdvan 2001).
Not only microbes but plants are also affected by heavy metals. Stress is a condition
in which plants adopt a new type of mechanism for survival from external difficult
situations. Stress can be two types; it is either abiotic or biotic. High soil salinity,
cold, drought, and heavy metal toxicity come under the category abiotic stress. In
plants, biotic stress is due to living organisms, specifically viruses, bacteria, fungi,
insects, and weeds. Arbuscular mycorrhizal fungi (AMF) possess a potential to
respond with higher temperature and promote plant colonization for the majority
of strains for growth and development (Fitter et al. 2000). During drought condi-
tions, there is a significant impact seen on the ectomycorrhizal fungi, its coloniza-
tion, and community structures (Shi et al. 2002; Swaty et al. 2004). Figure 1 and
Table 1 described the microbial interaction that could be altered by a variety of
stresses such as heavy metal stress, abiotic and biotic stresses, etc.

The number of biotic stresses also affects the interaction between plants and
microorganisms. It is established that fungi can act as parasite either in the form of
necrotrophic fungi that kill the host cell by secretion of toxin or biotrophic fungi
which directly feed on living host cells. They are responsible for inducing a variety
of disease symptoms such as leaf spots and cankers in plants (Laluk and Mengiste
2010; Doughari 2015; Sobiczewski et al. 2017). Other microbes, such as nematodes,
directly feed on the plant parts and primarily cause soilborne diseases leading to
nutrient deficiency, stunted growth, and wilting (Lambert and Bekal 2002; Osman
et al. 2020).
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Table 1 Effects of stresses on microbial community

Types of
Sr. | abiotic and
no. | biotic stresses | Inferences References
1. CO, Under higher CO, conditions, the nutri- | Compant et al. (2010)
ents like N act as a limiting factor for
enhanced fertilizer input in agriculture
2. CFC, Effects of halocarbons such as emission | Aggarwal et al. (2013)
of CFC,, HFCq, and others lead to the
depletion of ozone, which is responsible
for adverse effect on plants, humans, and
environment
3. Heavy metals | It contaminates the soil and water and Singh et al. (2016)
creates toxicity; it has become one
important constraint to crop productivity
and quality
3. Copper Copper (cu) is accumulated in plant tis- | Petrovic and Krivokapic
(a) sues and is difficult to be scavenged (2020)
3. Zinc Excessive zinc (Zn) in plant cells causes | Liang and Yang (2019)
(b) alteration in physiological processes of
the plants
3. Lead Lead (Pb) accumulation in plants causes | Gichner et al. (2008)
(c) physiological problems, such as DNA
damage and destroying root and shoot
systems
3. Cadmium The ecological effect of cadmium Vardhan et al. (2019)
(d) (cd) ions was investigated on plants
Lactuca sativa seeds. The results
revealed that cd inhibited the microbial
growth
4. Biotic stress Biotic stress is negatively influenced by | O’shaughnessy and Rush
other living organisms such as insects (2014)
and plant parasitic nematodes
4. Nematodes It feeds on the plant parts and primarily | Bernard et al. (2017), Osman
(a) causes soilborne diseases et al. (2020)
4. Virus Causes local and systemic damage Pallas and Garcfa (2011)
(b) resulting in chlorosis and stunting
4. Fungal They cause several diseases like leaf Laluk and Mengiste (2010),
(c) | parasites spots, vascular wilts ET in crop plants Doughari (2015),

Sobiczewski et al. (2017)

Conclusion and Future Perspective

Nowadays, climate change is a very serious matter. Every organism including
unicellular and multicellular residing on planet Earth is directly or indirectly
influenced by changing environmental conditions. So, for the betterment of our
future, we should be aware and take the right decision properly. Most of the
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microbes have been investigated that are useful and can be exploited for improve-
ment of sustainable agriculture. It is well known that a variety of microbes are
associated with plant, and they can withstand to cope up with biotic and abiotic
stresses. It is known that some of the indigenous microbial communities play a role
for maintaining the plant health. Hence, it is vital to exploit and promote beneficial
microbial communities. Generally, high-throughput molecular technologies for the
analyses of DNA and RNA directly from the microbes using metagenomic, prote-
omic, and transcriptomic approaches would be helpful for revealing the hidden
knowledge of microbial community dynamics in soil and plants or other environ-
ments. It is warranted that research is needed on the effects of climate change on
microbial communities through experimental studies using pyrosequencing
approach.
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Abstract Soil is essential for carrying out variety of ecosystem services and
managing world food productivity. Climate, along with few others is the utmost
dominating factor which determines and gives rise to formation of variety of
individual soils in any given climatic area. More developed soil is found in hotter
and wetter climate, whereas cooler and dried climates have less developed soil.
Climate change pertains to remarkable modifications in various abiotic factors like
global temperature, patterns of wind, precipitation, greenhouse gases (GHGs) and
other climatic factors which take many decades or even more longer time periods to
occur. Biological, physical and chemical functions of soil are hugely impacted by
climatic change directly or indirectly. Precipitation, temperature, wind patterns,
greenhouse gases and moisture regimes impose direct impact, whereas indirect
impacts are induced by human adaptations such as crop rotation changes, irrigation,
tillage practices etc. Soil is the mode of expression of plant responses to climatic
conditions of a particular area. Change in climatic conditions such as rainfall,
temperature etc. severely affect crop production in agricultural systems, as capability
of crops to attain maturity is halted. Land degradation in the form of soil erosion,
salinization, desertification etc. is a consequence of drastic climatic change. Hydro-
logical cycle gets disturbed significantly following change in climate which ulti-
mately degrades soil health and fertility. Elevated temperature, altered precipitation,
atmospheric nitrogen deposition, rising atmospheric carbon dioxide (CO,) levels and
imbalance of other greenhouse gases (GHGs) ultimately lead to global warming and
impose high impacts on functions performed by soil. Hence all these factors highly
influence future usage of the soil as well. Essentially, climatic change and soil
fertility are deeply and inextricably connected together.

Keywords Soil fertility - Climate change - Soil properties - Soil health - Climate
change drivers - Carbon sequestration

P. Singh (B<) - A. Sharma
Deptartment of Botany, Maharshi Dayanand University, Rohtak, Haryana, India

J. Dhankhar
Department of Food and Technology, Maharshi Dayanand University, Rohtak, Haryana, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 25
A. Vaishnav et al. (eds.), Plant Stress Mitigators,
https://doi.org/10.1007/978-981-16-7759-5_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-7759-5_3&domain=pdf
https://doi.org/10.1007/978-981-16-7759-5_3#DOI

26 P. Singh et al.

Introduction

The phenomenon of climate change is global and taking place continuously since the
existence of earth. Since last decade, it has become a key subject of concern among
scientists and politicians. Its history is full of extreme hot and cold cycles which have
been noticed comparatively faster in the last two centuries (Fauchereau et al. 2003).
As the earth’s history is proceeding, the climatic parameters such as precipitation,
temperature, CO, concentration etc. have changed globally as well as regionally.
Apart from such extraterrestrial causes, there are certain terrestrial causes as well like
forest fires, volcanoes, global ice alterations, snow covers etc. which have brought
considerable changes. Average global temperature has increased by more than 15 °C
in the last hundred years, which is not only because of natural causes but also due to
anthropogenic causes. Less water evaporation from agricultural land than natural
forests, carbon dioxide and heat emission from industrial areas and nitrous oxide
(N,0) and methane (CH4) emission from agricultural lands are some major and
significant causes. It is estimated that the mean global temperature will rise in
twenty-first century by 2-3 °C more, majorly due to high usage of fossil fuels and
intensely traditional agriculture practices (Karmakar et al. 2016). Climate has a big
role in altering soil fertility and limiting crop yield. Only half or even less of the crop
genetic and climatic potential yield is achieved by farmers for a given cultivar
choice, site and sowing date. How it affects soil health in variety of ways has been
studied by many scientists, agriculturalists and economists. Crop cultivar and cli-
matic change are the only factors which limit the potential crop yield when other
factors are optimal (Sinha and Swaminathan 1991; Saseendran et al. 2000; Aggarwal
and Sinha 1993; Rao and Sinha 1994). The implications of variety of combinations
of irrigation input, nitrogen amount and climatic variability chiefly at high and low
irrigation inputs have been studied, and it was reported that when moisture supply is
adequate such as in north Indian regions like Haryana and Punjab, yield benefits are
attained at application of higher amount of nitrogen. However, in regions where
moisture supply is limited or moderate, the rising trends in crop yields are not up to
comparatively lesser values of nitrogen. It is hard to decide the most appropriate
levels of nitrogen fertilizers to maximize the crop yield returns in view of ambiguous
nitrogen responses which are related strongly to the sufficient rainfalls after mon-
soons during the growing period of crops (Kalra and Aggarwal 1994).

Soil temperature increases when air temperatures are higher, which in turn
increase the reaction rate of solutions and other reactions controlled by diffusion
(Buol et al. 1990). Solubility of gaseous and solid components of soil keeps on
increasing and decreasing, but it may take years for the consequences to come out. In
addition, decomposition rate of soil organic matter accelerates with higher temper-
atures which results in decreasing carbon to nitrogen (C-N) ratio as carbon is
released into the atmosphere. However, such effects are counterbalanced to some
extent by higher biomass of roots and crop residues (litter) from plants as a result of
plants’ response to higher atmospheric carbon dioxide. As soil organic matter



Climate Change and Soil Fertility 27

decomposition is influenced by soil temperature, it results into the release and uptake
of nutrients and other metabolic processes in plants. High temperature also influ-
ences soil chemical reactions which affect soil organic matter and minerals. Soil
microbes which control major processes such as nutrient flow and soil productivity
are also affected by climate change especially by changing atmospheric CO, con-
centrations. The major functions served by soil microorganisms are (a) sequestration
of carbon and various minerals mainly nitrogen, sulfur and phosphorus in their living
biomass itself and so act as a major reservoir of available nutrients for plants and
(b) nutrient transportation and transformation. Altered carbon to nitrogen (C-N) ratio
of litter impacts metabolic and other physiological processes of soil micro-flora
which also affects trace gas production in soil (Patil and Lamnganbi 2018).

Soil erosion is also one of the major causes of reducing soil fertility. Soil erosion
rates can be increased by climate change such as increasing rainfall, high wind
pressure etc. which in turn greatly reduces the productivity of soil. A high rate of
sedimentation is found in rivers, streams and reservoirs due to increased soil erosion.
Drought/decreased rainfall can also elevate soil erosion through winds which take
away residues from upper fertile layers of soil during dry seasons (Parry et al. 1999).
If rate of soil erosion is not checked, farmers will eventually be forced for the
abandonment of their lands due to constant impoverishment of soil and hence soil
productivity. Thus it won’t be wrong to say that soil erosion is among the key threats
to the food production in dry and warmer regions where rainfall is equal to zero.
Other factors responsible for degradation of soil such as soil sodicity (Patil and
Lamnganbi 2018), increasing soil salinity, soil acidification, water logging, struc-
tural decline etc. are emerging due to various agricultural practices and other
anthropogenic causes (Carter et al. 1997; Slavich 2001).

As soil plays the most essential role in providing almost all the micro- and
macronutrients to the crops grown in it, it becomes very important to study the
change related to its chemical, physical and biological properties in respect to
climatic change. Impact of a wide range of global climatic change such as rising
global temperature and carbon dioxide concentration, altering precipitation, increas-
ing nitrogen deposition etc. should be considered while defining soil fertility in
relevance to climate change. The relationship between climate change and soil
properties in response to temperature, rainfall and carbon dioxide is having a better
clarity in today’s time as variety of studies have been conducted by many scientists,
climatologists and agriculturists (Tao et al. 2003; Arias et al. 2005; Moebius et al.
2007; Reynolds et al. 2009). So the aim of this chapter is to brief the effect of
climatic changes on soil fertility and other chemical, physical and biological prop-
erties. Before going deep into the main topic, here is a small introduction of what is
soil, its major types, soil fertility, climate change and its causes etc.
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Climate Change

Climate is a constant dynamic entity rather than a static one. These are not just
atmospheric fluctuations which contribute to climate change, but the atmosphere as a
whole including hydrosphere, lithosphere, cryosphere and other extraterrestrial
influences is responsible for climate change. Interaction and variations among
various above mentioned factors (temperature, rainfall, GHGs concentration, wind
patterns etc.) decide climate of a particular area in a given time. According to
Intergovernmental Panel on Climate change (IPCC) of the United Nations (UN),
climate change refers to any sort of change whether caused by natural alterations or
anthropogenic factors over a period of time. According to the Framework Conven-
tion on Climate Change (FCCC), climate change pertains to change of climate that
resulted directly or indirectly from human activities which alter atmosphere compo-
sition globally, which is in addition to natural alterations of climate occurred over
equivalent time periods. As per IPCC studies (Fig. 1), an increase has been noticed in
global atmospheric concentrations of methane (CH,), carbon dioxide (CO,), and
nitrous oxide (N,O) from the pre-industrial period to year 2005 (IPCC 2007).
Change in crucial climatic parameters during 1973-2005 have been studied by a
few scientists. They found a significant decline in snow covers and mountain in both
hemispheres. Melting of icecaps and glaciers resulted in rise of sea level. An average
rise of 1.8 mm of sea level per year was noticed during 1961-2005 (Rahmstorf et al.
2007). During 1993-2007, rate of melting of icecaps became much faster and rise in
sea level has almost doubled to 3.1 mm per year on an average. Since 1960, the
westerly winds of mid-latitude in both south and north hemispheres become much
more strengthened. Since 1970 longer and much intense droughts have been
reported mainly in tropical and subtropical regions of the world. Decreased
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Fig. 1 Rising of atmospheric concentration of methane (CHy), nitrous oxide (N,0O), and carbon
dioxide (CO,) from pre-industrial era to 2005 (Karmakar et al. 2016)
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precipitation and increased temperature resulted in drought conditions. Changed
wind patterns, sea surface temperatures (SSTs) and decreased snow covers and
icecaps additionally contributed to drought.

Various anthropogenic activities also contributed to a great extent to climate
change. Land use alterations and intensifications also caused land degradation
and desertification (IPCC 2020). Constant emission of GHGs from developed and
mechanized countries is causing seasonal unpredictability, rise in sea levels and
hydro- meteorological events etc. (Adnan et al. 2011; Yuksel 2014). The annual
concentrations of carbon dioxide growth rate were greater in the last 10 years (during
1995-2005, 1.9 ppm/year), and variability has been recorded in growth rates every
year and an average increase rate was found to be around 1.4 ppm from 1960 to 2005
(IPCC 2007). Industrial progressions and increased population contributed largely in
emission of carbon dioxide through industrial processes and fossil fuel burning
globally, and it has been estimated that from 1970 to 2010 such processes alone
have contributed around 78 % of the sum of GHG emission (EPA 2010; IPCC 2014).
So climate change reflects alterations within the earth’s atmosphere, lithosphere and
hydrosphere including ecosystems like forests, ocean, snow covers, glaciers icecaps
etc.

Major Causes of Climate Change

Climate change is an actual and critical challenge which is affecting population and
environment globally (Braman et al. 2010). According to various studies till date, the
main causes of climate change are natural as well as manmade (Fig. 2). The
International Panel on Climate Change (IPCC 2007) has discussed about natural
and anthropogenic drivers of climate change. Alterations in land surface or soil
properties, solar radiations, imbalance of greenhouse gases (GHGs) and aerosols are
responsible for causing energy imbalance. Heat escape is prevented by imbalance of
greenhouse gases, which ultimately cause global warming. Few gases which are
quite long lived stay in the atmosphere almost permanently without responding
chemically or physically to any alterations in temperature. This is called forcing
climate change. Gases like water vapors respond in both ways, physically and
chemically to temperature changes, known as feedbacks. Discussed below are
natural and anthropogenic causes of climate change (IPCC 2007).

Natural Causes

For climate change the root drivers are anthropogenic/human activities, but there are
a few major natural factors also which highly influence climate (EPA 2010; IPCC
2013). Earth’s climate is not static; rather it has dynamicity and it keeps constantly
changing through the natural cycles in environment. The climate change has been
studied by scientists and climatologists worldwide, and evidences were found from
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Fig. 2 Major causes of climate change

pollen, tree rings, ocean sediments, snow cores etc. Out of the several natural factors
which are responsible for climate change, volcanoes, earth’s tilt, continental drift,
ocean currents, meteorites and comets, sun’s intensity etc. are more prominent.
Oceanographers and geologists investigated the influence of ocean currents on
climate change and found that modifications in ocean currents significantly affect
earth’s climate (Cunningham 2005; Tierney et al. 2013). A constant directed move-
ment of ocean water produced by several forces such as wind, temperature, salinity
differences, breaking waves etc. which act upon the water forms an ocean current
(England et al. 2014). Circulation of oceanic currents plays a vital role in regulation
of global climate and maintenance of net primary productivity (NPP) of marine
ecosystem (Duteil et al. 2014). Records of ice core from Greenland suggested that
sudden shifts in the circulation strength prompted remarkable fluctuations in tem-
perature during the glacial periods (Jayne and Marotzke 2001; Fischer and Knutti
2015). Earth’s tilt angle, its eccentricity, relative position in space etc. also influence
climate change (Ruddiman 2007). Ice sheet and glaciers melting cause expansion of
sea levels (Peterson et al. 2013). As oceans get warmer due to high temperature, they
tend to expand as warmer seas take more space (Fischer and Knutti 2015; Savage
et al. 2015). The sun’s intensity causes either hitting or cooling of the earth’s surface
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(IPCC 2018) which can be a major cause of drought in high-intensity summers in
many areas worldwide.

Anthropogenic Causes

Global warming caused chiefly by human activities is one of the major cause of
climate change. There are many anthropogenic factors such as deforestation, indus-
trialization, fossil fuel combustion, crop cultivation, pollution etc. which are greatly
responsible for increasing greenhouse gases (GHGs) in the atmosphere. Methane
(CH,), carbon dioxide (CO,), nitrous oxide (N,O) and water vapors are major
greenhouse gases which do not allow heat to escape from earth’s surface; hence
average global temperature increases. Carbon dioxide released through human
activities is far more than it can be absorbed by oceans and plants. Such gases stay
in the environment for several years, therefore even if emission of such gases were
stopped today, global warming will not be stopped instantly. The temperature varies
in different parts of world, but since almost the last 25 or more years, it is increasing
everywhere (Yuksel 2014; IPCC 2018). Greenhouse gases are responsible for
making planet earth habitable for all living organisms by trapping long-wave
(thermal) radiations which are emitted from the surface of the earth, maintaining
earth’s surface mean temperature around 15 °C, which would have been —18 °C in
absence of these gases in the atmosphere (Rakshit et al. 2009). This phenomenon is
called greenhouse effect. Water vapor is one of the most crucial greenhouse gase and
a part from it, carbon dioxide contributes substantially, while methane, ozone and
nitrous oxide have smaller contributions. In recent years, there has been a constant
remarkable increase in concentrations of carbon dioxide, nitrous oxide and methane.
Chlorofluorocarbon (CFC), one of the greenhouse gase, has also been added to the
atmosphere in significant amounts through human activities. Increased concentra-
tions of abovementioned gases have been estimated to increase earth’s mean tem-
perature by 0.5 °C since 1860, and in the next coming 40 years, it is estimated to
increase by 1.5 °C. (Mitchell 1989). Hence, imbalanced concentrations of green-
house gases are a bigger cause of global warming (Fig. 3, structure of green house
gases, GHGs).
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Fig. 3 Gases which contribute to greenhouse effect: (a) methane (CH,), (b) nitrous oxide (N,O),
(c) water vapor (H,0), (d) carbon dioxide (CO,)



32

P. Singh et al.

Water vapor: 1t is the most abundantly present greenhouse gas in the atmosphere
and plays a feedback role to the climate. When earth’s temperature is warmer, the
amount of water vapor increases and so as the probability of precipitation and
cloud formation. So it makes the most crucial feedback mechanism in the
atmosphere. It is a crucial infrared radiation absorber (Held and Souden 2000).
Clouds and water vapors are accountable for 25 and 49% of thermal absorption
respectively (Schmidt et al. 2010).

Carbon dioxide (CO,): It is the most crucial but a minor greenhouse gas of the
atmosphere which accounts for 20% of thermal absorption (Schmidt et al. 2010).
It is produced mainly by natural phenomenon such as volcanic eruptions, respi-
ration processes and through human causes such as fossil fuel burning, land uses
and deforestation. Since the last two centuries, atmospheric carbon dioxide
concentration has dramatically climbed up (Mittler and Blumwald 2010; IPCC
2014). It persists for several years in the atmosphere.

Methane (CHy): It is a hydrocarbon gas which is produced both from natural
sources and anthropogenic sources or human activities, involving waste decom-
positions in agricultural lands mainly rice cultivation land, decay and decompo-
sition of plant materials in various wetlands, ruminant digestion, gas/oil
production and management of wastes. Production of food and human excreta
alone produces half of the total amount of methane present in the atmosphere.
Methane by far is more active than carbon dioxide, but it is present in very less
amount in the atmosphere. It produces ozone (O3) and carbon monoxides (CO),
which controls OH concentrations in the troposphere (Wuebbles and Hayhoe
2002).

Nitrous oxide (N>0): The nitrous and nitric oxide (N,O and NO, respectively) are
strong GHGs emitted by soil. Their concentration is constantly increasing in the
atmosphere as a result of human interventions (IPCC 2014). Microbial activities
in nitrogen-rich soil cause high emission of N,O (Hall et al. 2008). Emission
through human activities such as agriculture and fossil fuel burning and emission
through soil are the major factors for NO in the atmosphere (Medinets et al.
2015).

Local Activities

Various studies have exposed the level to which regional and local climates have
been affected by land surface changes (Allan et al. 1995; Claussen et al. 2001), and it
is becoming clearer that some of the earth’s surface alterations can impact the distant
and isolated parts of earth significantly.

Change in Amazon basin forests cover affect moisture flux to the atmosphere

causing regional rainfall due to regional convection (Roy and Avissar 2002; Xue
1997).
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Soil and Soil Fertility

Soil is one of the most crucial natural resource which support varied life forms on
earth. It is a mixture of various macro- and micro-nutrients, liquids, gases, organic
matter and organisms which support life together. Its formation takes thousands of
years of interactions of various forces including parent materials, climate, varied
forms of living organisms and microbes etc. (Karmakar et al. 2016). The layer of the
earth which is made up of soil is called the pedosphere which serves many functions
such as production of food, fuels and other biomasses; medium for water storage,
purification and supply; production of raw materials; platform for cultural and
physical heritage; habitat for plants, animals and other living organisms; platform
for interactions among various ecosystems and modifier of atmosphere etc.

Soil fertility is the state of a soil which allows it to supply adequate amount of
nutrients, minerals and water in an appropriate balance for specified plant growth
when other biotic and abiotic growth factors such as soil micro-flora, temperature,
moisture, light and other physical conditions of soil like porosity, bulk density, pH,
texture etc. are favorable. (Fig. 4, showing major factors which impact soil fertility).

Management of soil fertility plays a significant role in agricultural productivity
and crop yield. For the sustainment of soil fertility, the amount of soil nutrients
extracted from soil must be replenished equally. Chemical, physical and biological
properties of soil such as soil texture and structure, soil porosity, bulk density, water-
holding capacity, soil pH, electrical conductivity, nutrient pool etc. are greatly
impacted by climatic conditions. These soil properties are majorly responsible for
proper functioning of soil.

Some Major Functions of Soil

* Source of food, fiber, fuels, and other biomass: Plant roots are anchored in the soil
to gain all the supply of essential nutrients and water. They also interact with soil
microbes such as various bacteria, fungi, etc. to form beneficiary associations.
The soil also provides appropriate temperature to roots for their normal function-
ing by controlling temperature fluctuations. So by providing all the suitable and
essential conditions, soil supports plant growth for food, fiber and other biomass
production.

* Climate regulator: Soil with a good health is the most important storehouse of
terrestrial carbon. Sustainable management of the soil can help in decreasing
greenhouse gas (GHGs) emissions into the atmosphere and thereby helps in car-
bon sequestration. Soil is the major sink for carbon sequestration, and contains
around double of the amount possessed by atmosphere and triple of the carbon as
possessed by forests (IPCC 2007). In contrast, poor management of soil can lead
to increased levels of CO, into the atmosphere. Hence by managing soil properly,
humans can help a little in reducing greenhouse gas (GHGs) emissions hence
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Fig. 4 Major factors affecting soil fertility:- climate change imposes direct impact on soil fertility,
whereas various agricultural practices such as tillage, crop rotation, irrigation etc. impose indirect
impact on soil fertility
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preventing global warming. The carbon pool of soil has become narrower now
because of a number of human activities such as agriculture and several other
disturbances and hence soil has lost big amount of carbon into the atmosphere
(Houghton 1999; Schimel 1995; Lal 1995).

» Interactions among different ecosystems: Soil can absorb large amounts of carbon
dioxide in the form of soil organic matter, thus decreasing the total atmospheric
carbon concentrations. It also helps in decaying and decomposing waste materials
and transforms those to new ones through interactions with various microbes
present in soil itself. Soil also regulates supply and purification of water by
filtering and capturing contaminants between its particles and provides cleaner
water in rivers, aquifers etc.

* Habitat for living organisms and gene pool reserve: Soil indeed is a habitat for
varied life forms and a reserve of gene pool as varied forms of living organisms
on earth, whether they be plants, animals, microbes etc. born, live and die on earth
itself. Most of the plants, algae, fungi and other microbes grow and live in soil, so
soil definitely contains a huge gene pool inside it. It provides all the food, fiber
and essential nutrients for the survival of living beings. Soil supports all life forms
by decomposing dead and decaying material and recycling the same for future
usage.

* Source of raw materials: Soil provides all the necessary raw materials for the
production of varieties of processed food and fiber for human, fodder for cattle,
fuel for various human activities, construction material for buildings, wood, paper
and rubber etc.

* Platform for cultural and physical heritage: Soil is a source of preserved and
protected physical artifacts of our past history which can help us in better
understanding cultural heritage. Soil also gives an idea about people’s migration
from place to place and their settlements in ancient times.

* Basis for manmade structures: Soil provides base for all the manmade structures
and materials such as cement, sand, wood, glass etc. for building constructions,
roads and highways etc. The firmness, bearing strength, shearing strength and
compressibility of soil should be properly tested and considered before
constructing anything to ensure a better foundation. Analysis of physical proper-
ties of soil gives a better understanding and application of the soil to engineering
usage as well.

* Source of pharmaceuticals: Soil microorganisms, herbs, shrubs, trees etc. are
some of the major sources of pharmaceuticals. Various parts of plants such as
leaves, roots, bark, stem, bud, flower, latex etc. have been used in pharmaceutical
industries to manufacture various therapeutic drugs from time immemorial.
Various bacteria, fungi and other microbes also serve as a good source of
pharmaceutical drugs. The first antibiotic penicillin was extracted from a fungus
called Penicillium.

* Bioremediation: It is a process of treating contaminated water, soil, media or any
other surface material, by changing environmental conditions to enhance growth
of microbes and further degrade the target pollutants. Soil microbes play a crucial
role in bioremediation.
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Fig. 5 Various functions that soil performs—soil plays a major role in our ecosystem to sustain life
of all living beings. Some major functions of soil have been briefed in this particular diagram given
above-

* Hence, soil imposes a major impact on environmental interactions and ecosystem
stability for the sustainment of varied life forms on earth (Fig. 5 enlisting major
functions of soil).

Major Types of Soils in India (Chauhan and Dahiphale, 2020)

Indian soil has been classified into eight categories by the Indian Council of
Agricultural Research (ICAR), New Delhi. These are as follows:

* Alluvial soil: It mainly occurs in plains of Ganga, Satluj and Brahmaputra rivers
and in valleys of Narmada and Tapi. This soil suits very good to crops like maize,
rice, oilseed, sugarcane etc. It is further divided into two categories. The first one
is Khadar soil, which is silt enriched and the second one is Bhangar soil which
contains nodules of calcium carbonate. It is loamy to clayey textured.

* Red soil: Red soil is the second largest group of soil found in India. It is abundant
in ferric oxides which gives its characteristic red color. It is best suited to
cultivation of tobacco, orchards, pulses, cotton, oilseed, potato, wheat, millet etc.

* Laterite soil: These soils are mainly found in hills of eastern and western ghats,
Vindhya, Odisha, West Bengal, North Cachar hills etc. This soil is not so rich in
organic matter and contains fewer quantities of nitrogen, potassium, lime and
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erosion by water. It mainly constitutes of various materials
involving fine clay and silt particles and larger gravel and sand
particles.

* Alluvial soil is an unconsolidated, loose soil which is formed by
Alluvial soil

«It is a kind of soil which requires high temperature and moisture to
develop. It's mostly part consists of loamy soil, hence water holding

Redisoil capacity is less.
« It is majorly acidic as because the acidic nature of parent rock.
£
*These soils are formed mainly by rock weathering process under
Laterite soil heavy rainfall and high temperature with alternating dry and wet

seasons.

«It is also known as cotton soil and found rich in potash, iron,
Black soil calcium, magnesium, lime and aluminium. It's water holding
capacity is high.

*Dessert soil is found present in arid and semi-arid regions with high
Dessert soil day temperature and mainly deposited by wind action. It has low
quantity of organic matter and it's major part is sandy.

«It is a dark brown less developed soil mainly found in hilly slopes

Mountain soil and valleys. This soil has less humus and more acidic content.

*Thi soil is found with high salinity and more organic matter. It

Reatvlandimarshvisoil originates from areas where drainage is very poor.

*This soil is rich in sodium sulphate and sodium chloride and suitable

Saline and alkaline soil .
for leguminous plants.

Fig. 6 Major types of soils in India, as classified by the Indian Council of Agricultural Research
(ICAR), New Delhi, India

organic matter. It is rich in aluminum and iron and best suited for the cultivation
of sugarcane, raghi, rice, cashew etc.

* Black soil: Another name of black soil is cotton soil. This soil formation took
place from cretaceous lava. In India, it is found in Maharashtra, parts of Gujrat,
Western areas of MP, Karnataka, Rajasthan, Tamil Nadu and Jharkhand. Because
of having high water retention capacity, it is best suited for tobacco, castor,
linseed and citrus fruit cultivation.

* Desert soil: It contains low quantity of organic matter and majorly constitutes of
sand. It has very less amount of soluble salts and moisture content with less water-
retaining capacity. This soil is suitable for crops which require very less amount
of water such as bajra, guar, pulses, fodder etc.

* Mountain soil: This soil is having very less organic matter and humus content and
best suited for crops such as legumes, orchards and fodder crops.

e Peaty and marshy soil: This soil is rich in organic matter and saline content.
These are majorly found in Sundarbans deltas, Kerala, deltas of Mahanadi etc.

* Saline and alkaline soil: This soil is rich in sodium chloride content and best
suited for leguminous crops (Fig. 6, briefing major types of soils found in India,
classified by ICAR, New Delhi).
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Impact of Climate Change on Soil Fertility

Soil is affected by climate change in both direct and indirect ways. The direct affects
include impacts of temperature, rainfall, greenhouse gases etc. on soil organic matter
decay and decomposition, whereas indirect impacts include change of decomposi-
tion process by changing soil moisture content which in turn has been altered by
plant relevant evapotranspiration process (Defera 2005). Soil contributes to climate
change via emitting greenhouse gases, as soil itself is a major source of these gases.
The major alterations due to climatic change in factors responsible for soil formation
would be soil hydrology, soil temperature and organic matter supply. Shift in zones
of precipitation results into change in soil hydrology and evapotranspiration. Soil
regimes are also changed by rising sea levels. The changes in soil because of
abovementioned factors would gradually improve soil fertility and physical proper-
ties of soil in humid or partially humid climatic zones. So climatic change impact on
soil fertility is a very steady process taking several years to occur. Soil properties can
additionally be altered by other socioeconomic factors. However, it is a quite
difficult and tedious process to quantify such changes.

Direct Impacts of Climatic Change on Soil Fertility

Any change whether it be direct or indirect in the soil function will eventually
change the soil fertility. Constant release of carbon dioxide from vegetation and its
addition into soil are expected to alter precipitation, temperature and evaporation
with a naturally accompanying rise in turnover of organic matter, increased CO,
losses in organic and mineral soil etc. Other functions of soil are also affected by
such losses for e.g. soil structure, water retention capacity, stability, nutrient ade-
quacy and soil erosion. However, elevated nutrient release ultimately resulting into
increased soil fertility and plant production can counteract such effects. Enhanced
formation of peat and release of methane can be expected in the area with high
rainfall, whereas areas having decreased precipitation experience loss of CO,, fewer
peat formation and moisture scarcity for crops (particularly in areas with superficial
soils) and forest soils, thus affecting reproductive capacity and survivability of
invertebrates found in soil, forest foraging patterns, food chain etc. (Chander
2012). Atmospheric deposition of the nitrous oxide to soil will be enhanced with
increased rainfall which may lead to soil disturbances, soil erosion and polluted soil
and surface water which further affects soil fertility badly (Defera 2005).
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Indirect Impacts of Climate Change on Soil Fertility

The climatic changes as a whole are generally expected to enhance crop yields
(e.g. sugar beet, sunflower, and winter wheat) resulted from the integrated effects of
long growing seasons, CO, fertilization and efficiency of radiation use which mainly
applies to plants operating C3 photosynthetic pathway (Pathak et al. 2012; Mihra and
Rakshit 2008) but not C4 pathways essentially (Allen Jr. et al. 1996). Enhanced CO,
increases the overall dimension and mass of Cs plants. Structural components get
more photoassimilates during the vegetative phase development to support the light-
harvesting complex. Some crops like sunflower, oilseed and potatoes are found to
have increased yield when grown in drought conditions having light textured soil.
Enhancement in yield of grasses is also expected. Tree growth is found to be
increased under high temperature and rising carbon dioxide levels in the atmosphere.
Other oblique impacts of climatic change on soil fertility are through elevated CO,-
induced growth rates or water-use efficiencies, through rise in sea level, through
elevated or reduced vegetation cover induced by climate change or altered human
impacts on soil etc.

Table 1 Relationship between soil properties and affected soil processes (Anjali and Dhananjaya,

2019)

Soil properties

Affected soil processes

Physical properties

Bulk density

Soil compaction and structural status

Protective cover of soil

Movement of soil nutrients and water, carbon and nitrogen fixa-
tion, stabilization of soil

Soil porosity

Plant’s available air and water capacity, yield capacity

Structure of the soil

Organic matter turnover and soil aggregate stability

Infiltration capacity of soil

Soil water movement and availability

Water distribution and
availability

Soil texture, soil macro-pores, field capacity, and permanent
wilting point

Rooting depth

Soil salinity and plant water availability

Chemical properties

Soil electrical conductivity

Threshold level of plant microbial activity

Soil ion exchange capacity

Soil nutrients and water

Soil pH

Threshold of biological and chemical activities

Biological properties

Soil organic matter (SOM)
Mineralization and macro-
organic matter

Soil organism’s metabolic activity, organic matter storage
decomposition of pant residues, formation of macro-aggregates,
Net N flux from mineralization and immobilization

Soil respiration

Activity of microbes

Plant available N, K, P

Soil’s available nutrients

Microbial diversity

Availability and cycling of nutrients

Microbial biomass

Microbial activity

Microbial quotient

Substrate use efficiency
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Impact of Climate Change on Various Parameters of Soil

Climate change imposes great impact on different soil parameters (Table 1) which in
turn affects soil fertility. Given below is a detailed account of various soil parameters
and affected soil processes under changing climate.

Impact on Soil Physical Parameters

Most of the physical soil processes are uptakes, losses, movements and transfers of
substances like water, minerals, salts, silicates, carbonates, sugars, organic matter
etc. from one plant part to another. These processes often include oxidation-
reduction reactions. Uptakes are mostly concerned with gain of organic matter,
water and oxygen molecules through hydration and oxidation reactions. Losses
mainly consist of substances suspended or dissolved in water percolating from the
earth’s surface through permeable soil. The extremities of precipitation, elevated
temperatures, rising carbon dioxide concentration etc. interact with earth’s ecosys-
tem and are anticipated to affect a number of soil processes. Factors like availability
of moisture content in soil, salt stress, C and N ratios, soil nutrient content, soil
structure and texture, porosity, electrical conductivity, soil biodiversity, water (H,O)
movements through soil particles, water congestion and roots penetration inside the
soil are some of the alterations in physical attributes of soil which climate change can
bring about and hence impose high risk on soil fertility. Given below is a detailed
explanation of how climate change affects these soil properties and thus soil fertility.

Structure and Stability of Soil

Soil structure is a very crucial property which gives idea about collective arrange-
ments of soil particles together. The combined association and organization of soil
particles into soil mass makes the soil structure. Quantities of air and water found in
the soil is controlled by soil structure. Soil structure, its biological and chemical
properties along with efficient management practices determine the combined sta-
bility and soil resistance against external forces such as higher intensity of rain and
aggressive land use in the form of crop cultivation (Dalal and Moloney 2000;
Moebius et al. 2007). Soil stability is a functional physical health indicator of soil
as it maintains crucial functions of soil ecosystem such as organic carbon accumu-
lation, water movement and storage, interactions between root and soil microflora,
soil infiltration capacity, soil erosion etc. Quality and quantity of organic and
inorganic matter present in the soil matrixes, methods of cultivation and other
physical processes of soil sturdily influence the quality and nature of the soil
structure. Decreased levels of organic matter in soil lead to decline in infiltration
rates and aggregate stability and increased compaction and erosion susceptibility of
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soil, thus strongly affecting soil fertility (Bot and Benites 2005; Karmakar et al.
2016).

Soil Water Availability

The water in the soil can be influenced by climate change in a number of ways such
as the following: heavy rainfall causes change in the soil water within a few hours;
rising temperature results in enhanced evapotranspiration, hence water loss from the
soil and last but not least is the kind of land usage. Regimes of soil moisture and soil
water balance reflect the control of climate-hydrology-vegetation-land use change
(Varallyay 1990a, b; Varallyay and Farkas 2008). For example, increased temper-
ature imposes risk of increased evaporation and transpiration in plant, less rainfall
which results in decreased water infiltration and storage in the plants, surface runoff
in hilly areas etc. Several processes involved in soil formation such as turnover of
organic matter, structure and texture formation, weathering, gleying, podzolisation
etc. are majorly affected soil moisture regimes (Varallyay 2010).

Soil Texture

A comparative percentage of silt, clay and sand in a soil define its texture. It is
straightly prone to change in climate. Soil texture differentiation is greatly impacted
by humid, sub-humid, arid and sub-arid climatic zones. Low content of organic
matter, nutrients and moisture, loose soil structure with more sand particles etc. are
few of the characteristics of soil in arid zones. Moreover soil is regularly subjected to
extreme temperature, irradiance and short precipitation regimes in arid and semi-arid
zones which bring about moisture in the soil for a very short period of time; hence
soil fertility is greatly reduced. Soil of humid areas contains relatively more amount
of clay but is more prone to erosion (Brinkman and Brammer 1990; Scharpenseel
et al. 1990).

Soil Porosity

Soil porosity refers to measurement of presence of empty spaces in a soil mass. It is
measured in fraction which is the ratio of total volume of nonsolid part to total solid
part of soil. Movements and conduction of water, nutrients and air in agricultural
production also depend upon soil porosity. Soil water-storing capability and neces-
sary air in root zone for the growth of the plant growth are provided by pore size
distribution (Reynolds et al. 2002). Physical qualities of soil, pore volume functions
and micro-porosity, bulk density etc. are strongly associated with pore characteris-
tics. There is a direct influence of water release characteristics and soil porosity on a
range of soil characteristics such as aeration capacity, field capacity and water
availability of soil. Pore size distribution and soil porosity also influence hydraulic
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properties of soil such as water-holding capacity, hydraulic conductivity, infiltration
rates etc. Since soil hydraulic conductivity is a function of pore size distribution, soil
with coarse texture has bigger pore size and relatively high saturated hydraulic
conductivity than soil with fine texture. It has been reported in various studies that
interactive surfaces between solid and liquid, particularly in loamy soil having
higher clay content are affected by alterations in temperature regimes. Soil pore
size distribution and porosity are closely associated with enzymatic activities and
root development in soil. Altering climate scenarios such as rising carbon dioxide
(CO,) concentrations, temperatures and extreme precipitation regimes are likely to
affect biological activities of soil such as aggregate stability, soil microbial interac-
tions, root development, plant growth and other soil functions in the future in
unexpected ways.

Plant Nutrient Availability

The quality and content of nutrients and organic matter present in the soil is a
measure of capacity of the soil to sustain plant growth and on the other hand, it
also recognizes and identifies significant and critical values for assessing environ-
mental hazards. Soil organic carbon cycle and nitrogen cycles are intimately and
deeply linked together. Hence climatic change factors such as rising temperatures,
altered precipitation and deposition of atmospheric nitrogen are likely to affect
nitrogen cycle and probably other plant nutrient cycling such as sulfur and
phosphorus.

Soil Bulk Density

Soil bulk density is frequently evaluated to properly describe the soil condition and
firmness/compactness concerned to soil utilization and management (Hakansson and
Lipiec 2000). It is usually found in negative correlation with soil organic carbon or
soil organic matter (Weil and Magdoff, 2004). Increase in temperature causes
increasing decomposition rate which in turn is responsible for loss of organic carbon
from the soil (Hakansson and Lipiec 2000). It may further lead to increased bulk
density of soil rendering soil additionally prone to compaction namely (Davidson
and Janssens 20006) stress of climate change such as draught, high intensity rainfall,
land management activities etc. (Birkas et al. 2009).

Rooting Depth

Plant available water capacity, soil organic carbon content, soil salinity and many
other properties of soil are affected by rooting depth which indicates key constraints
in soil (Birkas et al. 2009; Dalal and Moloney 2000). In the conditions of extended
drought periods, the effects of soil limitations such as salt stress and elevated
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concentrations of chloride ions are expected to be more on plant water availability
and therefore plant productivity (Dang et al. 2008; Rengasamy 2010).

Soil Surface Cover

Soil surface cover serves as a platform for a wide range of crucial ecological
functions such as safety guard for soil surface; functions to help in nutrient and
water retention on soil surface, carbon fixation and N fixation (Box and Bruce 1996);
sustains indigenous seed germination etc. A number of soil conditions related to its
structure such as soil formation, soil crust etc. are chiefly related to soil sodicity and
are used in characterizing soil health under changing climate. A range of soil
processes can be affected by the formation of soil crusts such as oxygen diffusion,
water infiltration, surface water evaporation, soil erosion etc.

Soil Temperature Regimes

A close connection has been noticed between temperatures of air and soil, a rise in
air temperature results in rise in soil temperature and vice-versa. Soil temperature is
largely controlled by solar radiation intensity (Box and Bruce 1996). The gain and
loss of solar radiations at earth’s surface, evaporation process and heat transmission
through soil and convection transfer via water and gas movements mainly govern the
soil temperature regimes. Like soil moisture, soil temperature as well is a major
factor in most of the soil processes. Higher soil temperature will speed up soil
processes such as decomposition rate of soil organic matter, activity of soil microbes
and release of nutrients, nitrification rates and mineral weathering process. Nature of
plant life existing on the earth’s surface also affects soil temperature regimes.

Soil Chemical Parameters

Loss of salt and mineral content, pH imbalance, change in electrical conductivity etc.
would be some of the main effects of chemical changes in the soil under the
influence of climate change. Process of leaching results in loss of salts and other
nutrients, whereas salinization occurs as a result of upward movements of water due
to evapotranspiration or decreased precipitation/irrigation (Brinkman and Sombroek
1996). The composition of clay mineral fractions usually modify slightly in centuries
except transformations of halloysites, which are produced under perennially mois-
ture circumstances subjected to episodic drying or the steady drying out of goethite
to hematite under high temperatures or harsh drying conditions. Modifications in the
surface characteristics of the clay are usually slower than movements of salt which
takes place more quickly than alterations in bulk composition. These surface
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modifications have a leading influence on the physical and chemical properties of the
soil (Brinkman 1985, 1990).

Change in the bulk composition of clay and clay mineral surface fraction of soil is
brought about by a number of processes, enlisted below (Brinkman 1982). Every
process may be inhibited or accelerated by changing external environmental condi-
tions because of global changes (Brinkman and Sombroek 1996).

* Enhanced leaching can fasten up hydrolysis by water having CO, concentrations
which also eliminate basic cations and silica.

e Ferrolysis, a cyclical method of clay transformations along with dissolutions
arbitrated by modifying reduction and oxidation processes of iron, which reduces
soil capacity of cation exchange by interlayering of aluminum in bulging clay
minerals, might take place wherever soils are subjected to leaching and alternative
oxidizing and reducing reactions. In future hotter world, it might happen over
larger regions than in present scenario particularly in areas of high latitudes and
monsoon climate.

e Cheluviation, which liquefy and eliminates iron and particularly aluminum by
organic acid chelating, can be fasten up by enhanced leaching rates.

* Amorphous silica and aluminum salts are produced by clay mineral dissolution
by mineral acids, e.g. in areas where sulfidic substances are oxidized with an
improved drainage system.

* Reverse weathering processes, i.e. forming and transforming clay under neutral to
robustly alkaline environment, which might produce, e.g., analcime or
palygorskite and montmorillonite; it can initiate in dry regions during global
warming and will persist in areas which are presently arid.

Soil Salinization, Acidification, and Sodicity

Rising in temperature levels can be forecasted, but forecasting about precipitation is
less certain in almost all parts of world. Leaching and acidification of soil increase
with significant rise in precipitation. High precipitation also leads to loss of nutrients
because of leaching. The course of change towards increased soil leaching or
elevated rate of evaporation will be dependent upon the temperature alterations,
rainfall amount and subsequent change in land utilization and its management
strategies. In both cases the situation possibly will lead to significant change in soil.

Upsurged alkalization and salinization will occur in regions where rate of evap-
oration is increased or precipitation decreased (Varallyay 1994). Temporary levels of
salinity increase as capillary rise takes over, transporting salts into root zone of sodic
soil. Soil leaching during periodic precipitation might be restricted because of
surface sealing. Concentrations of salts are increased with excessive drying of soil
solution. On the other hand, the rigorousness of salty scalds because of resultant
salinization might fade away as levels of groundwater drop in line with decreased
precipitation. This growth might have important impact on arid areas. In the areas
where salt stress/salinity is a resultant of recharging processes, salinization increases
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with increasing upstream recharge rainfalls (Peck and Allison 1988). Increase in
concentrations of atmospheric CO, could decrease salinity impact on vegetation
growth (Nicolas et al. 1993). Climate change impacts have been studied in the
coastal lowland acid sulfate soil (Bush et al. 2010). Increased proportions of
precipitation, warmer temperatures, increased frequency of tropical cyclones, sea
level rise etc. are some of the predicted impacts of change in climate. Each and every
one of these anticipated impacts has straightforward relevance to the landscapes
having coastal acid sulfate soil.

Nutrient Acquisition

In areas having more aridity, crop yield declines (Lal 2000). Deficiency of soil
moisture affects the crop productivity and yield by influencing nutrient transport
(Gupta 1993). Water is an exclusive medium of transport of nutrients from soil to
root; water scarcity thus reduces the diffusion of nutrients to short as well as long
distances (Mackay and Barber 1985; Barber 1995). Root hair length and surface
increased in response to water deficiency which capture nutrients having less
mobility such as sulfur (Lynch and Brown 2001). Nutrient acquisition capacity of
root decreases; root function and growth get impaired. Reduced oxygen, carbon and
nitrogen in drought inhibit fixation of nitrogen in legumes (Gonzalez et al. 2001;
Ladrera et al. 2007; Athar and Ashraf 2008). Soil losses its significant amount of
nutrients when extreme rainfall occur in the form of soil leaching (Tang et al. 2008;
Zougmore et al. 2009), e.g., nitrate leaching (Sun et al. 2007). Agricultural fields
having soil which is inadequately drained or is experiencing regular and intense
precipitation might have completely hydrated soils which ultimately cause hypoxic
conditions. Functions and growth rate of roots are hampered by reduction of crop
yield and formation of phytotoxic solutes due to elemental toxicity such as toxicity
of iron, boron, manganese, aluminum etc. when redox status of soil is modified
under anoxic condition (Table 2, showing relevance between climate change and
consequent mineral stress).

A possible relation between soil processes and mineral stress is given in Table 2.
Hypoxia may also lead to deficiency of nutrients as the active transportation of
cations and anions into roots is ATP driven, while ATP is synthesized in mitochon-
drion through electron transport chain which is oxygen dependent (Drew 1988;
Atwell and Steer 1990). Considerable amount of nitrogen losses may also occur in
conditions of hypoxia through denitrification since nitrate is the alternative electron
acceptor in microorganisms when oxygen is not present (Prade and Trolldenier
1990). High soil temperature can result in increased nutrient uptake (almost
300-fold) by expanding the area of root surfaces and therefore enhancing nutrient
diffusion rate and influx of water (Ching and Barbers 1979; Mackay and Barber
1984). As transpiration rate is increased in warmer temperatures, plants more readily
tend to obtain nutrients which are water soluble such as sulfate, nitrates, Mg, Ca etc.
as temperature rises. Increase in rhizosphere temperature may also encourage acqui-
sition of nutrients by enhancing uptake of nutrients via quicker ion diffusing rates
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Table 2 Possible relationship between changing climatic factors and mineral stress (Clair and

Lynch 2010)

Sn.
no. | Soil processes

Changing climate factors

Nutrient stress

1. Organic carbon sta-
tus of soil

Precipitation and temperature
regimes, CO, concentration

All the nutrients

2. Soil leaching Heavy rainfall Ca, Mg, NO3, and SO4
3. Salinity Temperature and rainfall Na, K, Ca, and Mg
4. Plant phenology Temperature K,N, P
5. Biological nitrogen | Soil temperature and water scarcity | N
fixation
6. Nitrogen cycle Temperature and water scarcity N
7. Soil erosion Precipitation and water scarcity General loss of SOC, fertil-
izers, and nutrients
8. Soil redox Heavy rainfall/flooding B, Mn, Al, Fe
condition
9. Mass flow of nutri- | Temperature, drought, CO, Ca, Si, mg, NO3, and SO,

ents and ions

10. | Mycorrhizae

Carbon dioxide

Zn, P, and N

11. | Root growth

CO,, soil temperature, and drought

Almost all nutrients

and increased metabolism of roots (Bassirirad 2000). Nevertheless, plenty of soil
moisture is a main factor upon which nutrient uptake in warmer temperatures
depends. Increased temperature causes vapor pressure deficit under drought condi-
tions which in turn causes closure of stomata and consequently decreases nutrient
uptake (Abbate et al. 2004; Cramer et al. 2009).

Soil pH

pH of the soil is significantly influenced by nature of plant life occurring on soil, soil
parent material, weathering process and time and other climatic conditions. It is a
vital sign of soil health. Soil pH therefore is incorporated in integrative tests of soil
health to analyze influences of changes of land use and various agricultural practices.
The majority of soils do not suffer quick change in pH due to climate change.
Nevertheless, climate change influences on other soil processes such as flow of
nutrients, soil water availability, status of soil organic matter, soil structure etc.
which in turn affects soil pH and hence soil fertility (Reth et al. 2005).

Electrical Conductivity

Electrical conductivity (EC) of soil is a measure of concentration of salts present in
the soil. It is able to notify trends in crop performance, salt concentration, nutrient
cycling and other biological activities of the soil. Besides pH measurements, it also
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acts as a substitutive measure of structural decline in soil, particularly in sodic soils
(Armold et al. 2005). Electrical conductivity functions as a chemical marker to notify
biological quality of soil in regard to crop management trends (Gil et al. 2009).
Rising temperatures and declining precipitation enhance the electrical conductivity
in response to climate change (Smith et al. 2002).

Cation Exchange Capacity and Sorption of Soil

Cation exchange capacity (CEC) and sorption of the soil are very crucial parameters
of the soil principally in the retention of main nutrient ions such as K*, Ca**, Mg?*,
etc. and AI** and Mn>* mobilization. These soil parameters therefore are helpful in
indicating condition of the soil and informing about its capacity to soak up nutrients
as well as chemicals and pesticides (Ross et al. 2008). Organic pollutants and heavy
metal adsorption are also influenced by CEC. Soil organic matter, pH, and decom-
position rate are few of the factors which affect ECE. Loss of soil organic matter can
result in enhanced leaching process of the basic cations in reaction to lofty and
severe rainfall, therefore transporting alkalinity to waterways from soil (Davidson
and Janssens 2006).

Soil Biological Parameters

The organisms which live in the soil are very well adapted to alterations in the
environmental conditions. For evaluation of soil health properties in climatic change
response, functions of soil health indicators become very crucial.

Soil Organic Matter

Soil organic matter consists of a widespread range of biotic and abiotic components.
It is a very crucial component of soil which constantly varies in its functions and
properties because of regular environmental fluctuations (Weil and Magdoff 2004).
It supports the soil in many ways and serves many functions such as source of
nitrogen and sink of carbon, regulates nutrient cycling for e.g. sulfur and phosphorus
cycles etc. It is able to form complex with multiple organic compounds and ions and
provides habitat for a variety of microbes, plants and animals. It provides water-
retention capacity, hydraulic conductivity and aggregate stability to soil (Haynes
2008; Weil and Magdoff 2004). As soil organic matter serves most of the functions
attributed to soil, its reduction leads to decline in soil fertility and biodiversity and
also loss of structure and texture of soil, declined water retention capacity, high
erosion and bulk density causing soil compaction. It helps in absorbing atmospheric
CO,, thereby lessening global warming. It also helps in mitigating floods following
heavy precipitation by absorbing and storing large quantities of water. It enhances



48 P. Singh et al.

soil resilience and hence soil fertility (Eamus 1991; Gifford 1992; Gunderson and
Waullschleger 1994).

Low-Density Fractions and Macro-Organic Matter

Low-density (or light) fractions and macro-organic constituents of soil organic
matter consist majorly of particulate animal and plant residues which are generally
free from minerals and easily decomposable and serve as substrate for soil microor-
ganisms. They also serve as a nutrient reservoir (Post and Kwon 2000; Wagai et al.
2009). Such low-density fractions and macro-organic matter are receptive to soil
managements and can act as before time indicators for calculating the effectiveness
of varying management systems in adaptive climate change response (Gregorich
et al. 1994). As temperature increases, labile soil organic carbon rapidly depletes
(Brinkman and Sombroek 1996; Knorr et al. 2005).

Soil Carbon and Carbon to Nitrogen (C-N) Ratio

Elevated temperatures and periodic rainfall events stimulate soil microbial activities
such as decomposition, mineralization etc. They will direct to decline in accumula-
tions of biomass, reduction of soil carbon content and decreased ratio of carbon and
nitrogen (Rosenzweig and Hillel 2000; Anderson 1992; Lal 2004). Elevated con-
centrations of atmospheric CO, improve water-use efficiencies of plants. It will
enhance production of biomass per mm of available soil water. In the conditions of
water deficiency, rate of decomposition remains superior to net primary production
(NPP). This course of action makes the dried conditions favorable for reduction of
organic carbon. Biomass loss occurs because of water scarcity and hence annual and
perennial vegetation reduces (Kimball 2003).

Soil Flora, Fauna, and Microbial Biomass

Soil microbial biomass is the main biotic component found in soil organic matter. It
is a dynamic carbon pool in the soil and susceptible marker of disturbances in soil
processes in relation to soil energy and nutrient dynamics together with mediation of
transfer among soil organic carbon fractions. Nevertheless, it is receptive to tempo-
rary and transient changes in environment. Soil flora and fauna being crucial
components of soil play a vital role in nutrient flow and release and influence various
soil parameters such as soil structure, porosity, bulk density etc. Vegetation zone
migration and ecosystem change significantly affect soil flora and fauna which is
very less migratory in response to altered precipitation and enhanced temperature.
An additional noteworthy impact of change in climate on fauna and flora of the
soil is through elevated atmospheric CO, concentrations which lead to increased
growth of plant and carbon allocation underneath the ground rendering the
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Fig. 7 Soil microbial communities are affected by climate change in both direct and indirect
ways. Soil microbial activities direct GHGs to atmosphere through direct and indirect feedbacks
(PS—Bardgett et al. 2008). Soil microbe activities feedback GHGs to the environment/atmosphere
and contribute significantly to the global warming (Fig. 7). Direct effects on soil micro-flora include
the climatic influence on soil microbes, greenhouse gas (GHG) production, altered temperature and
precipitation and other tremendous climatic events while indirect effects resulted from climate-
driven alterations in plant diversity and productivity which modify soil physicochemical state, the
carbon supply to the soils and litter decomposition and carbon release by microbial communities
(Bardgett et al. 2008; Jenkinson et al. 1991)

population of microbes to speed up rate of nitrogen fixation, denitrification, nitrogen
immobilization, enhanced mycorrhizal alliance, enhanced soil aggregation and last
but not least enhanced mineral weathering. Functional activities of soil microbes
which feedback GHGs to the environment are affected by change in climate both
directly and indirectly. Direct effects include modifications in soil microbial activ-
ities, temperature and rainfall regimes and carbon concentrations, whereas indirect
effects alter physicochemical properties of soil. Direct climate-microbe feedback is
SMO decomposition and the belief that heterotrophic microbial activity will be
increased with increased global warming, thereby enhancing the CO, efflux to
atmosphere and dissolved organic carbon export by hydrologic leaching (Fig. 7).
Indirect microbe feedback includes circuitous effects on the communities of soil
microbes and their activities and therefore the prospective for microbial response to
climatic changes through its impact on growth of plant and composition of
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vegetation. These plant-mediate effects of changing climate on soil microbiota
function through several mechanisms, with inconsistent routes. One mechanism is
indirect effects of elevating atmospheric CO, concentrations on microbes, through
elevated rate of photosynthesis and transport of fixed carbon in the form of sugars to
roots and mycorrhizal fungal associations and other heterotrophic microbes. It is
now well recognized that increased concentrations of carbon dioxide increase
photosynthesis and hence plant growth, particularly in areas where ample amount
of nutrients is available and in turn it increases carbon uptake through roots and their
symbiotic partner.

Effects of Increasing CO, Concentration on Soil Fertility

High carbon concentration causes improvement of water-use efficiency of soil and
increases growth rates of crops due to increased organic matter supply to the soil.
Some plants have higher optima for temperature under higher concentrations of
carbon dioxide which have tendency of neutralizing adverse impacts of rise in
temperature, for example, increased rate of respiration during night in some plants
found in warmer areas. By adjusting composition and dominance of species, the
reduced growth cycles of a species due to higher concentrations of carbon and
temperature is compensated. In agro-ecosystems, long-duration selection or change
in pattern of cropping could eradicate infertile periods which may take place due to
the shorter growth cycles of the main crops.

Good amount of litter, high root biomass, mycorrhizal colonization, soil microbe
activities etc. are few factors which lead to high plant productivity. Supply of
nitrogen to plants is constructively affected by nitrogen-fixing microbes. High
carbon partial pressure and carbon activities in the soil air and soil water, respec-
tively are needed by improved microbial activities to release more nutrients during
soil mineral weathering. Likewise phosphate uptake is also improved by soil mycor-
rhizal activity. All these effects work in a synergistic manner with high nutrient
uptake by rigorous root system because of high CO, concentrations.

The better microbial activities are likely to boost the amount of plant nutrient
cycling through organisms found in soil. High amount of root biomass adds in soil
organic matter, which demands the provisional immobilization and flow of soil
nutrients. Elevated C-N ratios in the litter, observed under elevated CO, concentra-
tions demand slower rate of decomposition and further sluggish re-mobilization of
soil nutrient from litter and soil nutrient pool and provide additional time for the
absorption into the soil.

Improved microbial activities due to higher carbon and temperature produce
larger quantities of polysaccharides and other compounds which act as soil stabi-
lizers. High amount of litter, organic matter litter or crop deposits, root biomasses
etc. tends to encourage the activities of soil macro-fauna for better nutrient
assimilation.
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Effects of Temperature and Precipitation Change in Varied
Climates

Increased precipitation in tropical areas and monsoon climates elevated soil leaching
in the soils having high infiltration rates and well drainage causing transient flooding
and water saturations, thus decreasing the rate of decomposition of organic matter. It
might influence a noteworthy percentage of particularly the healthier soils in, for
example, Sub-Saharan Africa. They will additionally generate larger and more
regular runoff on soil in slanting terrain with sedimentation down slope. Soils having
good resilience against such modifications will have sufficient capacity of cation
exchange and anion sorption to diminish loss of nutrients during soil leaching and
possess a stability in terms of structure and texture for maximizing soil infiltration
capacity and quick bypass flow through the soil during precipitation of high
intensity.

Higher water-use efficiency and productivity due to higher concentrations of
atmospheric carbon would be likely to enlarge the ground neutralizing the impacts
of higher temperatures in subtropical, sub-humid and semi-arid regions of the earth’s
surface. Higher local precipitation and rising inter- and intra-annual variability will
possibly lead to the reduction of production of soil dry matter and consequently
reduce organic matter content of soil in due course. Episodic soil leaching during
intense precipitation with reduced standing plant life possibly will desalinize few of
soils of well-drained locations, cause high runoff in other soils and soil salinization
in places having depressions or in the areas where water table is high. Soils of such
arid and high rainfall regions have more structural stability and strong mixed systems
of constant macro-pore and consequently rapid infiltration rates, high water avail-
ability and deep water table as well.

In arid zones, elevated temperatures require high evaporation. In the areas where
there’s adequate soil moisture such as in areas having plenty of irrigation, this might
lead to salinization in soil if water management of farm or land or proper irrigation
and drainage are insufficient. In contrast, current studies position to enhance crop salt
tolerance under increasing atmospheric CO, concentrations. Slight increase in
precipitation is absorbed by increased rate of evapotranspiration of crops anticipated
at high temperatures in temperate climates so that net chemical and hydrological
impacts on soils reduce.

The harmful effects of elevated temperature on the soil organic matter are
compensated by organic matter supply from robustly growing vegetation having
high rate of photosynthesis, evapotranspiration and water-use efficiencies in higher
atmospheric CO, concentrations (Buol et al. 1990) (Table 3, enlisting different soil
characteristics affected by different climatic factors).
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Table 3 Relationship between climatic factors and soil properties (Pareek, 2017)

Sn. no. | Climate change Soil characteristic

L.

High precipitation * Leaching of nutrients

* High soil erosion and surface runoff
* Increased arid region’s productivity

* Increased soil organic matter (SOM)
¢ Increased soil moisture

* More reduction of nitrates and Fe

* Increased nitrogen loss

Low precipitation * Reduced availability of soil nutrients
* Reduced soil organic matter
* Reduced soil salinization

Elevated temperature * Reduced moisture content

* Reduced rate of soil mineralization
* Decreased soil organic matter

* Increased rate of soil respiration

* Loss of soil structure

Increasing CO, concentration | * Accelerated flow of nutrients

* Increased soil organic matter

* Increased soil water-use efficiency

* More availability of carbon to soil microorganisms

Mitigation Strategies

The residue management and conservation tillage aid in controlling few of soil
properties and mitigating the unfavorable impacts of climate change on soil fertility
in the following ways (Sharma 2011).

Soil structure and aggregation: Soil structure and aggregation is a very crucial
property of soil. It’s aggregation refers to joining of soil particles together into
secondary units. Soil aggregates which are water stable assist in maintaining good
soil structure and rate of infiltrations and also protect soil from erosion. It’s
collective binding materials are organic compounds and mineral substances which
participate in aggregation. The organic substances are derivatives of soil micro-
flora such as earthworms (annelids), various types of fungi e.g., actinomycetes,
bacteria etc. Soil aggregation can be directly affected by plants through root
exudates, stem, leaves etc. and leaching material from weathering process and
dead and decaying plant residues, canopies etc. which defend aggregation against
the breakdown effects of scratches by wind forces, raindrop and dispersion
caused by water and root actions. Good aeration, greater surface water entry
and more capacity of water retention are few characteristics of well-aggregated
soils in comparison to poorly aggregated one. Soil aggregation is intimately
linked to organic matter content and biological activities of the soil. The viscous
materials which bind soil components into aggregates are formed mainly by the
presence of diverse living organisms in the soil. Thus, soil aggregation is
improved by practices which support biotic constituents of soil profile. Since
the substances responsible for binding are themselves susceptible to degradation
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by microbial mass, there’s a need to replenish organic matter frequently to
maintain soil aggregation. To preserve the soil aggregates when they are formed,
there’s a great need to diminish the factors which degrade and devastate them.
Surface crusting is resisted by the soil which is well aggregated. The soil which is
poorly aggregated is crusted by impact of raindrops by clay particle disbursement
on soil surfaces obstructing the pores immediately underneath and closing them
instantly before soil dries out rendering following precipitation more susceptible
to surface runoff. On the other hand, crusting is resisted by bulge aggregated soil
because the aggregates which are water stable are less prone to break away when
raindrops hit them. Types of soil management practices which guard the soil from
impact of raindrops will reduce soil crusting as well as enhance flow of water into
the soils.

» Soil Fertility and Organic Matter: Conservation of agricultural/farming practices
facilitate soil organic matter improvement through various ways such as accu-
mulating organic wastes and other crop and tree residues by (a) green manure and
fertilizer usage, rotational leguminous crops, lesser tillage and supplementary
irrigation, (b) sowing seeds into the soil without any soil disturbances and
fertilizer addition through tools followed by proper chemical weed management
system and (c) managing surface residues by practicing decreased tillage,
recycling of residues and including leguminous species in crop rotation. It is
also needed to standby few residues for soil applications which in the future will
assist in improving soil fertility, tilth and productivity.

* Soil erosion, Crusting and Hydraulic Conductivity: Soil crusting, water storage
capacity and hydraulic conductivity are affected by tillage process. It has been
noticed that the change in silt, clay and sand proportions soil texture etc. occurs as
a result of mixing and inversion of soil caused by tillage related factors such as
tillage instrumentation and depth, operation mode and soil erosion impact etc.
Germination and seedling emergence are severely affected by soil crusting
because of cumulative dispersion and rearrangement and resorting of soil parti-
cles during heavy precipitation followed by dry season. Soil aggregate dispersion
is prevented by conservation tillage process, which also helps in increasing
drenched hydraulic conductivity of the soil. Combined effect of increased
hydraulic conductivity and infiltration capacity of the soil as a result of conser-
vation tillage oversaturates/drenches the soil. Moreover tillage process also helps
in less evaporation and hence increases soil water retaining capacity.

e Relation Between Soil Porosity and Bulk Density: An inverse relationship is
found between soil porosity and bulk density. Unploughed soil has more tillage
layer density than ploughed soil. With the involvement of residues, tilled soil
density get decreased. Soil get compacted with automation using advanced
machinery which eventually results in decreased soil porosity and enhanced
bulk density of soil. Soils having less organic matter are naturally compacted.
But the effectiveness of act of practicing preservation tillage to counterbalance
the compaction will be only effective if there are sufficient residues, whereas
severe tillage practice adversely affects the fauna of the soil, which indirectly
affect the soil porosity and bulk density (Patil and Lamnganbi 2018).
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Conclusion

The evaluation of forecasted impacts of changing climate on soil fertility is compli-
cated because of the uncertainties in the weather forecasting. Land dreadful condi-
tions and degradation issues are intimately related to unfavorable effects of changing
climate. Soil has a great mitigating potential in terms of carbon and many benefits
have been provided by the carbon stocks for example soil fertility, water-holding
capacity, nutrient flow, workability and other positive attributes of soil. The conser-
vation agriculture has revealed optimistic results in diminishing soil degradation
events. In implementation of conservation tillage and residue managing strategies, it
is crucial to recognize absolute package of practices based on rigorous research for
every agro-ecological area. Nevertheless, the management practices which are site
specific for water and soil conservation, crop enhancement and integrated nutrient
management are required to be recognized to beat the impact of climate change on
chemical, physical and biological properties of soil.
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Abstract In environment different forms of stress are present due to which all
growth and development processes of plants are disturbed. These stress are mainly
classified into two groups, biotic stress and abiotic stress. Biotic stress is caused by
living organisms like virus, bacteria, pathogen and fungi. Abiotic stress includes
temperature stress (high and low), drought and salinity stress. Some plants change
their morphology and physiological activities according to environmental changes
and raise their ability to fight against stress. But some plants do not have capability to
survive in adverse conditions and die because these stress would disturb their normal
routine activities like reduced plant growth and height, reduced photosynthetic
pigment, loss in transpiration rate and also disrupted water transport process. Now-
adays genetic engineered crops are used against stress. Salinity stress have adverse
effect in seed germination, survival rate, plant morphology, development and yield,
and downregulation of photosynthesis and respiration rate. Plant oxidative stress
develops as a result of overproduction of reactive oxygen species (ROS). NADPH
oxidases and peroxidases are responsible for the production of ROS. Plants grown
under chilling stress were facing maintenance of cellular membrane structure
because it destroys membrane. During reproductive stage chilling stress showed
browning, necrosis (appearance of dead tissues), and sterility at the time of anthesis
(floral opening). Elevated CO, exposed crops like soybean, wheat, rice, peanut and
bean have shown increased leaf nodes number and leaf size, shoot biomass, seed
yield. Heat stress effects on germination, seedling survival, vegetative growth and
reproductive development of plants. In this chapter we will briefly study about how
stress affects the plant growth and development.
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Introduction

Plants do not always live in their ideal environment, i.e. ideal light, temperature,
mineral supply and humidity, water and biotic factors. Moreover, in nature, plants
are attacked by various microorganisms like bacteria, fungi, animals and viruses.
Because plants are immobile in nature, they cannot escape from stress and thus die.
Different types of stress (biotic and abiotic) affect regulation of plant development
and cause economic losses through decreased yield of crops and production of seeds
and grains for livelihood. Result from water-deficit condition is disturbance in
agriculture through this disturbance food production also effected (Chaves et al.
2002). Two types of effects are recorded on plant (direct and momentary) generally
under elevated carbon dioxide (CO,) concentrations in atmosphere. Because of high
concentration CO, at the site of enzyme, rate of photosynthesis increases. Second,
loss of water in transpiration form would be downregulated because of closed nature
of stomata. If stomata remains in condition Respiration rate affected it should be
decrease and increase depend upon changes in plant chemical composition, leaf
morphology and anatomy against stress. Anthropogenic activities like burning of
fossil fuels and cutting of trees (deforestation) have great impact on atmospheric
greenhouse gases, increase CO, concentration from 730 ppm to 1000 ppm till now,
these changes alter the climate condition result in warming of climate, Meehl et al. in
(2007) and IPCC (2014) also reported through this global average surface temper-
ature 1.0-3.7 °C also increase during this same time; Result of climate changes also
included drought condition that are already arid (IPCC 2014). In response to water-
deficit condition various initiation development process altered like inhibition of
lateral roots (Babé et al. 2012) and alter developing time of species and reduced the
size and number of leaves (Balasubramanian et al. 2006; Dermody et al. 2000).
Different stress affect plants growth parameters and drought stress is also included.
Result of water stress is numerous changes occur in plant which is mainly depends
son time duration and severity of water deficit. The salts that give rise to salinity
come mainly from aerial deposition of ocean aerosols and weathering of rocks via
rain or wind (Rengasamy 2002). The main salt of saline soils is NaCl, but sometimes
there are also significant concentrations of Ca2+, Mg2+, SO42* and CO32*. Soil
salinity has a significant impact on food industry in various countries of world,
including the USA, Australia, China, India and Pakistan. Hot temperatures can have
both effect (reversible, irreversible) on plant growth parameters curling of leaves
patches on plant body. Effect of heat stress mainly depend on the intensity of heat
and time duration because some plant has capability to adapt and some have showed
damaging effect. Threshold temperature routine where in natural environment heat
stress begins to plant sciences, whereas very extreme temperatures, which can
damage many aspects of plant metabolism, are more relevant to culinary sciences.
All over the globe water is one of the most important limiting factors which
determine the species distribution and primary production in terrestrial. In crops
various water deficiency symptoms occur due to inadequate rainfall and soil bound
water (Sekhon et al. 2010; Vadez et al. 2011). Chaves et al. (2002) observed result of
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water-deficit condition agriculture, through this it affects food production in the
world, resulting in famine. Shao et al. (2008a, b) gave some information from his
study, for normal plant growth water is necessary component but permanent or
temporary water deficit limits the growth and development of natural or cultivated
plants. Massad et al. (2012) and Tezara et al. (1999) observed that Water stress
affects the ecosystem and agriculture by decrease the growth and photosynthesis
process in plant and also disturb human activities. Salinity stress have fallen different
effect on crops growth and development because according to Khan and Duke
(2001) 23% world’s cultivated land is saline. Salinity can also affect plant growth
via disbalancing the nutrient amount which were essential for plant growth (Tester
and Davenport 2003). Nearly about 70 years ago chilling injury to crop plants was
systematically observed by scientist. In chilling stress chloroplasts are the most
severely impacted organelle as compared to mitochondria, nuclei and other organ-
elles. During chilling stress thylakoids showed swelling characters in which disap-
pearance of starch granules occur, and a peripheral reticalum which are arising from
inner membrane. Chilling stress also affect the organellar development and ontog-
eny. Heavy metal stress affects the seed germination process because these provide
toxicity condition for their growth. Biotic stress is caused by various microorgan-
isms like fungi and bacteria. Biotic stress mainly affects the yield and plant height
and weight parameters.

Stress Induced Different Stages in Plant

Selye gave the original stress concept who differentiates stress into three phases. But
on the basis of Selye concept Larcher and Lichtenthaler classified it into mainly four
different classes and added fourth regeneration phase into this concept (Fig. 1).
Plants have optimum conditions (i.e. amount of light, water and mineral supply) for
their growth and physiology. First three stress response phases occur when stressors
and complex stress events occur and fourth one is that when release stressors called
regeneration phase (when stressors have no severe effect on plant, Fig. 2). These four
phases are shown in Fig. 1.

Plants growing under stress begin to change their physiological standard condi-
tion to cope with stressor, some will activate different defence mechanism. When
stressor is removed, after that new standard of physiology can occur depending on
duration and intensity of stress.
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Stress Concept in Plant

In plants mainly two types of stress factors are involved. These are natural and
anthropogenic stress factors acting on terrestrial vegetation.

L. Natural Stress Factors: In natural stress factors mainly abiotic stress is
discussed. Stress which is produced by natural environment factors is called
abiotic stress. For example, water deficit(drought), wind and saline soil includes.
Abiotic stress is not regulated by humankind. Heat, chilling, high radiation like
photoinhibition and photooxidation, water desiccation naturally, mineral nutri-
ent deficiency (e.g. nitrogen, potassium) and flood condition are categorized
under natural stress.

II. Anthropogenic Stress Factors: These are stress factors which are induced by
human activities and not by natural environment. This stress includes mainly
herbicides, pesticides and fungicides. It also includes various types of air
pollutants (e.g. SO,, NO, NO,, NOx) produced by industries, increasing ozone
(O3) and photochemical smog by human activities, formation of ROS (O,,
radicals O,— and OH’, H,0,) and peroxyacylnitrates like photooxidants. Acid
rain gives negative impact on crops by making soil’s pH acidic in nature and
inducing mineral deficiency. Human activities are also responsible for making
soil nutrient table unstable for nutrient uptake, e.g. overproduction of nitrogen,
deposition of dry and wet nitrite, lead and cadmium, and ammonium
overproduction during breeding stations. UV-A and UV-B radiation has
increased. Change in global climate and greenhouse gases in environment are
the results of human activities.

Oxidative Stress (Reactive Oxygen Species)

In plant biology, different definitions of oxidation stress are given by various
scientists. First, it is the ‘physiological state’; when oxidation exceeds reduction,
loss of electrons are more than gain of electrons. Due to oxidative stress it leads to
dysfunction of cell enzymes and structural components of cell membrane. In oxida-
tive stress, ‘lack of electrons’ process occurs due to which long-term imbalance
process is produced. Second, it is one of the ‘stress factors’ (same as to other stress
factors salinity, water deficit) which can induce cell injuries, defence reactions and
trigger signalling cascades. Both definitions are related to each other and they can
also be combined. In most cases activation of O, makes this molecule more active
for reaction; therefore, it is often called as the stress caused by ‘reactive oxygen
species,” ‘oxygen-derived species,” ‘oxygen free radicals,” etc. In oxidative stress
another important class is Reactive nitrogen species (RNS)s. The major ‘reasons’ for
oxidative stress are as follows: (i) if there is severe change in cell physiology,
unbalancing occurs between ROS generation and detoxification; (ii) ROS which is
produced by special enzymes is a constituent part of immunity response and stress-
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related signalling (used in defence mechanism and adaptation). Activation of cell
wall peroxidases and NADPH oxidases in transition metal and ozone or ultraviolet
stress factors are directly responsible for the production of deleterious ROS (Apel
and Hirt 2004; Rao et al. 1996; Ranieri et al. 2003; Zhang et al. 2010). Wong et al.
(2007) observed that FRET technique has clarified the mechanisms of this phenom-
enon demonstrating that cytosolic Ca,, directly stimulates Rac—Rboh interaction.
Being directly activated by cytosolic Ca**, NADPH ‘works in concert’ with ROS
activated Ca>*- permeable cation channels to generate and amplify stress-induced
Ca”* and ROS transients (Demidchik and Maathuis 2007; Demidchik et al. 2009).
The more Ca®* appears in the cytosol, the more O*' — is generated and, vice versa,
0> — activates ROS- activated cation channels through which calcium ions influx
occur (Demidchik and Maathuis 2007; Demidchik et al. 2009). Reactive oxygen
species with proven importance for plant physiology include hydroxyl radical,
hydrogen peroxide, singlet oxygen, superoxide radical and nitric oxide (forming
peroxynitrine). H,O, in the presence of transition metals (hydroxyl radical) is also
responsible for oxidative damage. Both photosystems and mitochondrial complex
(I & III) are responsible for ROS generation, ETC of peroxisomal membrane,
peroxisomes’ matrix xanthine oxidase, plasma membrane’s NADPH oxidases and
peroxidases that are expressed in all cells. Oxidative stress also changes the perme-
ability of bio membrane. The various studies found on oxidative stress, lipid
peroxidation, oxidative stress and antioxidative enzymatic related information in
plants (Sharma et al. 2012; Wahid et al. (2007, 2009). Due to its nature of highly
reactive, attacking, unsaturated fatty acids and sulphydryl groups, free radicals are
toxic. Oxidation of fatty acids will disrupt membrane and alter its permeability.
Oxidation of sulphydryl groups on proteins will result in a loss of activity of
enzymes, Rubisco. When activity of these enzyme is lost, it will disrupt the ultra-
structure of cell and its organelles and also inhibit critical metabolic pathways such
as respiration and photosynthesis. Cell membrane, which is made up of PUFA, is
highly sensitive to oxidative stress because of stress changes in their membrane
permeability, fluidity and functions. Apel and Hirt (2004) found that abiotic factors
like drought may disrupt the ROS production and scavenging equilibrium. If ROS is
suddenly increased with abnormal rate, it leads to irreversible changes in photosyn-
thesis rate and ultimately plant would die. Some nonenzymatic antioxidants like
tocopherol, flavonoids, carotenoids and glutathione (GSH) are present which detox-
ify the ROS molecules such as singlet oxygen, superoxide and H,O,. Plants follow
some mechanisms for enzymatic ROS scavenging, which include ascorbate perox-
idase (APX), superoxide dismutase (SOD), glutathione peroxidase (GPX) and
catalase (CAT) (Vernoux et al. 2002). Verslues et al. (2006) reported many methods
for ROS quantification in plants. Pei et al.(2000) gave information about water
deficit condition, under water stress ROS may act as positive response(signalling)
like stomatal regulation in Arabidopsis and maintenance of root elongation; In maize
gravitropism and auxin signalling (Joo et al. 2005). Verma and Mishra (2005)
reported that chlorophyll degradation and reduction in membrane fluidity and
selectivity is caused by ROS. By measured lipid peroxidation and chlorophyll loss
we can calculate the oxidation damage (Del Rio et al. 2005). Carotenoid pigments
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have several roles in photosynthesis but also follow oxidative defence mechanism
(Gill and Tuteja 2010).

Salinity Stress

All over globe a significant part of world’s land area is salt effected via saline stress
and sodicity. Munns (2005) informed that irrigated land represents only 15% of total
cultivated land. Near seashores and estuaries terrestrial plants faced high salt con-
centration under natural condition. Estuaries are defined as the transition zone
between sea water and fresh water. Far inland, geologic marine was deposited
naturally and salt seepage can washed into adjoining areas, making them unstable
for agriculture. According to Khan and Duke (2001) world’s cultivated lands contain
23% of salinity, 37% is sodic. Accumulation of salt from irrigation is big problem for
agriculture land. Plant growth and productivity is limited by using poor quality water
for irrigation and saline soil because salt is abiotic stress which also effect plants
yield. Plants adapt various mechanisms to tolerate and avoid this stress; e.g. changes
occur at their cellular structure, physiology and molecular level. In different ways
plant is affected by salinity such as specific-ion toxicity and/or nutritional disorders,
and osmotic effect (Lauchli 1999). Effect of stress also varies with species to species,
its genotype, plant age, ionizing component and the salt solution ratio. During salt
stress cells shrink because of loss of water and after that it can gain water from
surrounding and come to its original shape and size. After this recovery, the cell
division and enlargement rate decrease leading to reduce root and leaf growth.
During saline soil condition plant can uptake salt from roots; due to excessive salt
uptake plant shows some morphological injuries on their body and leaves. These
sign and result of stress were shown with passage of time slowly. After weeks, shoot
injury is noticed, and after months overall plants have showed symptoms. Within
month a clear difference was observed on overall growth and injury with comparison
to control. Munns (2002, 2005) had developed two phase growth response under
salinity with temporal differences. The first phase includes quick response against
salt stress (within minutes) and therefore rapid growth reduction activity occurs.
Quick response occurs because roots are the primarily response regulator to change
its physiology according to the surrounding environment. Saline soil can alter their
osmotic effects and cell water relations. Therefore, reduced ability to absorb water is
similar to water deficit, resulting in differences in genotypes. Munns (2002)
observed that after initial decreased growth of leaf few minutes later, there is sudden
increase in growth rate until a new stationary state is formed, which totally depends
on salinity environment present around the root. The second response is not as fast as
first response. It will takes days, weeks or months. During second response plant can
accumulate salt in leaves which leads to toxicity. Older leaves accumulate salt first,
then the younger leaves accumulate. Salt toxicity leads to reduced total photosyn-
thesis leaf area and sometimes death of plants also happens. Munns (2002) reported
on carbon balancing in plants; when photosynthate supply is disrupted, overall
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carbon balancing is also affected. Munns and Termaat (1986), Munns (2002, 2005)
and Munns et al. (2006) reported that if accumulation of salt in leaf occurs, salt load
increases in leaf vacuole; it will increase salt concentration up to its toxicity level and
leads to leaf death and morphological injury in plants. Through reduction in total
photosynthetic leaf area and leaves dying we can determine the survival of the plant.
In case whether the ratio of production of young leaves greater than old leaves die
which leads to high flower and seed production because sufficient amounts of leaves
till remain for photosynthesis process. If whole process would altered i.e. the
formation of new leaves slower than the old leaves death, the life span should be
decreased and plant will die. In that condition there is no sufficient photosynthate
supply occurring during reproductive stage and produce non-viable seeds. Based on
this two-phase concept, both salt-sensitive and salt-tolerant plants show reduction in
growth parameter during initial stage due to salts present outside the root changes
their osmotic effect. Munns et al. (2006) reported that in the second phase, there is
difference between a salt tolerance species and sensitive species, because the sensi-
tive species has inability to prevent accumulation of salt during transpiration process.
Accumulated salt becomes toxic for plant species. Evaporation and transpiration
process makes soil concentrated because of loss of pure water from plant parts
(mainly from leaves). During evaporation process, the water is lost from soil and
salt concentrates become more in soil. During irrigation process, if concentrated soil
presents at that time there is less chance to flash out salts and the salts rapidly reached
at their toxic level which is injurious for plant growth and development for salt-
sensitive species.

Above 50 Mm salinity level can cause various negative impact on plant growth
and development like inhibited root and shoot growth in various mesophytes. In
salinity condition stomatal closure activity is also observed which has negative effect
on photosynthesis rate, respiration rate and transpiration rate. Sodium chloride
(NaCl) reduced all the parameters including root length, plant length and number
of leaves. Salinity stress also effect the seed germination and plant survival percent-
age with concentration of salt (Fig. 3). Therefore, we can easily say that when salt
concentration increases it leads to reduction of the plant survival rate and seed
germination. With increasing concentration of NaCl accumulation of salt in shoot,
it will show a negative effect on shoot growth leading to necrosis morphological
injury. Presently because of salinity in many species like cotton, spinach stomatal
closing process occurs. During stomatal closed condition, it inhibits respiration and
transpiration process. Some species of crops like bean and maize are more sensitive
against salinity stress. So, because of salinity the enzyme which is responsible for
nitrogen assimilation process is also negatively regulated. Salinity condition can
inhibit the activity of enzyme nitrate reductase which helps to reduced nitrate to
nitrite. It also effects the uptake and transport of nitrate from shoot and root and
thereby causes reduction in growth rates. Salinity stress also effect the ion transport
system of plant like it inhibits uptake of potassium and monovalent cations.
Bayuelo-Jimenez et al. (2003) observed from his studies that plants like beans and
maize salt in-tolerant plant have ability to exclude Na* whereas Gorham (1990)
observed that bread, wheat and some salt-tolerant species reduced the transport rate
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Fig. 3 Graph shows the relationship between percent germination and time. (i) Blue curve shows
the percent germination under low salinity condition. (ii) Yellow curve shows about the percent
germination under moderate salinity. (iii) Red curve shows about the percent germination under
high salinity (Lauchli and Grattan 2007)

of Na* to shoots. Reproductive and vegetative stages would be affected under
salinity stress which has founded implications based on whether the harvested
organ is leaf, fruit, fibre, stem, leaves, shoot and grains and fruit. During saline
condition plants life cycle is also affected, because in wheat and rice it will affect the
flowering stage and maturity stage. Salinity also reduces more shoot growth as
compared with root growth, so number of florets per ear reduced and sterility rate
increased (Fig. 4). According to Munns (2002), metabolic and cellular process are
also affected similarly like in drought stress condition. New leaves production rate is
mainly depending on soil water potential. If water potential is low, then it will uptake
more salt concentration from root as compared to water which leads sometimes to
toxicity to plant growth and development. In growing tissues, the salts itself do not
build up at toxicity level which inhibit their growth (phloem meristematic tissues are
faded largely). Salt which is taken up by plant does not directly inhibit the growth of
new leaves because through xylem salt is passed to different locations in plant parts
and in vacuole it is stored. Salt stress have more negative impact on shoot than root
growth; therefore it reduced the flower number and increased sterility rate of plants.
Salinity stress mainly effects the seed germination process; sometimes it could delay
germination process, although most plants are adapting to the salinity environment
by changing their cellular modification and there may be no difference occurring on
seed germinating process. At low salinity, during photosynthesis process CO,
uptake increases as compared to control. But if salinity is higher, it will have
negative effect on plant contents like amino acid, cellular proteins, soluble sugar
concentration, starch and sucrose. Proline content has shown different results like at
lower salinity it will be increased (1-3 mS cm™') and at higher salinity (8—-
11 mS cm™") it will be decreased. At 24 mS cm ™' salinity glycine betaine and
proline both accumulations were high but as compared to proline accumulation of
glycine betaine is more. When NaCl concentration increased in the growth medium,
it could affect the chlorophyll pigments. Chl a content decreased more as compared
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Fig 4 Effect of salinity stress on plant growth and development. Salinity affects the ‘chl’ pigment,
rate of photosynthesis, gaseous exchange and stomatal structure. It can also disturb the basal portion
of plant via disturbing their ion and water absorption, homeostasis imbalance

to Chl b content and same result was found in carotenoid condition with respect to
salinity.

Water Stress

According to Bohnert and Jensen (1996), in abiotic stress several stress were
included but water stress is the major stress faced by the farmers for their crop
cultivation. Under water-deficit condition water potential and turgor pressure of
plant could be low so that plant lost their ability to do normal physiological
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Fig. 5 Water stress have negative impact on plants . It decreases its sterility rate, transpiration
process and growth of plant. Qualitative parameters like grain size and grain quality are also
affected under water stress condition

functions. Drought occurs in many parts of the world every year, which is frequently
experienced in the field grown plants under arid and semi-arid climates. Due to water
stress numerous changes have been observed in plants related to its growth param-
eters mainly. Non-woody plants consist of about 80-90% water and water is the
major medium for transporting the minerals and nutrient to all over the plant for
doing their physiological functions. Mainly two reasons are responsible for a plant to
experience water stress. First is limiting water supply to the root and second one is
transpiration rate becomes high. Water stress are mainly caused by saline stress or
drought condition. The primary cause of water stress is drought and high soil
salinity. During high saline soil flooding, temperature-stressed plant is unable to
take water from soil through roots due to ‘physiological drought’. Drought, as an
abiotic stress, is multidimensional in nature. Drought affects plants according to their
level of organization. If drought occurs for a long time, many plants will dehydrate
by losing H,O during the process of transpiration and evaporation and die. Water
stress have negative effect on photosynthesis and chloroplast. Water potential of the
cell should be reduced and elevate their solutes into extracellular matrix. When leaf
(expressed per unit leaf area) is expose to mild water stress, it shows very little
response in leaf growth because it decreased the photosynthetic activity in plant
(Fig. 5). However, we can say that stomatal conductance and leaf photosynthesis are
affected by mild water stress. During early stage of water stress if stomata closure
occurs, water use efficiency should be increased because stomatal closure inhibits
the transpiration process. If mesophyll plants are exposed to severe stress, then
dehydration condition occurs which inhibits the photosynthesis process and disturbs
cell metabolism process. Results came from many studies that water stress highly
effects stomatal conductance than photosynthesis. There is some relation between
stomatal conductance and photosynthesis process with CO, concentration. If high
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CO; is supply to plant, the effect of stress will be decline through which we can find
directly the difference between stressed or non-stressed plant. Sometimes question
arise in our mind ‘Does water stress directly affect translocation?’; in plant phloem is
used for translocation process. Transportation through phloem mainly depends on
turgor pressure. Under water stress condition the water potential of cell decrease so
turgor would be affected. Therefore, if turgor is low, then it will inhibit the translo-
cation and assimilation process. So, water stress indirectly effects the translocation.
However, from many experiments it concluded that translocation process is less
affected. Under water stress wheat plant growth shows a decrease in leaf water
potential and water content. Siddique et al. (2000) and Li et al. (2015) also observed
that in wheat plant canopy temperature is responsible for drought during anthesis and
vegetative growth. Under water stress reduced photosynthetic rate was observed in
wheat (Arora et al. 2001; Boudjabi et al. 2015). It is the hydraulic signal which is
responsible to recognize water stress in plant such as water potential, uptake of water
and turgidity (Novak and Lipiec 2012). Under water deficit condition,translocation
of water inhibited because there is no transport of water occur through xylem, which
leads to wilting of leaves.

Another relationship was observed between LWP and plants yield in rice
(Jongdee et al. 2002), soya bean (Djekoun and Planchon 1991), maize plant (Cary
and Fisher 1971), sorghum (Jones and Turner 1978), wheat (Winter et al. 1988),
sunflower (Boyer 1968), cotton (Grimes and Yamada 1982) and other many crops.
During field work experiments we can measure LWP by using pressure chamber
apparatus. Zhang and Davies in (1989) and Liu et al. in (2003) reported that during
water stress condition ABA hormone is responsible for stomata closure. Water stress
disrupt the cellular membrane and increase its permeability, which leads to efflux of
electrolyte from the cell membrane. Effect of water stress vary from species to
species in plants. In wheat plant had been observed more damage than maize plant
because loss of chl and H,O is more in Cy plants than C,4 plants. It is similar as
oxidative damage, because in oxidative stress there is increase in malondialdehyde
and hydrogen peroxide content. High amount of enzymatic and non-enzymatic
antioxidants is observed in C,4 plants. Nayyar and Gupta (2006) reported that leaves
and root of wheat plant have higher catalase activity as compared to maize. Under
water stress stomata closure occurs due to which carbon dioxide diffusion is
inhibited in leaves and second it can disrupt the metabolic activity of plant. There-
fore, CO, assimilation should be low in leaves. Flexas et al. (2004) showed that
downregulation of photosynthesis process under water deficit inhibits the plant
growth, yield and survival rate. Water stress causes a drop in photosynthetic
potential, which disrupts the metabolic process. It leads to decreased RWC (relative
water content) and assimilation of CO,. The ultimate result is that the RuBisco
activity is also disturbed which leads to decrease in photosynthesis and ATP
synthesis (Lawlor 2002). Sign of water stress is observed in rice plants by measuring
their chlorophyll pigment and senescence rate. Chlorophyll content is reduced in rice
plant under stress. Starch mobilization (in stem) is also affected by water stress,
which shortened the grain filling rate. Some enzymes are enhanced by water stress
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condition, e.g. sucrose phosphate synthase which gave positive response under
water.

During water stress condition, ABA accumulation and proline like osmolytes
process occur which is responsible for chlorosis and wilting of leaves. Cell division
rate would be effected so cell growth, cell enlargement process should be prohibited.
Sometimes under water stress reactive ascorbate, ROS and glutathione radical
scavenging compounds formed which negatively affects the plant growth and
development. When stomatal closure condition occurs, there is no gaseous
exchange, transpiration and carbon assimilation process occurring. Mineral uptake
and transport activity are also effected, leads to decrease leaf area and also alters the
assimilation process in plant organs. It prevents gaseous exchange, lowers transpi-
ration rates, and reduced carbon absorption rates during photosythesis. It would
decrease the mineral nutrition and their transport via affecting xylem and phloem
pathways. Assimilation of nutritive substances and metabolism process shows slow
in response and leads to decreased leaf surface area. Water stress altered the elasticity
nature of cell wall and homeostasis maintenance process is also disturbed. So, ion
distribution step is also disbalanced under water stress. In soya bean plant photo-
synthesis rate decreased with mild and severe water stress by 40% and 70%. Water
stress also disrupt the electron transport chain mechanism by shifting electron from
cytochrome to other alternative pathways. Ribas-Carbo et al. (2005) showed that
drought-subjected plants can increase their electron partitioning alternative pathway.
Electron partitioning to alternative pathways is seen to increase by 40% in drought-
subjected plants. Akir (2004) found that growing maize plants in a water-stressed
environment had a significant impact on growth indices such as plant height, leaf
area index, and grain yield (100-kernel weight) during harvesting. Under water
stress, plants have been found to lose 28-32 percent of their dry weight. Final dry
weight of plant also reduced 28-32%. It was totally supported by Baher et al. (2002).
Baher also added some more parameters from his study like decrease in total dry and
fresh weight of plants. Prolonged water stress also effects carbon assimilation and
exchange process of plants. Shoot-related parameters like stem yield, diameter of
plant stem, tiller count, plant’s height, number of leaves, essential oil rate and plant’s
biological yield also effected under water stress. Farahanil et al. (2009) reported that
there is increase in essential oil percentage in drought. In water-deficit condition
Abas (2006) showed decrease in auxillary shoots, length of auxillary shoot, and fresh
and dry herb yield. Prado and Maurel (2013), Sadok and Sinclair (2010) and Vadez
et al. (2011) reported that aquaporins channels are present on roots and leaves cell
membrane which are regulated by ABA during stress. Plants response towards stress
mainly depends on field condition, plant species and plant developmental behaviour
(Mittler and Blumwald 2010). Vigna catjang showed directly proportional result of
proline content and hydrogen peroxide to water stress. Under drought condition
auxin and activated cytokinin play important role, auxin level increase in roots as
compared to shoots (Pospisilova et al. 2005; Dilrukshi et al. 2015). Havlova et al.
(2008) measured the response of hormone by primary root growth. Gupta et al.
(2001) and Allahverdiyev et al. (2015) observed information from the experiment of
water stress during anthesis stage and showed the reduction in result of test weight,
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grains number, harvest index and biological yield. A thicker cuticle layer aids in the
reduction of water loss through transpiration. Because the cuticle layer accounts for
5-10% of total leaf transpiration, it has been destroyed if the leaf has been exposed to
extreme stress.

Temperature Stress

Temperature stress is classified into three categories, namely, heat stress, chilling
stress and freezing stress. Temperature stress have negative impact on plant growth,
photosynthesis, and germination rate. Severe stress may change their molecular
process and results in death of plant. Various studies have been done at macrolevel
and microlevel of plants. But still many questions arise from temperature stress.
First, how plants sense these changes occurred through change in temperature and
translate these signals into particular reactions. From many studies we observed that
it is PIF4 protein which is responsible for detection of temperature. During cold,
PIF4 becomes less active so plant doesn’t follow their normal growth pattern. During
chilling stress, PIF4 is less active—in other words, the plant rarely grows and does
not follow normal growth pattern. PIF4 is highly active at high temperatures; it acts
as growth-promoting genes, so plant grows taller. Till date, PIF4 complete function
is unknown.

Chilling Stress

Temperature at which freezing process does not occur is called chilling temperature.
Plants are submitted to a chilling stress when exposed to low non-freezing temper-
atures. Some plants are sensitive to chilling stress. Sensitive plants when exposed
under chilling stress did not follow their regular development function properly.
These plants will develop chilling stress symptoms morphologically and after some
time die. Some species of plant can change their molecular mechanism according to
stress and adapt the unfavourable environment. Boyer (1982) gave the definition of
chilling temperature, i.e. temperature range 0-20 °C (non-freezing) has been recog-
nized as chilling temperature. In maize, rice, tomato and soya bean chilling stress is
having a major impact on plant growth. Temperature is a major determinant on
which wild or cultivated crops distribution of species depends mainly (Woodward
et al. 2004). Chilling sensitivity mainly varies from species to species and their
ecotypes. Chilling stress symptoms were observed at cellular and subcellular level. It
also has an impact on species at the molecular level, altering protein folding
complexes, disrupting enzyme reaction rates and destabilizing protein structure,
lowering photosynthesis rates and accumulating reactive oxygen species, and mak-
ing cell walls stiff. Lyons (1973) observe that tropical, subtropical and temperate
latitude are chilling sensitive. Warm habitat plants are injured when exposed to low,



Impacts on Plant Growth and Development Under Stress 75

Table 1 Chilling sensitive of selected species with symptoms

Common
Species type name Observation
1. Chilling-sensitive
Cucumis Cucumber | Chloroplast swelling, thylakoid dilation, randomly tilted grana
sativum stacks, formation of peripheral reticulum. In stroma accumula-
Glycine max Soya bean | tion of lipid droplets and special type of thylakoid like serpen-
Fragaria Strawberry tine observed . . . o .
virginiana Cl.lloroplast.s disintegrate with prolonged chilling. No injury in
- mitochondria
Lycopersicon Tomato
esculentum
Nicotiana Tobacco
tabacum
Zea mays Maize
Nicotiana Tobacco
tabacum
Phaseolus Common
vulgaris Bean
Paspalum Dallis
dilatatum Grass
Pisum sativum Pea
Sorghum spp. Sorghum
2. Extremely chilling sensitive
Episcia reptans | Flame Chilling-induced injury also observed in mitochondria
violet Rapid chilling injury results in cell lysis
Saintpaulia African
ionantha Violet
Vigna radiata Mung
Bean
Ephedra Ephedra
Vulgaris
Gossypium Cotton
hirsutum

non-freezing temperature. Plants such as maize (Zea mays), banana (Musa sp.),
tomato (Lycopersicon esculentum), cotton (Gossypium hirsutum cucumber
(Cucurbita sp.) and soya bean (Glycine max)) are particularly sensitive and will
exhibit signs of injury when exposed to temperature below 10-25 °C (Table 1). Even
some temperate plants such as potato, asparagus and apple experience injury at
temperature above freezing (0-5 °C). Chilling injury stress mainly depends on
species, age of the plant and duration of the low temperature exposure . Young
seedlings typically show injury signs like wilting, chlorosis and reduction in leaf
expansion. In extreme cases reproductive stages are also sensitive to chilling tem-
perature; results observed in these conditions are browning and appearance of dead
tissue(necrosis) and at the time of anthesis (floral opening) sterile flower.
Lycopersicon esculentum 1is strongly affected by a growth temperature of
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10-12 °C. On the contrary, the wild tomato Lycopersicon hirsutum has mainly ten
different ecotypes and each ecotype represents different response against stress.
Physiological age is another factor that controls chilling. In orchid Phalaenopsis,
younger leaves are more sensitive than older leaves. Reproductive phase is one of the
main phases which is sensitive against chilling stress. Failure during reproductive
stage is an example of chilling injury. Pfannschmidt (2003) said that chilling stress
response in chloroplast could be observed by calculating their photosynthesis rate
(Fig. 6). Photoreceptor and membrane have ability to sense the change in tempera-
ture. Photosynthetic complexes are mainly present in thylakoid membrane. Low
temperatures can make the enzymatic photosynthesis activity slow by providing
rigidity to the cell membrane. Lipid composition of chloroplast membrane plays an
important role in plant photosynthesis. Fujii et al. (2017), Jung et al. (2016) and
Legris et al. (2016) observed that the thermosensory molecules are sensed by
phototropins and phyB photoreceptor which perceive temperature fluctuation.
According to Kodama et al. in 2008 Phototropin 2 is a blue light receptor which
optimize the photosynthesis process under cold avoidance response. Calvin cycle is
also effected by chilling stress by reducing their enzymatic activity. In chilling-
sensitive plants low temperature caused uncoupling in thylakoid reaction and
effected site is H-ATPase (Peeler and Naylor 1988; Terashima et al. 1989a, b).
Sonoike (1995) observed that low temperature in cucumber leaves destroyed the
ETC components like Fy, F chain unit like F, Fg and PQ A; in the Fe-S centre of
PSI. Result came from different studies told low temperature cause irreversibly
damage the photosystem (Tjus et al. 1998a, b; Teicher et al. 2000; Kudoh and
Sonoike 2002; Zhang and Scheller 2004; Zhang et al. 2014). Lipid composition
plays an important role in sensitive and tolerance response under chilling tolerance.
In chloroplasts phosphatidylglycerol plays an important role in photosynthetic
process. Somerville (1995), Wu et al. (1997) and Routaboul et al. (2000) said that
the distribution of unsaturated fatty acid chains is greatly affected under chilling
environment. Pribil et al. (2014) and Li and Yu (2018) reported some additional
lipids in thylakoid membrane like digalactosyl diacylglycerol (DGDG),
monogalactosyldiacylglycerols (MGDGs), sulphoquinovosyl diacylglycerols
(SQDGs) and phosphatidylcholine (PC). Novitskaya and Trunova (2000),
Degenkolbe et al. (2012) and Skupieni et al. (2017) did experiment on membrane
fluidity affected under stress and result showed that in some cases chilling would
change the membrane composition from compactly arranged into open type which is
responsible for membrane fluidity, e.g. cucumber .Cold stress positively effects the
wheat plant result as increasing its number and size of chloroplast and length of
grana (Venzhik et al. 2016). During chilling stress, for maintenance various
RNA-binding proteins are needed, and if they are lost or mutated, then yellow and
pale leaves occur (Kusumi et al. 2011; Kupsch et al. 2012; Gong et al. 2014; Song
and Zhao 2014; Zhang et al. 2016; Cui et al. 2018). RNA binding protein is also
responsible for seed germination process. Under low temperature stress, Gong et al.
(2014) and Wu et al. (2016) found that gene alteration at the transcriptional level
occurs. Chilling stress had a negative impact on ETC, and genes involved in RNA
and protein synthesis were also affected (Liu et al. 2010; Gu et al. 2014; Wang et al.
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Fig. 6 Effect of chilling stress on male gametophyte, female gametophyte, flowering and grain
filling

2016; Morita et al. 2017). Mutations in RNA genes like tcd5 result in disrupting the
synthesis of chlorophyll, which leads to chlorosis and inhibition of growth of plant
(Liu et al. 2010; Gu et al. 2014; Wang et al. 2016; Morita et al. 2017). In cotton plant
seed germination process should be downregulated against chilling stress. Various
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types of chilling stress symptoms were observed; e.g. decrease in crop yield, stunted
plant growth, appearance of necrotic patches and tissue dehydration leads to wilting
of leaves. In banana, severe damage is shown when changing its colour from green
to black. Chilling stress causes rubbery texture and uneven ripening of tomatoes and
cucumber fruits by collapsing the subcellular cells (Lyons 1973; Van Dijk and
Brown 2006) and lignification (loquat fruit; Cai et al. 2006; Crisosto et al. 1999).
If tobacco and maize plants were subjected to continuous chilling effect, severe
changes occur in plants like altering the membrane composition, unstacking of grana
and destroying the chloroplast envelope. In some species, swelling and dilation of
mitochondria process occur when exposure is for 6 h at 5 C; e.g. Episcia reptans
chilling stress also effect the nucleus structure like chromatin condensation. Chilling
stress also affect the subcellular compartment like chloroplast and mitochondria.
Starch granules are reduced and are small in size (Fig. 6). Vesicles also arise from
envelope of endoplasmic reticulum called peripheral reticulum in the exposure to
chilling. Chilling stress also effect some cellular changes like structure and compo-
sition of membrane. Chilling stress also cause leakage of ions and plasmolysis
process. It altered the plants’ metabolic activity like increase in the concentration
of carbon dioxide and help in production of ethylene. Ethylene production causes
senescence and falling of leaves. Chilling stress also caused anaerobic respiration
and abnormal metabolic activities. Ornamental and indoor plants are very sensitive
against chilling stress which leads to stunted growth and may be killed. Plants also
show necrotic area on leaves in the presence of low temperature. After chilling
necrotic area also appears on leaves. Low temperature also effects the membrane
integrity through which all the fluid moves towards intracellular spaces. Chilling
condition also affects vascular strands by changing its colour into brown colour,
e.g. Avogado. Life cycle of plants could be affected because ripening time of fruit
had changed. If ripen timing is changed, then aroma and flavour will also be
changed. Sweet potato propagules, for example, lost their capacity to sprout under
a cooling environment.

High Temperature Stress

High temperature (HT) stress is one of the most affective abiotic stress which highly
effect the plant metabolic activity, its length, yield and productivity. Plants include
different types of biochemical activities which are sensitive to high temperature.
Plants have both positive and negative aspects towards high temperature; it varies
from species to species. Above 45 °C temperature has adverse effect on plant and
plants are unable to survive. Because of high temperature plants show dehydration
condition. Hydrated and non-growing tissues are less affected and survival rate is
more as compared to unhydrated and growing tissues under high temperature. Seeds
and pollen grains are good example of dehydrated tissue. Different plant organs had
shown different tolerance rate; e.g. dry seeds endure 120 °C, pollen grain can endure
70 °C but some growing tissues are sensitive at 45 °C. Various problems are faced by
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plant under conditions of high radiations and temperature of a leaf by 5 °C. Plants
such as Tidestromia oblongifolia and some desert grasses thrive at temperature up to
50 °C. Up to a certain level the vegetative growth like leaf appearance and node were
increased with increase in temperature. In several plant species, reproductive devel-
opment generally has lower tolerance to temperature than vegetative development.
Hatfield et al. (2008, 2011) reported that exposure to high temperature during
reproductive stage would affect pollen viability and fertilization process. Even
after returning to 30 °C following a temperature increase from 30 °C to 33 °C during
the endosperm division phase, the size of the kernel and its development were
recovered (Ouattar and Crookston 1984). Commuri and Jones in 2001 observed
that high temperature (above 30 °C) effect on maize plant, cell division, and size of
grain and harvesting yield reduced. It also damaged amyloplast replication. First of
all, growth phase mainly affected germination step. High temperature stress also
decreased the seed germination rate and it varies from one species to another (Johkan
etal. 2011; Kumar et al. 2011). Various steps involved during seed germination were
altered like seedlings are abnormal. Radicle and plumule growth would be reduced
and seeds vigour also changed during temperature stress. Essemine et al. (2010) also
reported that high temperature inhibits seedling production. Above 45 °C in wheat
plant the seed germination rate will be reduced and sometimes embryo is damaged
and caused cell death (Cheng et al. 2009). Rice cultivar exposure to high temperature
reduced plant height, number of tillers and total biomass (Mitra and Bhatia 2008).
Some vascular plants have ability to tolerate and survive the temperature above
50-55 °C, e.g. agave and cacti. Herrero and Johnson (1980), Schoper et al. (1987)
and Dupuis and Dumas (1990) reported if temperature is more than 35 °C pollen
viability decreased in maize plant. Because vapour pressure plays an important role
in pollen viability. Due to high temperature vapour pressure deficit enhanced and
pollen viability would be decreased (Fonseca and Westgate 2005). Rice (Orzya
sativa L.) shows a similar response(maize) against temperature because it also
declines in pollen viability when it exceeds 33 °C (Kim et al. 1996) (Table 2).
High temperature most sensitive physiological activity of plant is photosynthesis
(Crafts-Brandner and Salvucci 2002). In chloroplast, thylakoid membrane is the
primary site of injury at high temperature (Wang et al. 2009; Marchand et al. 2005).
Heat temperature changes the organization of thylakoid structure and causes swell-
ing of grana and loss of grana stacking under heat stress. Under HT's the photosystem
II (PSTI) activity should be decreased and effect the photosynthetic pigments (Fig. 7).
The decline in chl pigment also is a result of heat stress observed in sorghum at 40 °C
during day and 30 °C at night. In soya bean plant heat stress significantly decreased
parameters, e.g. 18% decrease in total chlorophyll content (18%) and chlorophyll a
and a/b ratio also reduced. Stomatal conductance and net photosynthesis rate also
reduced in soya bean plant under high temperature. Biochemical parameters like
total soluble sugar content of leaf and sucrose content also declined in heat condi-
tion. If rice plants are exposed to temperature 33° for 5 days, it leads to decreases in
photosynthetic rate. Greer and Weedon observed that with increasing temperature
from 25 to 45 °C average rates of photosynthesis of Vitis vinifera leaves decreased
by 60% due to stomatal closure. If heat stress continued with plant, it would destroy
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Table 2 Effect of high temperature stress on plant species

N. Yadav et al.

Crops with

common

name Heat treatment on various growth stage Major effect

Capsicum During mature and reproductive stage if Seed per fruit number changed

annuum exposure to 38/30 °C fruit and reduced fruit weight and

(Chili width

pepper)

Oryza At heading stage if Exposure to temperature | Pollen viability decreased and

sativa above 33 °C for continue 10 days spikelet fertility rate should change

(Rice)

Triticum At maturity stage or during grain filled if Grain filling steps, maturity will be

aestivum temperature is 37/28 °C for 20 days completed in short time and kernel

(Wheat) weight and yield reduced

Hordeum At maturity stage if exposure to 30/40 °C Thylakoid membrane changed its

vulgare composition, chl content reduced,

(Sorghum) antioxidant enzyme activity
decreased, increased reactive oxy-
gen species ROS, also disrupt ETC
by decreasing photosystem II
(PSII) photochemistry, yield com-
ponent less in number found

Zea mays During reproductive stage for continuing Reduced the supply of photosyn-

(Maize) 14 day exposure to temperature 27/35 °C thate which decrease the synthesis

(night/day) of cellulose and hemicellulose.

Decrease ear expansion and cob
length

Glycine On flowering stage if 14 days temperature is | Spongy and palisade tissue layer

max 38/28 °C (day/night) increased its thickness, decreased

(Soya bean) stomatal conductance of leaf,
destroy plasma membrane struc-
ture, cristae, matrix and mitochon-
drial membrane would be distorted

Nicotiana Early growth stage if 43 °C for 2 h Net photosynthetic rate decreased,

tabacum apparent quantum yields also

(Tobacco) decreased, reduced carbon dioxide

efficiency during photosynthesis,
antioxidant enzyme activity also
negatively affected

all stored carbohydrate reserved food and plant leads to starvation. At reproductive
stage exposure to heat stress had shown negative effect on seed and fruit production
(Fig. 7). Floral bud and flower would be aborted at high temperature stress. Heat can
damage the meiosis process in male and female floral organs, causing pollen tube
development to be disrupted, ovule viability to be lost, and stigma and style position
to be shifted. The reasons behind increasing sterility is HTs, because of impaired
meiosis in female and male organs, disrupted pollen tube, disappearance of ovule
viability, stigmatic and style positions had changed, number of pollen grain
decreased by stigma, interrupted fertilization process, restrict the endosperm growth,
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Fig. 7 Diagram shows how high temperature affects plant activity. It can reduce crop quality,
decrease plant growth and inhibit germination of seed

due to unfertilized and pro-embryo condition numbers of pollen should be decreased
on the stigma which caused the sterility of seed in rice plant (Hurkman et al. 2009;
Ahamed et al. 2010). In rice pollen germination decreased up to 36% than control
and increased sterility in spikelet up to 61% as compared to control under high
temperature. Hay and Porter (2006) and Reynolds et al. (2007) reported that high
temperature affects the photosynthesis process because of alternation occurring in
membrane stability. Therefore the respiration costs would be enhanced. This state-
ment is supported by Cicchino et al. (2010) and Hogy et al. (2013) in wheat and
maize crops. If exposure to high temperature occurs during flowering stage, it will
show reduction in yield component and grain filling process will also be
uncompleted. High temperature 33—40 °C in maize significantly affects the plant
biomass and light capturing capacity of plants. In maize, millet and sugarcane reason
behind reduced relative growth is reduction in net assimilation rate under HTs.
Morphological symptoms arising from heat stress are sunburn patches on leaves
and twigs. Ht promotes the leaf senescence and abscission process and it will
damage the fruit by producing discoloration effects. Mohammed and Tarpley in
Mohammed and Tarpley (2010) showed that in sugarcane plant drying and rolling of
leaves occur under heat condition. Heat stress reduced the number of tillers in wheat
crops when temperature is 30/25 °C during day and night. In wheat with promoted
shoot elongation, number of tillers reduced under heat stress falling on day and night
time. HT can alter the total phenological life cycle of plants, duration of grain filling,
size of grains, etc. This action causes denaturation and aggregation of proteins in
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Fig. 8 Shrinkage of petals and Leaf burn due to high temperature

plants under intense heat stress, and particular cells and tissues follow a programmed
cell death cycle (Fig. 8).

High temperature muted the chloroplast omega-3 fatty acid saturase, which is
found in the chloroplast membrane of tobacco plants, according to Murakami et al.
(2000). PSII is highly sensitive against the heat temperature stress. Spring wheat for
their growth needs hot climate, so it shows positive effect under heat stress by
increasing its photosynthetic rate per unit leaf area and increasing in kernel number
(Reynolds et al. 1994). During anthesis stage kernel number and dry spike weight
correlate to each other (Fischer 1985). Heat stress affect the various stages of plant
but primarily effect the seed germination process negatively in wheat plant (Johkan
et al. 2011; Hossain et al. 2013; Essemine et al. 2010; Yamamoto et al. 2008). High
temperature sometimes worked as ethylene hormone by boosting the abscission of
leaves via reducing photosynthesis and reducing plant growth and meristem length
(Kosova et al. 2011). If night temperature reached up to 25 °C, it will affect the tiller
production process in plant and leads to decrease in number of tillers (Rahman et al.
2009). According to Nawaz et al. (2013), Bennett et al. (2012) and Yu et al. (2014),
reproductive stage of wheat represents the detrimental stage of heat stress,
e.g. temperature rise by one degree from the optimum leads to decrease in yield
component in wheat. High temperature will change the protein expression by
degenerating mitochondrial membrane. Reduced ATP accumulation in membrane
and oxygen uptake in wheat embryo leads to decreased seed quality, seed mass, seed
size and seed germination process (Balla et al. 2012; Hampton et al. 2013). Increase
in temperature by 1-2 °C from optimum temperature reduces its seed mass by
shortening the period of grain filling cycle in wheat (Nahar et al. 2010). Daily
minimum night temperatures above 15 °C occur in many subtropical and tropical
zones where cowpeas are grown (Nielsen and Hall 1985). In ‘Groundnut’ if during
morning there is high temperature exposure, then fruit set reduced, whereas after-
noon no effect was found on fruit set (Vara Prasad et al. 2000). An early morning
flowering line was bred and found to flower a few hours earlier and showed less
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spikelet sterility than the parental cultivar which flowered when temperatures were
higher (Ishimaru et al. 2010). In tomato, because of heat stress failure of fruit set
occurs (reduced yield) (Peet et al. 1997; Zhang et al. 2011, Zhang et al. 2012). High-
temperature stress also affect many physiologic traits, including fresh and dry weight
of plant and leaf area in tomato (Shaheen et al. 2016; Zhou et al. 2017). Other
vegetative effects include reduced photosynthetic efficiency (Bar-Tsur et al. 1985;
Criddle et al. 1997), reduced assimilate translocation, reduced mesophyll resistance,
and enhanced disorganization of cellular organs (Chen et al. 1982). The most
damaging impact is on fruit yield. The yield reduction is related primarily to reduced
fruit set, which may not occur for many reasons, including adverse effects on meiosis
of ovules and pollen mother cells, reduced pollen shed resulting from impaired
development of the endothecium in the anthers, stigma position (exerted under heat
stress), number of pollen grains retained on stigma, pollen germination rate, growth
of pollen tube, ovule viability, fertilization—postfertilization processes, and
endospermic growth (Driedonks et al. 2016; Peet et al. 1997; Sato et al. 2002;
Zhou et al. 2017). Other indirect yield-reducing effects of heat stress include fruit
cracking, malformation of fruits (e.g. cat facing), and a malformed blossom-end scar.
In sum, heat stress reduces the fruit number, quality, and marketable yield of tomato.
In cowpea genotypes during floral bud formation exposure to heat stress degenerates
the floral bud. Degenerated floral bud will not be able to produce any type of flower.
Floral bud with arrested growth at red (655—665 nm)/far-red (725-735 nm) ratios of
1.3 or 1.6 are able to grow under high temperature but if ratio increased 1.9 then
growth will be prohibited (Ahmed et al. 1992).

Elevated CO, Affecting Plant Development and Morphology

When the Industrial Revolution started in atmosphere the CO, concentration started
increasing day by day and now it has reached 400 ppm from 280 ppm (Meehl et al.
2007). CO, directly regulates the downstream process in plant development by
affecting gas exchange mechanism during photosynthesis (Ainsworth and Long
2004). Because of potent greenhouse nature of CO,, it has also direct effects
which contributes to climate change and global warming (Meehl et al. 2007). In
response to elevated CO,, C; species increased biomass on average 20% (Ainsworth
and Long 2004; Reich et al. 2014) reported that water, nutrient and CO, relationship
also play important role in biomass production. Those regions which contain
sufficient amount of water, nitrogen and have high CO, increased plants biomass
above the ground surface up to 33% in grassland as compared to lower nutrient and
drier condition. Many species with elevated CO, concentration root biomass, shoot
biomass and yield of crops also positively increased with CO, concentration,
e.g. wheat, rice, peanut and beans (Reviewed in Madhu and Hatfield 2013;
Reviewed in Hatfield et al. 2011). Dermody et al. (2006) reported from his studies
that increase in CO, concentration increased leaf size and leaf nodes in soya bean
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plant and increased underground root region, root length and production of nodule;
pod and seed number also increased with exposure to high carbon dioxide (Morgan
et al. 2005; Bishop et al. 2014). Elevated carbon dioxide helps to increase cell
division process and regulates the expansion process which is responsible for
making leaf big in size in poplar and soya bean. Variation in genotype is also
induced by carbon dioxide concentration, e.g. hybrid Populus euramericana.
Young and old leaves would increase in size by changing the spongy and palisade
cells size in developing leaves (Taylor et al. 2003). Masle (2000) reported in wheat
that increased CO, had cell specific in nature in case of leaf anatomy than epidermal
anatomy. Evidence of cell wall expansion effect had been shown in poplar, but it is
totally dependent on age of leaf (Ranasinghe and Taylor 1996; Ferris et al. 2001;
Taylor et al. 2003). Under elevated CO, condition mainly three types of growth
response occur, species specific, temporally specific and spatially specific. Leaves
mostly follow species specific cell type for their response. Woodward and Kelly
(1995) observed that in Arabidopsis stomatal index also reduced with elevated CO,
concentration. Same result was reported by Gray et al. (2000) with reference to
stomatal index. Elevated CO, exposure results as reduced stomatal density in
Arabidopsis (Engineer et al. 2014). Further work was done by Engineer et al.
(2014); they observed that in extracellular signalling pathway carbonic anhydrases
used for CO, contribution over stomatal development. To identify QTL for stomatal
response to elevated CO,, mapping population of P. trichocarpa and P. deltoides
were utilized (Ferris et al. 2002). QTL for stomatal trait responsiveness to elevated
CO, were identified by authors, but candidate genes of these species have not been
identified (Ferris et al. 2002). Shoot architecture would be altered by carbon dioxide
concentration because in soya bean plants number of vegetative nodes present on
shoot increased (Dermody et al. 2006). Some shoot architecture modification was
also noticed in wheat plants, e.g. number of branches and tillers increases and
meristem length will also be promoted (Christ and Korner 1995; Nicolas et al.
1993; Slafer and Rawson 1997). Rice plants also positively responded against
CO2 elevation by increasing plant height and number of tillers on plant (Jitla et al.
1997). Morita et al. (2015) identified some binding proteins for chlorophyll and
starch accumulated responsive regulators present in rice, e.g. CRCT and
CONSTANS. CRCT stands for chlorophyll a/b Binding Protein. If CRCT
overexpression occurs in leaves, starch accumulation also increased, which is
responsible for the production of wider lateral branches by modifying the tillering
angle (Jin et al. 2008). Carbon metabolism is also altered by elevated CO,. Increases
in transcription rate, which is responsible for starch, sugar metabolism, glycolysis,
TCA cycle, and Electron Transport Chain, carbon assimilation during photosyn-
thetic process, and respiration rates during night were observed in soya bean by
Leakey et al. (2009) and Fukayama et al. (2011). Similarly result was given by
Markelz et al. (2014) in Arabidopsis plant. Photosynthesis process and growth
would increase under elevated CO, exposure in some members of Fabaceae family
(Legumes) and C, plant species (Rogers et al. 2009). Glucose act as signalling
molecules for plant growth and development and elevated CO, increases the flux of
carbohydrate and metabolite which is required for growth and root biomass. Rogers
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et al. (1997) reported that acquisition of water and mineral will increase root:shoot
ratio compared with control experiment. Gray et al. had performed Minirhizotron
experiments in soya bean plant at various soil depth (shallow, intermediate) and
the result shows that high CO, increased root length. Precipitation rate would be
low which is used for increasing root density nodule number. Crookshanks et al.
(1998) observed that forest and agriculture species root biomass increased
because CO, enhance their root length, its diameter and root branching, and lateral
root number (Madhu and Hatfield 2013). Elevated CO, altered the root system
architecture, because CO, distributed the roots length towards water resources for
increasing water accumulation in root. Nutrients are distributed to various depth
under the soil region; it makes roots able to gather these nutrients from resources
(Lynch 2015). In sorghum, cotton and wheat, elevated CO, made modification on
shoot region more than root via increasing lateral root number (Pritchard and Rogers
2000). Rogers et al. (1992) did experiment on anatomically features who gave
statement that CO, positively affect the root diameter, cortex and stele region and
root volume. Crookshanks et al. (1998) observed from his experiment that there is
increase in cortical cell expansion and extensibility found in Arabidopsis. The CO,
concentration would affect the inter-specific genetic variation in root density in
Populus deltoides and Populus trichocarpa, with P. trichocarpa showing a stronger
root magnitude (Rae et al. 2007). Ions profile is significantly affected under CO,
stress which is responsible for reduction of nutritional quality like iron (Loladze
2014; Myers et al. 2014). Nitrogen and protein content in seed would decline under
carbon elevation (Jablonski et al. 2002; Myers et al. 2014). Jablonski et al. in 2002
collected data from 79 species which were growing under elevated CO, environment
during reproductive stage; he found that it shows positive response in many param-
eters, e.g. fruits, flowers and seeds number had increased up to 16-19% and seed
mass 25% with respect to control. Stimulation of seed yields mainly depend on
climate (CO,) it will be diminishing to zero dry and hot climate (Ruiz-Vera et al.
2013; Bishop et al. 2014). Morgan et al. (2005) observed the result of increased seed
yield is just because of increase in their pod number, seeds per pod and mass number.
Bishop grew 18 genotypes of soya bean in different growing seasons in 2014 and
achieved a 9 percent average rate of seed output, but the partitioning coefficient was
reduced to 11 percent (Bishop et al. 2014). Fruit production also varies from place to
place, e.g. under elevated CO, crop fruit increased on an average 28% while wild
species has showed less affect (Jablonski et al. 2002). CO, is also responsible for
delayed reproductive development in soya bean (Castro et al. 2009). Life cycle of
plants is altered by CO,, e.g. duration from sowing to harvesting in soya bean
species would be extended because of the production of new node (Dermody et al.
2006; Castro et al. 2009). But Arabidopsis plants did not show delaying process of
flowering (Springer and Ward 2007). But high CO, concentration alter the FLC gene
expression then delaying flowering process noticed in Arabidopsis genotype
(Springer et al. 2008). Elevated carbon dioxide causes delay in senescence in tree
species, e.g. poplar (P. tremuloides and P. euramericana) shows autumnal senes-
cence. Taylor et al. (2008) and Tallis et al. (2010) reported that anthocyanin pigment
process increased due to elevated CO, concentration; anthocyanin biosynthesis
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process positively increases in tree species (P. euramericana) which is used for
delaying senescence. Gould (2004) studied about anthocyanin’s pigment and gave
the statement that anthocyanin helps in protection from UV damage, pathogen stress,
and scavenging of ROS.

Heavy Metal Stress

In modern world various soils pollutants are present because of anthropogenic
activities, industries. Heavy metals are also included in these pollutants like copper,
cobalt, nickel cadmium, chromium in soil particle, lead and mercury in air and huge
amounts are accumulated in water ecosystem. Soil is most important for plant
growth because soil provide all nutrients. For seed germination, growth and survival
soil is nonrenewable and valuable source. Seeds are largely affected by heavy metal
stress by decreasing their germination rate. Wang et al. (2003), Ahmad and Ashraf
(2011) and Pourrut et al. (2011) reported about decreased root, shoot and dry weight
of plants. Cell membrane should be disrupted leads to productivity lost and seed
toxicity. Li et al. (2015) made the decreasing order of seed germination according to
metal Hg > Cd > Pb > Cu. Cadmium negatively effects reserved food material by
damaging the cell membrane due to which leakage of nutrient process occur. Food
mobilization into cell like glucose, starch, amino acid, and soluble sugar content are
disrupted by damaged cell membrane (Rahoui et al. 2010; Sfaxi-Bousbih et al.
2010). The accumulation and over-accumulation of lipid peroxidation products
was observed in seeds (Ahsan et al. 2007; Smiri et al. 2011). Sunflower seedlings
produce reactive oxygen species under copper stress. ROS produces oxidative stress
which decrease the catalase activity by altering the protein structure (Pena et al.
2011). Symptoms of metal toxicity (Cd, Hg) and water deficiency in barley had
shown similar effects. The effect of heavy metals in alfalfa produced oxidative stress
and depletion in glutathione was reported (Tamas et al. 2010; Hernandez et al. 2012).
Presence of heavy metal in soil highly affects seed germination process and seedling
growth (Zhang et al. 2002), as stress affects the seed germination in wheat. Reduced
radicle and plumule length of plant species would be observed under excess of As
concentration in soil, e.g. Helianthus annuus L. seedlings. In sessile plants roots are
the first sensory organ that encountered heavy metal stress. Heavy metal stress affect
the enzyme activity by reacting with protein sulphydryl group which affect the
protein metabolism of plant. Plants with damaged chloroplast membranes lose
photosynthetic pigment and nutrients, which is an indication of heavy metal stress
(Li et al. 2006; Singh et al. 2009; Ahsan et al. 2010). Keunen et al. (2011), Kikui
et al. (2005), Panda et al. (2009), Buendia-Gonzélez et al. (2010), Gangwar et al.
(2010, 2011), Gangwar and Singh (2011), Eleftheriou et al. (2012), Hayat et al.
(2012), Silva (2012) and Anjum et al. (2014) reported that all plant growth were
hampering under heavy metal toxicity effect, plants grown under heavy metal soil
had decreased growth and yield of plant. Doncheva et al. (2005), Sundaramoorthy
et al. (2010), Hossain et al. (2012a, b) and Thounaojam et al. (2012) studied that in



Impacts on Plant Growth and Development Under Stress 87

the presence of heavy metals, plants’ mitotic activity has been decreased in various
plant species, which consequently suppressed the root. Heavy metal affects the cell
division cycle, Cr caused delaying the cell cycle process which inhibits cell cycle
and results in reduced root growth (Sundaramoorthy et al. 2010). In chlorophyll
magnesium (Mg) molecule can be replaced with Ni (Kupper et al. 1996), and Ni
damages the thylakoid membrane and increases the degradation of chlorophyll
(Molas 2002; Gajewska et al. 2006).

Biotic Stress

Biotic stress is defined as the stress which is caused by living organisms. Bacteria,
fungi, nematodes, viruses and insects are some stress causal organisms. These
organisms produced disease in plants. Biotic stress reduced the crop production
rate, a 37.2% loss of rice, 28.3% yield loss of wheat, 40.4% loss of potatoes, 31.3%
loss of maize, 28.8% loss of cotton and 26.3% loss of soya beans (Wang et al. 2013)
(Fig. 9). Fungi, virus and bacteria cause different diseases to the plant, and fungi
caused disease more than any other. Bacteria, herbivore and other microorganisms
can cause wilting of leaves, root rot, seed damage and patches present on leaves.
Both the NO and reactive oxygen species (ROS) can be induced upon herbivory.
These plant defence molecules may be generated downstream from Ca”* signals
(and concomitant membrane depolarization) during plant defence responses to
herbivory. Similar to some pathogenic compounds released by fungi or microbes,
herbivores also introduce oral secretions into the wounded region of the plant. Many
pathologists observed that orally secreted compounds from insects are able to induce
Ca’ and membrane depolarization in plant cells (Mithdfer and Boland 2008;
Bricchi et al. 2010).

Biotic stress consists of damage to plants through other living organisms. For
controlling (fungi, bacteria) these types of stress various types of pests should be
used. Genes which are used for pigment formation and electron transport
downregulated by biotic stress. By collecting the host plant sample and sampling
time we can measure the total damage. Biotic stress can be downregulating the
photosystem I and Photosystem II reaction centre activities. ATP synthase activity
and light-harvesting complex which is associated with PSII would be prohibited
under biotic stress. De Vos et al. (2005), Devoto et al. (2005) and Coram and Pang
(2007) reported that not all proteins present in light-harvesting complex would be
downregulating but some remains same and not show any significant effect under
biotic stress, e.g. exposure to methyl jasmonate (MeJA) had shown rare effect. RAS
(root architecture) help to sense these changes and gave response against biotic
stress. Higginbotham et al. (2004) observed the RSA role in interaction of pathogen
and plants. Plant with high root length will have less fungal infection. In 7. aestivum
causal agents of root rot is Pythium ultimum and Pythium debaryanum, if the root
length is more than its rate of infection chances should be reduced. In contrast, Berta
et al. (2005) and Simonetta et al. (2007) gave statement from his studies that in
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Fig. 9 Pathogen-related biotic stress in plant and disease caused by pathogen

S. Iycopersicum infection Rhizoctonia is causal agent which reduced root length,
root tip number and magnitude of branching which absorb water from deep soil
layers and transport it to shoot for growth process. Therefore, we can say that there is
correlation between root length density and extent of pathogen infection. Root length
density is inversely proportional to rate of pathogen infection means if RLD
increases then rate of infection decreases. Even under sufficient soil moisture
environment present surrounding the plant, some pathogens have ability to reduce
plant water content in plant. For example, under high water potential condition
U. phaseoli infection in P. vulgaris had showed wilting effect not because of water
content but because of destroyed xylem. Duniway and Durbin (1971) reported that
some toxins were released from U. phaseoli which inhibit stomatal closure. If
stomata would remain open, it would not be able to control over water loss through
stomata and cuticle layer will be disrupted. Cells reduced its water potential because
of stomatal opening. Drought affected shoot water potential, transpiration, and leaf
turgidity in the same way (Burman and Lodha (1996). M. phaseolina, the causal
agent of the diseases charcoal rot and stem blight in V. vinifera, exhibits combined
drought and biotic stress effects. The Xylella fastidiosa induced leaf scorch infection
exhibits a significant reduction in stomatal conductance and water potential of the
leaf, aggravating scorch symptoms more in drought stressed plants than in well-
watered plants (McElrone et al. 2003). Waxy nature of cuticle layer helps in



Impacts on Plant Growth and Development Under Stress 89

protection against pathogen. Marcell and Beattie (2002) exposed maize crop against
Clavibacter michiganensis pathogen which is causal agent of leaf blight. Experiment
was done on millet and maize crops with wild-type genotype and (gl4) glossy
mutants of Z. mays. After experiment they concluded that gl4 mutants contain
more bacterial colonies compared with wild type. Cuticle Marcell and Beattie
(2002) say it disturbs the waxy production pathway in the cuticle.
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Consequences of Climate Change Over Soil M)
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Alok Bharadwaj

Abstract Soil is our motherland that contains various minerals and lots of organic
matter in addition to air and water. Due to the strong connection between weather,
topology, and floral rate, the soil acts such a habitat in which a variety of microor-
ganisms survive freely. Among all ecosystems, soil has the most diversified ecosys-
tem around the world that possesses bacteria, fungi, protists, virus, archaea, etc.
These microbes have been found to perform various functions like increasing soil
fertility and crop yield, nutrient recycling for pollutant detoxification, and minimiz-
ing the production of greenhouse gases like methane and nitrous oxides. The
survival of all these microbial communities depends upon the relation among
weather, geology, and vegetation of the particular habitat. As per the data available
through Food and Agriculture Organization (FAO), due to soil erosion there must be
approximately 20-80% losses occurred in agriculture crop production, and this soil
erosion occurred due to various human activities and climate change. In this chapter,
the effect of climate change on soil properties has been discussed. The changes in
climate adversely affect the microbial diversity in soil; henceforth in the coming
future, it may result in decrease in soil carbon level, increase in soil-borne green-
house gas levels, and change in plant-soil interaction eventually resulting in the
decrease in soil fertility.

Keywords Climate change - Soil microflora - Population dynamics - Soil ecosystem
and nitrogen fixation

Introduction

It has been observed that change in the climate not only adversely affects the
microbial population but also affects the interaction between them (Wookey et al.
2009; van der Putten 2012). Natural microbial population possessed high degree of
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heat resistance, variation in life history behavior, and spreading ability. Among all
these microbial communities, there must be some interaction that may be beneficial,
harmful, or neutral depending upon the factors associated with climate change
(Vandenkoornhuyse et al. 2015). Previous studies revealed that climate change
adversely affect the interactions among different microbial species which results in
modified biodiversity and various ecosystems (Walther et al. 2002; Gottfried et al.
2012; Langley and Hungate 2014) including some studies focused on soil population
(Schimel et al. 2007; de Vries et al. 2012).

It has been found globally that change in climate is a key factor that affects the
soil microflora and subsequent processes. Soil microflora is considered to be the
most vital ecosystem because it has great diversity. Soil microflora consists of great
diversity including bacteria, algae, fungi, and viruses, along with protozoa and
nematodes. In the present scenario, change in climate occurs mainly due to the
total sum impact of biological disturbances along with the human interventions.
Moreover, due to these disturbances, it is very complicated to find out that how these
soil microbial communities will react to such situation. For any ecosystem, environ-
mental inconsistency is an essential component as some disturbances are unavoid-
able like seasonal disturbances, etc.

It has been found in several studies that microbes are the key player in exchanging
greenhouse gases between the soil and environment (Conrad 1996; Falkowski et al.
2008), but no literature was available for explaining the role of these soil microor-
ganisms in the evolution of earth’s climate. Moreover, soil microbial flora performs a
wide range of functions in the ecosystem like control of the amount of soil organic
matter, soil carbon sequestration, and release of greenhouse gases, therefore improv-
ing the soil physical health that results in better plant growth and also yield. Apart
from this soil microflora also helps in the decomposition of the organic matter,
secretion of nutrients made available for the growth of plants, and degradation of
toxic and harmful chemical substances along with enhanced mineral solubilization
that improves the soil health and also structure.

In the present chapter, a discussion was performed over the soil biodiversity and
their functions along with the impact of climate change over soil microbiome and
key methods of protection of soil biodiversity.

Biodiversity in Soil Microflora and Functions

It has been noticed that there is no adequate information available on the diversity of
soil microbial flora as well as the relationship between microbial diversity and soil
function (Lavelle et al. 1997; Wolterr 1991). Mostly these microorganisms play a
key role in various biochemical processes, e.g., degradation of soil organic matter
and increased microbial activity along with control over microbial diversity. More-
over, apart from mentioned activities, there are several mesophilic microbes that are
responsible for regeneration and also help in improving the soil organic matter
resulting in the recovery of soil health. However, in soil ecosystem some larger
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organisms (e.g., earthworms and myriapods) are present, and due to their burial
action, they have the capability to alter their habitat and thus transform the trophic
resource base of microbes which are small in size and have less motility (Lavelle
et al. 1997). Due to all these activities, voids are formed along with enhanced water
infiltration and development of stable soil aggregates resulting in the development of
a humic top horizon in soil.

Bacteria

As far as microorganisms are concerned, like bacteria and fungi, it has been observed
that they are major contributor of the energy flow (i.e., more than 90%) in soil
ecosystem (Coleman and Crossley 1996; Nannipieri and Badalucco 2003). Apart
from this, viruses are also the normal inhabitant in soil and are capable of infecting
all the living cells ranging from bacteria to large animals. Among these microorgan-
isms, bacterial population is found to be the maximum on the earth (Torsvik and
Ovreas 2002), and it has been calculated that approximately 4-6 x 10°° bacterial
cells survive on the earth. Out of that more than 90% reside in the soil and its
subsurface (Whitman et al. 1998). It has been calculated that 1 gram of soil
approximately contains one billion bacterial cells and more than 10,000 bacterial
genomes (Torsvik and Ovreas 2002). Moreover, in the temperate grassland soil,
estimated bacterial biomass is about 1-2 t/ha, i.e., corresponding to the weight of one
cow (Killham 1994) and estimated 3-5% of total soil organic matter content.
Actinobacteria are the filamentous bacteria having branching filaments resembling
fungal mycelium which are commonly present in soil and have the capability to
decompose organic matter and many toxic pollutants. In soil, certain autotrophic
bacteria also survive, i.e., capable of undergoing the photosynthesis and are called
cyanobacteria. These cyanobacteria secrete a protein called geosmin that has the
characteristic aroma of freshly moistened soil or compost. In soil these bacteria
reside in the intracellular spaces between the soil particles and form the aggregations
of cells with soil particles (Donlan 2002).

Decomposition of complex organic compounds into simpler ones is a very typical
and time-consuming process, and this process continued since ancient times on the
earth. Microorganisms are the key players of this process and help in decomposing
process and finally convert organic nitrogen back to mineral nitrogen. Denitrifying
bacteria have the ability to convert nitrate into atmospheric nitrogen under anaerobic
environment (Fig. 1). Now further, free-living or symbiotic bacteria fix this atmo-
spheric nitrogen and are made available for the plants. In the first step, microorgan-
isms (bacteria or fungi) undergo the process of ammonification in which organic
nitrogen from decaying animals or plants is converted into ammonium (NH**). This
mineralization step is performed by a variety of microbes. Furthermore, certain
plants and microorganisms bypass this mineralization step as they may utilize
organic nitrogen (Nannipieri and Paul 2009). In the second step, nitrification process
takes place after ammonification, in which ammonia is converted to nitrites (NO2 )
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that are toxic to plants, with the help of a specialized group of chemotrophic bacteria
known as ammonia-oxidizing bacteria (AOB) (Fig. 1). Moreover, there are certain
bacteria that are able to oxidize these nitrites into nitrates (NO3 7) that pose no harm
and are beneficial for plant growth. In the next step, reduction of nitrate or nitrite to
nitrous oxide takes place under anoxic environment by certain bacteria. Ammonium
(NH* %) or nitrate (NO®") ions are readily utilized by the plants either through their
root hairs from soil or by the symbiotic interaction with Rhizobium bacterium. On
the other hand, when nitrate is not utilized by plants, denitrification process takes
place. In this process nitrates get reduced and get back to nitrogen gas (N,) into the
atmosphere with the help of certain bacteria under anaerobic environment. These
bacteria are of much significance as they utilize nitrogen for respiration in place of

oxygen.

Fungi

The second most diversified group among soil microorganisms is fungi. These are
the oldest and largest organisms on earth, ranging from microscopic unicellular
yeasts to multicellular forms like rhizomorphs and fruiting bodies. Till now more
than 80,000 fungal species have been isolated and identified from soil. The extent of
total fungal diversity has been projected at about 1.5 million species (Hawksworth
1991). It has been found that approximately one million individual fungi have been
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isolated from 1 gram of soil, whereas in temperate soil the fungal biomass is around
2-5 t/ha (Killham 1994). Since fungi are heterotrophs, henceforth they depend on
organic substrates (like dead remains of plants or animals) to attain carbon for their
growth and development. Furthermore, few fungal species survive on complex
organic materials for carbon, catabolism of sugars, starches or lignin, and cellulose
within the wood.

Certain fungal species are parasitic, i.e., they cause diseases in plants, animals,
and other organisms. On the other hand, some fungi show symbiotic interaction with
plants, i.e., mycorrhizal associations that result in the improved nutrient supply to the
plants. Mostly these mycorrhizal associations transpire with terrestrial plants, while
others are host-specific. Moreover, it has been observed that a single plant host may
undergo a number of various mycorrhizal fungi around a single rhizosphere (Perotto
et al. 1996). In addition to it, certain other organisms like earthworms or large
arthropods also have the capability to decompose organic matter (dead plant parts,
etc.). Prominently, certain species of fungi secretes a glycoprotein known as
“glomalin” that plays a key role in the formation of soil aggregates because of its
sticky property (Rillig 2004; Purin and Rillig 2007).

Impact of Climate Change over Soil Microbiome

We have already discussed about the microbial diversity residing in the soil in the
previous section. Now here we focused on the impact of various physiological and
biochemical changes that occur in the soil microflora due to climate change. Various
impacts of environmental changes over soil ecosystem are discussed here.

Elevated CO,

Based on experimental data available from the previous studies, due to climate
change the increased eCO, content may pose great impact over soil microbial
flora. Due to increased eCO, content, changes occur in the functioning of soil
microbial flora which can be evaluated by the screening of that gene through
metagenomics. One example is BioCON grassland experiment, where it was
found that eCO2-stimulated amplification in gene families directly linked with
degradation, nitrate reduction, and nitrogen fixation, while decreased abundances
of gene families are associated with glutamine synthesis and anaerobic ammonium
oxidation (Tu et al. 2017). Moreover, in arid grassland ecosystem, microbial genes
showed increased amplification associated with degradation, N, fixation, C fixation,
methane metabolism, N mineralization, and denitrification (Yu 2018).

In the previous study, employing meta-analysis and modeling clearly concluded
that eCO, concentration enhanced the photosynthesis process along with amount of
carbon in soil. Moreover, it has been observed over a long time period that due to
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eCO,, microbial decomposition of soil organic matter increased (Van Groenigen
et al. 2014). It has been noticed that long-lasting impact of eCO, over soil carbon
stocks is mainly based on the availability of water and other nutrients that directly
affects photosynthesis process, microbial degradation, and accumulation of soil
carbon.

Increased Temperature

Temperature is an important environmental factor that estimates the growth pattern
and yields of pure microorganisms. In response to higher temperature, microorgan-
isms have the capability to alter the lipid proportion of plasma membrane resulting in
the decreased membrane fluidity and presentation of heat shock proteins (HSP). As
the assessment of the impact of high temperature over soil microflora is a much
complex process in situ, nowadays advanced sequencing and functional gene arrays
have shown community and functional gene shifts as an indication to enhanced
temperature in the surroundings (Melillo et al. 2017).

As per the finding available from the previous studies, its long-term impact results
in acclimation of microbial respiration and associated microbial mechanisms in four
phases, i.e., speedy carbon loss by respiration process, reorganization of microbial
communities, development of more diversified microbial species along with
increased soil respiration among heated plots in comparison to controls, and a
drop in additional recalcitrant carbon pools with predictable alteration in the orga-
nization of microbial population (Melillo et al. 2017). For short-term exposure the
acclimation of soil respiration was observed as decreased microbial biomass and
thermal adaptation of soil respiration. Finally it has been concluded that decreased
carbon availability leads in drop among the fungal and actinomycete population,
while on the other hand, population of oligotrophic bacteria increased (DeAngelis
et al. 2015).

Permafrost Thaw

In the Arctic, where the temperature is very low, global warming presents very
complex situations, i.e., thaw of permafrost soils. Since the permafrost soils are rich
in carbon content, the impact of climate change over permafrost thaw is enormous
(Turetsky et al. 2019). During the process of permafrost thaws, ice melts; as a result
more water is available for enhancing the microbial activity. Due to enhanced
microbial activity, there is an increase in the decomposition of soil organic matter
along with the emission of gases like CO, and CH, (Mackelprang et al. 2016). In
general permafrost thaw represents the alteration in the soil moisture capacity that
has direct impact over activity, e.g., certain thawed permafrost surroundings have the
capability to produce methane, a greenhouse gas (Tas et al. 2018). It has become
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evident from the metagenome sequencing study that the functional potential of
microbial population under permafrost soil differs from the microbial population
residing in active soil layers (Tas et al. 2018); henceforth it can be concluded that
permafrost thaw modifies the microbial flora of such soils. Besides this, the popu-
lation of Actinobacteria increases with depth into the permafrost soil.

Drought

Among mesic grassland ecosystem, drought presents serious issue due to climate
change. It has been observed that due to increase in the drought conditions, there is
reduction in the microbial activities which is necessary for sustainability of ecosys-
tem. Moreover, due to drought, amount of water present between the soil particles
also decreases; as a result decomposition of soil organic carbon also reduces
(Schimmel 2018). Among soil microorganisms different mechanisms are available
to cope with the drought stress. Some of these mechanisms are dormancy, osmo-
regulation, and manufacturing of extracellular enzyme. In osmoregulation, microor-
ganisms collect solute (osmolytes) to hold turgor pressure (Schimmel 2018). Though
under extreme drying conditions, the osmolytic accumulation of solute might be
energetically costly (Boot et al. 2013). Soil microflora has the ability to recover and
grow again when the water content is made available to them. Moreover, soil
microflora is capable of producing extracellular polymeric substances for retaining
water at low matric potentials. Certain bacterial genera like Bacillus and Actinomy-
cetes can tolerate such drought situation due to their capability to become dormant
during dehydrated conditions (Naylor et al. 2017).

Increased Precipitation and Flooding

It has also been observed that climate change affects the precipitation rate leading to
excessive rainfall at the cost of ice, leading to the minimized ice pack and enhanced
freeze-thaw cycles (Sorensen et al. 2016). Due to increased precipitation, the
moisture content increases; henceforth the gap between soil particles becomes
water logged, producing anaerobic conditions, therefore creating an environment
suitable for methanogenesis and denitrification process leading to the discharge of
CH, and N,O. Under situation of extensive flooding, it has been noted that microbial
action decreases because of depletion of resources creating a “boom and bust”
condition (Sjogaard et al. 2018).



108 A. Bharadwaj
Increased Fire Frequency or Intensity

Long dried fire period along with unsustainable land management procedures, the
incidences of fire are increasing worldwide day by day. Every incidence of fire leads
to the discharge of huge volume of CO, into the atmosphere (Sun et al. 2015). As the
upper layer of soil ignites due to fire, it produces more heat. Moreover, the soil
with increased moisture content, soil heating might be deferred and destroyed
maximum microbial flora through the process of pasteurization. Uncontrolled fire
condition may lead to separation of the soil aggregates, resulting in the reduction in
soil aeration. In certain cases, post-fire consequences lead to soil degradation and
erosion. Due to fire, there is a significant reduction in the carbon and nitrogen content
of soil (Hinojosa et al. 2016).

Protection of Soil Biodiversity

As we have already discussed in this paper, soil has a great microbial diversity. We
can save the soil microbial diversity by using following methods.

Mulching/Light Soil Sealing

In mulching process, we covered the top soil layer to guard it from soil erosion, in
turn increasing its productivity. As we know mulching process is employed before
the commencement of crop growing period and may be repeated as per the require-
ment. Mulching process helps to warm the soil to hold heat and moisture. Materials
used for mulching process are mainly the organic remains (like plant remains, hay,
bark) as well as manure, compost, sludge, rubber, and plastic films.

Application of Organic Residues (Compost/Manure/Sludge)

Incorporation of animal manure, sewage sludge, or other organic wastes like coffee-
berry pulp or compost ameliorates the soil organic carbon content. For best agricul-
tural practices, it is necessary to permit the degradation of organic components for
appropriate time prior to employing them into the field. It is necessary as incorpo-
ration of organic components immobilizes available nitrogen in the soil because
microbial population required both carbon and nitrogen for growth and
development.
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Fertilizers

As we all know, prolonged incorporation of chemical fertilizers (inorganic nitroge-
nous) to the microbial population helps in utilizing that nitrogen for their growth and
development. This results in enhanced degradation of soil organic matter, which in
turn decreases the soil organic matter and finally deteriorates the soil structure along
with less water-holding capacity.

Crop Management
Choice of Crop Species

The selection of crop to be cultivated is very crucial as it depends on the type of
habitat accessible to soil microbial population. One excellent example is legume
crops that have the ability of nitrogen fixation in soil with the help of mutualistic
association with Rhizobium bacterium.

Crop Rotations

It is a key method employed for retarding the growth and multiplication of pests and
pathogens. As we change the crop variety, it will eventually affect the associated
microbial population.

Conclusion

In this chapter we have discussed about different microbial communities residing in
soil along with the functions they perform. Apart from this we have also focused on
the impact of climate change over microbial diversity as well as about the key
processes required for the protection of soil microflora. From the above literature,
it has become evident that microbial population in soil plays a key function in
upholding the soil carbon content which made it available to the plants for their
growth and development. With the help of these soil microbial communities, we can
preserve the soil for our coming generation. Henceforth, there is an urgent require-
ment for monitoring the consequences of climate change on soil microflora that carry
out various functions needed to sustain the environment. Advanced technology for
weather forecasting is required so that we can make the strategies to save these soil
microbial communities from the consequences of climate change well in advance.
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Abstract The most common effect of the drought stress is to reduce the water
potential, the turgor pressure in the growing cells, and thus the lack of turgor
pressure necessary for their growth. Lack of water accelerates cell differentiation.
Under drought stress, root, stem, leaf, and fruit growth decreases. Also, in these
conditions, not all plant organs are affected equally. As a rule, due to drought stress,
the ratio of leaves to stems decreases. Older leaves and leaves that are exposed to
shade usually die sooner, slow down tillering, and increase tiller death in tillering
species. Physiologic effects of water stress contain so many cases such as reduction
of relative water content (RWC), reduction of intercellular space during wilting,
effect of drought stress on photosynthesis, effect of drought stress on respiration,
effect of drought stress on photosynthetic derivative distribution, effect of drought
stress on metabolism, accumulation of sugars, drought stress and protein breakdown,
and the effect of drought stress on ABA hormone, which are among the most
important of these cases.
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Introduction

Crop susceptibility to drought depends on the economic yield of the plant
(Khoshmanzar et al. 2019). Investigation of Firoozabadi et al. (2003) showed that
the amount of root yield under normal conditions, mild stress, and severe stress that
was applied continuously during the growing season was 6.58, 8.45, and 7.34 tons
per acre, respectively. According to Chotuj et al. (2008), drought stress reduced both
root yield and glucose yield due to stress time. However, leafy vegetables such as
lettuce, which their economic product is fresh leaves, are so sensitive to drought that
they will not perform well in seasons and areas where high evaporation is required
even if they are irrigated frequently. Crops such as alfalfa, which are cultivated for
their dry matter, have a high resistance to drought, so that a balanced lack of water
has a little effect on reducing economic yield (Agrawal and Dadlani 1994; Moustafa-
Farag et al. 2020). Drought susceptibility in annual plants that are grown for seed or
fruit production varies depending on the stage of development in which they are
stressed. In these plants, they are generally more drought tolerant in the vegetative
state than in the reproductive stages. Plants such as cotton and tomato that have
unlimited growth and are able to produce many leaves after flowering are more
resistant to drought than plants that have limited growth. In sunflower, the occur-
rence of a dry period in the vegetative growth stage caused a decrease in grain yield
due to lack of leaf growth after re-irrigation, reduced leaf area, and photosynthesis
potential (Mao et al. 2020). Most of the annual seed-producing plants are sensitive to
drought in the early stage of flowering. If the grains are stressed in the early stages of
reproductive growth, their grain yield will be significantly reduced. Corn is highly
sensitive to drought during the flowering stage. The main reason for this sensitivity is
the delay in the emergence of female organs, which makes the pistil unprepared to
accept them when the pollens arrive. Wheat is also sensitive to drought just before
pollination. In this case, meiotic division is likely to be impaired, and healthy pollen
production is reduced (Levitt 1980). In plants that grow indefinitely, drought has less
effect on seed production, because these plants are able to produce more flowers and
seeds after drought from rain and irrigation. Drought in the late reproductive period
causes the seeds and fruits to shrink. Reduction of grain size due to drought depends
on the balance between photosynthetic source and reproductive reservoir and the
effect that drought has on these two components (De Micco and Aronne 2012).

In general, the effects of drought at different stages of development on limited and
unlimited seed yield can be observed in the model plant. Drought has shrinking
effects in grain yield in plants with unlimited growth; in plants with limited growth,
drought in the vegetative stage determines the number of seeds in them. As a result,
the final grain yield is the number of seeds (which is affected by drought in the
vegetative stage and early flowering stage) multiplied by the weight of the seed
affected by drought in vegetative stage, which determines the canopy of photosyn-
thetic capacity, and the dryness in the filling stage, which reduces grain size. Seed
photosynthesis is the opposite in plants that grow indefinitely because the number of
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leaves and yield increases cumulatively. The drought of the previous stages will have
relatively little effect on the later stages (Agrawal and Dadlani 1994).

Effects of Drought Stress on the Plant
General Effects of Drought Stress

The most common effect of drought stress is to reduce the water potential, the turgor
in the growing cells, and thus the lack of expansions necessary for their growth
(Ghassemi et al. 2018; Khoshru et al. 2020). The effects of drought stress can be
divided into anatomical and physiological changes. Physiological changes include
the opening and closing of stomata, different movements of plant organs, structure of
proteins and enzymes, amount and action of hormones, carbohydrate metabolism,
pattern of accumulation of substances in the cell membrane, photosynthesis, respi-
ration, and rate of action of photosynthesis. Anatomic changes can be seen in
reducing the size of cells and the distances between them, thickening of the cell
wall, more development of mechanical tissues, and reducing the number of stomata
per unit area and changes in organ growth (Levitt 1980; Heshmat et al. 2020).

Drought Effect on Cell and Tissue Growth

Because plant growth is the result of cell growth, it is necessary to consider cell
growth in three stages of division, development, and differentiation in relation to
drought stress. It is often concluded that cell division is less sensitive to drought
stress than its enlargement (leaf development). In support of this result, corn leaf
development and early germination were limited to 0.75 MPa, but cell division
continued (Vyas et al. 1985).

Similarly, soybean tissue culture showed a decrease in cell size (Sinclair 1985).
The growth of sugarcane sprouts (possibly by cell division) was reduced to a
potential of 5 atmospheres and stopped completely at 20-30 atmospheres. This
difference can be explained by the fact that developing and enlarging cells need
several times more water than cell division (Kumar et al. 1994). A 1996 study by
Gzik on sugar beet found that drought stress increased proline content, which
reduced plant growth and net leaf weight. When the lack of water is present in the
plant, cell growth ends earlier than when there is plenty of water, and the structural
differentiation of cells begins earlier. In general, a lack of water accelerates cell
differentiation. It is found that the final effect on growth will depend on the
frequency and duration of stress periods. Drought stress does not affect all plant
organs in the same way. As a rule, leaf-to-stem ratio decreases due to drought stress,
and older and shaded leaves die sooner (Doorenbos and Kassam 1979; Hayat et al.
2020). Also water scarcity decreases speed of tillering stage and increases tiller death
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in tillering species. In maize, the ability of the cell wall to expand decreases due to
lack of water, while the ability of the root cell to expand increases (Westage and
Boyer 1985). With the onset of drought stress, the root growth rate decreases.
However, root growth is less affected than the aerial parts of the plant, and in
general, the root-to-stem ratio increases. Roots are reduced and grow toward the
water in the soil as long as they are close to the water. When the rainfall is light and
frequent, only a small part of the potential root area is moistened, and root penetra-
tion is limited to the shallow layer. In this case, the plant will be sensitive to dry
periods, especially in the later stages of the growth (Black and Ong 2000).

During the drought stress, the growth stops and continues after stress relief. The
amount of damage to plants depends on physiologic age, amount of water stress,
length of stress period, and species of plants. In general, organs of the plant that grow
rapidly during stress are damaged more than other organs (Mao et al. 2020).

Vyas et al. (1985) showed that sesame in drought stress strongly affects the
internode length, capsule length, and biomass, but the traits of first capsule height
to ground, number of capsules, average capsule thickness and 1000 seed weight, root
length, and number of branches whether with capsules or not were less affected by
stress.

Physiological Effects of Drought Stress
Reduction of Relative Water Content (RWC)

One of the most important changes due to drought stress is reduction of leaf relative
water content (Heshmat et al. 2020). This index can show the ability of plants to
tolerate drought stress. Kaiser et al. (1985) categorized the potential effects of
increased defoliation as follows: By reducing the relative moisture content of the
leaf (RWC) between 70% and 100%, photosynthesis is reduced due to the closure of
the stomata, which is rapidly reversible. Upon reaching the relative moisture content
between 35% and 70%, photosynthetic capacity is only slowly improved with
rehydration. Light inhibition is the main cause of decreased photosynthesis under
stress condition. Electron transfer is also one of the restrictive actions, and if the
relative water content of the leaf is reduced to less than 30%, photosynthetic capacity
is reduced due to membrane damage that it is in chloroplasts leads to death. To
calculate the relative water content, the leaves are separated from the plant and
weighted. They are then submerged in water to reach the maximum turgor pressure
for re-weighing, calculating indicators such as relative water content, water satura-
tion deficit, and relative saturation deficit. Because relative water content and water
saturation reduction require accurate determination of leaf dry weight, it is often
preferable to use relative saturation reduction. The proposed method for selecting
cereal seedlings for drought resistance is based on a relative turgidity index (Kumar
et al. 1994). The index of relative water content of leaves to determine the water
status is proper than the parameter of water relation, because the relative moisture
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content of the leaf is related to the cell volume and may better express the balance
between leaf water supply and evapotranspiration (Sinclair 1985). In sucrose-
transmitting species, sucrose and hexose levels increase as the target level decreases
with water stress (Vyas et al. 1985). The increase in sucrose and hexose levels
appears to be due to increased starch hydrolysis and sucrose synthesis. Accumula-
tion of sucrose and hexose is performed to play the role of osmotic regulation in
these species (Vyas et al. 1985). In drought conditions, stomatal conductance and
leaf photosynthesis also decreased (Saghafi et al. 2020). Water stress does not affect
all aspects of plant development equally. Some processes are very sensitive to
increasing drought stress, while other processes are less affected by water stress
(Nayyar and Gupta 2006). Decrease in relative humidity in plants causes morpho-
logic changes in them, such as reducing the number and size of leaves and finally
stopping leaf growth and falling of them, reducing the number of nodes.

Reduction of Intercellular Space during Wilting

If the cells are in a state of wilting (in some organs), due to reabsorption of water and
increase of cell water content, it increases the intercellular space, and the contact
between the cells decreases. Conversely, if the intercellular water content decreases,
the released cell walls collapse and exit. Water flows from the intercellular space.
Therefore, reducing the amount of tissue water by about 30% in tobacco reduces the
gas flow to the tissues (Kirda 2002).

In corn leaves, the decrease in gas volume is more than the decrease in total leaf
volume, which coincided with a decrease in tissue water in the scale of 0.6-0.65 of
the maximum amount of water (Sharp et al. 1994). Intercellular space in sunflower
leaves decreased from 0% to 50% water reduction interval (Sharp et al. 1994). Citrus
leaves have strong surfaces that prevent it from shrinking and reducing the
intercellular space. Reducing the intercellular space reduces or eliminates the gas
flow path in the leaf and also reduces the diffusion flow in the intercellular liquid
phase. It is comparable to aperture resistance (Kirda 2002). As the leaf water
potential decreases until it reaches a critical or threshold of water potential, the
changes in stomatal resistance are small, and at a value below the threshold, the
stomatal resistance decreases significantly (Black and Ong 2000). Sharp et al. (1994)
showed that the potential of the water critical point for stomatal closure varies in
genotypes of plant species and cultivars, but there are less differences between
cultivars. Also, the amount of potential of leaf water in which the stomata closes
varies according to the position, leaf, shoot, age, and the rate of stress progression
(Kaiser et al. 1985).
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The Effect of Drought Stress on Photosynthesis

The most important physiologic effect of water stress is to limit photosynthesis.
When plants are exposed to water stress, often photosynthesis is not the first reaction
to be affected. As drought stress increases, photosynthesis decreases significantly
and usually reaches zero at higher stress levels. Water scarcity reduces photosyn-
thesis by reducing leaf area, closing stomata, and reducing carbon fixation effi-
ciency. Decreased leaf area due to drought stress is an important cause of reduced
crop yield. The decrease in photosynthesis in stress-affected plants is primarily
attributed to the closure of stomata, which simultaneously prevents the fixation of
CO; due to damage to the photosynthetic system (De Swaef and Steppe 2010). It has
also been suggested that carbohydrate accumulation may reduce photosynthesis
when growth is confined by drought stress (Gzik 1996). Water deficiency also
affects the activity of enzymes that mediate photosynthesis in the dark. A number
of researchers have reported that the activity of enzymes that mediate the photosyn-
thesis in the dark is effective.

Some researchers have reported that activity of imported enzymes such as
ribulose 1, carboxylase 5 bisphosphate, ribulose 5 phosphate kinase, and phospho-
pyruvate carboxylase was reduced due to drought stress. Also water potential less
than 0.5 MPa reduces chlorophyll production and chlorophyll a to b ratio. Degra-
dation of chlorophyll molecules is accelerated by drought stress. In maize, which is a
C4, chlorophyll molecule degradation is much greater in mesophilic cells than in
cells or vascular sheaths (Westage and Boyer 1985). Degradation of chlorophyll a
and b molecules in chloroplasts and loss of light-receiving lamellae are affected by
drought stress. Another study on sugar beets showed an increase in chlorophyll
content. This researcher attributed this to the shrinkage of plant cells under drought
stress conditions and greater accumulation of chlorophyll in these conditions
(Mohammadian et al. 2003). Khafagi and El-Lawendy (1997) also reported an
increase in chlorophyll content under drought stress in sugar beet. Due to the high
differences between and within plant species, it is difficult to generalize the impact of
drought stress on photosynthesis (Khafagi and El-Lawendy 1997).

The Effect of Drought Stress on Respiration

Lack of water, which is enough to close the stomata and reduce photosynthesis,
usually reduces dark (true) breathing. But the decrease in dark breathing rate will be
less than its amount in photosynthesis. By reducing the leaf water potential of
sunflower from —0.4 to —1.8 MPa, the rate of leaf photosynthesis decreased by
70% while the reduction in respiration rate reached 33% (Gray 1984). Drought stress
in sugar beet increased dark respiration and breakdown of starch into sucrose, and in
general drought stress increased the sugar content in this plant (Ober 2001). In
sunflower stalks of maize and soybeans, dark respiration decreased as much as
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photosynthesis meaning that the lack of water in dark respiration for stems decreases
more than its amount in leaves. With the decrease of water potential in soybean, the
amount of respiration also decreased, but in the range of —1.6 to —0.4 MPa, no
decrease was assumed in respiration. This context demonstrates that enzyme com-
plexes are relatively associated with wilting. Sometimes with reduction of plant’s
water content, an increase in respiration occurs; therefore it is possible that drought
stress causes hydrolysis of starch and its conversion to sugars and provides more
substrate for respiration (Ferus and Arkosiova 2001).

Drought stress in sunflower and beans has small effect on respiration, and
photorespiration has less effect than gross photosynthesis. Therefore, the ratio of
photorespiration to gross photosynthesis increases with drop of leaf water potential.
Decreased activity of RuBp carboxylase shows up in parallel with pure photosyn-
thesis, so it can be concluded that the relative increase in photorespiration is
associated with the inhibition of the activity of enzymes in the Calvin cycle and
reduces the photosynthetic efficiency due to drought stress (Ferus and Arkosiova
2001).

The Effect of Drought Stress on the Distribution
of Photosynthetic Derivatives

In some cases, drought stress can change the pattern of photosynthetic material
allocation. If drought stress occurs in the filling stage of soybean, by reducing grain
formation in the final stages of grain growth and by transferring derivatives, reduc-
tion of grain size happens. Also, reducing leaf size and change in root-to-system ratio
indicates a change in derivative distribution pattern (Sinclair 1985). The effect of
water deficiency on the distribution of photosynthetic materials in different plant
organs depends on plants’ age, stress intensity, occurrence or non-occurrence of
stress in earlier stages of growth, and degree of stress sensitivity in different organs,
for example, the dwarf species of lolium temulentum is more sensitive to water
deficiency and the pathway of photosynthetic derivatives to young leaves, pods, and
roots. While under favorable conditions, the pathway of photosynthetic derivatives
is intended to meet the reproductive growth needs of the plant, but in conditions of
water scarcity, the current photosynthetic material decreases and the proportion of
stored material that is transferred to the seeds increases (Black and Ong 2000).
Mohammadian et al. (2003) announced that in plants under drought stress
conditions, the transfer of photosynthetic substances is affected and causes leaf
saturation by these substances, which may lead to confinement of photosynthesis.
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Drought Stress Effects on Metabolism and Accumulation
of Sugars

Drought stress increases respiration and decreases photosynthesis, thereby reducing
vegetative growth and reducing the utilization of carbohydrates. Dehydration and
high temperatures during the growing season increase sugar in the roots and increase
the impurities of sugar beet roots, especially nitrogenous compounds (Kumar et al.
1994). Increased amylase activity in stressed leaves as a result of starch hydrolysis is
intensified, and the concentration of soluble sugars is increased. The conversion of
starch to sugar is often correlated, but there have been reports of no close association
between decreased polysaccharides and increased simple sugars (Hussein et al.
2008). If the plants are exposed to drought stress frequently, the plant will suffer
from hunger related to lack of carbohydrates in parallel with stomatal closure. The
conversion of structural sugars and polysaccharides to soluble sugars regulates the
osmotic pressure and thus counteracts cell water and loss of turgor continuation
(Ferus and Arkosiova 2001). Carbohydrates and starch levels in cotton plants during
the wilting point were one-half and one-third of plants in optimal conditions.
Decreasing the leaf water potential in soybeans increases soluble sugars and
decreases insoluble sugars, including soluble sugars which showed an increase in
glucose and fructose in leaf water potential of —2.5 MPa; the amount of soluble
sugars was doubled compared to the control (Ferus and Arkosiova 2001). Ferus and
Arkosiova (2001) experimented the effect of drought stress on sesame and measured
various factors and concluded that the amount of soluble sugars in stressed plants
increased compared to the control sample.

Drought Stress and Protein Breakdown

The effect of wilting on changes in protein structure has been studied by scientists. In
tobacco and sunflower, due to drought stress, in the lower leaves, proteins were
converted to asparagine and glutamine and then transferred to younger leaves, in
which the synthesis of new proteins was used again. The leaves also accelerate the
aging of the leaves. Under the drought stress effects, the plant copes with the stress at
cellular level, which results in the consumption of materials and high energy, which
is spent on cell construction under optimal conditions. On the other hand, a decrease
in intercellular energy, which is mostly used as ATP in the vital activities of the
plant, and decreased synthesis of essential proteins are also two of the cases that are
affected by environmental stresses. Barlow et al. (1977) reported that a delay for
3 hours caused a 40% reduction in intercellular ATP and increased free amino acids
by about 20%. Perhaps this phenomenon could be interpreted as stress causing free
amino acid synthesis. Proline is one of the amino acids that accumulate in a number
of laboratory and field products in response to drought stress in plant leaves. Under
stress, the amount of proline may reach 40 to 100 times the initial level (Aspinall and
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Paleg 1981). Aspinall and Paleg (1981) believe that the process of proline accumu-
lation in drought-sensitive cultivars is faster than drought-resistant cultivars, and this
can be attributed to the difference in the amount of reduced leaf water potential.
Accordingly, Moustafa-Farag et al. (2020) suggested that proline accumulation may
be a sign of a stress adaptation mechanism, but there is insufficient evidence to
support this theory. Proline accumulation in cells has been discussed to regulate
osmotic pressure, reduce cell water loss, maintain turgidity and also solubility of
different proteins, conserve albumin, and prevent their breakdown. On the other
hand, water stress causes the accumulation of toxins such as ammonium ions and
proline and prevents the destructive effects of this toxic substance on metabolism.
Most reported cases of proline accumulation are as follows: (1) through its synthesis
from other amino acids such as glutamic acid and arginine, (2) reduction of oxida-
tion, and (3) participation of these amino acids in the process of protein synthesis in
dry conditions and vice versa. Proline is oxidized to other amino acids such as
glutamic acid. Gzik (1996) reported an increase in proline and free amino acid
composition in sugar beet. Moustafa-Farag et al. (2020) showed that in rye under
drought stress, total amino acids are released to a lesser extent than proteins. With the
exception of proline, which is more likely to be synthetized from other amino acids,
some amino acids were initially increased in sunflower under drought stress, but
proline accumulated only under severe stress. Sharp et al. (1994) showed that in low
water potential conditions, in the end of the maize root and in the elongation zone,
the amount of proline reaches ten times per unit length compared to their non-growth
stress conditions; the increase in proline plays an essential role in osmotic regulation.
And it continues to have elongated roots. Vyas et al. (1985) experimented with
drought in sesame and reported that stress increased proline. Aspinall and Paleg
(1981) stated that a positive correlation between proline accumulation and drought
resistance could not be used as an indicator of drought resistance in grain screening
in breeding programs. The differences in the results are not only due to the plant
species but also due to the amount of wilting, leaf age to be measured, and other
conditions. Betaine accumulation, like proline, has been reported in association with
drought stress. According to the research done by Hanson et al. (1977), the accu-
mulation of betaine resulting from its new synthesis is from two organic precursors
during drought stress. Under drought stress, barley leaves accumulate betaine at a
rate of 200 nmol per square decimeter of leaf area per day. Another important effect
of drought stress is photic inhibition due to the destruction of photosystem 2 in
chloroplasts (Nayyar and Gupta 2006). The photic inhibition obtained by drought
stress or other stresses is detected by chlorophyll fluorescence, which we will discuss
in detail in the next section.

Drought Stress Effects on Abscisic Acid Hormone

One of the first effects of wilting in mesophytic plants is a decrease in growth
inhibitors. Therefore, under the influence of drought stress, the synthesis and
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accumulation of ABA in the leaves and roots of stressed plants occur (Sharp et al.
1994). Abscisic acid is a growth inhibitor whose wilting conditions increase its
concentration and accelerate its synthesis rate when the isolated leaves of cotton,
chickpea, and bean are exposed to air, and up to 9% heavier, water is lost and
withered (for 4 years at 22 °C). ABA was synthesized and accumulated in the dark
(Agrawal and Dadlani 1994). The ability of ABA synthesis in the response of plant
organs to wilting in leaves and young organs is higher than old organs. ABA enables
the recovery of cell turgor by controlling the opening and closure of stomata, and
thus the application of ABA in wheat and barley under stress has increased water
consumption efficiency (Pefia-Valdivia et al. 2010). De Swaef and Steppe (2010)
reported an increase in abscisic acid concentration under drought stress conditions in
sugar beet. Some of the effects of drought on plant growth are explained by the
effects of abscisic acid concentrations. The general response of plants to high
concentrations of abscisic acid is to reduce stem growth, which is more sensitive
to increasing concentrations of abscisic acid than to decrease the turgor. The effects
of abscisic acid on root responses to water stress are not well understood.

Conclusion

Crop susceptibility to drought depends on the conditions and type of the plant. For
instance, most annual plants that produce seeds are sensitive to drought in the early
stages of flowering. Also, in plants with unlimited growth, drought has less effect on
seed production. With the onset of drought stress, root growth rate decreases;
however, root growth is less affected than the growth of the aerial parts of the
plant. The amount of damage to plants depends on physiologic age, amount of water
stress, length of stress period, and plant species. In general, organs of the plant that
grow rapidly in the event of stress are damaged more than other organs. In drought
conditions, stomatal conductance and leaf photosynthesis are also reduced. Water
stress does not affect all aspects of plant growth equally, and some processes are very
sensitive to increased water stress, while other processes are less affected by water
stress. The most critical effect of water stress is the limitation of photosynthesis, and
drought stress sometimes changes the pattern of photosynthetic material allocation.
Drought stress increases respiration and decreases photosynthesis, thereby reducing
vegetative growth and reducing the utilization of carbohydrates. Decreased synthesis
of essential proteins and accumulation of ABA in the leaves and roots of plants are
also some of the cases that are affected by environmental stresses.
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Bioremediation-Based Microorganisms )
to Break Down Pollutants Decelerate Due
to Climate Change

Savita Mishra, Sandhya Hora, Ritesh Mishra, and Pawan Kumar Kanaujia

Abstract Global climate change is one of the most worrisome political and scientific
issues from the last hundred years, which is being aggravated by human-mediated
increases in greenhouse gases. The need of the hour is to understand regulation of
carbon exchanges between soil, oceans, and atmosphere. Moreover, response of
ecosystem through climate-ecosystem feedbacks could amplify or reduce provincial
and universal climate change. Bioremediation is a general process to treat contami-
nated water, soil, oil spills, and subsurface material with the help of microorganisms to
degrade the target pollutants. Microorganisms involved play vital roles in the trans-
formation of pollutants to biodegradable substance. Microorganisms use oxidation-
reduction process to donate or accept electron from pollutant substance and break
down into nontoxic products. In both these approaches, additional nutrients, minerals,
vitamins, and pH buffers are used to optimize conditions for the microorganisms. The
extreme diverse metabolic activities cause breakdown of these contaminants. How-
ever, climate change has significant effect on microbial activity. Pollutants exhibit
cellular toxicity that leads to microbial growth inhibition. It has been known that
microbial activity is accountable for the cycling of crucial elements in the environ-
ment. Impairment in growth of microbe can have negative effects on microbial activity
as well as in the bioremediation process. In the present chapter, we have discussed the
consequence of pollutants on microbial activity in bioremediation process.
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Keywords Soil pollution: Microbial activity - Pesticides - High temperature -
Bioremediation

Introduction

The occurrence of harmful substance in our surrounding is termed as “pollutants.”
These toxic elements, molecules, or particles have adverse affects on humans as well
as on our environment (Borah et al. 2020). At present, major environmental pro-
cesses are constantly experiencing pollution and climate change-related stresses,
hence compromising the whole ecosystem. Indeed, chemical waste, poor disposal
industrial waste, and accidental leakage have caused severe environmental concerns
in the world (Anderson et al. 2018). Plastic usage has resulted in potentially harmful
contaminants in the environment, with 20-42% of total global plastics now stored on
land and predicted to biodegrade slowly (Pignattelli et al. 2021). Temperature
increase has been observed with changing patterns of the seasonal cycle, intensity,
and extremes of natural disasters such as drought, flooding, and cyclones, also likely
increased from the last century by 2-18 °C. Anthropogenic activity produces green-
house gases (GHGs) such as CO,, CHy, N,O, and chlorofluorocarbons, which cause
the greenhouse effect (CFCs) (Shukla et al. 2019). In the previous three decades,
global climate-related disasters have escalated significantly, resulting in significant
economic losses of agricultural supplies. From 1980 to 1990, there were 149 disasters,
compared to 332 from 2004 to 2014 (Dastagir 2019).

Microorganisms like bacteria, fungi, and plants have major involvement in the
maintenance of ecological cycle in the ecosystem (Deveau et al. 2018). Bacteria have
ubiquitous capabilities, and when it gets nutrients and favorable conditions for
metabolism and cell division, it grows enormously. However, biological response
to pollutants varies due to different organisms’ different sensitivities toward the
same chemical, and their sensitivity is completely dependent on the time and
intensity of exposure to the pollutant (D’Souza et al. 2018). Biological effects
calculated at or near a contaminated place tend to yield extra accurate and relevant
information about impact of pollution. Furthermore, the microorganisms that exist in
these places can be used as biomarkers for contamination (Li et al. 2019). Bioreme-
diation, which depend on the utilization of microorganisms to break down contam-
inants, has the potential to significantly reduce pollution from the ecosystem.
Remediation of pollutants is termed as utilization of microorganisms to reduce
pollutants to non-hazardous or to less hazardous forms (Kumar and Sharma 2019).
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Soil Pollution

Contamination of soil due to unnatural toxic substance is a serious environmental
concern. Pollution occurs in soil due to the intentional (waste dumping) or
unintentional application of a single chemical or complex mixes of chemicals,
such as municipal waste, industrial effluents, sewage sludge, and others (Ndiaye
et al. 2000) (Fig. 1). The soil matrix is complex and material characterized by a
variety of parameters such as temperature, presence of metallic/nonmetallic ions,
pH, granulometric composition, and oxido-reductive compounds. It also consists of
several organic substances such as pesticides, PCBs (polychlorinated biphenyls),
humic acids, PAHs etc. (Ledn-Santiesteban and Rodriguez-Véazquez 2017).
Abovementioned features affect the microorganism’s activity and soil enzymes.
Moreover, pesticides create a serious environmental issue due to time-consuming
degradation. Most of the time, the pesticides devolve chemical interaction with
inorganic and organic compounds, which generate cytotoxic effects both on humans
and on microorganisms (Verma et al. 2014).

% of contamination in the Soil

M Heavy Metal M Oilleakage M organicpollutants ©other

Fig. 1 Types of soil pollutants (Stoji¢ and Proki¢ 2019)
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Bioremediation of Soil Pollution

Soil microorganisms play a key role in the flow of elements from soil to ecosystem.
Decomposition of organic matter and inorganic residues through these microbes
regulates various nutrient as well as carbon cycles (Mahdi et al. 2017). Besides,
microorganisms are responsible for degradation and transformation of synthetic
organic compounds and waste materials. Microorganisms also influence the physical
properties of soil (Cardelli et al. 2017). Hence, they are good indicator of soil health
and give an untimely signal of soil quality as well as early warning of soil degrada-
tions (Wang et al. 2020).

Herbicides impair bacterial metabolism, resulting in reduction in soil disruption
and enzymatic activity of biological nitrogen binding (Wotejko et al. 2020). Herbi-
cides, such as Roundup, prevent growth of non-symbiotic diazotrophs for up to
30 days after they are introduced into the soil environment. For instance, some
bacterial species including Achromobacter, Streptomyces, and Arthrobacter use
glyphosate to break down products such as carbon, nitrogen, and phosphorus for
their activity and growth (Zhan et al. 2018; Sviridov et al. 2015). Microbes are first
converted into more water soluble by oxidation, reduction, or hydrolysis during
metabolism of pesticides. Later, pesticide or their metabolites are interacting with an
amino acid or sugar to make it more water soluble. It is then converted into nontoxic
secondary metabolites at the end of the process (Van Eerd et al. 2003) (Table 1).

Effect of Soil Pollution on the Efficacy of Microbial Activity

Different microbes in soil system aid in the mineralization process as well as the
improvement in organic matter such as humus and other carbon-related compounds
(Bardgett et al. 2008). Various environmental conditions, such as temperature and
weather, moisture, etc., have a significant impact on this process. Microbes’ nature
also changes as a result of changing climate conditions, and they create extremely
intricate relationships that are difficult to comprehend (Wotejko et al. 2020;
Mukherjee 2019). Microbes adapt to climate-mediated stress by shifting their
resource allocation from growth to survival strategies. However, very few are
known in relation to the fundamental microbial-scale mechanisms that drive
ecosystem-scale climate change reactions. They have to regulate breakdown of
organic materials in soil and its release into the atmosphere as carbon dioxide
(CO,) (Schimel et al. 2007; Jansson and Hofmockel 2020). Mostly, utilizing the
pesticides can destroy some microorganisms, subsequently creating condition to
grow other microorganisms (Sharma et al. 2020). Changes in soil moisture and
temperature caused due to climate change can have a significant impact on essential
soil processes including organic compound decomposition and nutrient cycling,
which are partly or completely dependent on the microbe’s soil activity (Burns
et al. 2013). Alteration in humidity, temperature, freeze-thaw, and wet-dry cycles
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Table 1 List of source of soil pollution, related active pollutants, and bioremediation microbes

Source of soil

Microorganism for

pollution Pollutants bioremediation Ref.
Petroleum Mixture of hydrocarbons and P. alcaligenes, Gospodarek et al.
derivatives nitrogen, sulfur, and organome- P. mendocina, (2019),

tallic compounds, oxygenated

P. putida, P. veronii,

Kuppusamy et al.

organic compounds, sulfur gas, Achromobacter, (2020), da Silva
and heavy metals Flavobacterium, et al. (2020),
Acinetobacter Abatenh et al.
2017)
Urban source | Toxic metals such as aluminum | Coprinellus Aranda et al.

(Al), cadmium (cd), manganese
(Mn), copper (cu), nickel (Ni),
lead (Pb), and zinc (Zn) and
PAHs (polycyclic aromatic

radians, Rhizobium

(2010), Karigar and
Rao (2011), Abdu
et al. (2017)

hydrocarbons)
Agrochemical | Insecticides, herbicides, fungi- Streptomyces Woltejko et al.
source cides, and farm fuel spill hygroscopicus and (2020), Parte et al.
Streptomyces (2017), Malik et al.
viridochromogenes | (2017)
(Sorghum bicolor
(L.) Moench.),
(Hordeum vulgare
L)
Bacillus, Pseudo-
monas,
Arthrobacter, and
Micrococcus
Oil leakage Crude oil, hexane, toluene, Bacillus, Micrococ- | Yanxun et al.
n-hexane, paraffin oil, vegetable | cus, Vibrio, (2011), Wang et al.
oil, motor oil kerosene Moraxella, (2015), Kora
Flavobacterium, (2018), Stancu
Achromobacter (2020)
spanius, Pseudomo-
nas putida, and
Pseudomonas
aeruginosa
Defense sites Chlorinated solvents [perchloro- | Mycobacterium Vogel (2017),
ethylene (PCE), trichloroethene aurum, Ramakrishnan et al.
(TCE), chloroform, etc.] and Dehalococcoides, (2011), Baldwin
metals (Cd, Cu, etc.) Dehalobacter, and et al. (2017)
Dehalogenimonas
spp-
Cattle/sheep Dichlorodiphenyltrichloroethane | Bacillus, Mesa et al. (2017),
dip sites (DDT), arsenic, and other Achromobacter, Mallick et al.
insecticides Brevundimonas, (2014),
Microbacterium, Ramakrishnan et al.
Ochrobactrum, (2011), Steinfeld
Pseudomonas, et al. (2015)
Comamonas,

Stenotrophomonas
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leads to modification in overall development and composition of soil microorgan-
isms. Furthermore, climate induced changes in ecological parameters as well as both
the organization and physiology of soil microbes (Alkorta et al. 2017; Zak et al.
2011).

Impact of Pesticides on Microbial Activity

Pesticide’s active components destroy the soil environment, impacting microorgan-
isms that live there. As a result, they may impair the proper sequence of metabolic
processes in soil biogeochemical cycles. Organochlorides are one of the most
dangerous compounds among all pesticides due to their volatile nature as they
have the ability to volatilize from soil to atmosphere and be transported from one
place to another (Verma et al. 2014; Lozowicka et al. 2016). Due to their movable
quality, these types of pollutants create new contamination site and affect microbial
activity (Lozowicka et al. 2017). Recent study showed that, in most situations, using
fungicide such as chlorothalonil, captan, and benomyl decreases the activity of some
fungi in soil, leaving niches for other bacteria to thrive in (Burns et al. 2013).
Additionally, pollutants also have a major impact on soil enzymes, which are
important catalysts in modifying microorganism habitat in soil (L.ozowicka et al.
2017, Jian et al. 2016). Various metabolites have been produced by pesticides due to
several biochemical and physiochemical processes. Some are lethal, whereas others
have no effect on microorganism. However, most of the times these metabolites
obliterate some microbes subsequently creating niches inhabited by other
microorganisms.

A research conducted by Pal et al. (2008) elucidates that fungicides like
pencycuron, dithianon, or prochloraz can decrease the quantity of nonpathogenic
saprophytic soil fungus (Pal et al. 2008; Tejada et al. 2011). Similarly, a significant
microbial biomass decreases with the use of tebuconazole and pencycuron which are
prominent pesticides in rice crops (Mufioz-Leoz et al. 2011). We have listed some
important pesticides and their effect of microbial activity (Table 2).

Impact of Increased Soil Temperature on Microbial Activity

Evaluation of different ecological conditions highlighted that increases in aridity
may result in a decline in the genetic potential and stability of the soil microbiome
(Jansson and Hofmockel 2020). It has been observed that higher soil temperatures
lead to an increase in soil metabolic activity and organic matter decomposition,
resulting in a higher CO, flow, but no increase in microbial biomass (Melillo et al.
2017). However, some soil fungi has shown increased growth with the boost of
temperature. Several field researches have examined the soil microbe response with
respect to short- and long-term rise in the temperature (Guhr et al. 2015). Study on
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Table 2 Effect of pesticides on soil microbial activity (adapted from Wotejko et al. 2020, Alkorta

et al. 2017)

Influence on microbiological
Pesticides Affected microbes activity
Benzoylurea Different species of Pseudomo- | Dimilin, flufenoxuron, and

nas and Paracoccus

insect growth regulators (IGR)
such as novaluron which
inhibits microbes in acidic sand
soil

Benzimidazole (glyoxalin)

Rhizobacteria species such as
Bacillus pumilus SE34, different
species of Rhodococcus like

R. gingshengii

Methyl-2-benzimidazole car-
bamate (MBC) reduces soil
microbiomes

Neonicotinoid

Pseudomonas sp., various spe-
cies of Bacillus like B. subtilis
FZB24, B. amyloliquefaciens
IN937a, B. pumilus SE34, and
some species of Rhizobia

The total viable number of
bacteria is not affected by
thiamethoxam or imidacloprid

Organophosphates

Different species of Pseudomo-
nas like P. diminuta and

P. aeruginosa, Burkholderia
cepacia

» Dimpylate reduces growth of
Proteus vulgaris, a bacterium
that produces urease

* Phorate, chlorpyrifos, and
azodrin have no effect on the
total number of bacterial via-
bility. However, chlorpyrifos
alters cell shape, resulting in
formation of pleomorphic cells
* The usage of methamidophos,
commonly known as monitor
and Curacron, reduces micro-
bial biomass by 41-83%

« Ethion also has a negative
impact on soil microbes

* Phorate reduces the total
number of bacteria as well as
nitrogen-fixing bacteria, and
malathion increases the amount
of denitrifying bacteria. On the
other hand, populations of
nitrifying bacteria and fungi
were unaffected

Carbamates

Some species of Sphingomonas,
Achromobacter, Arthrobacter,
Flavobacterium, and Pseudo-
monas

B. pumilus SE34,
Stenotrophomonas maltophilia
M1

Carbofuran amplifies the num-
ber of bacteria in the soil

Aryloxyphenoxypropionate

Bacteroidetes, Proteobacteria
and Pseudomonas azotoformans
QDZ-1

It has been seen that microor-
ganism biomass, nitrogen, and
carbon levels were consider-
ably higher in fenoxaprop-
treated soils than in control
soils

(continued)
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Influence on microbiological

Pesticides Affected microbes activity

Urea Jerusalem artichoke, * Bradyrhizobium sp. is nega-
Sterigmatocystis nigra tively affected by isoproturon,
Sphingomonas strain SRS2, which boosts bacterial popula-
Rhizoctonia solani, Variovorax | tion but lowers actinomycetes
paradoxus, Rhizopus japonicus | and fungi
Pseudomonas sp., * 16S rDNA polymerase chain
Cunninghamella elegans, reaction (PCR)-denaturing gra-
Mortierella isabellina, Delftia dient gel electrophoresis
acidovorans, Talaromyces (DGGE) revealed that
wortmanii, Aspergillus Niger, isoproturon degradation was
Bacillus sphaericus linked to Sphingomonas spe-

cies proliferation
Triazine Raoultella planticola, Bradyrhizobium species is

Paenarthrobacter
nicotinovorans, Phanerochaete
chrysosporium (a white-rot
fungi), Cryptococcus laurentii

degraded by Gesaprim
Total nitrogenase activity is
reduced by Gesatop and
prometryn

the Harvard forest highlighted that long-term warming resulted in depletion of soil
organic compounds and related reductions in microbial biomass, which leads to
long-term negative effects for soil sustainability (Romero-Olivares et al. 2017,
Schindlbacher et al. 2011). Another study conducted by Bradford et al. expressed
that increased temperature often increased soil respiration, microbial biomass, and
organic matter decomposition. However, all effects depleted with long-term
worming. They have also hypothesized that increased microbial activity depletes
labile soil carbon substrates, and trade-offs happen as microbiomes (i) acclimatize,
(i) alter in composition, (iii) restrict their biomass to respond to changes in envi-
ronmental circumstances and substrate accessibility (Allison and Martiny 2008;
Bradford 2013; Classen et al. 2015). A statistical analysis revealed that by the end
of the twenty-first century, there is 95% chance that our earth will have warmed by
more than 2 °C; in fact, likely range of global temperature increase is 2.0-4.9 °C
with potentially increase in humanity but not in terms of bioremediation perfor-
mance (Pachauri et al. 2014; Raftery et al. 2017). Some pollutants are proven to have
enhanced toxicity with the rise of heat, which leads to degradation of soil processes
and ecosystem services, resulting in lower soil quality and less bioremediation.
Similarly, increased intensity and frequency of extreme weather events may increase
the risk of pollutant mobilization resulting in the increase of the size of the area that
requires remediation (Rohr et al. 2013; Landis et al. 2013).
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Impact of Altered Soil pH on Microbial Activity

Soil pH has a significant influence on diversity and richness of soil microbiomes as it
provides salinity. All factors such as variety of minerals, soil organic compounds,
and redox conditions have direct impact on the habitats for microorganism (Fisher
1936; Osuolale et al. 2017). For instance, fire can change the soil pH; thus it can be a
major factor for soil as well as microbial diversity. Researchers have observed that
there was a significant increase in fungal diversity after fire break in boreal forests,
most probably due to increased pH, although it decreased with time (Sun et al. 2015).
The long-term functional impacts of these changes in soil microbial community are
still unknown. A cross-biome study suggested that bulk soil compositions of desert
soil and microbial communities can be separated from microbiomes in other soil
habitats. Mostly arid soils have an alkaline pH, which can be the main influencing
factor for microbial community composition (Fisher 1936; Fierer et al. 2012). A
study conducted by Fierer et al. suggested that dry environment conditions created a
distinct cluster when compared to other biomes with high pH (Delgado-Baquerizo
et al. 2018). Biodegradation can take place at any pH, although in most aquatic and
soil systems, pH ranging from 6.5 to 8.5 are ideal for biodegradation. It has been
seen that most of the metabolic activities are carried out by microorganisms suscep-
tible for slight change in pH (Abatenh et al. 2017).

Impact of Changed Soil Moisture Content on Microbial
Activity

Soil microorganisms have developed various approaches such as osmoregulation,
dormant condition, and synthesis of extracellular enzymes to manage drought-
related stress (Barnard et al. 2013). Soil ecosystem is very sensitive for moisture
content or water content which can limit microorganism activity and growth, and in
addition the diffusion of nutrients and carbon substrates affects organic pollutant
biodegradation; on the other hand, high water content might limit microorganism
oxygen supply (Howard and Howard 1993). Understanding the microbial charac-
teristics that confer drought tolerance in ecosystems could help forecast and manage
ecosystem responses to climate change. Since they have the ability to retain function
and become dormant under dry conditions, members of several bacterial species,
such as Actinobacteria, have been found to concentrate on drought-affected soils
(Bouskill et al. 2016; Naylor et al. 2017). The latest report suggested that some fungi
contribute in maintenance of carbon and nitrogen cycle in low water content. As soil
moisture levels rise, soil pores become water-filled and anaerobic, allowing
methanogenesis and denitrification to occur, as well as the emission of N20 and
CH4 greenhouse gases (Treseder et al. 2018). Drought ecosystems have moisture-
limiting circumstances for microbial activity, resulting in a negative feedback on
microbial metabolic activity and loss of carbon in soil due to microbial respiration.
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Studies of forest ecosystems show that during dry seasons, litter isoenzyme diversity
and phenol oxidase activity, as well as microbial biomass, decrease significantly
(D1 Nardo et al. 2004; Krivtsov et al. 2006).

Water Pollution

Freshwater, which accounts for only 2.7% of all water, is essential for human
survival since it is used for residential, industrial, and agricultural purposes. Sources
of water pollution can be both geogenic such as evapotranspiration and water-rock
interactions and anthropogenic like industrial, agricultural, and domestic waste
(Coyte et al. 2019; Madhav et al. 2020). These sources of water can be categorized
into inorganic compounds (e.g. heavy metals), organic compounds
andmicroorganims (Coelho et al. 2015). Despite the fact that industrial water
consumption is small in contrast to agricultural water consumption, unregulated
disposal of industrial waste on land and in surface water bodies renders water
resources unsuitable for future purposes (Schweitzer and Noblet 2018). Any healthy
water body has gradient of dissolved oxygen which decreases with increasing depth.
The dissolved oxygen is needed by aquatic organisms for their cellular respiration.
Microorganisms decompose dead organic matter to carbon dioxide (CO,) and
terminal electron acceptor to water (H,O) and reduce oxygen (O,) level (Kumar
et al. 2011). Heavy metal pollution in the environment as a result of anthropogenic
and industrial activity has caused irreversible damage to aquatic ecosystems. Deep-
sea ecosystems encompass roughly two thirds of the world’s surface (Herring 2001;
Thurber et al. 2014). Oil spills are another kind of incident that makes the petroleum
(organic) pollution becomes the main contamination in ocean (aquatic) environment.
Microorganisms present in environments can degrade and transform petroleum
pollutant in the water (April et al. 1998). The oceans can help to moderate the effects
of global climate change by functioning as a CO, sink and absorbing the heat
produced by greenhouse effect (Reid et al. 2009). However, change in pH, temper-
ature, salinity, oxygen content, and patterns of particulate organic carbon (POC)
which sink toward the bottom have a variety of consequences for the marine biota
(Doney et al. 2012; Nagelkerken and Connell 2015).

Bioremediation of Water Pollution

Treatment of wastewater has evolved into a major social, technological, economic,
and political issue. Every country’s modern legislation imposes environmental
regulations. The nature of contaminants in industrial wastewater, as well as their
concentrations, is determined by their source. Industrial wastewater is often hotter
than municipal or agricultural wastewater when it exits the units (Caicedo et al.
2019). Due to higher concentration of pollutants in the industrial waste, separation,
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transformation, and further decomposition must all be accomplished using specific
methods. Generation of algae protoplasm in photosynthesis participates with the
presence of carbon, phosphorus, and nitrogen which are the critical factors for
growth of algae as well as the eutrophication of lake. Photoautotrophic microorgan-
ism Phormidiumbohneri can remove nitrogen and phosphorus in convinced envi-
ronment (Sylvestre et al. 1996). The removal of nitrogen by microbes is generally
accomplished with nitrification and denitrification, whereas the removal of phos-
phorus by microbes is through the process of absorbing phosphorus of Aeromonas
on aerobic or anaerobic conditions. As a result, it is utilized extensively and provides
effective way to eliminate the nitrogen and phosphorus in water (Cheng 2014). For
the elimination of the majority of pollutants, biological treatment is extremely
successful. Biodegradation techniques are essentially slower, do not allow for
large degrees of elimination, and are not ideal for substances that are harmful to
microorganisms, notwithstanding their success and cost-effectiveness (Khan and
Malik 2018). Under microbial process, microorganisms used oil as an organic
carbon source during bioremediation, resulting into breakdown of oil components
to low molecular weight compounds. This technology accelerates natural biodegra-
dation under optimized conditions such as pH, temperature, oxygen supply, water
content, nutrients, and the existence or addition of suitable microbial population
(Banat et al. 1991). According to the report, Planctomycetes, Gemmatimonadetes,
Proteobacteria, Bacteroidetes, Nitrospirae, Acidobacteria, Actinomycetes,
Chloroflexi, and Flavobacterium are among the bacteria found in deep-sea surface
sediments (Danovaro et al. 2017). Activated sludges are complex microbial ecosys-
tems made up of Bacteria, Archaea, Eukarya, and viruses. They are the most
prevalent biological wastewater treatment application. Implementation of integrated
wastewater systems with biological filters appears to be a potential move toward
future wastewater treatment. In contrast, few studies on the effects of bio-filters on
the microbial community have been published (Lukwambe et al. 2019). The
bacterioplankton community plays an important role in aquatic food web by con-
tributing to energy flow, circulating nutrients, and serving as bio-indicators of
environmental factors in ecosystems (Labbate et al. 2016).

Influence of Abiotic Factors on Microbial Activity
in Bioremediation of Water Pollutants

Temperature, pH, oxygen, carbon, and nutrition availability are all important factors
in microorganism growth. The composition of urban and industrial wastewaters is
heterogeneous, containing a variety of inorganic and organic contaminants. At
certain concentrations, such chemicals can be harmful to microbial growth and
limit their culture development. For example, the presence of 400 mg/L phenol
can inhibit the growth of the microalgae Chlorella vulgaris (Chlorophyta) (Klekner
and Kosaric 1992). CO, concentrations have been increasing exponentially over the
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last two decades, causing a 0.3-0.4 unit decrease in sea pH (Minich et al. 2018).
Most of the macro-algae, including Macrocystis pyrifera, use both bicarbonate
(HCO3-) and CO, as inorganic carbon sources; therefore an increase in CO, will
lower utilization of the less efficient bicarbonate pathway. Similarly, increased
temperature causes a risk to macro-algae growth, particularly those which live
near their maximum temperature tolerances. It has been seen that spore formation,
germination, and recruitment are all negatively affected by temperatures above 18 °C
(Minich et al. 2018; Harley et al. 2012; Gaitan-Espitia et al. 2014). Ocean acidifi-
cation (change in pH) can reduce the thermal tolerance range of aquatic organisms,
making them more susceptible to extreme temperatures and impairing their perfor-
mance (Alma et al. 2020).

Influence of Biotic Factors on Microbial Activity
in Bioremediation of Water Pollutants

The generation of hazardous chemicals, enzyme induction, symphony of microbial
community, and the quantity of microorganisms can all influence the removal of
contaminants from effluents (Pacheco et al. 2020). Bacillus, Rhizobium,
Flavobacterium, Sphingomonas, and Hyphomonas are among the bacteria that
have been found to be helpful for Chlorella vulgaris. By delivering fixed atmo-
spheric nitrogen, Bacillus pumilus ES4 has been demonstrated to stimulate Chlorella
vulgaris development (Hernandez et al. 2009). Many bacteria, on the other hand,
have been reported to have a deleterious impact on algal growth. Algae-associated
bacteria from taxa Rhodobacteraceae, Flavobacteriaceae, and Saprospiraceae have
been linked to Delisea pulchra bleaching. It has been reported that Microbacterium
sp. LB1 was found to be responsible for algal cell lysis and damage to Choricystis
minor laboratory cultures, resulting in a dry weight drop up to 34% after 120 h of
cultivation (Ivanova et al. 2014) (Table 3).

Conclusion

Organic and inorganic toxins have harmed the earth’s ecology through deliberate
and unintentional leakage, manufacture, and generation of debris. Microbes natu-
rally offer lots opportunities for cleaning up polluted regions; hence microbial
bioremediation of these contaminations has captivated the interest of researchers
all over the world. Microorganisms also have a significant role in managing green-
house gas emissions by participating in heterotrophic respiration (CO,), denitrifica-
tion (N,0), and methanogenesis (CH,). Human activities directly or indirectly affect
the greenhouse gas emissions (mainly CHy4, N,O, and CO,), pollution (mainly
eutrophication), and agriculture (mainly land use). Microorganisms, on the other
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Table 3 Effect of biotic factors on bioremediation of water pollution
Microalga Bioremediation | Interacting bacteria Effect ‘ Ref.
Beneficial bacteria
Chlorella vulgaris | Textile Bacillus pumilus In N-free Lim et al.
wastewater media, cell (2010), Xin
density and Xuefeng
increased by | (2001)
150%
Chlorella Heavy metal Brevundimonas sp. Algal cell Xin and
ellipsoidea such as Zn** density Xuefeng
Cd** Ni** Cu** increased (2001)
three times
after 7 days
Chlorella Wastewater and | Microbacterium Growth rate | Chen et al.
sorokiniana IAM magnesium trichotecenolyticum increased by | (2020),
nickel removal 16% Watanabe
from et al. (2005)
wastewater
Unfavorable bacteria
Delisea pulchra Acid rock Rhodobacteraceae, Caused Zozaya-
drainage Saprospiraceae, and bleaching of | Valdés et al.
remediation Flavobacteriaceae the seaweed | (2017),
Brune and
Bayer
(2012)
Nannochloropsis Sludge treat- Gram-negative bacte- Responsible | Wang et al.
oceanica IMET] ment plant of ria: Alteromonas, for rot (2012)
municipality Cytophaga, Ssymptoms
sewage and Flavobacterium, Pseu- | and gall in
petroleum domonas, Saprospira, seaweed
Vibrio, and
Pseudoalteromonas
Chlorella vulgaris | Textile Pseudobodo sp. KD51 50% Chen et al.
wastewater decrease in (2014)
chlorophyll
content
Dunaliella salina, | Bioremediation | Pseudobodo sp. KD51 Growth Chen et al.
Platymonas of nonylphenol inhibition (2014),
subcordiformis, (NP) water Wang et al.
and Microcystis waste (2019)
aeruginosa

hand, provide significant potential for resolving human-caused issues through
enhanced agricultural outputs, biofuel generation, and pollution cleanup. Knowl-
edge of parameters influencing biological and physicochemical processes is essential
for efficient bioremediation. Molecular biology tools are being developed to deter-
mine target-specific bacteria and their chemical degradation pathways, and there is
still a potential to learn more about the natural bioremediation process. Future
research prospects in microbial bioremediation offer enormous of chances for
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aspiring scientists. Climate change is expected to disrupt the earth’s ecosystem as a
whole, as it changes the climate and its accompanying repercussions, which can
modify microbial populations. However, research indicates higher microbial activity
with elevated CO, and temperature. Scientists predict that climate change will alter
the earth’s ecosystem as a whole. The findings could have implications for future
research into climate change in nature. Climate change and microbial processes in
nature will certainly be the interesting field of future research.
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Abstract The increased human interventions have forced the global climatic con-
ditions to change at a very faster pace and in a way that seems to be totally
uncontrollable and highly impulsive. The elevated levels of carbon dioxide, contin-
uously increasing temperature, altered precipitation patterns, altered moisture con-
tent of soils, and greater frequency of some extreme events are affecting every form
of life in a significant way. These are affecting the plants systems by altering their
geographical distribution, fitness, and productivity. Microbial systems, being the key
drivers behind major ecological processes and nutrient cycles, are also being dis-
tressed by the continuously changing climatic conditions. The temperature spon-
sored alteration in global carbon cycling is expected to change the status of soil from
“carbon sink” to “carbon source.” The increased rate of microbial respiration and
enzymatic activities also bring about quicker mineralization of soil organic matter
that is leading toward a reduction in the organic carbon as well as nitrogen content of
soil. The microbiological inhabitants are also declining in the uppermost layer of soil
owing to the increased surface temperature. The climatic extremes are also known to
negatively affect the plant-microbe symbiotic associations that further ensues in a
reduced plant fitness. Reduction in the rhizospheric microbial count is leading to a
decline in the microbial sequestration of carbon that further accounts for the reduced
carbon inputs to the soil systems. As a whole, the altered environmental conditions
are altering the microbial as well as plant habitats. The present chapter, therefore,
highlights the impacts of changing climatic conditions in special context to soil
microorganisms involved in different processes regulating nutrient transformation.
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Introduction

The global climatic conditions are changing at a very faster pace and in a totally
unpredictable manner. Climate change is largely driven by anthropogenic activities
which happens to be a prime global concern (Sharma et al. 2020; Singh et al. 2021).
It lays a strong effect on the plant as well as microbial diversity of planet Earth either
in a direct or an indirect way. It is also apparent that the estimated upsurges in carbon
dioxide levels, temperature, and transformed precipitation patterns are foremost
aftermaths of changing climatic conditions. These have augmented the intricacy
and ambiguity to plant as well as agroecosystems that have further threatened their
sustainable management (Singh et al. 2019). The changing climatic conditions lay a
negative effect on every possible life form ranging from aquatic to terrestrial
habitats. The anthropogenic emanation of greenhouse gases (GHGs) has largely
contributed to these climatic changes. For instance, carbon dioxide (CO,), a fore-
most greenhouse gas, has been augmented by almost 30% in the atmosphere only
because of anthropogenic origins (Stocker 2014). The emission of greenhouse gases
has become more prominent since the global industrialization. The sun rays directly
falling on earth’s crust are being trapped by GHGs like CO,, nitrous oxide (N,O),
methane (CH,), hydrofluorocarbons (HFCs), etc., that ultimately results in a hike in
global temperature. More precisely, the concentration of atmospheric CO, is at peak
and has touched a level of 410 ppm (http://scripssco2.ucsd.edu) at current that
happens to be the major reason behind warming upshot. In addition, human activities
are also leading to the increased deposition of atmospheric nitrogen that is also
exerting strains on global agroecosystems. These changes affect plants, microorgan-
isms, and other higher organisms from genes to ecosystem services (Singh et al.
2019). Climatic changes are causing a significant increase in the global temperature,
resulting in water insufficiency, damage to vegetations, wildfire mutilation, soil
destruction, melting of permafrost, and coastal deterioration along with reduction
in yields of tropical crops (Rani et al. 2019; Sharma et al. 2021). These factors not
only disturb the efficiency of plant systems but also alter the global distribution of
plants. The nutrient status of plants is also deteriorating at a faster pace, for instance,
the elevated levels of greenhouse gases force a decline in the nitrogen content of
non-legume plants (Jablonski et al. 2002; Taub et al. 2008). The increasing global
temperature is also affecting oceans as they act as sink for most of the supplementary
heat engendered by human-induced climatic changes. The increment in surface
temperatures and decline in the levels of dissolved oxygen has also put the aquatic
life in a state of distress.

Apart from other forms of life, the life at microbiological scale also happens to be
sensitive to changing climatic conditions. Since plants and other higher forms of life
have evolved in a world of microbes, therefore, any alteration in the patterns of
microbial life would affect the higher forms of life as well. The soil microbes are
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found to be sensitive toward increasing temperatures; therefore, the increasing
temperature also targets their diversity and abundance as well. Plants are highly
dependent on plant-microbe interactions for their growth, survival, as well as
productivity. Therefore, the disturbance in assembly of microbial communities
owing to the changing climatic conditions also disturbs the plant productivity and
its resilience toward changing environmental conditions (Keeler et al. 2021; Maloy
2021; Zytynska 2021).

In addition, the microbial systems play central roles in various ecological pro-
cesses like nutrient transformation and cycling, nutrient mobilization, enhancing the
bioavailability of several nutrients, etc. The changing climatic conditions affect the
microbes involved in such processes of extreme ecological significance, thereby
disturbing the ecological functioning and roles of microbiota. Besides other climatic
variations, increase in temperature happens to be the foremost factor affecting the
functioning of microbial systems. The microbial systems experience a steeper
decline in their biomass on increase in temperature. The elevated temperatures
alter the fluidity and permeability of microbial membranes that in turn affects their
viability (Kannojia et al. 2019). However, a slight increment in the soil temperature
excites the actions of soil microbiota that further corroborates upsurge in overall
rates of nitrification, phosphorus and nitrogen mineralization, and total soil respira-
tion. Nevertheless, this reaction of microbial community to soil warming lasts for
extremely short period of time. The impacts are found to be harsher when
the increment in temperature is found to be higher. Adding more to the concern,
the mounting concentration of atmospheric CO, has been projected to intensify the
comprehensive surface temperatures amid 1.8 °C to 3.6 °C by the culmination of the
twenty-first century (IPCC Climate Change 2007). Therefore, the situations will get
more upsetting in the upcoming decades. Apart from this, such diverse ecosystem
scale factors are potent enough to alter the patterns of microbial metabolism.
However, the effects in case of microbial systems are hard to predict as in the case
of plants and other organisms. The altered conditions also affect the rates of
microbial respiration, plant-microbe interactions, and their ability to perform specific
functions such as carbon sequestration along with a reduction in the degree of their
ecological performances. The current chapter, therefore, highlights the impacts of
altered climatic circumstances on the microorganisms and their activities. In addi-
tion, climatic changes driven effects on other life forms have also been touched, yet
microbial functioning under altered environments remains the central idea.

Changing Climatic Conditions: A Global Perspective

The increasing human interventions in the environmental processes are greatly
affecting the global climatic conditions. A perpetual upsurge in universal tempera-
ture, fluctuating precipitation forms, and larger rate of recurrence of a few extreme
events are greatly affecting the climatic conditions. The agricultural emissions
account for almost one quarter of greenhouse gases, yet the agricultural sector
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owes the potential to find a cure for comprehensive climate objectives. The extreme
weather conditions are affecting every possible habitat including the oceans by their
acidification and terrestrial habitats by inviting more intense droughts. The grievous
effects range from the occurrence of extreme weather conditions, pest and ailment
distribution, reduction in biodiversity, dilapidation of bionetworks, and water pau-
city that will go downhill as the globe warms. Oceans are at frontline to face the
long-standing influences of climatic changes as they absorb the major proportion of
heat generated by anthropogenic events. The altered climatic conditions will also
lead to an increment in the sea surface temperatures and upsurge in sea levels. It is
further speculated that the end of the twenty-first century would also mark a rise of
18-140 cm in the sea levels (IPCC 2007a, b, c). It will further strengthen tropical
storms that would attain higher peak wind speeds. In addition, the climatic changes
would lead to perilous drops in oceanic oxygen concentrations that would further lay
a negative impact on the aquatic life (FAO 2019). The agronomic, forestry, and
fishery divisions are designated to be dominant in this repute as they are not only
distressed by climatic fluctuations along with their contribution to global GHG
emanations but they also offer several prospects for lucrative mitigation opportuni-
ties. The changing climatic conditions also slow down the advancement toward the
accomplishment of the Millennium Development Goals (MDGs), exclusively in
special context to abatement in hunger as well as poverty along with the maintenance
of environmental sustainability. Climatic change depressingly distresses the basic
foundations of food production, for example, soil, water, and biodiversity. On a
broader scale, it disturbs all the four confines of food security: food availability, food
accessibility, the steadiness of food stock, and the capability of consumers to use
food counting food safety along with its nutritive values (FAO 2008). The rapidly
changing environmental conditions are reducing the agricultural productivity and
also affecting the terrestrial distribution of different crops. Adding more to the
concern, the agricultural sector itself is contributing to the changing climatic condi-
tions. Agricultural sector makes 13.5% of universal GHG emanations or around 1.8
GtC eqv./yr. (6.6 Gt of CO2 eqv./yr), primarily as CH4 and N,O from rice produc-
tion, enteric fermentation, fertilized soils, biomass burning, and fertilizer fabrication
(IPCC 2007a, b). In addition, the change in land usage patterns epitomize 17.4% of
overall GHG discharges (IPCC 2007b). The fishery sector contributes in CO,
emissions from the harvesting as well as transportation that is assessed to be 0.05
Gt annually. The developing nations account for almost 75% of global agriculture
and land use-based discharges (IPCC 2007c). The emissions from agriculture,
forestry, and other land use (AFOLU) events added CO, (13%), CH,4 (44%), and
N,O equaling 81% from anthropological actions during 2007-2016 on a global
basis, which was found to be equivalent to 23% of overall human-caused emanations
of GHGs (IPCC 2019). The elevated levels of greenhouse gases mark significant
increment in universal surface temperature as equated to the pre-industrial stages,
which strongly affects the progressions making a count in desertification, land
dilapidation, and food security. Alterations in such progressions invite hazards
toward global food systems, living conditions, worth of land resources, infrastruc-
tures, and human as well as ecological health. The prevailing stages of
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comprehensive warming are inviting reasonable menaces from larger dryland water
shortage, damage to vegetation, wildfire mutilation, soil erosion, melting of perma-
frost, dilapidation of coastal areas, and reduction in crop yields. However, the
magnitude of risks is being speculated to become more severe with increasing
temperatures marking them up to the levels of cascading risks (IPCC 2018). With
an upsurge of 1.5 °C in the universal temperature, these dangers are anticipated to be
higher, whereas at around 2 °C and 3 °C, these losses are projected to be much
higher. The dryland inhabitants susceptible to water shortage, drought strength, and
home deprivation are expected to touch the numbers of 178 million by 2050 at
1.5 °C, upsurging to 220 million at 2 °C, and 277 million at 3 °C warming, whereas
Asia and Africa have been predicted to lead in numbers with people susceptible to
enlarged desertification. The increased risk of wildfires is likely to affect North
America, South America, Mediterranean, Southern Africa, and Central Asia. The
tropics and subtropics are anticipated to be most susceptible to reduction in crop
yields. Similarly, the land deterioration subsequent to rise in sea levels and strong
cyclones has also been estimated to threaten survival and living conditions in
cyclone-affected zones (IPCC 2019).

Effects of Climatic Change on Plants

The changing climatic conditions lay an impact on each and every living being on
this planet (Kumar et al. 2020). Fluctuations in environmental conditions govern the
global and terrestrial distribution of different crops and also affect their yields. For
instance, the productivity of plants like maize and wheat grown in numerous lower-
latitude areas has been reported to be reduced, whereas those grown in higher-
latitude regions (for instance, maize, wheat, and sugar beets) have been found to
be increased due to changing climatic conditions (FAO 2019). Extensively quoted
approximations demonstrate that the period between 1980 and 2008 marked the
global reductions of 5.5 and 3.8% in wheat and maize yields, respectively, as
equated to their yield projections under stable climatic conditions (Lobell et al.
2011). There are many climatic factors that are known to shape the growth as well
as yield of plant systems. These are usually comprised by the physical parameters
like temperature, rainfall configurations, CO, levels, alterations in agricultural
ecosystems, and the adaptive rejoinders of humanoid organizations. The temperature
seems to be the major factor that is known to be altered by the altered environmental
conditions owing to its easily noticeable approach. Its aftermaths on progression of
plants systems are well comprehended only up to the optimal levels for the devel-
opment of crops. The increase in temperature and levels of carbon dioxide may also
prove to be beneficial to some crops but only up to a certain level. For instance,
wheat as well as soybeans can experience enhancement in their yields with increas-
ing CO, levels under optimum temperatures (Porter et al. 2014). Thus, the changing
climatic conditions can also prove to be beneficial to the plant systems, but the
drastic change in environmental conditions put the plant systems in a state of
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distress. However, it has also been proposed that until about 2030, the positive
aspects of changing climatic conditions on the plant yields will counterbalance the
negative ones on a global scale, and later the effects pronounced would be largely
negative with any further acceleration in climatic modification. Thus, the last half of
the twenty-first century will mark negative impressions on the yields of maize,
wheat, as well as rice, and the effects will be more severe in the tropical regions as
equated to the temperate regions (Porter et al. 2014; Challinor et al. 2014). The
damaging effects of elevated tropospheric ozone on plant yields have also been
reported, with approximations of losses ranging from 8.5 to 14% for soybean, 3.9 to
15% in wheat, and 2.2 to 5.5% in maize in 2000 (Porter et al. 2014). The mean crop
yields are anticipated to be reduced by roughly 1% by the passage of every
succeeding decade of climatic changes. This seems to be a smaller proportion, but
it happens to be a highly significant fraction as a concomitant increment of around
14% 1is strongly required in the production every decade in the quest to fulfil the
growing demands. Although the ecosystem services are affected in numerous ways
by the changing climates, for instance, the equilibrium among plants and pests along
with the upshots on pollinators, these happen to be tedious ones to measure and,
thereby, are usually not taken into consideration for making future projections. The
climatic change is also expected to alter the land use patterns and geographical
distribution of crops. For instance, the aptness for potato plants is projected to surge
in higher latitudes and higher tropical elevations by the end of the twenty-first
century (Schafleitner et al. 2011). Similarly, the vital crops of Brazil like sugarcane
and coffee are speculated to drift toward more favorable regions in the south (Pinto
et al. 2007; Pinto et al. 2008). Alongside, the expansion in range of destructive pests
like Phytophthora cinnamomi in Europe has also been projected (Bergot et al. 2004).
Likewise, augmented generations under coffee nematodes and walnut pests have
been predicted for Brazil and California, respectively, in changing climatic condi-
tions (Ghini et al. 2008; Luedeling et al. 2011). Additionally, the larger extents of
phenotypic as well as genotypic plasticity allied with the weeds comparative to the
consistency inherent in large cropping systems would aid them in limiting crop
yields to a larger degree with increasing concentrations of CO, (Ziska 2011). The
chemical control of weeds will become less effective with increasing economic and
environmental costs.

Effect of Climatic Change on Global Agricultural Systems

The last five decades have marked the increment in global population from 3 billion
to 6.7 billion in a time period from 1959 to 2009. Surprisingly, it is anticipated to
further upsurge by additional 50%, touching a mark of 9.1 billion by the mid of the
twenty-first century. To meet the food demands of this much of populace, the
agricultural, forestry, and fishery subdivisions would experience enormous pressure
in the pursuit to offer food, feed, and fiber along with the provision of revenue,
employment, and vital ecosystem amenities. On the other hand, the global agricul-
tural systems are facing a challenge of stagnant crop yield due to changing climatic
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conditions. Therefore, the comprehensive retort toward changing climate must be
articulated by keeping food and agricultural sectors at the center. The agricultural
division represents almost 90% of the nations’ Nationally Determined Contributions
which evidently validates the sturdy demand for actions in response to climate
changes (FAO 2019). The plants, animals, and ecosystems inhabiting a particular
place have acclimatized toward the prevailing environments. Any alteration in
climatic conditions will affect these in directions that seem hard to forecast exactly.
However, different reports have also made attempts to address the biophysical
influences of anticipated fluctuations explicitly on agroecosystems (FAO 2016).
The effects on plant systems are ultimately reflected in the agricultural sector that
are further interconnected across environmental, social, and economic dimensions.
The climatic changes influence the above-mentioned four dimensions of food
security, nutrition and human health, the agricultural sectors, natural resources,
post-production stages, and human migration. These changes are further going to
distress the agricultural production, and these influences are further anticipated to
mount, with corresponding increment in worldwide temperatures. The global human
residents of above 122 million may face extremes of poverty by 2030 due to
changing climates and its upshots on the earnings of small-scale farming community
(FAO 2016). The projected yield declines will generate food scarcity that will lead to
increase in food prices. The process to attain the desired food production will
increase the strain on natural resources and is very likely to alter the geography of
production. The altered environments will amend the trends of plant as well as
animal ailments that will further lead to increments in usage of chemicals meant for
combatting these diseases. The increased temperatures will increase the risk of
fungal growth that will further increase the susceptibility of cereals and pulses
toward contamination with fungi and mycotoxins (FAO 2017). The projected
climatic changes would also lead toward a reduction in the per capita food obtain-
ability by above 3%, whereas the utilization of fruits as well as vegetables would
reduce through almost 4% by 2050 (Springmann et al. 2016). The Intergovernmental
Panel on Climate Change (IPCC) has also cautioned about the decline of 10-25%
and more in crop yields by 2050 (IPCC 2014). The cereal prices are also expected to
upsurge by 29% by 2050. Currently, the agricultural sector absorbs almost 26% of
the financial repercussions of climatic catastrophes, which is projected to rise to 83%
for drought specifically in developing countries. The climatic alterations also affect
the availability of water resources. Currently, the shortage of water resources lays a
strong effect on almost 40% of the global populace. The severity of situation can be
taken into consideration by the fact that every 1 °C increment in temperature will
push 500 million additional humans to confront a 20% dip in renewable resources of
water. Another important consequence of global warming is the temperature-
persuaded increment in food wastage. Presently, about 14% of food equivalent to
monetary values of 400 billion USD is wasted after harvesting prior to its reach to the
sellers. Adding more to the concern, the lost food makes a contribution of around 8%
in the global emanations of GHGs. The changing climatic conditions and perpetually
increasing global temperature will lead to more food losses that would account for
more release of greenhouse gases (FAO 2019). In addition, the altered environmen-
tal conditions also affect the nutritional quality of agricultural produce.
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Effect on Soil Microbiota Regulating Nutrient
Transformation

The soil inhabiting microbiota oversees the bio-geochemical cycling of different
macro- and micronutrients along with the other elements that are essential for the
plant as well as animal growth. The understanding and prediction of the effect of
changing climatic conditions on microbiological dwellers of soil and the ecosystem
amenities provided by them put forward an imposing problem and a foremost
opportunity as well. The climate would continue to change, and the environmental
conditions would touch more extremes. Since microorganisms are involved in
different nutrient transformation processes, they also have a crucial part to play in
climate response, counting generation or utilization of GHGs like CO,, CH,4, and
N,0. The microbial functioning is affected by all the types of changing climatic
conditions, for instance, rise in global CO, concentrations, raised temperature,
augmented drought, amplified rainfall, and higher fire occurrence (Jansson and
Hofmockel 2020). Although the altered climatic conditions are known to affect the
microbes engaged in cycling of all the nutrients, carbon and nitrogen cycles happen
to be the major ones and are thereby taken into consideration.

Carbon Exchange

The microbiota inhabiting soil systems is found to be principally accountable for the
cycling of soil organic carbon (SOC) pools. The enhanced mineralization of SOC by
microbial systems under modified climatic conditions happens to be a major concern
that further makes a significant contribution toward the release of GHGs (CO, and
CH,), thus aggravating the warming patterns. This speculation seems to be a
grievous concern owing to the total quantity of carbon present in permafrost that is
appraised to be approximately 3300 petagrams (Pg) which happens to be fivefold
higher than the existing atmospheric pool of CO, (Cavallaro et al. 2018; Tarnocai
et al. 2009). Soil-residing microbiota perform the dual roles of mineralization as well
as immobilization of SOC. The net efflux of CO, and CH,4 from soil is governed by
the balance between these two processes. The continuously changing climatic
conditions have led to an upsurge in the heterotrophic respiration of soil organic
carbon that further contributes to the CO, loads of the atmosphere (Bond-Lamberty
et al. 2018). The exposure to increased temperatures marks changes in cellular
membranes of bacteria that further trigger the expression of heat shock proteins,
whereas in case of soil fungi warming can either stimulate or suppress the fungal
biomass and activity depending on other factors like moisture and presence of other
vegetation (Allison and Treseder 2008; Clemmensen et al. 2013). Climatic
alteration-instigated intricacies reported in the microbial diversity of soil modify
the physiochemical situations of soil ecosystems that eventually disturb productivity
of plants (Bardgett et al. 2008).
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The varying climatical situations affect the functioning of soil microflora directly
and indirectly that feedback GHGs to the environment and aid in global warming.
The direct impacts comprise the effect of elevated temperature, altered rainfall, and
occurrence of dangerous climatical events on soil microbiota and GHG emanations,
while the indirect impacts are generated as a consequence of climate-obsessed
deviations in plant output and variety that modify the physicochemical environments
of soil, its carbon supply, and the structural as well as functional components of
microbial groups participating in disintegration progressions and carbon discharge
from the soils. Climatic changes also affect the soil carbon sink as warming surge the
release of CO, from soil to environment owing to increased microbial degradation of
SOM. This kind of speeding up in carbon loss could meaningly impair the soil
carbon cycle response if projected climatic variation circumstances are precise (Cox
et al. 2000; Friedlingstein et al. 2006). In addition to it, the alterations recorded in
climatical trends are further known to be amended by carbon apportionment to
microbiological communities which inclusively touches their structures as well as
dynamics, playing a decisive part in organic matter breakdown. Besides, the biotic
mechanisms accountable for the regulation of this exchange along with the circula-
tion of carbon amid inter-reliant community systems affect climatic variation via
climate-ecosystem reaction and might increase the enduring possessions of local or
universal environment (Heimann and Reichstein 2008).

In a similar way, drought and freezing also directly affect the microbial physiol-
ogy along with the microbial diversity and richness, with significant penalties for
bionetwork-level carbon and nutrient dynamics (Schimel and Mikan 2005). Increas-
ing occurrences of drought limit the soil moisture content which in turn limit the
rates of microbial respiration and further create a harmful reaction on microbiolog-
ical breakdown and soil carbon loss. Contrary to this, the prevalence of droughts in
marshlands and peatlands leads to the creation of conditions favorable for actions of
microbial systems. The dropping of water table and introduction of oxygen into
formerly anaerobic soils lead to upsurge in the actions of enzymes like phenol
oxidases (Freeman et al. 2004; Zibilske and Bradford 2007).

The allocation and movement of carbon amid the earthly bionetworks serve as
comprehensive carbon sink via its accretion in the alive vegetations, in microbio-
logical biomass, and in soil. However, the release and absorption of greenhouse
gases like CHy, N,O, and CO, regulate universal climate feedback leanings. The
anthropogenetic activity-triggered climatic changes have largely affected the carbon-
sink activity of global ecosystems. As carbon dioxide happens to be the principal
substrate exploited as metabolic fuel by plant systems, therefore, the atmospheric
CO, shapes the distribution of carbon present under the soil and correspondingly
impacts the chemistry of root exudation. Such alterations potentially distress the
plant-microbe beneficial interactions happening in the rhizosphere (Williams et al.
2018). However, the total carbon economy of any environment during changeable
climatical situations is governed by the equilibrium amid respiration and photosyn-
thesis (Aamir et al. 2019).
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Nitrogen Exchange

The increment in the global temperatures is also going to affect the accessibility of
nitrogen in soils by stimulating the decomposition and mineralization of SOM.
Elevation in temperature leads to increment in the enzymatic activities involved in
nitrogen cycle (Beier et al. 2008; Lukac et al. 2010). Soil warming can enhance the
mineralization of nitrogen and may promote loss of nitrogen via leaching (Beier et al.
2008). Increment in the actions of enzymes participating in nitrogen cycling has been
recorded in the occurrence of elevated temperature and adequate moisture levels
(Sardans et al. 2008).

Nitrogen and carbon cycles are highly interconnected; therefore, any factor that
affects the carbon cycle also touches the nitrogen cycle. In case of elevated concen-
trations of carbon dioxide, carbon assimilation in soil systems is expected to be
increased due to upsurge in root exudation patterns that in turn brings out an
enhancement in the microbial activities in the root zone. The increased carbon
input as a consequence of elevated carbon dioxide levels has earlier been reported
to alter the nitrogen dynamics in soil systems. It may either excite immobilization of
microbial nitrogen or promote mineralization owing to the priming impact
(Blagodatskaya and Kuzyakov 2008; Zak et al. 2000), relying on the constraint of
carbon or nitrogen in microbiological groups and on the C/N proportion of substrate
(Hodge et al. 2000).

The increment in the extent of nitrogen immobilization further marks a decrease
in the capability of plant systems to retort to higher CO, levels that in turn results in a
reduction in plant yield (Hu et al. 2001). The penalties of climatic changes are well
reflected on the nitrogen turnover and on the microorganisms as well that bring out
the nitrogen transformations in the ecosystems. Wang et al. (2016) also reported that
soil nitrogen revenue was found to be responsive toward warming, condensed
precipitation, and improved statistics of freeze-thaw cycles (Andrade-Linares et al.
2021).

In general, the assimilation of nitrogen becomes low with upsurge in CO, levels
which further marks nitrogen losses and acidification. The increased levels of root
exudates at higher CO, concentrations generally result in enhanced concentrations of
organic acids. This leads to an increment in the microbial activities that further
quicken organic matter mineralization. The intensity of losses rises with surge in the
intensity of climatic changes (Raza et al. 2021). The climatic extremes also distress
the microbiological content of soil systems. For instance, the acidity in soils limits
the survival and persistence of nitrogen-fixing bacteria along with a drop in the
action of nitrogenase enzyme (Ferguson et al. 2013). Comparatively higher root
temperature is also known to affect the infectivity, nitrogen-fixing capability, and
plant progression (Mohammadi et al. 2012). In addition, higher temperatures lead to
loss of infectivity in rhizobial strains. Additionally, the high-temperature shock leads
to plasmid curing in fast-growing strains which ultimately affects the establishment
of symbiotic relationship (Zahran 2017). Higher temperatures are also known to
affect the synthesis as well as secretion of inducers specific for nod genes (Hungria
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and Stacey 1997) which further alters the working of nodule predominantly synthe-
sis of leghemoglobin, action of nitrogenase enzyme, and H, excretion along with the
accelerated senescence of nodules (Hungria and Vargas 2000). Thus, the elevated
temperature leads to a significant and total upsurge in the nitrogen mineralization and
nitrification in terrestrial ecosystems. However, the results are found to contrary
when the sole effect of carbon dioxide is evaluated on the nitrogen dynamics.
Conversely, if the carbon dioxide-triggered global warming is also considered for
studying the nitrogen dynamics under climatic changes, results may be different.
Consequently, the outcomes of climatic changes on nitrogen dynamics may prove to
be multifaceted, and the long-standing consequences on nitrogen maintenance and
its utilization efficacy are still uncertain.

Agricultural systems happen to be the major producers of greenhouse gases. The
agricultural emission of nitrous oxide is the major contributor toward global
warming as N,O holds the warming capacity of almost 300-fold higher than of
CO,. The annual release of nitrous oxide from agricultural sector is thus comparable
to increasing the greenhouse effect as done by additional three billion tons of CO,
(Reay 2015). Altering climatic conditions are further acknowledged to alter the
patterns and dynamics of nitrous oxide release from the agroecosystems. The
emissions from the soils are mainly due to the reduction of nitrate to nitrous oxide
as a consequence of the actions of denitrifying bacteria in the absence of oxygen. In
addition, the nitrogen cycling process is also found to be sensitive toward variation
in other climatic changes like global warming-instigated alteration in moisture
content of soil (Singh et al. 2011). The process of denitrification is sturdily connected
to the soil moisture levels and to the obtainability of carbon source, to the nitrate
supply, and to temperature. Elevated temperatures as well as the wetter soils due to
higher precipitation will also endorse denitrification. As a whole, all the climatic
variations are known to disturb the nitrogen cycle. The cycle is not only disturbed by
a single variation but also by the combinations of variations. The elevated temper-
atures mark an increment in the speed of disintegration of soil organic matter that
clearly indicates temperature-sponsored reduction in the content of organic nitrogen.
Conversely, the reduction in soil moisture content is acknowledged for declining the
rate of degradation process. Surprisingly, the process is known to be least affected by
the blend of elevated temperatures and reduced moistures that could lead to no
net alteration in disintegration (Bradbury and Powlson 1994).

Alteration in Microbial Respiration Rates and Enzymatic
Activities

Soil respiration also happens to be a vital parameter for evaluating soil health as it is
known to be completely interrelated with the SOM content. This can be assessed as
either a function of carbon dioxide release or oxygen requirement (Arias et al. 2005;
Dalal and Moloney 2000; Haynes 2008). Soil respiration, predominantly its
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temperature retort, is extensively recognized to be a critical connection amid climatic
changes and the comprehensive carbon cycle (Wixon and Balser 2009). Soil respi-
ration is known to be another major carbon flux after photosynthesis in earthly
environments that may represent almost 70% of total yearly ecosystem respiration
(Yuste et al. 2005).

Activities of some enzymes can be suggestively interrelated with a few soils’
microbiological parameters like microbial respiration and biomass (McKenzie et al.
2015). The activity of dehydrogenase endoenzyme is often utilized as bioindicator
for assessing the fertility of soil. A bigger intensity of respiration specifies the excess
of substrate availability for microbial metabolism on incubation at elevated temper-
atures in in vivo conditions. Generally, increments in the activities of soil enzymes
B-glucosidase, fluorescein diacetate hydrolase, and dehydrogenase are observed with
a corresponding increment in the temperature of incubation. The activities of soil
enzymes dehydrogenase and fluorescein diacetate hydrolase are generally used to
assess the load of microbial activities in soil, whereas the enzyme p-glucosidase
happens to be a carbon depolymerizing enzyme. The upsurge in the actions of these
enzymes may be due to increased availability of substrate and microbial biomass at
the higher temperature. Quite the reverse, the decline in the actions of enzymes aryl
sulfatase and acid phosphomonoesterase as well might be attributable to their
denaturation at elevated temperatures (Joergensen et al. 1990).

Soil respiration is found to be much responsive toward changing climatic condi-
tions (Allen et al. 2011). Any processes, climatic changes, or management practices
that reduce the inputs of organic carbon or augment outputs from the soils are going
to adversely affect the soil health and changing climatic conditions (Bond-Lamberty
and Thomson 2010). The increasing temperature is known to affect the soil respira-
tion, and it is usually presumed that respiration rate becomes twofold with a rise of
10 °C in temperature. However, this parameter sounds good for seasonal variation of
temperatures as under climatic extremes increased temperature is also known to
distort the structure of biological molecules. In a similar way, the reduction in soil
moisture can potentially bring about dormancy and/or death of microorganisms in
addition to decline in their mobility (Orchard and Cook 1983), thus negatively
affecting the microbial respiration. The global warming can possibly change the
earthly environments from carbon basins to carbon sources. Soil warming upsurges
the rates of soil respiration by almost 20%, where the forest bionetworks are known
to be most responsive toward climatic warming (Yiqi and Zhou 2010; Rustad et al.
2001). In a similar way, during the precipitation extremes, the movement of CO, in
soil pores subsequent to penetration of rainwater may also subsidize to quick
growths in soil CO, outflow (Huxman et al. 2004).

Soil enzymes are recognized to be the most imperative indicators of soil health
that are known to participate actively in the elemental transformations and biochem-
ical functions regulating the dynamics of SOM (Bakshi and Varma 2010; Maddela
et al. 2017). These enzymes are principally derived from soil faunae, dead as well as
alive microorganisms, and roots and remains of plants and animals. The primary
function of these enzymes is to catalyze different reactions counting the nutrient
cycling and the disintegration of biological wastes along with the fabrication of
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SOM (Burke et al. 2011; Mele 2011; Gul and Whalen 2016; Yang et al. 2012). These
enzymes happen to be extracellular in nature with their prime function to speed up
the metabolic reactions. Therefore, the activities of these enzymes define the pro-
portion of energy derived by soil microorganisms by utilizing different organic as
well as inorganic composites in the environment owing to their usage of extracellular
enzymes for carrying out metabolic functions (Fuhrmann 2005). They also happen to
be the mainspring behind the flow of matter and energy cycle in the agricultural
systems. In general, the quantification of activities of soil enzymes happens to be a
viable parameter for determining the rate of SOM decomposition that further reflects
microorganisms’ sponsored cycling of C, N, and P. The enzymes arylsulfatase,
B-glucosidase, phosphatases, and ureases are emblematically utilized to track the
corresponding transformations of S, C, P, and N, and in agrarian soils (Shan et al.
2008; Yang et al. 2012; Abd 2000). However, the action of these enzymes is also a
subject to variation depending upon several factors like quality of soil, diversity as
well as community configuration of plant systems, SOM, fabrication as well as
exudation of soil enzymes, pH, temperature, and salt concentration of soil (Alshaal
et al. 2017).

The changing climatic conditions affect the functioning of soil enzymes in a
direct as well as indirect way. The direct effects correspond to the temperature- and
moisture-sponsored inhibition of enzymatic activities, whereas the indirect effects
occur via affecting microbial enzyme producers. In addition, the possible variations
in plant and soil faunal communities also make a count among the different factors
(Henry 2013). These enzymes are also found to be sensitive to seasonal climatic
changes. Waldrop and Firestone (2006) reported reductions in the microbial bio-
mass, enzyme activities, and microbial respiration on change of soil environments.

The N-degrading enzymes display lower compassions than C-deteriorating
enzymes toward increased temperatures (Stone et al. 2012). At increased tempera-
tures and nitrogen limitation in soil systems, the microbial systems shift toward the
synthesis of enzymes carrying out N-degradation and lessen the fabrication of
enzymes catalyzing C-degradation (Steinweg et al. 2013). In a similar way, the
actions of enzymes like xylosidase, leucine aminopeptidase, p-glucosidase, acid
phosphomonoesterase, cellobiohydrolase, and N-acetylglucosaminidase are also
known to upsurge with rising temperature in the soil depths ranging from 0 to
5 cm. Surprisingly, the enzymes acid phosphomonoesterase as well as
B-glucosidase are known to exhibit peak action in warmer environment (Steinweg
et al. 2013). The elevated levels of carbon dioxide are also known to enhance the
activity of soil enzymes like urease, acid phosphatase, xylanase, alkaline phospha-
tase, N-degrading enzymes, protease, invertase, and alkaline phosphomonoesterase.
The other important factor, soil moisture content, is known to affect the circulation
of substrates along with the dispersion of enzymes and their corresponding products
that may consequently enforce diffusion restrictions on enzymes along with their
corresponding substrates. The production of enzymes usually declines during the
drought stress as a consequence of reduction in microbial biomass (Chatterjee and
Saha 2018).
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The effect of climatic changes on the enzymatic activities is more pronounced in
the arid climatic regions. The different factors altered during the climatic changes lay
a direct or indirect effect on the soil enzymatic activities. The enzymatic activities
may show an increment with increase in moisture, temperature, or carbon dioxide
level, but the increment is pronounced only up to the optimal levels. Thereafter, the
enzymatic activities start declining when the climatic changes are known to touch the
extremes.

Impact on Plant-Microbe Interactions

The changing climatic conditions lay a strong effect on the species and their
communications that further result in progression of novel communities along with
the modified ecosystem processes. The increase in level of greenhouse gases leads to
an increment in the global atmospheric temperature that further brings a decline in
soil water. The reduced soil water induces drought in different ranges of the globe
that will eventually disturb the plant-microorganism interactions along with their
groups and roles in the soils (Wahid et al. 2020). The changing climatic conditions
affect the aboveground as well as belowground terrestrial ecosystem in a direct as
well as indirect way. The aboveground effects are reflected on the abundance and
diversity of plant populations, while the belowground effects amend the carbon pool
along with the root framework that in turn will exert an indirect effect on the
microbial load, its configuration, and microbial communities. All kinds of possible
changes in the climatic conditions pose both straight and subsidiary effects on the
physiology of plant systems and structure of soil microbial communities (Bardgett
et al. 2013).

The climate change-prompted variations in the physiology of plant systems are
also reflected in their root exudation patterns. Elevated levels of carbon dioxide often
upsurge the carbon distribution of root zone and henceforth alter the configuration of
root exudates. The alteration in root exudation patterns also distresses the working of
advantageous microbiota and their inhabitation on the roots of plant systems that
further affects the growth as well as health of plants. Alongside, the climatic changes
are also known to force alterations in the signal molecules, C/N proportion, and
accessibility of chemoattractants as well as nutrients (Kandeler et al. 2006; Haase
et al. 2007).

Although higher levels of carbon dioxide stimulate the photosynthesis in plant
systems, the enhanced levels would also augment the occurrence of thrilling climatic
shocks like heatwaves and droughts that prove to be detrimental to plant develop-
ment and produce (Wang et al. 2013; Gray and Brady 2016). In addition, increasing
levels of carbon dioxide are also known to upsurge the occurrence of plant-pathogen
communications with rhizosphere-inhabiting microbes (Eastburn et al. 2011;
Gschwendtner et al. 2016) consequently upsetting the development, progression,
and yield of plants.
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The alteration in moisture content of soils as a consequence of rising temperature
also affects the belowground microbes. However, inadequate rainfall is known to
reduce the richness of different microorganisms like fungi, enchytraeids, and col-
lembolan. Drought stress is also known to decrease the abundance and diversity of
microorganisms. However, the reduction depends on the patterns of drought stress,
for instance, a report claimed 40% decline in phylogenetic alpha-diversity on the
exposure of plots to drought strain as equated to those receiving some prior drought
exposures (Blankinship et al. 2011; Bouskill et al. 2013). The drought stress-
instigated alteration in the soil microbial community may happen to be a modifica-
tion in the comparative richness as opposed to complete elimination, and hence it
gives appropriate specifics for any alterations in alpha diversity. It has been noticed
that the exposure to drought stress marks an increase in the proportion of Gram-
negative bacteria as paralleled to the Gram-positive (Fuchslueger et al. 2014, 2016;
Chodak et al. 2015). For instance, on exposure to drought stress, a decline in the
numbers of Gram-negative bacteria belonging to Proteobacteria, Bacteroidetes, and
Verrucomicrobia has been recorded (Barnard et al. 2013; Acosta-Martinez et al.
2014; Yuste et al. 2014), whereas an augmentation in Gram-positive bacteria
belonging to Actinobacteria and Firmicutes has been reported (Bouskill et al.
2013; Hartmann et al. 2017). The drought stress also marks the inhabitation of
plant root surface by the microbes that owe the potential to produce ACC deaminase
enzyme which further aid the plant systems to alter the usual progression of plant
systems under drought stress by cleaving precursor of ethylene hormone (Glick et al.
2007). The enhancement of interactions between plants exposed to drought stress
and microbial members capable of alleviating the similar stress also leads to
enhancement in the plant forbearance of the stress. Such kind of plant-microbe
interactions is also known to alter the root surface structure of plants (Cassan et al.
2001).

Agrarian production is principally governed by the persistence of pathogenic
microbes and the position of plant diseases in any particular environ. The varying
environmental conditions are boosting the disease incidence in crop plants owing to
the changes in distribution formats, evolution of novel cultivars, as well as
pathotypes that can further lead to the progression of epidemics (Yafiez-Lopez
et al. 2012). Altering climatical situations have also forced a significant increment
in the virulence of different pests that further result in greater numeral of pest
manifestations. The disease sternness of plant systems is suggestively affected by
elevated temperature and extent of exposure confronted by plants (Evans et al.
2008). Alterations in temperatures, predominantly optimal temperatures, affect the
progression of hosts and functional characteristics of pathogenic microbes and
consequently shape the occurrence of disease progression (Suzuki et al. 2014;
Ashoub et al. 2015). Furthermore, the variations assessed in the host biology and
that of pathogens as well, on account of their temperature requirements, link to a
hard and intricate temperament of disease consequences. Thus, the climate-induced
changes amend the sensing as response mechanisms of soil microbiological com-
munities along with the alterations in the behavioral responses of plant systems and,
therefore, will absolutely moderate the plant-pathogen interactions.
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The plant and microbial systems have adapted to particular environments, and
their intercommunications advocating their interdependence have also evolved
under a defined set of precise environmental conditions. Therefore, any particular
change in the environmental conditions has the potential to disrupt any kind of plant-
microbe interaction. The most studied and explored plant-microbe interaction is
mutualism. The mutualistic communications intensely impact the assembly as well
as steadiness of ecological groups to some extent as they can relate different classes
to a mutual destiny, triggering annihilation cascades that can trail in a direct or
indirect manner from the loss of inter-reliant species. Thus, the changing climatic
conditions can directly distress the mutualistic grids by altering the abundance of
mutualistic associates. Additionally, it can also distress the mutualistic associations
in an indirect manner by changing the characters that construct communications
(Encinas-Viso et al. 2012). The anthropogenic climatic changes alter the expression
of characters, species dispersal, phenology, and eventually the evolution of species.
Such upshots can sequentially modify frequency as well as strength of mutualistic
interactions.

The augmented levels of CO, also affect the biomass accumulation in C3 and C4
plants. During the state of warming, a higher accrual of aboveground biomass has
been reported in C; plants as equated to C, plants (Poorter and Navas 2003). These
alterations of biomass accumulation further govern the association of plant systems
with advantageous microorganisms predominantly arbuscular mycorrhizal
(AM) fungi. In general, C, plants allot enhanced carbon to AM fungi for developing
beneficial association; thus, evolutionary force favors the association of AM fungi
with C4 plants (Aamir et al. 2019). Therefore, it can be best assessed how the
climatic changes disturb the biomass accumulation that in turn affects the symbiotic
relationship of AM fungi with plant system. The symbiotic associations of host with
Glomus intraradices and Glomus mosseae get disturbed under higher temperature,
and this has also been confirmed experimentally (Baon et al. 1994; Monz et al.
1994). In addition to bipartite interactions, the climatic changes are also known to
alter the tripartite mutualistic interconnections among the flowering florae, soil
microorganisms, and insect pollinators like bees.

The alteration of interactions between rhizobia and leguminous plants is another
example of the effect of fluctuating climatical regimes on mutualistic interconnec-
tions. Rhizobia owe the capability to enhance the seed germination by secreting
plant hormones and are also known to aid the plant systems in flowering as well as
fruiting. The prevalence of drought conditions makes the rhizobia prone to dehy-
dration that further leads to cell death. However, some rhizobia attain the state of
dormancy in the quest to avoid water loss. This dormancy leads to the inhibition of
nitrogen fixation followed by demodulation of leguminous plants. Thus, it is quite
clear that soil dryness weakens the rhizobium-legume mutualistic association
(Keeler et al. 2021). In addition, the active microbial cells present in dry soils also
find it difficult to establish interactions with plant roots since decline in moisture
content of soils is also known to damagingly affect the signaling capabilities of soil
bacteria as well as plants (Schimel 2018; Williams and de Vries 2020). Therefore,
the rapidly changing climatic conditions are largely known to distress the
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plant-microbe interactions either in a direct or an indirect way that in turn affects the
fitness, growth, and health of plant systems.

Decline in Carbon Sequestration

Soil acts as the principal pool of carbon as the carbon content of soil is found to be
superior to that of vegetations and atmosphere collectively (Averill et al. 2014; Tan
et al. 2014). The SOM is constituted by the dead and decayed animals and plants
besides microbes, along with some inorganic configurations like lime and carbon-
ates. The soil organic matter is also broadly classified into active that accounts for the
35% proportion and passive that makes a count of 65%. The active fraction is
represented by living organisms and dead animals along with the residual plant
parts that comprise effortlessly digestible proteins and carbohydrates. On the con-
trary, the passive part of SOM is represented by constituents that prove hard for the
microbial decomposition. Primarily, the soil organic carbon finds its origin from the
atmospheric carbon dioxide that is arrested by plants and autotrophs via photosyn-
thesis into several organic composites like sugars and cellulose that further leads to
the building up of their biomass. The organic matter present in soil contributes
suggestively toward the quality as well as fertility of soils as it encompasses a
proportion equaling to 58% of SOM (Chan 2008; Stockmann et al. 2013). Therefore,
carbon loss from the soil systems would distress the environments as well as
properties of soils which unswervingly impacts the agrarian production. This also
leads to increment in the atmospheric levels of CO, that further leads to increments
in the universal temperatures ultimately leading to a state of global warming.

Carbon sequestration is defined as a progression that adds to the soil organic
carbon content by confiscating atmospheric carbon dioxide and introducing it into
the soil systems. Apart from the plant resources, microorganisms also add up to the
soil organic carbon content. The soil microbial anabolic processes contribute to the
formation as well as stabilization of soil organic carbon pool (Ahmed et al. 2019).
The soil microbiota not only release the carbon to environment via catabolic
processes but also transform the exogenic carbon into a definite form of matter via
anabolic pathways followed by its storage in the soil systems. Thus, the soil
microbes have the potential to play the role of both contributors and decomposers
of soil organic carbon (Liang and Zhu 2021). However, the sequestration of carbon
by soil microorganisms is largely affected by changing climatic conditions. Several
factors like soil organic matter content, moisture and pH, temperature, and different
physicochemical possessions influence the activities of soil microbiota that further
affect the formation, accretion, and maintenance of soil carbon finding its origin
from microbial systems.

The high moisture content of soils and inadequate oxygen supply lead to a decline
in the growth efficiency of microorganisms that does not prove to be conducive to
the building up of microbial biomass along with the accretion of microbial
necromass (Zheng et al. 2019). In addition, higher temperature and prevalence of
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drought in soil systems as a consequence of elevated levels of carbon dioxide are
also known to reduce the growth of microorganisms. The elevation of soil temper-
ature above the optimal temperatures required for the growth of microorganisms
slows down the growth of microorganism, and a further increment stops the growth
of microorganisms. All these factors make a count and can be held reasonable for the
reduction in microbial sequestration of carbon. The altered climatic conditions also
affect the microbial carbon sequestration in an indirect manner. The climate change-
triggered reduction in the secretion of root exudates further leads to a reduction in the
microbial population inhabiting the plant roots which indirectly signifies a reduction
in carbon sequestration.

The climatic conditions are changing at a faster rate and the long-term mainte-
nance of soil carbon pool as a function of soil microbial biomass doesn’t seem to be
conducive. The altered climate would also disturb the soil carbon of terrestrial
ecosystems particularly originating from microbial resources. In addition, it would
also lay a deep and long effect on the equilibrium amid carbon source as well as sink
of soil systems (Liang et al. 2015). Therefore, the microbial sequestration of carbon
in the soil systems seem to be negatively affected under the climate extremes.

Alteration in Microbial Distribution

It is a well-established fact that plant communities respond to the climatic changes
and the response may lead to the alterations in the geographical distribution of plant
systems. Several studies have also speculated about the possible shifts in the habitats
of several plant species under the extremes of climatic conditions (Grabherr and
Gottfried 1994; Parmesan and Yohe 2003; Walther et al. 2002). However, a large
number of reports haven’t addressed the capability of allied soil microbiota to
change their host range or distribution for maintaining a positive or negative
association with their host plants (van der Putten 2012). The microbes native to
soil systems are known to be poor dispersers; therefore, their response toward altered
climatic conditions is found to be in a different pace than plants. Adding more to the
concern, the lack of availability of knowledge about the microbial dispersal at the
level of local communities is very scarce. Moreover, the dispersal-sponsored amend-
ments in the key microbial functions like decomposition are also very limited.
Conversely, the shifts in dispersion capabilities among plants and microorganisms
owe the potential to modify the plant establishment as well as its productivity along
with the communications among plant systems in a community, for example, by
modifications in the plant litter input eminence (Bever et al. 1997; Nunez et al. 2009;
Bever et al. 2010).

Although it is largely acknowledged that microbiological groups also respond to
the climatic variations, the speed as well as frequency at which isolated microbio-
logical groups can acclimatize to climatic changes is generally unidentified. Conse-
quently, the arising queries like the scale at which microbiological dispersal restraint
begins to matter for ecosystem functioning and how rapidly will the microbial
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systems acclimatize to the varying climate still need to be addressed. The microbial
communities inhabiting the soil might retort to the strain instigated by climatic
changes via shifting their distribution in the soil systems. For instance, the higher
soil surface temperatures may force the downward movement of soil microbiota
deep in the soil profile in the quest of optimal thermal range. This kind of
recategorization of microbiota in the soil systems can further modify the plant-
microbe process intercommunications. However, the extent of change on microbe-
microbe or plant-microbe interactions due to the direct and/or the indirect influences
of climate changes that may still be considered pertinent for the ecosystem func-
tioning still remains mysterious. Evans et al. (2011) evaluated the effect of climate
changes on the distribution of microorganism by determining the copiousness of
cyanobacteria, pico- and nanoeukaryotic algae, nanoflagellates, heterotrophic bac-
teria, and viruses using flow cytometry. In the waters of future sub-Antarctic zone,
shallow mixed layers along with the elevated iron levels will raise the abundance of
viral, bacterial, and cyanobacterial members. Conversely, waters of the Polar Frontal
Zone displayed comparatively lower concentrations of autotrophic and heterotrophic
microorganisms and viruses, revealing iron restriction in the region. In a similar way,
Castro et al. (2010) also evaluated the consequence of several experimental climatic
change drivers on soil microbiological groups. They noticed an increment in the
bacterial count in warmed plots with elevated proportion of CO,, whereas the
bacterial abundance declined in warmed plots containing ambient CO, levels.
Alterations in the rainfall amended the comparative richness of Acidobacteria and
Proteobacteria, whereas Acidobacteria declined with an associated increment in the
Proteobacteria in wet treatments as compared to the dry ones.

The major problem that the globe is facing today is global warming. The current
climatic changes are marking an upsurge of high temperature actions (Stocker et al.
2013) along with the mismanagement of soil proficiencies, and unfortunate super-
vision of flora can further support desertification leading to the development of arid
or semi-arid soils. The soils with declined plant cover are directly exposed to
powerful solar radiation that leads to an increment in the temperatures of the upper
layers of soil. These factors increase the soil temperature significantly higher than the
optimum levels required by common mesophilic soil microbes. The temperature
values above 40 °C are regularly observed with magnitude reaching 75 °C (Portillo
etal. 2012; Gonzalez et al. 2015), and surprisingly, some of the researchers have also
reported temperatures higher than 90 °C in deserts (McCalley and Sparks 2009).
Consequently, the microbial activity in the upper soil layers, usually up to the top
5 cm, has been proposed to be extremely condensed during temperature extremes
(Townsend et al. 1992; Conant et al. 2011). Subsequently, the microbes inhabiting
the uppermost layer of soil might migrate to the lower layers of soil having optimal
temperature for their sustenance.

The changing patterns of temperature are also known to amend the structure of
microbiological community. For instance, Okubo et al. (2014) described noteworthy
increments in the comparative loads of methanotrophs, namely, Methylocystis and
Methylosinus, owing to increased temperature. The alteration in the soil microbial
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community in turn leads to an alteration in the plant-microbe interactions that further
affect the fitness of plants (Singh et al. 2019).

Conclusion and Future Prospects

All the higher forms of life including the members of plant kingdom have originated
in a microbial world. Plants as well as microorganisms have designed several
mechanisms to improve their health. Plants as well as microbial forms of life have
evolved in a definite environment, and they can tolerate the change in environmental
conditions only up to a certain level. The change in environment besides the
tolerance limit of microorganisms puts them in a state of stress that leads to a
reduction in their working efficiency along with the ecological role assigned to
them. The global climatic conditions are changing at a very faster pace and thus
are continuously challenging the fitness as well as working efficiency of plants as
well as microbial systems. Microbial systems are known to be the key drivers behind
every possible ecological process. The climatic extremes are known to disturb these
processes by affecting the functioning of microorganisms. The alteration in these
processes is further known to disturb the productivity of plant systems that in turn
may create a state of food insecurity in the near future by reducing the agricultural
production. Therefore, restoring the climatic change-triggered damage to ecosystem
and further stopping these continuously changing conditions can prove to be a useful
tool in combatting this challenge. The restoration of cultivable and deteriorated lands
owes the potential of removing around 51 gigatons of CO, from air that can further
contribute in getting an enhanced production of food by a magnitude of 17.6
megatons on annual basis. In addition, agricultural inputs make 70% of freshwater
extractions; therefore, the actions to reduce water usage in agricultural sector, too,
without compromising the agricultural yields will also aid in achieving a milestone
toward acclimatizing to fluctuating climatic conditions. Furthermore, the adoption of
sustainable practices and afforestation along with the reduced human interventions
can aid in restricting the changes in global climatic conditions.
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Abstract Climate change affects natural and socioeconomic environments through-
out the world although their vulnerability differs across regions and countries. The
increased incidence of life-threatening events such as hurricanes, famines, warm
waves, floods, recession of glaciers, and monsoon rain variability causes instability
in food production, reduced water availability, loss of habitats, and displacement.
Global change in climate will pressure global precipitation patterns, fluctuating
precipitation quantity received and the distribution of rainfall in many locations.
According to various estimations in precipitation, evaporation, and temperature,
substantial changes occur in the turnover of soil organic matter. To tackle climate
change, an interdisciplinary economic climate-resilient approach must be used and
an agroforestry system for maximum land use must be outlined. This chapter
reviewed the impact of climate change on soil and mitigation approaches.

Keywords Climate change - Crop yield - Mitigation - Soil well-being

Climate Change

Climate change impact has been observed worldwide. Climate change influences the
natural and socioeconomic environments throughout the world although their vul-
nerability differs across regions and countries. Climate change is also an added risk
to arid and semiarid and coastal regions. Changes in the environment have been
discovered to create climate stress, as distinct to the usual pressures caused by
activities within that environment, and not apparent in everyday life but do have
subsidiary influences upon an individual’s life. Extreme atmospheric heat raises soil
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heat, which enhances the chemical reactions along with dispersion processes in the
mixture (Buol et al. 1990). Diaz et al. (1997) reported that no change would occur
with regard to most physical variables. Extreme weather events such as droughts,
floods, and storms are expected to become more common as warming trends and
precipitation patterns accelerate (Desanker 2002). CO,, CHy, N,O, H,0, and O;
constitute the Earth’s atmosphere and include the chlorofluorocarbons and green-
house gases. Many greenhouse gases are constituents of the natural atmosphere, and
their atmospheric concentrations were estimated by the entirety of chemical, biolog-
ical, and geophysical responses (National Research Council 2001). Global warming
refers to any change in the environment over the time period, either caused by natural
factors or human activity (Karmakar et al. 2016). As per the IPCC data, worldwide,
average heat would climb between 1.1 and 6.4 °C by 2090-2099 (IPCC 2007,
Brevik et al. 2017). The environmental change affects the soil quality, and as a
result, agriculture production. Integrated soil fertility management technologies have
the ability to halt soil degradation (Mutegi et al. 2018). Changes in the climate
directly affect temperature, precipitation, and moisture change while indirectly
affecting irrigation, crop rotation, and tillage practice. These all parameters ulti-
mately affect soil functions (Hamidov et al. 2018).

The temperature in the soil also affects the speed of decomposition of organic
matter, including the release and uptake of nutrients and plant metabolic processes.
Different researchers predict how predicted variations in heat, rainfall, and absorp-
tion will induce a major change in soil nutrient rotation and green gas house
variability, maintaining a reasonable carbon input to the soils from plants. Soil
production is broadly regulated by three key variables: environment, growing
conditions, and type of crop. Soil growth is primarily anticipated as a result of
changes in soil humidity levels and rises in soil heat and CO, levels. Coping with
and adapting to climate stress are therefore an issue of concern for experts world-
wide; by implementing agricultural methods and techniques that mitigate negative
impacts of rising or declining precipitation and extreme rising conditions, agriculture
may respond to climate change.

Agriculture in mostly heavy rain areas is dependent on monsoon, demonstrating
its reliance on the environment, and it is critical in respect to food security in two
manners: generating the nutrition consumed by persons and employing 36% of the
global workforce (Pareek 2017). Due to changing climate and varying precipitation,
food security, health, education, and wealth become concerns. The following factors
contribute to their susceptibility to climate change: adaptive capacity, sensitivity,
and exposure (Mutegi et al. 2018). Higher temperatures hasten organic matter
decomposition and soil degradation processes, as well as carbon, nitrogen, phos-
phorous, potassium, and sulfur cycling in the soil-plant—atmosphere system. The
increase in nitrogen fixation is related to enhanced root growth (Anjali and
Dhananjaya 2019). The mean temperature of every region witnesses a larger change
with an increment of global warming (Collins et al. 2013; IPCC 2021). Climate
change has many negative consequences, including water scarcity, soil fertility loss,
and pest infestations in crops (Malhi et al. 2021).
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Climate Change Effect on the Health of Soil

Wetter, denser soils hold heat and help stabilize the environment from temperature
swings better than drier, looser soils. During the course of a day, the temperature in
deserts can rise by more than 60 °F. These heat islands can have a temperature
difference of up to 5 °C during the day and up to 20 °C at night. These microclimates
can have diverse plant and animal communities around the surrounding area, and
they are crucial for ecological niche creation (Brevik 2013; Sindelar 2015). The soils
on earth contain more than double the carbon quantity in the atmosphere. According
to researchers, global warming may disturb the conformation of the soil at the
molecular level, which might have a considerable impact on carbon dioxide levels
in the atmosphere (Herout and Shutterstock 2009). Therefore, for attaining potential
yield or most yield, climate is a major role player (Karmakar et al. 2016). The
potential effect on soil well-being coming about because of the environmental
change is over natural substance stockpile, temperature systems, hydrology, and
saltiness. Subsequent are the significant outcomes of worldwide environmental
alteration on soil properties. Soil well-being and quality are a major concern in the
green deal of the United Nations Sustainable Development Mission (Bonfante et al.
2020).

Physical Parameters of Soil

These enhancements normally consist of the expansion of natural substances as well
as H,O and O,, but in some areas, modest persistent expansion of novel mineral
ingredients occurs outside of dissolvable components that are conserved from
groundwater. Materials broken down or suspended in water percolating through
the profile or running off the surface alongside water and through permeable soil
account for a majority of losses. The higher temperature, high and low limits of
precipitation, expansion in CO, concentration, and their connections because of the
environmental change are relied upon to impact a few soil physical processes, which
put the soil at the critical point of salinization, diminished H,O accessibility, and
variations in C, N elements, supplement stockpiling in the soil, and decrease soil
biodiversity. Soil health is influenced by the physical qualities and processes of the
soil (Allen et al. 2011), which modify water transport, root penetration, and water
congestion. Soil decomposition results in CO, release into the air and a fall in the C:
N ratio, and these two consequences might be partially countered via increased root
biochar and agriculture wastes as a result of plant response to elevated CO,. The
organic matter degradation rate is influenced by soil temperature. It came about into
discharge, uptake of supplements, and plant metabolic cycles. Soil efficiency and
supplement cycling are subsequently affected by the total and activity of soil
microorganisms. Microorganisms present in the soil have two significant capacities;
for example, they go about as specialists of supplement component change to
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stockpile C and supplements in living biomass going about responsible repository
accessible supplement by quick revenue. Changes in C:N proportions in tree
buildups that have found in the soil have an impact on soil microbiological periods
and influence the creation of subsequent chemicals. Environmental change may
expand the percentage of land degradation, limiting food creation even further.
Rainfall expansions will speed up the pace of soil erosion, decreasing agricultural
yield considerably much. Another way where erosion could speed up is through a
reduction in rainfall, which could prompt drought and expanded danger of wind
erosion (Parry et al. 1999). If the speed of erosion is not controlled, then constant
depletion of soil will force farmers to abandon their lands. In this way, destruction is
one of the threats to the production of foods in hotter climates. Other problems
related to land degradation, for example, waterlogging, soil saltiness, and sodicity
advancement, are arising because of quick land practice design and changes in land
cover.

The soil surface is normally the extent of sand, sediment, and clay, which affect
the environment directly. Significant soil measures along with the surface separation
in the soil surface are considerably affected by the four probable environment
situations (arid, semiarid, subhumid, and humid) (Scharpenseel et al. 1990;
Brinkman and Brammer 1990).

Soil Edifice and Constancy

Soil structure is the course of action and association of fundamental and auxiliary
elements in a soil mass that controls the percentage of H,O and air in the soil.
Cumulative constancy to outer energy like extreme rainfall and cultivation is dic-
tated by soil edifice and constancy, scope of biochemical characteristics, and man-
aging performance (Moebius et al. 2007). The natural substance, their amount and
types, development tactics, and typical physical procedures conducted all have an
impact on the structure’s nature and class. A drop in soil natural matter levels causes
a decrease in total strength, penetration rates, and a rise in shrinking and loss
vulnerability (Bot and Benites 2005; Karmakar et al. 2016).

Void Fraction or Porosity

The capacity of the soil to accumulate root region water and air is determined by a
void fraction, which is a proportion of the void areas in a material expressed as a
percentage, and pore size dispersion (Reynolds et al. 2002). Soil superiority, mass
thickness, miniature porosity, and particle pre-parameters are linked to porous
structure qualities. Though soil porous structure and water discharge qualities
straightforwardly impact a scope of soil files, including soil air circulation limit
and plant accessible water limit. Furthermore, future environmental change situa-
tions (raised CO, and temperature, variable and outrageous precipitation occasions)
may adjust root improvement and soil organic exercises. Soil void fraction and
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particle size appropriation and subsequent soil capacities are probably influenced in
unforeseen ways. Forthcoming examinations on the well-being of soil relationship
and environmental variation will need to be modified. Diminished microbial move-
ment, decreased root development and exudates, lessening total solidness, and
expanded precipitation forces where downpour beads sway cause surface fixing on
sodic soils. It will prompt helpless yield development and build the odds of surface
spillover.

Plant Available Water and Infiltration

The H,O accessibility for development of crops and significant earth measures are
administered as the scope of characteristics of the soil including porosity, field limit,
lesser breaking point of plant accessible water (hence barring osmotic potential), and
miniature pore stream and surface (Jarvis 2007; Reynolds et al. 2002). To evaluate
agricultural consequences, plant accessible water volume was used as a component
of soil (integrative) wellness testing. Furthermore, climate variability, particularly
unpredictable and heavy rain or drought events, may cause soil accessible water and
distribution to react quickly (Lal 1995). These accessible H,O content in the earth
may aid in alleviating the effect of serious precipitation and dry spell occasions or
extreme destruction occasions (Salvador Sanchis et al. 2008).

Bulk Density

Bulk density is regularly evaluated to describe the condition of soil minimization in
relation to land management practices (Hakansson and Lipiec 2000). Overall, mass
density is contrarily connected with the organic matter of the soil or soil organic
carbon (Weil and Magdoff 2004). The deficiency of organic form C content from
expanded deterioration is due to raised temperature. After infrequent and intense
rainfall and dry spell, land management practices and environmental changes pres-
sures may cause bulk density expansion, making the soil more susceptible to
compaction (Davidson and Janssens 2006; Birkas et al. 2009).

Root Deepness

The level of rooting is viewed as a significant marker of soil well-being since
variations under this feature probably influence plant accessible water limit, subsoil
saltiness, percentage of SOC, or different features that show physiochemical limita-
tions in the soil profile (Arias et al. 2005; Birkas et al. 2009). During the delayed dry
season, the effect of subsoil imperatives, e.g., saltiness and excessive C1™! concen-
trations, is probably more prominent on plant accessible water and efficiency (Dang
et al. 2008; Rengasamy 2010).
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Surface Cover of Soil

The surface area of the soil gives the scope of significant environmental capacities,
including the security of soil’s superficial water content. The surface area of soil
supplements maintenance, carbon obsession, and, in certain occasions, nitrogen
obsession and backing local seed propagation. Surface cover development, princi-
pally identified with sodicity, is utilized to portray soil well-being under environ-
mental change (Box and Bruce 1996).

Soil Temperature

Profits and losses of solar energy at the surface, evaporation, heat transmission via
the soil profile, and convection exchange by means of the development of gas and
water make up the soil temperature systems (Karmakar et al. 2016). Soil temperature
will speed up soil measures, fast deterioration of natural substance, expanded
biological action, faster supplement discharge, and an increased nitrification rate.
Nonetheless, the type of plant growing on the surface of the soil will influence its
temperature. Climate transition or adaptation strategies may cause this to change.

Soil pH

The pH of the soil is influenced by the source material, lasting season, plants, and
habitat. It is regarded as a significant indicator of soil well-being. Environmental
changes like extreme heat, CO, enrichment, irregular rainfall, and climatic nitrogen
accumulation would not expose the majority of soils to rapid pH shifts. Nonetheless,
environmental change, on the other hand, will have an influence on natural organic
substance quality, carbon, crop accessible water, and plant efficiency, all of which
will alter soil pH (Reth et al. 2005).

Soil Electrical Conductivity

Soil dielectric strength is a proportion of salt fixation. It could also advise patterns in
saltiness, agriculture execution, supplement cycling, and natural movement. It can
act as a substitute for a portion of soil primary decline when combined with pH,
especially in saline soils (Arnold et al. 2005). Dielectric properties have been utilized
as a compound marker to illuminate soil natural superiority because of yield the
board rehearses (Gil et al. 2009; Smith et al. 2002).
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Sorption and Cation Exchange Capacity

Sorption and cation trade limits are viewed as significant characteristics, especially
the maintenance of significant supplements Ca®*, Mg*, and K* and immobilization
of conceivably harmful cations AI** and Mn**. These properties would thus be able
to be helpful pointers of soil well-being, exhibiting a soil’s ability to ingest supple-
ments just as pesticides and synthetic substances (Ross et al. 2008). Since CEC of
coarse-finished soils and low-action earth soils is credited to that of soil organic
matter (SOM), the expanding disintegration and loss of SOM because of raised
temperature may prompt deficiency of the cation exchange capacity of the soil
(Davidson and Janssens 2006). It might bring about expanded draining of base
cations because of high and exceptional precipitation occasions, along these lines
shipping alkalinity from soil to streams.

Plant Available Nutrients

Estimation of extractable supplements may give a sign of a soil’s ability to help plant
development; on the other hand, it might recognize basic or edge esteems for
ecological danger evaluation (Dalal and Moloney 2000). Supplements, mainly
nitrogen, are personally connected with soil natural carbon chain (Weil and Magdoff
2004) and thus variables of environmental change as extreme heat, varied rainfall,
and barometrical nitrogen changes have an influence on nitrogen cycling and other
accessible supplements like phosphorus and sulfur.

Biological Parameters of Soil

The soil microorganisms are versatile to changes under ecological conditions. Under
states of environmental change, organic pointers structure an essential part in soil
well-being appraisal. SOM and its components, surface carbon, breath, and soil
organisms’ nutrients were chosen as key organic pointers for the scope of the current
investigation.

Soil Organic Matter

Organic soil nutrient is composed of both living and nonliving components; SOM is
perhaps utmost unpredictable and mixed soil components, with varying character-
istics, capacities, and high turnover (Weil and Magdoff 2004). It gives an additional
provision with inputs to the charge soil qualities (charge), serves as a sink for the
source of carbon and nitrogen, and controls P as well as S recycling to a degree. It
has the capacity to shape composites with multivalent particles and natural mixtures.
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It gives microbial and faunal territory and substrates, influencing total dependability,
water maintenance, and pressure-driven properties (Haynes 2008). Land use practice
that develops SOM will help in engrossing CO, from the climate, in this manner
moderating a worldwide temperature alteration (Hoffland et al. 2020; Navarro-
Pedrefio et al. 2021). By expanding water stockpiling, SOM can assume a significant
part in relief of flood consequences during heavy rainstorms by increasing water
stockpile, while also storing water in the case of dry spells, therefore increasing soil
versatility.

C:N Relation of Soil

Expanded heat and occasional rainstorm stimulate microbial action (disintegration).
It might prompt diminished vegetative growth, exhaustion of soil carbon, and
reduction in the C:N proportion (Anderson 1992; Rosenzweig and Hillel 2000; Lal
2004). Expanded biometrical CO, builds crop water consumption performance
(WUE). It will build microbial activity per millimeter H;O (Kimball 2003). A
deterioration rate is more noteworthy than net essential production under expanded
water shortfall. Dry spell instigated misfortunes of biomass; it lessens the yearly and
perpetual vegetation. Management strategies incorporate conservation culturing
rehearses.

Potentially Mineralizable C and N

The mineralizable natural matter goes about as an interface among autotrophic and
heterotrophic living beings in the midst of the enhancement cycling advancement
(Gregorich et al. 1994). In any case, the mineralizable natural matter might be
valuable to evaluate soil well-being during environmental changes since it impacts
supplement cycling in single seasons.

Soil Respiration

Soil decomposition is utilized as a natural marker of soil health since it is directly
related to SOM substances. Soil respiration is an essential interface between envi-
ronmental change and the worldwide carbon chain (Wixon and Balser 2009).

Soil Microbial Biomass

The live part of soil organic nutrient is microbiological metabolism. It is the most
volatile C pool in soils and tricky pointer of changes in soil measures with linkages
to soil supplement and energy elements as well as intervening in SOC component
exchange (Saha and Mandal 2009). Notwithstanding, microbial soil biomass like
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volatile C is demonstrated to be responsive to momentary habitat fragmentation
(Haynes 2008). Soil microbes controls the recycling of nutrients in soil which is
necessity of soil and governs the plant growth and development (Jansson and
Hofmockel 2020).

Enzyme Activity

Actions of soil enzymes demonstrate changes inside the biotic—edaphic framework
because they are definitely attached with (1) cycling of supplements and (2) are
handily estimated, (3) data on the microbial status and physicochemical soil condi-
tions are combined, and (4) they have fast reaction in managing change (Garcia-Ruiz
et al. 2009). Besides changing the amount and quality of ground C contribution by
crops, raised CO, may invigorate enzyme activities. It has been observed that
microbial enzyme exercise is engaged with natural C turnover, supplement cycling,
and greenhouse gas emission.

Soil Temperature

By modifying radiant energy and protective activity, the surface deposits have a
major impact on soil temperature. Reflection, soil and air warming, and soil water
evaporation all help to modify the radiant energy. The brilliant deposit has a stronger
reflection

Soil Structure and Soil Aggregation

Water stable totals help in keeping up great penetration rate, great design, shield in
the problem of wind and water erosion. The natural matters are obtained from
parasites, microorganisms, earthworms, and dissimilar structures through their nour-
ishing and other vital activities. The very much accumulated soil has a more
noteworthy water section at the surface, better air circulation, and water holding
limit than inadequately totaled soil. The gluey substances that tight spot parts into
totals are made to a great extent by the different living organic entities present in
sound soil. Consequently, accumulation is expanded by rehearses that favor soil
biota. Since limiting materials are defenseless to degradation through microbes’
action, natural substances should be renewed to look after accumulation. Surpris-
ingly, a lot of accumulated soil resists crusting because the water stable totals are less
likely to crumble when a raindrop strikes them.
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Density and Porosity

Culturing layer compactness is lesser in furrowed than unplowed (zone in the grass,
low culturing territory, and so forth). Characteristic compaction happens in soils that
are poor in organic substances and need to be released. However, rehearsing
protection culturing to balance the compaction will be viable just when there is
sufficient buildup, while escalated culturing may antagonistically impact the soil
organisms, thus affecting the soil strength and permeability.

Soil Abrasion

Soil crusting affects germination, the rise of sprouts. It is triggered because of total
scattering and soil’s elements turning and revision through a rainstorm then evapo-
rating. Protection culturing and interface residual help in ensuring scattering of the
earth to expanding soaked pressure-driven conductivity. Expanded pressure-driven
conductivity related to expanded invasion coming about because of protection
culturing permits the soil profile to be all the more promptly loaded up with water.
Furthermore, less dissipation is likewise upheld by protection culturing, and the
profile can hold more water.

Mitigation Approaches

The protection culturing and deposit management help in the accompanying manner
in affecting a portion of soil characteristics and minimizing the unfavorable impacts
of environmental change on soil wellness (Sharma 2011). In 2008, the government
launched a national climate change action plan (NAPCC) that recognizes various
arrangements that immediately enhance the country’s development and environmen-
tal change adaptability and prevention goals (Table 1).

Five models were employed to identify locations sensitive to different soil
concerns in the Andalusia region as part of Mediterranean Land Evaluation Infor-
mation System decision support system packages: Terraza, Cervatana, Sierra,
Raizal, and Pantanal (Anaya-Romero et al. 2015). Plant-associated microbial com-
munities promote plant development and resilience to a variety of abiotic and biotic
stressors (Dubey et al. 2019). Crop rotation could be a management practices to
reduce negative effect of Climate change (Saleem et al. 2020). After examining
suggestions from different countries and observer groups, the [IPCC Panel decided in
2016 to issue three distinct findings during the sixth assessment cycle. These
findings are divided into four sections that look at greenhouse emission in farming,
agriculture utilization, and long-term agroforestry (IPCC 2019) (Table 2).
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Table 1 Objectives of National missions
S. No. | National mission Purpose
1. Jawaharlal Nehru National Solar | Build up India as a global pioneer in solar energy
Mission
2. National Mission for Enhanced Development with environmental supportability by
Energy Efficiency devising cost-effective and energy-proficient
methodology
3. National Mission on Sustainable | Enhance habitat sustainability through improve-
Habitat ments in energy efficiency in construction, waste
managing, and city advancement
4. National Water Mission Conservation of water, control wastage
5. National Mission on Sustainable | Agriculture change into environmentally reasonable
Agriculture climate-resilient creation framework and adventure
to its greatest degree, guaranteeing food security
6. National Mission for Sustaining | Sustaining and safeguarding the Himalayan glaciers
the Himalayan Ecosystem and mountain ecosystem; addressing issues such as
biodiversity, wildlife conservation, and livelihood
7. National Mission for a Green Upgrade ecosystem facilities as carbon sequestra-
India tion and capacity and so on
8. National Mission on Strategic Innovative work for development to climate change
Knowledge for Climate Change
Table 2 Sections included in  “pyq Initiatives
IPCC report 2019 1 Climate conditions and people in a warming world
2 Multiple choices for adaptability and preventions
3 Permitting different kinds of reactions
4 Quick response action
Conclusion

Agriculture can perform a crucial role in environmental change mitigation via
agriculture systems to decrease GHG emissions and enhance soil C storage. The
outflow of CO,, CHj, and N,O can all be lowered via reduced biomass burning,
enhanced agriculture system, and better organization of N, respectively. To mitigate
climate change, economically viable climate-resilient technologies must be outlined
using an interdisciplinary approach as agroforestry for maximum land use.
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Part 11
Microbe Mediated Plant Stress Mitigation



Habitat-Imposed Stress Tolerance in Plants m)
via Soil-Microbe Interactions e
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Abstract Plants, due to their static nature, are continuously put at risk to different
kinds of habitat-imposed stresses, viz. drought, salinity, temperature, etc., which
constrain their productivity besides growth and development. At the same time, they
keep on communicating with the soil microbiota in diverse ways under natural
conditions to overcome these stresses by modifying their physiological and molecular
pathways. The stress-induced changes generally alter plants’ proteomics,
transcriptomics, phenomics, and metabolomics, which, in turn, affect the rhizospheric
conditions due to changes in the nutrient, mineral, and metabolite composition of root
and shoot exudates secreted in the soil. Flavonoids, coumarins, and other organic
compounds serve as plant signals to shape the structure and composition of
microbiomes that interact with the host plant. The role of several rhizospheric occu-
pants like symbiotic fungi (Arbuscular Mycorrhiza) and bacteria (nitrogen-fixing and
plant growth-promoting rhizobacteria) in plant stress tolerance by direct and indirect
mechanisms has been well documented. These mechanisms in mitigating the effects of
multiple stresses involve reinforcing the plant defense system (through the production
of allopathic compounds, HCN, etc.), enhancing the heat shock proteins and phyto-
hormone production along with inducing genes related to plant stress. The identifica-
tion, isolation, and use of stress-tolerant rhizospheric microbial strains under habitat-
imposed stress have the potential to solve the universal problem of food security and
also to nourish soil health. However, the questions regarding the formulation of the
effective consortia of microbes (SynComs), their synchronization, and delivery into the
field to overcome the harmful effects of changing environment need to be addressed.
As microbe—plant interactions are very complex, system biology may play a crucial
role in enhancing our knowledge to understand these complex relationships.
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Introduction

As far as the growth and decline in the yield of agricultural crops are concerned, the
stresses created because of man-made activities and the natural phenomena are the
major culprits (Grayson 2013). Plants are incessantly put at risk to an unforeseeable
combination of various stresses, which may occur as a disturbance or in a chronic
manner (Slama et al. 2015). The abiotic stresses comprise physical or chemical
stresses such as drought or water-logging, salinity/alkalinity, extreme temperatures
(cold, frost, or heat), anaerobiosis, heavy metals, UV radiations, and nutrient imbal-
ance (Wang et al. 2003; Hirel et al. 2007; Bailey-Serres and Voesenek 2008; Wani
et al. 2016). These stresses generally impact plants from morphological levels to
molecular levels at each of their developmental stage. It is the intensity of the stresses
to which plants are exposed determines whether the plants will suffer severe
toxicity—the outcome of which may be impairment of the tissues or even death,
or a less-obvious chronic damage resulting in decreased productivity (Singh 2016).
Imbalance in hormonal and nutritional status, physiological disorders, disease sus-
ceptibility, etc. retard the growth of the plant under unfavorable environmental
conditions. To face these stressful conditions, the plants have acquired a number
of pathways/mechanisms during their evolution period (Yolcu et al. 2016). These
improvisations facilitate the normal physicochemical processes under unpropitious
external situations by altering the cell metabolism (Shao et al. 2008; Massad et al.
2012).

The close alliance of the plants with varieties of the microorganisms, inhabiting
rhizosphere, endosphere, and other plant parts such as leaf surfaces is collectively
known as microbiome (Liu et al. 2017). For long time, researchers have shown great
interest in studying plant-microbe interactions. The microbes provide plants the
fundamental support in acquiring nutrients and tolerating a number of abiotic
stresses (Turner et al. 2013). However, unlike plants, the microbiome is dynamic
in nature, and its structure and composition get changed in response to stresses and
external stimuli (Timm et al. 2018). The interactions between plants and microbes
elicit different localized and systemic responses resulting in the improvement of
plants’ metabolism to endure the abiotic stresses (Nguyen et al. 2016). Under
stressed conditions, a large number of bacteria belonging to different genera such
as Arthrobacter, Rhizobium, Pseudomonas, Enterobacter, Serratia, and
Azospirillum along with actinobacteria Streptomyces sp. have been identified as
plant growth-promoting rhizobacteria (PGPR) to provide endurance to the host
plant (Choudhary et al. 2011; Etesami and Beattie 2017). Vivid responses of plants
toward various inanimate stresses as a consequence of plant-microbe interactions
have been studied at numerous levels, viz. morphological, physicochemical, and
molecular levels (Farrar et al. 2014). Furthermore, the biological data have also been
generated using multiomics approaches to provide a deeper insight into these
interaction mechanisms, chalking out the relationship between the changes at the
level of genes and proteins, and the tolerance responses toward various abiotic
stresses (Kissoudis et al. 2014). In the present chapter, we will summarize the
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consequences of abiotic stresses and the responses generated by the plant with regard
to molecular, biochemical, and physiological mechanisms. Moreover, a detailed
discussion on the microbe-mediated stress alleviation methods will also be
carried out.

Implications of Abiotic Stresses

In general, any plant for its normal growth and development needs some fundamen-
tal requirements, viz. water, light, carbon dioxide, and nutrient. If the concentrations
of these fall below or above the optimum level in nature, it hinders plant growth,
reproduction, and development. An adverse environment comprises a myriad of
abiotic stress conditions such as elevated carbon dioxide (eCO,), salinity, water
stress, temperature extremities, and ozone layer depletion, which may affect the crop
production at varying degrees; however, their prompt effects on the field include
growth reductions and over- and down-expression of some stress-responsive bio-
chemical, physiological, and molecular processes (Kamanga and Mndala 2019).
Plants have the ability to perceive these stresses, which, in turn, provokes varied
responses that support their survival (Jiang et al. 2016). The different stresses affect
the plants in different ways, as described below (Fig. 1).

Water Stress

Under the conditions of the limiting supply of water to the roots, or the intense
transpiration rate, plants experience water stress; the condition generally arises due
to drought or under high soil salinity. The impact of this stressful condition at
various levels, viz. biochemical, physiological, and morphological levels in plants,
is well documented (Zwicke et al. 2015). The most conspicuous effect of all the
unfavorable conditions (including water stress) initially observed at the cellular level
and thereafter morphological and physiological symptoms are seen. Water stress in
plants results in growth inhibition and reproductive failure due to a decrease in cell
enlargement, which may be attributed to the lower water potential and cell turgidity
(Wallace et al. 2016). Furthermore, water limitations for longer time led to reduction
in photosynthetic efficiency, lipid peroxidation, overproduction of reactive chemical
species like superoxide, singlet oxygen, peroxides, etc., and enhanced apoptosis
(Deeba et al. 2012; Gill and Tuteja 2010). Reduced leaf size, reduced seed number,
size and viability, suppressed root growth, and delayed flowering and fruiting are
vivid in the plants grown under a water-stressed environment (Xu et al. 2016). Thus,
the plants have developed ways to restrict water consumption under its scarcity until
dissenting conditions exist (Osakabe et al. 2013).
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Cold Stress

Depending on the thermal niche and their adaptations, the plants can be tolerant or
sensitive to cold. The membrane lesions resulting from the cellular dehydration are
considered as a primary cause of the freezing injury besides other secondary factors
contributing toward cold-induced cellular mutilation (Bhandari and Nayyar 2014).
Whereas ROS production causes membrane damage, the intracellular ice crystal
formed at freezing temperature results in cell rupturing due to its adhesions with cell
membranes and wall (Olien and Smith 1977). Extreme crystal formation results in
increased electrolyte leakage and changes in the membrane lipid phase and eventu-
ally causes the plants to die (Ritonga and Chen 2020). Moreover, protein denatur-
ation occurring in plants at low temperatures (Guy et al. 1998) may further
exacerbate cellular damage. Under severe conditions of cold stress due to chilling
(0-15 °C) and freezing (<0 °C) temperatures, sensitive crops like chickpea, soy-
bean, cucurbits, etc. may suffer huge yield losses (Thakur et al. 2010). This loss can
be attributed to the delay heading, which leads to pollen sterility under the chilling
temperature at the reproductive phase of the plant (Yadav 2010). Furthermore, cold
stress also leads to slow germination, dwarfed seedlings, chlorosis, withering, and
reduced tillering.

Heat Stress

A persistent rise in the temperature far away from the limit that a plant cannot
tolerate and causes damage to its growth and development indicates the condition of
heat stress. Due to a constant rise in the earth’s temperature, the plants are contin-
uously facing heat stress besides other abiotic stresses. As different stages of the life
cycle are dependent on temperature in plants, the effect of heat stress can be sensed
early from the seed germination stage, which can be reflected in the form of
molecular, morpho-anatomical, and physicochemical alteration in the plants; a
temperature difference of 1 °C than its ambient temperature can affect plant height,
tiller number, and seeds per tiller (Shafiei Masouleh et al. 2019). High temperature
influences the leaf expansion and elongation of the internode, promotes abortion of
flower buds, and alters fertility processes. It also affects various physiological
processes directly or indirectly, like scorching of leaves and stems, modulating the
levels of hormones, leaf abscission and senescence, and fruit damage, resulting in an
enormous decrease in the crop yield (Hemantaranjan et al. 2014). At the cellular
level, high temperature results in denaturation and aggregation of proteins and also
increases the membrane fluidity. Furthermore, at the molecular level, enzyme
inactivation, translational inhibition, protein degradation, and membrane disintegra-
tion are the adverse effects of slow heat damage. It also affects conjointly the
microtubule organization and spindle elongation (Hemantaranjan et al. 2014).
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A number of anthropogenic activities such as industrialization, fertilizer applica-
tions, and mining and smelting operations, besides natural sources such as volcanic
eruptions, aerosols, etc., release heavy metals (density greater than 5 g/cm?), viz. Hg,
Fe, As, Mn, Zn, Ni, Pb, and Cd in aquifers and soil (Wuana and Okieimen 2011;
Basheer 2018). The ambulant heavy metals added in the soils from anthropogenic
sources are easily available to the plants. Once these get entered into the plant
vegetative tissues, these can hamper their multiple physicochemical processes,
which eventually affect the health of human beings (Singh et al. 2015). Heavy
metals such as Zn, Cu, and Mn are needed as micronutrients by the plants at low
concentrations, but the enhanced level of such metals than the tolerance limits in soil
negatively affects plant metabolism, becoming toxic to the plants. On the other side,
the metals like Cd, Pb, As, and Ni always remain nonnutritional and toxic compo-
nents for most of the organisms (He et al. 2013). The nutrient imbalance encountered
by the plants growing under metal stress is considered due to interference in the
taking up of essential micro- and macroelements by the plants. Lipid peroxidation
resulting from the plants’ exposure to heavy metals leads to cell membrane deteri-
oration—one of the most deleterious effects in plants (Yadav 2010). The other
effects of heavy metal stress include protein oxidation, enzyme inactivation, and
damage to genetic material, which are the results of over-accumulation of ROS and
methylglyoxal (MG) (Gill 2014). The enzyme inactivation or protein denaturation
due to metal stress disrupts the substitution reaction of essential metal ions in
biomolecules, which further disintegrates the cell membrane and leads to changes
in metabolic reactions, viz. photosynthesis, respiration, homeostasis, and eventually
plant cell death (Hossain et al. 2012; Adrees et al. 2015).

Salinity Stress

Salt stress is one of the abiotic stresses of paramount importance that reduces crop
productivity and is a cause of the dereliction of land for agricultural purposes (Dodd
and Pérez-Alfocea 2012). High salinity has been shown to affect about 20% of the
world’s cultivated land area, 8% of the global land, and nearly 50% of the irrigated
land (Zhu 2001). As a consequence of toxic effects of Na* and C1~ ions and osmotic
stress, salinity reduces the growth and development in plants. The hypertonic
behavior of the soil solution due to excess salts retards the water absorption potential
of plants, resulting in poor growth of the plants. This effect of salinity is known as
the osmotic effect or water deficit effect. If a considerable amount of salt enters the
plant via a transpiration stream, this damages the cells of transpiring leaves and
further slows down the growth. The salinity effects can be noticed at any stage of the
plants’ life cycle, such as seedling, vegetative, or maturity. However, at a given
salinity level, the responses in terms of molecular, biochemical, and physiological
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alterations can vary among different plants. These alterations include dwarfism,
increased succulence, earlier lignification, reduction in number and size of stomata,
etc. (Nawaz et al. 2010). Several growth aspects related to reproduction, which
include blooming of flowers, pollination and fertilization, and fruit growth and
maturation, are also affected by salinity (Singh 2016). The reduced growth and
yield of agricultural crops might be ascribed to the formation of ROS, nutrient ion
and osmotic imbalance, and ion toxicity due to the piling up of sodium and chloride
ions under uninterrupted exposure of plants to the saline environment (Rai et al.
2019).

Light Intensity Stress

Light, being also an important environmental component, affects the plants’ growth
and morphogenesis besides other physicochemical processes (Zoratti et al. 2014).
The plants keep on facing the change in the light intensity of several orders of
magnitude during the daytime. Light intensity that is too high or too low can affect
several plant processes such as seedling development, chlorophyll development,
phototropism movement, photoperiodism, photomorphogenesis, circadian clock and
metabolic processes, flowering, growth, and development (Singhal et al. 2017).
Under high light conditions, some plants such as strawberries fall to thrive because
the light radiation slows down the rate of photosynthesis (Guo et al. 2006); however,
elongated leaves with more leaf area and plant height can be observed at low light
intensity (Setiawati et al. 2018). In excess light, plants generate ROS, which may
further destruct cell membrane structural disorganization and lipid peroxidation.

Responses of Plants Toward Abiotic Stresses

The unpredictable variations in the physical surroundings of the plants may hamper
their growth and development. To sense, respond, and adapt to unfavorable growing
conditions, plants have developed a number of sophisticated and efficient mecha-
nisms during their evolutionary period. Responses of plants toward these adverse
conditions can be seen at multiple levels of organization, i.e., from molecular,
cellular, biochemical, morphological, anatomical, to physiological levels. In agro-
nomic research, understanding the various response mechanisms and knowing the
tolerance limit of the abiotic stress by plants are gaining wide importance nowadays
(Atkinson and Urwin 2012). In the following sections, we will deal in detail the
different responses and the mechanisms endorsed by the plants to face the extreme
stress conditions (Table 1).
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Table 1 Varied plant responses under abiotic stress conditions

A. Singh et al.

S. Physiological and
No. | Stress biochemical responses Molecular responses References
1 Drought | Accumulation of LEA pro- | Enhanced expression of Golldack et al.
stress teins; increased activities of | ABA biosynthetic gene; (2011), Pan et al.
antioxidative enzyme SOD, | stress-responsive gene (2003), Manzi
CAT, APX, and POX; expression, i.e., DREB, et al. (2016)
increased ascorbate content; | WRKY, and NAC;
stomatal closure; increased | upregulation of mitogen
accumulation of poly- MAPKSs and SnRKs
amines and proline; pro-
duction of ROS; decreased
efficiency of rubisco
2 Heat Increased activity of GSH Activation of heat stress- Li et al. (2011),
stress and GR; increased synthesis | responsive genes to pro- Islam et al.
of AsA and glycinebetaine | duce heat shock proteins (2018), Wu et al.
(GB); increased rate of (HSPs) (2008)
sugar metabolism;
decreased photosynthetic
efficiency
3 Salinity | Accumulation of LEA pro- | Induction of SOS stress Shi et al. (2002),
stress teins; increased signaling pathway; Chaves et al.
antioxidative enzyme activ- | overexpression of tran- (2009), Wani and
ities, viz. SOD, CAT, and scriptional factors—NAC, Kumar (2015)
POX; accumulation of pro- | DREB/CBF; stress-
line, sugars (glucose, fruc- | responsive gene expres-
tose), and sugar alcohols sion, i.e., bZIP
(mannitol); photosynthesis
impairment; more synthesis
of plant growth hormones
such as ABA, SA, IAA, and
CK
4 Cold Accumulation of dehydrins; | Activation of transcription | Chan et al.
stress enhanced activity of factors—DREB/CBFs; (2016), Wang
antioxidative enzyme— expression of cold stress- et al. (2019), Lee
SOD, CAT, APX, POX, related genes, viz. STAI, et al. (2000)
and GR; accumulation of MdHY5, RDM4
sugars (D-glucose, p-glu-
cose-6-P and maltose);
increased ABA production
5 Heavy Increase in antioxidative Activation of transcription | Singh et al.
metal enzyme activities, i.e., factors such as bHLH, (2016), Tiwari
stress SOD, CAT, APX, POX, bZIP, AP2/ERF; MAPK et al. (2017),

and GR; production of
phytochelatins (PCs), glu-
tathione, and a-tocopherol

signaling cascade

Saba et al. (2013)
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Physiological and Biochemical Responses

All types of environmental stresses are responsible for producing ROS and RCS
(reactive carbonyl species) by uncoupling the enzymes and metabolic pathways. The
common ROS responsible for oxidative stress are superoxide radical (O™ ,) singlet
oxygen, hydrogen peroxide (H,0,), hydroxyl radical, malondialdehyde
(CH,(CHO),), and methylglyoxal (CH;COCHO) (Asada 2006). However, these
are not only the toxins that need to be expelled but also the signaling molecules
necessary for a number of physiological activities including stress resistance. Per-
oxisomes, plastids, and mitochondria are considered as the primary source of ROS
production, which cause destruction of macromolecules like proteins, lipids, carbo-
hydrates, etc. and create disastrous conditions for the cell. Fortunately, the plants
possess a sophisticated ROS scavenging system in the form of antioxidants, both
enzymatic and nonenzymatic, which help in tolerating stressful conditions. A num-
ber of nonenzymatic metabolites include betalains, carotenoids, flavonoids, and
tocopherols with antioxidant properties (Zhao et al. 2011). On the other hand,
superoxide dismutase (SOD), catalase (CAT), various peroxidases (PODs), and
glutathione reductase (GR) are the enzymatic antioxidants that play a paramount
role in cellular defense. Glutathione S-transferase (GST) along with ferritins, the
other important enzymes, has also been reported to participate in cell detoxification
(Sharma et al. 2012). Being the primary defense system against ROS, SODs convert
O™, radicals into H,O, for further reduction into water by catalases and peroxidases.
There has also been shown a positive correlation in terms of increased activity
between SOD and H,0, degrading enzymes like CAT and PODs under different
stress conditions like metal, water, and salinity (Davis and Swanson 2001; Koca
et al. 2007. Catalase and APXs, the main enzymes ensuring H,O, removal, assist the
plants in opposing drought, salt, and high light conditions (Cao et al. 2017).
Furthermore, GR and GSH were also reported to play an important role in chilling
and metal and heat stress tolerance in different crops like rice and mulberry (Tewari
et al. 2006; Kumar and Trivedi 2018). Although the activities of the aforementioned
specialized enzymes with antioxidant properties get increased under different stress
conditions, the increment can be seen significantly higher in tolerant genotype over
the sensitive one (Rani et al. 2013).

In order to lessen the effect of oxidative stress, a number of aforementioned
nonenzymatic antioxidants have also been evolved in the plants. Enhanced synthesis
of ascorbic acid (AsA) under heat stress has been correlated with lower ROS
production (Xu et al. 2006). Furthermore, the plants’ exposure to heavy metal stress
has led to the alleviated level of AsA, which plays a major role in detoxifying the
ROS (Parmar et al. 2013). Similar elevation in the AsA content, in drought stress
conditions, in Picea has also been revealed by Yang et al. (2008). Under abiotic
stresses, ascorbate peroxidase (APX) utilizes AsA to reduce H,O, to water and
generate MDA (monodehydroascorbic acid) in ascorbic acid—glutathione cycle (Pan
et al. 2003). The lipophilic antioxidant vitamin-E or a-tocopherol is also synthesized
in the plants to scavenge free radicals in combination with other antioxidants
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(Massacci et al. 2008). Tocopherol acts as a free radical trap, reacting and then
reducing RO°, ROO’, and RO* lipid radicals at the membrane water interface to
ROH’ to ROH*. a-Tocopherol has been reported to protect the structure and
functions of PSII. Phytohormones like ABA, jasmonic, and salicylic acid also act
as mediators of drought, salt, and osmotic stress. ABA, among these, acts as a central
regulator to impart abiotic stress resistance in plants (Wani and Kumar 2015). The
stomatal closure to regulate the loss of water under drought conditions is controlled
mainly by ABA (Manzi et al. 2016). Similarly, ABA has been proved in enhancing
the defense-related gene expression against pathogen attack through regulation of
stomatal aperture (Lim et al. 2015). It has also been shown to increase the rate of
sugar metabolism and its transportation under heat stress to spikelets, which pro-
vides plants an advantage to survive under stressed conditions (Islam et al. 2018).
ABA may crosstalk with other hormones such as SA, IAA, and BRs to provide
additive heat tolerance in plants. BRs have been reported to make ABA content
double under heat stress (Kurepin et al. 2008). A few reports have described the
synergistic interplay of ABA and TAA in regulating plant growth and survival under
drought conditions (Du et al. 2013).

In order to acclimatize to abiotic stresses, plants accumulate several other bio-
molecules such as protective osmoprotectants like sugars, trehalose, and proline
(Hayat et al. 2012; Ilhan et al. 2015); proteins like HSPs; dehydrins; LEA (late
embryogenesis abundant) proteins (Lipiec et al. 2013); and glycine and betaine
(Wang et al. 2010; Chen and Murata 2011) that are safe and do not intervene the
plant processes. Proline, an imino acid, gets accumulated under various abiotic
stresses, viz. salt stress, drought stress, etc., which indicate its role in stress tolerance
(Ahmad and Sharma 2008). The increased proline level in plants has been correlated
with the decrease in mitochondrial electron transport activity under environmental
stress (Saradhi et al. 1995). Proline improves the plant performance under stressful
conditions by its antioxidant, osmoprotective, and metal chelating properties (Farago
and Mullen 1979). Proline, besides playing a role in osmotic adjustment, also
participates in maintaining the photosynthetic properties (Carpena et al. 2003),
regulating the cytosolic acidity (Gajewska and Sktodowska 2008), stabilizing organ-
elles and macromolecules (John et al. 2008), and protecting enzyme denaturation
(Gajewska and Sktodowska 2008). Similarly, in response to cold, drought, or
salinity stress, a large group of hydrophilic proteins known as late embryogenesis
abundant (LEA) proteins start accumulating in various tissues of the plants at high
concentrations (Campos et al. 2013). LEA proteins have multiple roles in drought
tolerance. These work in combination with trehalose to inhibit protein aggregation
during water starvation (Goyal et al. 2005). Likewise, the expression of many LEA
proteins has been shown to be regulated by ABA, a key hormone in dehydration
(Zamora-Brisefio and de Jiménez 2016). LEA proteins, belonging to group 2, get
accumulated in plants in response to water deficit and cold conditions (Close 1997).
Several studies have also reported the accumulation of various mono- and disaccha-
rides such as glucose, levulose, sucrose, trehalose, and sugar derivatives like man-
nitol, pinitol, etc. under abiotic stresses (Parida and Das 2005; Geissler et al. 2009).
The main roles of the modified sugar alcohols have been described in osmotic
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adaptation, carbon storage, and radical scavenging (Messedi et al. 2006; Lee et al.
2008; Ahmad and Sharma 2008). The disaccharide sugar trehalose, being a good
osmoprotectant and osmolyte, is known to protect biomembranes and intracellular
proteins and reduce the aggregation of denatured proteins in many organisms under
numerous inanimate stresses (Penna 2003). Polyamines (PAs), the amino groups
containing polyvalent compounds, are also ascribed a decisive role to carry out plant
processes such as acquisition of the embryogenic potential by the differentiated
somatic cell (Silveira et al. 2013), apoptosis (Kim et al. 2013), fruit maturation and
ripening (Gil-Amado and Gomez-Jimenez 2012), and vascular differentiation (Tisi
et al. 2011). Different responses can be seen in different plant species to polyamine
levels under stressed conditions (Shao et al. 2015). Whereas some reveal piling up of
polyamines as a stress response, the others remain unaffected with respect to
endogenous polyamine levels when exposed to severe conditions. The frequently
occurring polyamines in plants belonging to higher groups are putrescine,
spermidine, and spermine; diamines, diaminopropane, and cadaverine are less
occurring in nature (Mustafavi et al. 2018). Stress-induced polyamines regulate
antioxidant systems or repress ROS production by modulating the mechanism of
ROS homeostasis via direct or indirect ways (Zhang et al. 2015). Polyamines have
also been presented to lessen the effects of heavy metal stress on lipid peroxidation,
thus protecting the membrane stability (Janda et al. 2018). Under severe temperature
in the surrounding of the plants, the positive effects of PAs can be observed in terms
of enhancing photosynthesis and elevated antioxidant capacity and osmotic adjust-
ment capability in these (Tian 2012). LMW phytochelatins (PCs) produced in
response to HM stress with the help of phytochelatin synthase (PCS) possess a
great binding ability to heavy metals when they occur at concentrations that are toxic
for plants. Thus, PC production can be taken as biosignatures for primary observa-
tion of HM stress in crop species (Saba et al. 2013).

Molecular Responses

For alleviating the stress in plants, first it becomes imperative to know how the
molecular machinery and its networks operate under these conditions. By their
upregulation under different abiotic stress conditions, several genes have been
reported to combat the abiotic stress conditions, which lead to plant acclimatization
(Tuteja 2009). Stress-induced genes not only defend the cells from stress by syn-
thesizing chaperones or LEA proteins but also regulate cell signaling in stressed
conditions. The activation of the stress-responsive genes provokes different inde-
pendent or interlinked signal transduction pathways, which contribute to the detox-
ification of ROS, protein and enzyme reactivation, and reinstatement of cellular
homeostasis, which often regulate different responses for the plant stress develop-
ment (Kaur and Gupta 2005; Ciarmiello et al. 2011). The gene regulation can be
observed at transcriptional, post-transcriptional, and post-translational levels; how-
ever, the first one is still the key regulatory node. Once the stress is sensed by the
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plants, gene regulation factors, viz. transcription factors (TFs), histone
acetyltransferases (HATSs), alternative splicing factors, and miRNAs, become active
in fine-tuning the defense system (Stockinger et al. 2001; Zhang et al. 2013; Laloum
et al. 2018). Several reports have described the function of a number of transcription
factors (TFs), viz. ABA-responsive element (ABRE)-binding factors, WRKYs, zinc-
finger proteins, HSFs, and dehydration-responsive element-binding (DREB) pro-
teins toward stress responses (Mizoi et al. 2012; Sah et al. 2016; Bai et al. 2018). The
heat shock proteins (HSPs) synthesized by HSFs impart resistance against heat stress
and play an important role in achieving thermotolerance in plants, animals, and
microorganisms (Kotak et al. 2007). Similarly, manifestation of a number of WRKY
proteins involving in plant drought and salt stress responses has been reported by
Golldack et al. (2011). Recently, Wu et al. (2019) have revealed the increased
drought tolerance in Oryza sativa in which the overexpression of WRKY 11 protein
was observed by these workers. Furthermore, the role of alternative splicing in
regulating the gene expression has also been shown in A. thaliana grown under
frigid conditions (Lee et al. 2000); in this case, the importance of STAI gene
encoding a nuclear pre-mRNA splicing factor has been revealed by the workers.
Besides the above-mentioned factors/mechanisms, various post-translational modi-
fications (PTMs) like sumoylation, phosphorylation, and ubiquitination have shown
to play an important role in plant responses toward abiotic stresses. Among these
PTMs, phosphorylation and de-phosphorylation are more crucial as various enzyme
cascades, like MAP kinases and SNF-1-related protein kinases, get activated through
phosphorylation of their specific amino acid residues under water deprivation and
osmotic stress conditions (Zhu 2002). Likewise, the activation of ABREs by tran-
scription factors like bZIP-proteins and DREB proteins results in expressing the
dehydrins—a drought stress tolerance effector.

Plant-Microbe Interactions to Mitigate Abiotic Stresses

Being an inseparable part of the living ecosystem, interactions of microbes with
plants in nature modulate the plant’s localized and systemic mechanisms to come up
with better protection under unpropitious external environmental conditions. It is
very crucial to study and interpret these interactions to understand their role in
providing defense against various habitat-imposed abiotic stresses, which are due
to continuous changes in the climatic and edaphic factors. Fairly, a good number of
microorganisms have been shown to have innate genetic and metabolic capabilities
to relieve inanimate stresses in plants (Gopalakrishnan et al. 2015). In their natural
environment, microorganisms show different kinds of interactions with one another,
such as commensalism, parasitism, amensalism, saprophytism, or symbiosis, which
influence plant growth and development for their sustenance (Berendsen et al. 2012).
These interactions are dynamic, not static. The “cry for help” hypothesis has
suggested the recruitment of specific microbes by plants under given stress condi-
tions to alleviate its effect (Neal et al. 2012; Nishida and Suzaki 2018). The microbes
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associated with plants can be categorized into rhizosphere microorganisms, rhizo-
plane microorganisms, and endophytic microorganisms depending upon their niche.
Whereas rhizosphere and rhizoplane microbes reside in the vicinity and surface of
the roots respectively, the endophytes inhabit the interior of tissues (Sturz et al.
2000). The microorganisms that are of great benefit for plants come from the
rhizospheric zone and include mainly the rhizobacteria and MF (mycorrhizal
fungi). Both groups help the plants not only in nutrient acquisition by mutualistic
interactions but also in producing signaling compounds that assist in improved plant
growth and abiotic stress tolerant capability (Fig. 2). Generally, the abiotic stress
tolerance capability in plants via plant—microbe interactions involves various mech-
anisms such as (a) reinforcing the antioxidant defense system, enhanced secondary
metabolite as well as HSP production, and adjusting the levels of phytohormones,
and (b) elevating the expression of stress-responsive genes like HKT1, sequestering
as well as decreasing the heavy metal motility in the soil through siderophores, and
solubilizing the micro-and macronutrients for easy access to plants (Yang et al.
2009; Etesami and Beattie 2017). A number of findings have made it clear that plants
can modify their rhizosphere and endosphere microbiome under biological and
nonbiological stress conditions to acquire more stress-tolerant microbes for their
growth and instatement (Hardoim et al. 2008; Noori et al. 2018). In the past few
decades, studies on the importance of microbes in regulating the plants’ responses
toward abiotic stresses have been the focal area of research presuming it as an
economical, eco-friendly, and successful way to tackle these adverse conditions
(Nadeem et al. 2014; Souza et al. 2015). A lot of rhizopheric inhabitants pertaining
to different genera like Pseudomonas, Azotobacter, Azospirillum, Bacillus, and
Trichoderma have been well characterized for their mitigatory role toward the
multiple kinds of inanimate stresses (Sorty et al. 2016; Sahoo et al. 2014; Ahmad
et al. 2015). How the microbe interaction with the plants supplements their natural
ability to combat stressful environmental conditions will be discussed in the follow-
ing sections.

Microbe-Mediated Alleviation of Drought Stress

Drought, a major abiotic stress in stepped climatic condition, poses devastating
consequences on the growth and productivity of cultivated agricultural crops
(Etesami and Maheshwari 2018). By 2050, it is anticipated to affect 50% of the
arable agricultural land (Etesami and Beattie 2017). Under water stress conditions, a
plethora of microbes like Actinobacteria or some monoderms in the rhizospheric
zone and/or in the endosphere of plant roots have suggested a coadaptive strategy
between plant and microbes in particular stress (TerHorst et al. 2014; Santos-
Medellin et al. 2017; Fitzpatrick et al. 2018). Different mechanisms are employed
by these microorganisms inhabiting the rhizosphere to avoid undesirable conse-
quences of drought on existing flora; however, the same holds true in the case of
other abiotic stresses as well. For such soil microbes, which induce a positive
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response in the plants under harsh environmental conditions, the term plant growth
promoter (PGP) is nicely quoted. It is well known that the auxins such as TAA,
2,4-D, or NAA in a proper concentration have a stimulatory effect on cell elongation,
which further results in the root initiation and its growth; however, the higher
concentration may have a negative impact on its growth (Sorty et al. 2016). The
same has been proved true for the increased synthesis of ethylene during water stress
(Etesami and Maheshwari 2018). Drought-resistance bacteria generally augment the
plant tolerance by modifying the plant growth regulators, viz. GA, IAA, ethylene,
and abscisic acid. For example, the increased number of root tips and surface area of
the root was exhibited in plants through IAA production by PGPRs (Azospirillum,
Bacillus, Pseudomonas), thus augmenting water and nutrient procurement by the
plants, which helped them to overcome water scarcity (Naveed et al. 2014). PGPRs
possessing the ACC-deaminase enzymes have also been proven to degrade the
ethylene producing precursor 1-aminocyclopropane-1-carboxylic acid (ACC) to
NH; and a-ketobutyric acid, thus waning stress ethylene levels (Glick 2014).
Moreover, under severe drought conditions, the lettuce co-inoculated with Pseudo-
monas sp. and Glomus mossae has shown an augmentation in an antioxidant
enzyme—catalase—to alleviate the damage caused by oxidative stress (Kohler
et al. 2009). At the molecular level, the increased transcriptional level of drought-
responsive genes in Arabidopsis inoculated with bacteria Paenibacillus polymyxa
improved the drought tolerance (Timmusk and Wagner 1999). Whereas the water
deficit had negative impacts on the anatomical features