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Preface

Climate change has been identified as one of the most significant threats to biologi-
cal systems. Recent climate change patterns indicate that the earth is witnessing 
unprecedented levels of warming. Climate change has a profound impact on agri-
culture, altering food production and food security. Numerous environmental 
stresses have been accelerated due to rapid changes in the climatic patterns that 
affect crop growth and productivity, as well as increase the chances of crop failure. 
The extreme climate conditions that are imposed on plant species result in signifi-
cant physiological, biochemical, morphological, and molecular changes, which 
eventually hinder plant growth and yield attributes. For example, wheat yields are 
likely to drop by 4–6% for every degree of global temperature increase, while maize 
productivity is projected to decline by the end of the century in areas producing 56% 
of the world’s maize. Moreover, increased soil erosion and nutrient loss are com-
mon phenomena caused by changes in temperature and precipitation, which have an 
adverse effect on soil health. As a result, it becomes harder to cultivate crops, and 
the productivity of global agricultural land is declining.

Climate change is projected to worsen the issue of future food security by putting 
more pressure on agriculture. Climate change is expected to have a considerable 
influence on agriculture and food security. With a growing global population and in 
the face of persistent and worsening climate change, it has become crucial to inves-
tigate sustainable adaptation mechanisms that can address the adverse effects of 
stressful environments on plants. Therefore, it is urgent to find strategies to reduce 
the impacts of climate change through mitigation and adaptation for improving the 
resilience of agriculture. Adoption of climate-resilient agriculture might be the most 
sustainable way to address this climate change-related agricultural loss. The goal of 
climate-resilient agriculture is to increase long-term agricultural yields and produc-
tivity by sustainably exploiting the natural resources already accessible through 
crop and livestock production systems. It reduces and/or eliminates greenhouse gas 
emissions while also responding to climate change and fostering resilience in the 
agricultural sector.

Changes in agronomic practices, the introduction of improved crop varieties, and 
alterations to plant physiology and biology are all examples of adaptation strategies. 
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The introduction of genomics and other ‘omics technologies and the modulation of 
transcription factors in the crop breeding strategies may be some effective way to 
increase the environmental stress tolerance of many crops, and targeting these 
within traditional and new breeding technologies could be an effective strategy to 
produce better crops. The adaptation of agronomic management methods to climate 
change encompasses a wide range of activities such as soil nutrient management, 
tillage intensity, crop choice and rotation, water management, and agricultural 
diversification. Understanding plants’ physiological, cellular, and molecular mech-
anisms to climate change, which include significant alterations in the transcriptome, 
proteome, and metabolome of plants, has advanced significantly. With the rapid 
technological advancements, likewise in other sectors, it is now possible to over-
come the detrimental effects of climate change in agriculture by the adaptation of 
tolerant crop varieties, sustainable agronomic practices, and improved crop physiol-
ogy and biology. However, the success rate of crop breeding strategies is still slow 
because the issues in public perception and policy remain as limitations to the effec-
tive use of the tools like genome editing. Therefore, there still remains huge scope 
for crop improvement for the future adaptation to climate change for this ever-
growing global population.

This is the second volume (Agro-Biotechnological Advancement for Crop 
Production) of the two-volume book Climate-Resilient Agriculture. It contains 43 
comprehensive chapters on adaptive strategies of plants under adverse environ-
ments and technological advancement toward climate-resilient agriculture.

I would like to give special thanks to the contributors for their outstanding and 
timely work in producing such fine chapters. We are highly thankful to Kenneth 
Teng (Senior Book Editor) and Shanthini Kamaraj (Project Coordinator) Springer 
Nature, New York, and all other editorial staff for precious help in formatting and 
incorporating editorial changes in the manuscripts. We acknowledge my research 
students, Md. Rakib Hossain Raihan and Ayesha Siddika, Department of Agronomy, 
Sher-e-Bangla Agricultural University, Bangladesh, for their generous help in for-
matting the manuscripts. Special thanks to Dr. Rajib Roychaudhury, University of 
Haifa, Israel, for his valuable help during the initial proposal writing. The editors 
and contributing authors hope that this book will include a practical update on our 
knowledge of climate-resilient agriculture.

Dhaka, Bangladesh� Mirza Hasanuzzaman   

Preface
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Chapter 1
Climate Change and Global Crop 
Production: An Inclusive Insight

Saswati Ghosh, Sukamal Sarkar, Sourav Garai, Anirban Roy, Saikat Saha, 
Saikat Dey, Subhas Chandra Santra, Debojyoti Moulick, Mousumi Mondal, 
and Koushik Brahmachari

Abstract  Climate change predictions may benefit from an awareness of how cur-
rent changes have impacted food availability. Many agricultural activities through-
out the globe have seen fast climate change over the last few decades, and 
greenhouse gas (GHG) levels in the atmosphere have also surged. Because of the 
near inevitability that climate and CO2 trends will continue in the future, several 
concerns about food security remain unanswered, one of which is whether or not 
global agriculture’s overall productivity will be influenced. It was also observed 
that climate change might have a significant impact on global food security in the 
next decades. Global anthropogenic trends, such as expanding populations, the 
diversion of grains to biofuels, increased protein consumption, and weather 
extremes, are imposing increasing pressure on agricultural productivity. In order 
to lower global CO2 levels and store atmospheric CO2, sustainable farming sys-
tems and management practises should be adopted. For resource-strapped farmers 
vis-à-vis policymakers, in this chapter, we documented a comprehensive list of 
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possible implications of climate change on key worldwide field crop yield, miti-
gation techniques, and long-term prospects.

Keywords  Ghgs · Climate change · Yield · Food security · Rice

1 � Introduction

The climate change has been perceived as one of the biggest threats to socioeco-
nomic development, the impact being more pronounced in the developing nations 
(Manivannan et al. 2017; Kennicutt et al. 2019). While the developed nations have 
trained their system to implement climate smart agricultural (CSA) practices, the 
resource-challenged farmers of the developing countries may not be able to imple-
ment many of the climate-resilient technologies at the cost of immediate profit. The 
environmental safety and sustainability are put as the last option by the resource-
poor farmers. Thus, the small and marginal land holders continue to remain vulner-
able to climate change and related disasters. The developing countries cannot afford 
large investment for implementation of CSA technologies for their priority towards 
infrastructural development as well as obligation for providing livelihood support to 
the poorer sections of population through subsidies and incentives (Bai and Tao 
2017). There remains ample scope for evaluating a wide range of climate-resilient 
policies and initiatives considering the diversity of agroclimatic situations, perceiv-
able risks associated across the ecological regions, and nevertheless the vulnerabil-
ity of the farming community at both short and long term. The fast-swelling 
population growth along with over-exploitation and inefficient management of the 
resources have reduced the per capita availability of food grain, arable land, as well 
as water and have also led to massive degradation and pollution of the land and 
water resources at a deplorable level. Finally, we must realise that, at the dawn of 
the new century, there is compelling evidence that a change in agriculture is required 
immediately in order to address the worldwide issues of food demand. This trans-
formation must increase production per unit area per unit time while maintaining 
the soil-water-crop-animal-human continuum and efficient resource use through the 
careful application of adaptable agro-techniques.

The world’s most climate change susceptible area is Southeast Asia. Agriculture 
is undoubtedly the backbone of this region. Thus, in brief, the fact is that the devel-
opment of agriculture is the hard core of economic growth. This area has a relatively 
high population density, and a sizeable section of the population depends on agri-
culture for a living (Kazemi et al. 2018; Hossain et al. 2021). According to the IPCC 
study from 2007, Southeast Asia’s temperature has risen by 0.1 to 0.3  °C every 
decade while the region’s yearly rainfall has reduced by 1–3 mm/year. Southeast 
Asia’s average surface air temperature would rise by 0.75–0.87  °C by 2039, 
1.32–2.01 °C by 2069, and 1.96–3.77 °C by 2100 (IPCC 2020). By 2050, precipita-
tion in Southeast Asia would rise from 1% to 2.25%, predicts the IPCC. On the 
other side, it was predicted that there would be fewer wet days, which reflects the 
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intensification of rainfall events and the diminished efficiency of rainfall. Natural 
water resources are abundant in Southeast Asia and are particularly important for 
agricultural development. Under the predicted climate scenario, rising temperatures 
will cause evaporation and transpiration to occur at a faster pace in the future. Water 
will be scarce for irrigation purposes as a result of the irregular rainfall pattern. 
Saltwater intrusion brought on by sea level rise, land and water resources become 
more salinised. Thus, the quantity and quality of water supplies are negatively 
impacted by climate change. The IPCC predicts that low soil moisture and high 
temperature stress will cause agricultural yields in tropical nations to drop (Sarkar 
et al. 2020). Moreover, from agro-ecosystem point of view, crops that are usually 
exposed to a wide range of stressor (biotic/abiotic or both) in various magnitudes 
will pose additional obstacles in achieving steady yield (Moulick et  al. 2023; 
Hossain et al. 2023). The present chapter was framed to summarise the ill impact of 
climate change on the global crop production and the possible adaption mechanisms 
and mitigation techniques in both breeding and agronomic strategies for the 
resource-strapped farmers vis-à-vis policymakers.

2 � Climate Change and Global Crop Production

2.1 � Global Climate Change Trends

The weather in a particular region over a longer period of time is considered the 
climate of the region. Climate change, therefore, is the long-term alteration of aver-
age weather conditions, including the variability of their properties, that exists for 
an extended period (IPCC 2007). Alternately, abnormal variation in climatic phe-
nomena and its subsequent effect on human livelihood, farming activities, and the 
ocean and polar environment are also referred to as climate change. Over time, the 
Earth’s climate has changed. The alarming report was first made by Hubert Horace 
Lamb (1913–1997) regarding the aberrant climatic changes and their upcoming 
effect on human civilisation (Kelly 1997). Charles David Keeling (1928–2005), an 
eminent scientist, measured the changes in CO2 concentration accurately in the 
atmosphere at the mountain station on Mauna Loa, Hawaii, which was an iconic 
document indicating future climate change (Heimann 2005). In the last few decades, 
the mammoth population bursting, industrialisation, and anthropogenic activities of 
humans have led to a rapid increment of average surface temperature, sea level rise, 
and melting of glaciers. Higher CO2 absorption makes the ocean more acidic and 
creates problem for living animals like corals, which face difficulties in making 
their shells and skeletons (Hoegh-Guldberg 1999). Svante Arrhenius and Arvid 
Högbom demonstrated the influence of greenhouse gases on global temperature at 
the end of the nineteenth century (Heimann 2005). In a Nolte et al. (2008) study, 
reported that climate change would result in higher future ozone levels over polluted 
areas. The changes in the Indian climate were noted by Lockyer (1910). This study 
raised awareness in scientific communities and created a basis for sociopolitical 
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acceptance regarding the threat of climate change, resulting in the meeting of inter-
national potentates in the United Nations Framework Convention on Climate 
Change in 1992 (Kelly 1997). Interestingly, over the past several decades, a tremen-
dous increment in the number of publications on global climate change has been 
observed in authoritative scientific journals such as Nature and Science (Lobell 
et al. 2008), reflecting its deep impact on scientists and policymakers. Considering 
the threat of climatic anomalies to society, the world’s powers committed to reduc-
ing anthropogenic greenhouse gas emissions by at least 5% from 1990 levels in the 
period of 2008 to 2012 (Bohringer 2003). James Hansen, a scientist for NASA, 
warned about the blatant impact of global warming almost 20 years ago and sug-
gested that CO2 should be reduced from its current 385.0  mg  L−1 to at most 
350.0 mg L−1 to save civilisation on this planet (Hansen et al. 2008). At present, the 
National Centers for Environmental Information reported that each month of 2021 
was warmer than the average temperature, even the temperature in the coolest 
month, “February,” was 1.15 F more than average (NOAA 2021). The study also 
revealed that since 1880, the total land and ocean temperature has risen at an aver-
age pace of 0.08  °C each decade; however, since 1981, the average increase in 
temperature has been 0.18 °C, which is more than double that rate (Fig. 1.1).

In the future, the trend of global warming will depend on human anthropogenic 
activities such as fossil fuel burning, deforestation, intensive farming, and others 
that emit carbon dioxide and other greenhouse gases. At the moment, the aforemen-
tioned activities emit nearly 40 billion metric tonnes of carbon dioxide into our 

Fig. 1.1  Yearly surface temperature compared to the 20th-century average from 1880–2020. 
Negative values indicate cooler-than-average years; positive values show warmer-than-average 
years. (Data obtained from National Oceanic and Atmospheric Administration, USA, website: 
www.noaa.gov)
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Fig. 1.2  Observed and projected annual C emission (a) and temperature change (b) during 
1900–2100 time periods based on the central estimate (lines) and a range (shaded areas, two stan-
dard deviations) as simulated by the full suite of CMIP5 global climate models. (Data obtained 
from National Oceanic and Atmospheric Administration, USA, website: www.noaa.gov)

atmosphere each year (NOAA 2021), as emission exceeds carbon sequestration. 
The U.S. Climate Science Special Report predicted that if the emissions continue at 
the same pace as they have since 2000, the earth’s temperature will be 5 °F as com-
pared to the 1901–1960 average (USGCRP 2017). In contrast, if the pace of emis-
sions is slowed down and begins to decline significantly by 2050, then the projected 
temperature will be at a minimum of 2.5 °F higher than in the early twentieth cen-
tury (Fig. 1.2).

2.2 � Trend of Global Crop Production

Agriculture and global food production have changed tremendously over last five 
decades (Fig.  1.3) with the advancement of technologies, rapid industrialisation 
along with green revolution in 1960s (FAO 2000). Moreover, expansion of irrigated 
land, arable land, and land under permanent crops contribute almost 70% yield 
increment as compared to pre-green revolution period (FAO 2000).

Food and Agriculture Organisation showed that almost 50% production increase 
(Fig. 1.4) happened in between 2000 and 2018, reflecting 2.9 billion tonnes more 
than in 2000 (FAO 2020). Among the crops, cereal accounted one-third of total 
production, followed by sugar crops, vegetables, oilseeds, fruits, and tuber crops. 
The introduction of improved varieties, more fertiliser uses in assured irrigation 
system, and pesticide application were the major factors for above-mentioned yield 
enhancement though horizontal productive land intensification was less in between 
the period (FAO 2020).

The similar report revealed that among the individual groups, only four crops 
viz. sugarcane (21%), maize (13%), rice (9%), and wheat (8%) accounted half of 
world total production in 2018 (Fig. 1.5). Only 4% production came from potato 
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Fig. 1.3  Trend of major crop production in Asian countries. (Data obtained from Food and 
Agriculture Organisation, website: www.fao.org)

Fig. 1.4  Global crop production (Commodity groups) trend from 2000 to 2018. (Data obtained 
from Food and Agriculture Organisation, website: www.fao.org)
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Fig. 1.5  Global crop production trend (Main commodities) from 2000 to 2018. (Data obtained 
from Food and Agriculture Organisation, website: www.fao.org)

and soybeans. Production share by major produces for the last two decades is pre-
sented in Fig. 1.6 where maximum sugarcane production was accounted by Brazil 
followed by India and rice; wheat and potato production were accounted by China 
followed by India.

In future, the demand for food and agricultural products has been expected to rise 
50% as compared to present as the much higher current volume of food demand and 
the much larger world population need to be fed (Alexandratos and Bruinsma 2012).

2.3 � Impact of Climate Change to the Global Crop Production

Global crop production has been noticeably hampered in recent times and might be 
carried out for the next few decades as a consequence of climatic abnormalities such 
as irregularities in rainfall, increasing CO2 concentration, and temperature (Abbass 
et al. 2022). Integration of these factors affects normal growth duration, physiologi-
cal responses of crops, brings pest outbreaks and unpredictable phenomena, and 
squeezes the available resources for agriculture, which increases the price of raw 
products for agro-industries (Panda et  al. 2003; Fand et  al. 2012; Biswas et  al. 
2022). Rising temperatures significantly hampered the wheat yield from 1962 to 
2002, as reported by Lobell and Field (2007). Furthermore, Gourdji et al. (2013) 
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Fig. 1.6  Global crop production trend (Main producers) from 2000 to 2018. (Data obtained from 
Food and Agriculture Organisation, website: www.fao.org)

showed the decreasing wheat production trend in South Asian countries under 
extreme temperature events during 1980–2011. The aforesaid documentation is also 
supported by Ortiz et al. (2021). High temperatures hasten plant growth arrange-
ments (Blum et al. 2001), reduce photosynthetic processes (Salvucci and Crafts-
Brandner 2004), and have a significant impact on reproductive operations (Farooq 
et al. 2011).

Temperature rising during night affects the rice yield because it has been revealed 
that almost 5% yield loss happens with the increment of 1 °C temperature (Tao et al. 
2006). In the Philippines, a dramatic yield reduction was recorded in Indian rice 
cultivars due to night temperature enhancement during the last 25 years (Peng et al. 
2004; Banerjee et al. 2022; Sarkar et al. 2022). Interestingly, it has been well pre-
dicted that global temperature rise will significantly reduce rice yields in the near 
future (Lobell and Gourdji 2012). An average temperature increase of 1–4 °C in the 
middle of summer reduces the length of crop phenophases, which affects final yield 
of rice (Hatfield and Prueger 2015). Humid and subtropical regions may have to pay 
the price of upcoming heat waves as expected by world climate models (Battisti and 
Naylor 2009). Global warming has a negative impact on two important yield-attrib-
uting traits, such as the number of grains per m2 and average grain weight and grain 
quality. Exposure of rice in high temperatures shows disparities in flowering pat-
terns, and seed set lessens and lowers grain weight (Qasim et al. 2020). Direct expo-
sure to solar radiation during the daytime reduces the anthesis period and quickens 
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the peak flowering period (Tao et al. 2006). High temperatures are inversely propor-
tional to pollen shedding and seed setting in rice plants. Lengthier seed setting time 
was observed due to the high daytime temperature in rice (Matsui et al. 2001).

Cold damage affects more than 15 million ha of rice seedbed (Sharma et  al. 
2021). Seven million ha of potential rice-growing land in Asia and Southeast Asia 
remain unplanted because of cold temperatures (Sharma et al. 2021). Additionally, 
cultivars belonging to the indica subspecies are more susceptible to damage from 
low temperatures (Mondal et  al. 2021). In addition, recent climate change has 
increased the frequency of cold waves between November and mid-February, when 
the seedbed for winter rice is being prepared. Traditional, long-standing nursery 
management, low temperature stress, and foggy weather all appear to be significant 
contributors to the main field for delayed transplanting. These decrease the vegeta-
tive period with poor tiller development in the main field and lead to fewer GDD 
and less solar radiation (Biswas et al. 2019). Due to delayed transplanting, winter 
rice may be negatively affected by terminal heat stress and cyclonic storms, which 
typically occur from March onwards.

Another major global food source, maize production, is also in trouble due to 
temperature enhancement. The lesser number of grains formed in maize may be 
related to low photosynthetic accumulation and reproductive phenomena. Maize 
exposed to heat (30 °C) appeared to have fewer anthesis-silking intermissions dur-
ing the flowering phase (Edreira et al. 2011). In another study, it was observed that 
high temperatures above 35 °C are the principal reason for non-viability of pollen, 
less pollination potential, spikelet dropping, and abnormal kernel number that are 
directly linked with the active reproductive phase (Vega et al. 2001). Global warm-
ing-induced weather extremes include betel vine leaf shedding and discoloration 
(Chaudhary et al. 2011), lemon leaf squeezing (Pautasso et al. 2012), and pineapple 
root rot (Vedwan and Rhoades 2001), caused by chilling injury and extreme fog.

3 � Adaptation to Crop Overall Extreme Climate Stresses

With an increase in the Earth’s temperature, the climate change scenario became 
worse day by day. The climate change endures several alterations and slowly became 
abiotic stress (Raza et al. 2019). These environmental changes in turn have a detri-
mental impact on crop species and imposing numerous threats in agricultural produc-
tion system globally has been presented schematically in Fig. 1.7 (Zhu 2016). It is 
estimated in various research works that under field conditions, heat and drought are 
considered as the most important stress elements to influence plant growth and pro-
ductivity (Bellard et al. 2012). Several plant species require an optimum temperature 
for their vegetative growth and blooming. Plant physiological processes are heavily 
influenced with a fluctuation in temperature (Pereira 2016). Besides, cold stress often 
results in sterility of seeds and drought stress has negative impact on plant morphol-
ogy. These climatic conditions produce enormous responses related to physiological, 
biochemical, morphological, as well as molecular modification in plant species and 
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Fig. 1.7  Impact of Climate Change on Agricultural Production

ultimately hampers the plant development and yield attributes (Gull et  al. 2019). 
Moreover, the global warming and climate change scenario have both the negative 
and positive impact on crop production. Different adaptation strategies were discussed 
in this chapter to understand the crop overall extreme climate stresses.

3.1 � Heat Stress

There are various types of abiotic stresses in which plants are exposed to nature; 
heat stress has a self-regulating mode of action in plant physiological mechanism as 
well as in the metabolism of plant cells (Lafitte et al. 2007). It has been found that 
the mode of action produces through heat stress is very often compounded by other 
stress factors (i.e., drought stress and salt stress) and ameliorates the combined 
effects of abiotic stress on plants (Barnabás et al. 2008). The vulnerability to high 
temperatures in plants varies with various developmental stages of plant growth and 
heat stress affecting a certain level of plant growth in vegetative and reproductive 
stages of plant growth. These observed impacts largely depend on different crop 
species and genotypes, with inter and intra specific variations (Ladha et al. 2003; 
Cramer et al. 2011).

Numerous physiological injuries have been reported under high temperature in 
plants (i.e., inhibition of plant root and shoot growth, scorching of leaves and other 
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plant parts, fruit damage, and abscission of leaves) very often leading to a sharp 
decrease in productivity (Bita and Gerats 2013; Lamaoui et  al. 2018). In many 
cases, the architecture of the plant changes due to temperature fluctuations, plant 
growth reduces, and total dry weight of the plant affected due to the lower shoot net 
assimilation rates (Vollenweider and Günthardt-Goerg 2005). Higher plants gener-
ally exhibit characteristics set of cellular as well as metabolic responses due to 
exposure to excess heat, at least 5 °C above their optimum growing temperature 
(Bellard et al. 2012; Sulmon et al. 2015). These excess heat phenomena change in 
the cellular structure, metabolic as well as physiological functions of the plants and 
help the plant to produce different phytohormones, i.e., abscisic acid (ABA) and 
antioxidants to withstand excess heat (Zhu 2016).

The structural change in photosynthetic membrane occurring due to high tem-
perature is the swelling of grana and ion-leakage is accompanied by the event 
reduced by the energy allocation in photosystem. Thus, it is obviously an essential 
function to maintain the cellular membrane function under heat stress condition 
(Wahid and Shabbir 2005; Allakhverdiev et al. 2008; He et al. 2018). Various impor-
tant phytohormones including ABA, ethylene, and salicylic acid create a negative 
impact on plant growth under temperature stress condition (Talanova et al. 2003; 
Larkindale and Huang 2004). While auxin, cytokinin, and gibberellic acid decrease 
the impact of heat stress on plant through premature plant senescence (Larkindale 
and Huang 2004).

Plants have developed various stress tolerance mechanism strategies under heat 
stress conditions and are classified under long-term phenological and morphologi-
cal adaptation processes. These processes include change in leaf orientation, tran-
spirational change, or alteration in cellular lipid composition. For an economical 
benefit of a crop variety under heat stress, increased photosynthetic rate coupled 
with heat avoidance and membrane thermostability is an important strategy to stand 
with (Nagarajan et al. 2010; Scafaro et al. 2019).

Various research articles have portrayed that a high carbohydrate availability 
help in improving an important physiological trait to withstand against heat stress. 
Sucrose is the end product in photosynthesis, and it translocates into the organs 
through phloem, and it also helps in stress signalling into the plant (Hossain et al. 
2015; Khan et al. 2015). A study on heat-tolerant tomato genotype suggested that 
the activity of sucrose increased the resistance of heat tolerance in young tomato 
fruits manifold due to increasing cell wall strength and sugar signalling in plants. 
Similarly, other pigments (i.e., carotenes, xanthophylls, and some other terpinoids) 
show a greater tolerance against heat stress (Velikova et al. 2011).

3.2 � Cold Stress

Cold stress is considered as one of the the major abiotic stress which significantly 
reduces the crop yield and affects the quality and shelf-life of the produce. Cold 
stress mainly impacts on the cellular function of the plants (Kumar Yadav 2010; 
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Solanke and Sharma 2008). Therefore, plants are categorised into three categories 
on cold stress; first, chilling delicate plants; second, plants are susceptible within a 
range of temperature above 0 °C and below 15 °C; third, the crop plants are capable 
of withstanding in low temperature but suffering when ice formation begins in tis-
sues (Sanghera et al. 2011; Hussain et al. 2018; Hassan et al. 2021a, b). Lastly, frost 
resistance plants, which can tolerate very low temperatures when exposed to field 
condition (Sun et al. 2021; Bu et al. 2021). Cold stress very often damages the cel-
lular structure and causes injury to plants by changing its membrane structure and 
rupturing the protoplasm in the plant cell. Moreover, reduced plant growth to death 
of plants takes place due to cellular damage and transformation in plant metabolic 
activity (Abe et al. 2003; Agarwal et al. 2005; Abdel Kader et al. 2011; Hajihashemi 
et al. 2018).

Various research articles have portrayed that traditional breeding methods have a 
limited success of improvement against cold tolerance of important crop species. 
Conventional breeding methods includes the inter-generic or inter-specific hybridi-
sation and in vitro fertilisation processes to improve the cold tolerance of numerous 
plant species, but there was not so much success (Zarka et al. 2003; Puijalon et al. 
2011; Jutsz and Gnida 2015). Due to low genetic variability of yield traits under 
cold stress, the scope of conventional breeding methods is very low. Thus, there is a 
huge scope to look for an alternative approach to mechanise the cold stress tolerance 
of crop plants (Zhen and Ungerer 2008; Wang et al. 2018a, b). The new transgenic 
crop plants with cold stress tolerance mechanism can be developed through plant 
biotechnological, metabolomics-based approaches (Choudhury et  al. 2021). The 
plant-specific recombinant DNA technology and situation-specific gene transfer 
protocols can effectively address the problem of cold tolerance mechanism (Aguilar 
et al. 2001; Ding et al. 2019b). The genes responsible for cold stress in plants can be 
easily identified and isolated through biotechnological interventions and develop-
ment of transgenic lines for cold stress can be made within a short period of time 
(Cantrel et al. 2011; Bao et al. 2014; Bremer et al. 2017). Different research articles 
suggested that the cold tolerance and accumulation in plants is a complex process 
and there is narrow scope to develop the cold tolerance in important plant species. 
Therefore, there must be use of appropriate methods and approaches to reach the 
objective of sustainable food production. The genotype designed will be much bet-
ter than the existing crop species (Ding et al. 2018, 2019a).

3.3 � Raising CO2 Concentration

The changing global atmosphere in recent times increases the CO2 concentration at 
a double rate. This increasing rate hampers the plant metabolism and ultimately 
affects the plant growth and development. Many research articles have portrayed the 
stress-reducing effect of elevated CO2 in case of plant abiotic stress management but 
the underlying mechanism for drought tolerance remains elusive (AbdElgawad 
et al. 2016; Zinta et al. 2016). It is also revealed from different research articles that 
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the addition of extra C from elevated CO2 will help in inducing stomatal closing. 
This in turn improves the water use efficiency coupled with protecting the plant 
against drought stress and help in increasing plant metabolic activity (Avramova 
et al. 2017; Wada et al. 2020; Shabbaj et al. 2022). However, increased C concentra-
tion resulting in an improved supply of plant leaf defence molecules. These mole-
cules in turn help in improving the protection against oxidative damage in high CO2 
concentration in the environment (Pandey et al. 2015).

Many of the scientific reports indeed supported the theory regarding high con-
centration of elevated CO2 showing increased antioxidant levels and/or improve 
plant protection against oxidative damage but on the other side, a number of scien-
tific reports have suggested that there is no role of elevated CO2 on antioxidants 
(Ainsworth et al. 2008; Albert et al. 2011). Thus, increased antioxidant defence of 
elevated CO2 for stress mitigation cannot be attributed universally (Erice et al. 2007; 
Dieleman et al. 2012; Das and Roychoudhury 2014). Moreover, photorespiration 
may be a key alternative process for oxidative stress management under elevated 
CO2 (Farfan-Vignolo and Asard 2012; Feng et al. 2014). Elevated CO2 in general 
reduces the reactive oxygen species (ROS) formation or ROS and promotes carbox-
ylation over oxygenation (Gonzàlez-Meler and Siedow 1999; Geissler et al. 2010). 
It has been observed that ROS beyond permissible limits (irrespective of stressors) 
considered as toxic for the cellular environment often resulted in poor germination 
and weak seedling establishment (Choudhury et al. 2022a, b, c; Saha et al. 2019; 
Sahoo et al. 2019; Chowardhara et al. 2019a, b; Mazumder et al. 2022a, b; Moulick 
et al. 2016, 2017, 2018c); inhibition in photosynthesis, delay in flowering followed 
by yield reduction have already been reported (Moulick et al. 2018a, b). Therefore, 
elevated CO2 reduces stress impact through either increasing the defence against 
oxidative damage or decreasing the challenge of oxygenation.

3.4 � Rainfall Abnormalities

Plants are very often exposed to rainfall abnormalities during a crop spell, which 
in another term called as drought condition. Among the other abiotic stress agents, 
drought is also considered as one of the major stress elements which affects the 
plant productivity (Brodersen et al. 2019; Seleiman et al. 2021). Plant fresh bio-
mass mainly comprised 80–90% of water and plays a vital role in many physio-
logical processes and influences the plant growth and development (Daryanto 
et al. 2017; O’Connell 2017). In today’s world, quality water is a valuable resource 
to maintain the pace of agricultural production and global food security (Gray and 
Brady 2016). But, rainfall abnormalities, uneven distribution of rainfall, and 
indiscriminate depletion of water resources signalling a threat towards maintain-
ing future food security and agricultural production scenario across the globe. 
Many researchers have represented water as a critical threat for global food secu-
rity and an important element for past famines (Osakabe et al. 2014; Kaur and 
Asthir 2017; Zandalinas et al. 2020).
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The global climate change is escalated due to the increasing air temperature cou-
pled with raising CO2 level, ultimately affecting the rainfall and its distribution 
across the globe (Wu et al. 2007; Imran et al. 2021). Although, the deficient amount 
of water mainly creates the drought stress phenomena but there are some other fac-
tors, i.e., loss of soil water through evaporation, dry wind with high light intensity 
exacerbates the drought event manifold (Deng et  al. 2005; Cramer et  al. 2011). 
Therefore, drought will be considered as an important stress element in those areas 
where crop production is solely dependent on rainfall. Therefore, over a certain 
period, high chances of water stress are observed due to an uneven rainfall distribu-
tion in some recent past years (Zhang et al. 2022; dos Santos et al. 2022). Climate 
change due to industrialisation, urbanisation, and many other associated factors 
prominently affect the rainfall patterns and these in turn scarce the water availability 
to the plants. The change in seasonal boundary shortening the monsoon spell in 
south-east Asian countries often make a disastrous situation for plant growth 
(Demidchik 2015; Menezes-Silva et al. 2017; Bryant et al. 2021). This ultimately 
hampers the crop production and threatens the world food security issues. Therefore, 
the adjustment of planting time of crop plants and selection of drought-tolerant 
varieties can help us to cope up with the drought stress situation. Further, in dryland 
areas, specific crops (i.e., Millets) suitable for those areas must be selected (Close 
1997; Chandra Babu et al. 1999; Verslues et al. 2006; Choudhury et al. 2022c).

3.5 � Raising Sea Level

Salt is essential for making a tasty food but excessive deposition of salt in soil can 
make the field unproductive for growing crops. Due to a rapid climate change, the 
low-lying coastal areas are exposed to deluge with saltwater contamination (Chen 
and Mueller 2018). Though, this salt can be dispersed by rainfall, but climate change 
scenario is also increasing the extreme weather events, i.e., heat waves, thunder-
storm, uneven rainfall, and shortage of rainfall. This in turn, leads to more use of 
ground water for irrigation purpose and human use (Shrivastava and Kumar 2015). 
Thus, the more depletion of water table, set aside more salt into the soil profile. 
Climate change and other devastating phenomena already make farming a razor-
thin venture for coastal region farmers worldwide. With this the salt contamination, 
staggered plant growth is making farming an unprofitable source of income for the 
farmers (Hasegawa et al. 2018). Many of the researchers have estimated that already 
20 percent of cultivable land is under the salt contamination and gradually becomes 
unproductive. Besides, with the raising atmospheric temperature, the oceanic tem-
perature is also increasing, and the glaciers and ice sheets are also melting (Chen 
et al. 2017). This salt water requires extra space and lying over the low land coastal 
region (Chen et al. 2017, 2019). Therefore, under this devastating situation, selec-
tion of salt-tolerant varieties must be an important approach to cope up with the situ-
ation. Change in planting time according to the monsoon spell will be an admirable 
approach.
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4 � Breeding Adaptation to the Climate Change

Climate change is the major concern for twenty-first century because of unpredicted 
changes in rainfall pattern, winter duration, and frequency of rainfall causing crops 
vulnerable to changing environment. Developing new variety involves continuous 
selection from competitive genotypes and a series of evaluation for identification of 
a stable variety. Climate change created a focused challenge for selection of suitable 
stable genotypes. Climate changes have increased the ranking change under cross-
over interactions differently for favourable and unfavourable environments which 
invites more genetic improvements introgressing new set of germplasm (Xiong 
et  al. 2021). Plant breeding creates new variations by conventional or advanced 
techniques to make genotype responsive to climate change. Adaptive changes and 
climate-responsive plastic genotype identification are the new goals exploiting evo-
lutionary changes (Williams et al. 2008). Evolutionary significance of outcrossing 
in cross-pollinated crops and to some extent in self-pollinated crop enhances adap-
tation under climate change (Lawrie et al. 2006). Genotype responsive to higher 
CO2 at reproductive stage creates advantage to the crop though combined with high 
temperature affects grain yield (Chaturvedi et al. 2017).

4.1 � Breeding Strategies Under Climate Change

Classical plant breeding is a continuous pipeline for developing new types consider-
ing primarily high yield and biotic and abiotic stress tolerance capacity as an added 
advantage of respective genotype. Genetic variations are the primary component 
that can enhance climate change-responsive crop variety development. Crop wild 
relative (CWR) is the genetic reservoir of allelic diversity for crop improvement; 
studies on CWR can reveal how plant adapts under climate change (Cronin et al. 
2007). Reducing the gap of target environment and the areas of crop evaluation can 
be done through screening in artificial conditions. Prediction of future environment 
and selection of trait specific to the target environment is advantageous (Dreccer 
et al. 2013). Drought-tolerant genotype is tolerant which is specific to a particular 
stage of crop growth but developing drought tolerance in more than one stage is 
beneficial as timing of drought stress occupies a significant part of genotype and 
environment out of total variation. Reproducible environments like CO2 tunnel, 
temperature tunnel, growth chamber, and moisture content gradient field can be 
used for predicting genotype performance. Focused identification of germplasm 
sets based on varying climate, and soil and production data based on multiple loca-
tions can enhance allelic richness for further variability creation. Exposure of com-
bination of stress like heat, drought, heavy element, and water stress, biotic stress 
like fungus and insect to assess the genotype response how stress combination is 
affecting has been recommended for climate resilience (Rivero et  al. 2022). 
Exploitation of higher photosynthesis capacity, high light use efficiency, and higher 
CO2 assimilation can enhance productive potential in crops under climate change.
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4.2 � Physiological and Biochemical Traits for Climate Change

Coleoptile length to harness moisture at deep furrow, enhanced photosynthesis rate, 
and water-soluble carbohydrate can boost production under future climate change 
in areas with drought prediction along with warmer winter. ICC 4958, a major 
chickpea variety, was used for development of some introgression line which per-
formed better under drought stress condition; these lines showed early vigour, early 
flowering along with high transpiration efficiency suitable under variable climate 
(Barmukh et al. 2022). Precise phenotyping of stress involving spectral reflectance 
for simultaneous measurement of nutrient status, water deficit, and canopy cover 
can enhance early selection (Fischer et al. 1998; Penuelas et al.1998). Considering 
positive and negative interaction between traits improving nutrient and water use 
efficiency, plant rhizosphere and microbiome interactions, photo assimilate translo-
cation, stomatal density, etc., can enhance plant suitability under climate change 
(Rivero et al. 2022). Developing different crop variety with specific adaptation like 
low light in rice has the potentiality to grow under climate change during kharif 
(Ganguly et al. 2020). Genotype-specific alleles contributing higher enzyme activ-
ity can enhance nutrient acquisition in several crops like rice (Zhang et al. 2011), 
lentil (Ganguly et al. 2021), etc.

4.3 � Climate-Responsive Breeding

Genetic loci responsive to external changes helps plants to adapt immediately. 
Flowering locus (FT) gene is a major regulator of plants’ response to climate change 
which determines variation in flowering time pathway and growth (Wigge 2011). 
Natural variation of FT gene can enhance local adaptation during seasonal environ-
mental changes in Arabidopsis acting as a sensitive quantitative trait variation 
source in plants (Li et al. 2010). Cross species transferability of genetic markers and 
exploiting wide genetic variations in fruit crop can enhance adaptation under cli-
mate change (Sarkar et al. 2021). Easier involvement of crop wild relative (CWR) 
from transboundary sources along with exploiting in-situ germplasm for addressing 
climate change has been instrumental for new genotype development (Galluzzi 
et al. 2020). Careful phenotyping at early crop growth stage integrating multi-trait 
improvement using adaptive breeding in more than one location can enhance breed-
ing adaptation under climate change. Selection using genomic selection strategy 
from wide population showed quick gain (Laverdière et al. 2022). Intensity of natu-
ral stress environment is less influenced externally which demands controlled envi-
ronment phenotyping including image-derived trait acquisition, automated digital 
trait assessment, etc. (Langstroff et al. 2022). Artificial intelligence (AI)-based plant 
breeding technologies have the capacity to accelerate the development of climate-
resilient crop with better adaptation (Roy et al. 2021).
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4.4 � Biotechnological Interventions

Additive genetic analysis along with classical improvement can enhance genetic 
gain. Identification of QTLs related to yield, disease resistance, and drought can 
be exploited for improvement of quantitative traits through introgression breed-
ing. Identification and multiple QTL can be exploited for multiple stress toler-
ance ability. Multiple stress tolerance can accompany climate-resilient plant 
breeding. Association mapping and model-based prediction and whole genome 
genotyping can enhance exploitation of a wide range of variations (Jaccoud 
et  al. 2001). Crop genomics has resulted quicker molecular breeding for new 
advanced genotypes. Genotyping and sequencing resulting in admixture popu-
lation can tell the story of adaptation in new environment as described in Switch 
grass (Lovell et  al. 2021). Selection of climate-adaptive traits for micro geo-
graphic location using location-specific mapping population is required for crop 
adaptation study (Frachon et al. 2018). Rapid breeding is the key to increase the 
genetic gain and quick product delivery to farmer’s field. Some of the tech-
niques for managing population advancement like pedigree breeding with no 
off-season nursery, pedigree breeding with off-season nursery, haploid breed-
ing, and single seed descent with controlled environment can be applied (Atlin 
et  al. 2017). Rapid generation advancement in rice and different crops along 
with speed breeding standardised in several crops like lentil, wheat, and pea can 
enhance their yield potential (Ghosh et al. 2018; Roy et al. 2021; Bhattacharyya 
et al. 2022). Common gene based on pan genome study can enhance evolution-
ary study for biotic and abiotic stress tolerance loci which remained conserved 
for generation after generation (Bayer et al. 2020). Exploiting phenotypic plas-
ticity under climatic variations in high-altitude plant species Primula sikkimen-
sis through transcriptome sequencing generated for identification of new loci 
contributing to climate change adaptation (Gurung et al. 2019). Disease suscep-
tibility makes crop more challenging under climate change. Sustainable 
approach to deliver tolerant crop invites genome editing with precise genome 
manipulation as developed in rice with OsSWEET14. Quick selection with 
advanced genomics tool and prediction-based phenotyping and introgression of 
wide genomic variations can enhance quick variety development. In recent 
years, researchers are also exploring the possibilities of next-generation 
sequencing techniques, application of metabolomics, potentials of metabolites, 
and to incorporate the beneficial aspect in developing better climate resilience 
in a wide range of crops (Hossain et al. 2021a, b; Choudhury et al. 2021).
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5 � Agronomic Mitigation Strategies for Sustainable 
Crop Production

5.1 � Agronomic Approaches for Improving the Effect 
of Heat Stress

Several agronomic management practices have the potential to mitigate the detri-
mental effects of extreme stresses. Examples of agronomic management practices 
include soil fertility management, use of suitable cultivars, interference with sowing 
time, sowing method and depth of sowing, scheduling of water management prac-
tices, synchronisation of fertiliser use, use of several resource conservation tech-
nologies (RCTs), etc. Alteration in planting time, use of photo-thermo-insensitive 
varieties, crop diversification, and irrigation water management are the major sus-
tainable approaches to minimise environmental aberration and impart a harmless 
ecosystem to the crop ecology (Ali and Erenstein 2017). Under extreme heat stress, 
inadequate application of minerals and fertilisers has detrimental effects on dimin-
ished plant vigour and yield, which creates difficulties for global food production. 
While plants are subjected to extreme heat stress, several essential nutrients like K, 
Ca (macronutrient) and B, Se, and Mn (micronutrients) have significant roles in 
improving stomatal resistance by regulating osmotic balance in the cell and induc-
ing heat resistance potential in the plant (Waraich et al. 2012). Exogenous applica-
tion of potassic fertiliser has significant contributions to the plant under heat stress, 
such as improving various metabolic and physiologic activities, maintaining cell 
membrane integrity, translocating photosynthetic products, and increasing antioxi-
dant concentration and enzyme activities (Verma et al. 2020). Selection and imple-
mentation of climate-resilient crops and heat resistance cultivars for different 
regions to adapt and mitigate heat stress is the most sustainable approach for the 
agro-ecosystem (Sarkar et al. 2021). Introduction of photo-thermo-insensitive vari-
eties is well suited for various agro-ecological zones without compromising crop 
production and yield.

Time of planting is one of the sustainable approaches to mitigate heat stress by 
synchronising the most sensitive growth stages. Sowing time helps to escape the 
heat stress, thereby increasing the crop yield. Several researchers determined that 
late sowing of wheat drastically reduces the crop yield due to high temperature 
stress during late developmental stages, and that early sowing of wheat maximises 
the crop yield (Bassu et al. 2009; Bannayan et al. 2013). In coastal saline zone, sow-
ing time plays a pivotal role in mitigating the heat stress of the winter and summer 
crops. Due to a prolonged and asymmetrical pattern of rainfall in West Bengal, the 
transplanting of rice during the rainy season is sometimes delayed by 3–4 weeks 
beyond the usual procedure (Ghosh et al. 2022a, b). Farmers are left with no choice 
but to await the planting of lentils by a month in order to include this pulse in the 
cropping sequence. Delayed sowing is sensitive to environmental conditions like 
extremely high temperatures, which have a detrimental impact on the development 
and production of crop. The crop flowers and matures under high temperature and 
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terminal drought conditions. Lentil is cultivated in wide parts of India using residual 
moisture (Ghosh et al. 2022a, b). According to Tawaha and Turk (2001), the shorter 
growing period accessible to the late-sown crop can also be ascribed to the drop in 
grain production as a result of the delayed sowing due to the reduced maturation 
time of the crop. Significant reduction in seed yield under water deficit was reported 
earlier by Panahyan et al. (2009). Tawaha and Turk (2002) mentioned that the delay 
of sowing time affected grain yield, plant height, primary branches per plant, and 
the number of pods per plant. The cause of plant height reduction might be due to 
rapid increase in temperature as well as reduction of soil moisture. Hence, the sow-
ing time of crops must be suitably adjusted with the occurrence of hot summers to 
escape the high temperature stress. Resource conservation technologies have played 
a significant role in mitigating the high temperature stress on crop production. 
Mulching is one of the most important soil moisture conservation technologies. It 
acts as a nutrient management, weed management, and water management tool for 
soil by reducing the evaporation loss from soil and allowing it to remain cool under 
hot summer conditions (Samui et al. 2020; Mondal et al. 2020). Heat stress is nor-
mally interrelated with water stress, so efficient management of water should be 
important for crop growth and yield (Hassan et al. 2021a, b). Thus, scheduling irri-
gation based on available water resources and applying water when it is most needed 
by the crop have a greater impact under heat stress (Zhang et  al. 2002; Tahar 
et al. 2011).

5.2 � Agronomic Approaches to Mitigate Cold Stress

Many researchers suggested that optimum application of potassic fertiliser plays an 
important role to increase the adaptability against cold stress in Alfalfa and it is 
because potassium has the capacity to regulate the stomatal openings, turgidity of 
cell interior, translocation of uptake water and minerals, and to increase the photo-
synthetic rate, carbohydrate assimilation, and protein synthesis (Lissbrant et  al. 
2009; Oosterhuis et  al. 2014; Kaiser 2018; Cakmak 2005; Jungers et  al. 2019). 
Under cold stress, optimum soil moisture needs to be maintained to escape the chill-
ing injury. Excess moisture or water logging condition in the soil decrease the soil 
water temperature during cool season leading to improper root growth and water 
uptake pattern. Thus, adequate drainage is essential to prevent the crop from chilling 
stress. Mulching also plays a significant role in controlling the soil temperature of 
the winter crops by trapping.

5.3 � Agronomic Approaches to Mitigate the Negative Impact 
of Raising CO2 Concentration

Globally, increasing atmospheric CO2 concentration over a long period of geological 
time possesses a major environmental constraint and is responsible for raising tem-
peratures and causing climate change. It has been determined that increasing CO2 
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levels in the atmosphere is one of the major causes of global climate change and 
alterations of atmospheric temperature (Shakun et al. 2012). Atmospheric carbon fixa-
tion is emerging as the most effective method of mitigating excess CO2 concentrations 
via plants and other sustainable management practises (Lal 2004). Several agronomic 
management practises are being followed to reduce the rising CO2 concentration 
through soil carbon sequestration, whereas several anthropogenic activities are the 
major causes of diminishing soil organic carbon (Sombrero and de Benito 2010). It 
has been estimated that up to 30–50% of soil organic carbon is lost through conven-
tional tillage (Schlesinger 1985). Intensive tillage practises keep the soil bare, leading 
to the oxidisation of organic carbon and the secretion of carbon dioxide into the envi-
ronment (Al-Kaisi and Yin 2005). Conservation tillage is a soil disturbing process that 
is limited to the plant root zone only, keeps the crop residues as such with or without 
incorporation, and maintains the soil microbial habitat by manipulating and hamper-
ing the soil less. Several reports state that up to 25 Gt of carbon can be isolated from 
soil worldwide through conventional tillage in the next 50 years. Hence, it helps to 
reduce the secretion of carbon dioxide while isolating atmospheric carbon into the 
soil. Rice fields are the primary source of greenhouse gas emissions under waterlog-
ging conditions, including CO2, CH4, and N2O, which are ultimately responsible for 
global climate change. It is reported that, along with CH4, up to 20% of total green-
house gases have the potential to cause global warming (IPCC 2007). Direct-seeded 
rice and the system of rice intensification are becoming the most significant approaches 
to reduce methanogenesis by eliminating the puddled and waterlogged conditions in 
the rice field. It is reported that judicious application of chemical fertiliser along with 
residual crop biomass can fix about 21.3–32.5% of carbon into the soil (Windeatt 
et al. 2014). Similarly, it lends itself well to integrated nutrient management, which 
aids in increasing crop yield while decreasing CO2 and other greenhouse gas emis-
sions. Afforestation is found to be a significant way to mitigate climate change by 
increasing ground cover with forest plants. Forest trees can diminish the emission of 
atmospheric carbon by sequestering carbon into the plant biomass. Agroforestry is the 
combining of agricultural cultivation systems in which forest trees and agricultural 
crops are grown together. Agroforestry is one of the most effective and sustainable 
approaches for restoring atmospheric carbon (Biswas et al. 2022).

5.4 � Agronomic Approaches to Mitigate 
the Rainfall Abnormalities

Rainfall is one of the major factors for agricultural crop production being shifted 
towards the uncertainty due to the impact of climate change and global warming. 
Agricultural crop production is largely dependent on the amount, intensity, and distri-
bution of rainfall. Hence, to mitigate the adverse effects of aberrant weather condition 
and abnormalities of rainfall, appropriate contingency planning is required (Fig. 1.8). 
Thus, implementation of contingency crop strategies is required to manage the uneven 
distribution of rainfall in a given area by using suitable crop and varieties, adjusting 
cropping system and various agronomic applications (Addy 2009).
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Fig. 1.8  Schematic representation of the contingency Crop Planning

Climate change and global warming has created a detrimental threat throughout 
the world, resulting in melting of glacier and rising the sea level. Rising sea level 
affects coastline areas by entering into the crop field, not only affecting the crop 
yields, making the soil unproductive, destroying the habitat, and affecting the trade 
market (Darwin and Tol 2001). Southeast Asia, East Asia, South Asia, and the 
Southeast US are more liable to be affected by rising sea level (Dasgupta et  al. 
2009). Soil salinity increased due to inundation of land, making the soil unproduc-
tive; therefore, several agricultural management practices should be adapted to miti-
gate the effect of sea water. Several agronomic management practices can be adapted 
to escape from the effect of sea water by reducing the soil salinity level including 
leaching of saline water from the plant root zones, draining the excess flood water, 
using soil amendments, and other relevant management practices. Use of salt-
tolerant varieties is the most significant way to mitigate the soil salinity without 
affecting the crop yields. Coastline areas mostly experienced the accumulation of 
extreme flood water during the rainy season, while in summer and winter season, 
soil salinity level increased due to higher rate of evaporation from the soil. Therefore, 
salinity level from soil can be diminished through the avoiding of summer fallow. 
Soil reclamation by using soil amendments like farm yard manure (FYM), compost, 
organic manure, and growing salt accumulating plant (phytoremediation) is becom-
ing most easy, cost-effective management practices throughout the world.

6 � Organisation Initiatives Towards Climate Change 
and Global Crop Production

Globally, a number of regional and international organisations are working inten-
sively to mitigate the negative impact of the climate change on multidisciplinary 
aspects. While some organisations are only beginning their path, several of the 
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organisations have already achieved carbon neutrality. Others, who have made 
progress in their sustainability approach, are now taking it a step further by pledging 
to achieve complete carbon neutrality. Organisations working primarily on the 
theme of climate change and crop production aspects are summarised in Table 1.1.

Table 1.1  Major international organisations working primarily on theme of climate change and 
crop production aspects

Sl. 
no.

Name of the 
organisation Working arena Website

1. Food and Agriculture 
Organisation (FAO), 
United Nation

To promote better management of trade-offs and 
synergies between adaptation and mitigation in the 
agriculture sectors. By providing technical advice, 
information, and resources for better decision-
making and the implementation of adaptive 
measures, FAO assists its member nations in these 
endeavours.

www.fao.org

2. Rainforest Action 
Network (RAN), 
United States

To make large firms accountable for preserving 
human rights, maintaining healthy forests, and 
safeguarding biodiversity. Their climate and energy 
team works to end the most polluting kinds of energy 
and pushes the financial sector to stop funding the 
production of fossil fuels.

www.ran.org

3. Project Drawdown Policymakers, academic institutions, businesses, and 
activists may all access Project Drawdown as an 
open-source, peer-reviewed resource for climate and 
food production solutions.

https://
drawdown.
org/

4. Indigenous 
Environmental 
Network (IEN)

To talk about the environmental threats to people, 
towns, lands, and rivers. The organisation favours a 
fair transition, carbon pricing, and global protection 
of holy places and natural resources.

https://www.
ienearth.org/

5. CGIAR and its 
umbrella 
organisations

The CGIAR is a global cooperation that brings 
together multinational organisations conducting food 
security research. The goals of CGIAR research are 
to decrease rural poverty, boost food security, 
enhance human health and nutrition, and manage 
natural resources sustainably.

https://www.
cgiar.org

6. Asian Development 
Bank (ADB)

To provide financial and technical support to the 
member countries of Asia for achieving climate and 
food sustainability.

https://www.
adb.org/

7. Western Africa 
Development Bank 
(BOAD)

To provide financial and technical support to the 
member West African countries for achieving climate 
and food sustainability.

https://www.
boad.org/en/

8. Australian Centre for 
International 
Agricultural Research 
(ACIAR)

To help and inspire Australian agricultural experts to 
utilise their expertise to identify and resolve 
agricultural issues in developing nations.

www.aciar.
gov.au

9. United States Agency 
for International 
Development 
(USAID)

To give sustainable development assistance and 
foreign aid to civilians in developing nations.

www.usaid.
gov
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7 � Conclusion

If we carefully evaluate the current research trend in mitigating fluctuating climate-
induced adverse consequences, few dominant trends can be seen: (i) assessment of 
the impact of single stressor on certain crops, (ii) evaluation of a particular remedial 
measures on limited number of crops. However, still we are lacking the knowledge 
of (a) the consequences of multiple stressors on a particular crop/cropping system, 
(b) trailing behind in answering how a particular stress management is working on 
multiple environments. Another important concern is differences among the ‘pro 
and anti GMO lobby’ and the respective policymaking bodies. This not only creates 
a huge vacuum in terms of knowledge gap but also creates lots of confusion. 
Moreover, we are focusing our strategies for a short time span (say 2030); instead, 
we should focus on longer time span and orient our efforts accordingly. Climate 
change is not a short time phenomenon, so our efforts should not be focused on 
short-time remedial options.
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Chapter 2
Uptake and Use Efficiency of Major Plant 
Nutrients for Climate-Resilient Agriculture

Dong Qin, Rumi Tominaga, and Hirofumi Saneoka

Abstract  Plants require mineral nutrients, including the three most important mac-
ronutrients, nitrogen (N), phosphorus (P), and potassium (K), to maintain their 
growth. Sustainable agriculture has become increasingly important owing to the 
increasing global population and impending scarcity of resources. Large amounts of 
fertilizers are used on farmlands to ensure adequate food production. Specifically, 
the imprudent use of nonrenewable elements in large quantities increases the threat 
to future human food security. Therefore, increasing the utilization efficiency of 
elements is critical for sustainable agriculture. There are various ways to achieve 
this; for example, by allowing the plant to absorb as much of the element as possible 
from the fertilizer applied in the soil, ultimately increasing the crop yield. 
Alternatively, increasing the efficiency of element utilization by plants under certain 
fertilization conditions would be preferential, ultimately providing equal or higher 
yields than normal cultivars. Finally, considering that global climate change hugely 
impacts plant nutrient use efficiency, we must develop adaptation strategies for 
maintaining crop productivity.

Keywords  Abiotic stress · Climate change · Nutrient use efficiency · Nitrogen · 
Phosphorus · Potassium

1 � Introduction

The development of sustainable agriculture has become a major global challenge 
owing to the growing human population and climate change (Solomon et al. 2016). 
To increase crop production and improve food security, large amounts of fertilizers 
are applied to croplands. Seventeen essential elements are required by plants, with 
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some, such as cobalt and silicon, being considered beneficial elements (Ma 2005). 
The mineral nutrients supplied by the soil play significant roles in the entire plant 
life cycle. Plants absorb minerals via roots and transfer them to the other plant parts 
to maintain their metabolism. Thus, mineral nutrients constitute a major limit for 
plant growth, and certain environments, such as the tropics, have extremely limited 
content of nutrients, impacting crop productivity (Dotaniya and Meena 2015). 
When a plant is challenged with one or multiple mineral deficiencies, appropriate 
strategies are triggered to increase its utilization efficiency. Among these strategies, 
first, a plant regulates the expression of genes related to nutrient-specific transport-
ers in its roots and modulates its root architecture, resulting in enhanced root growth 
and increased branching for expanding the contact area with the soil (Gojon et al. 
2009; Giehl and von Wirén 2014). To absorb increased amounts of mineral nutrients 
from the soil, certain plants also develop a relationship with microbes in the rhizo-
sphere by secreting exudates through their roots (Dotaniya and Meena 2015). In 
most situations, a plant faces complex environmental stress that impacts mineral use 
efficiency. Climate change has increased the frequency of extreme weather events 
and extended dry periods in many cultivated lands. As a result, a long drought 
imposes dry stress, which is also associated with salinity stress on the crop (Hu and 
Schmidhalter 2005). Drought and salinity decrease the nutrient uptake ability of the 
plant: (1) transpiration rates, repair capacity of transporters, and membrane perme-
ability are decreased under drought stress (Alam 1999); (2) lower soil water content 
decreases the diffusion rate and root-effective absorbing area of minerals (Pinkerton 
and Simpson 1986; Alam 1999); (3) higher Na+ concentration causes specific toxici-
ties and disturbance in ionic balances, ultimately impacting plant growth (Hu and 
Schmidhalter 2005).

Among soil properties, the two most important are the composition of organic 
compounds and pH, both of which affect nutrient use efficiency and thus are directly 
related to plant yields (Sanchez et  al. 1997; Herencia et  al. 2008). The opposite 
relationship between the solubility of minerals and organic compounds is important 
for forming different soil properties (Tittonell et al. 2005; Herencia et al. 2008). The 
causes behind the variability in soil properties are complex, including location, cli-
mate, fertility management, and several other factors (Tittonell et  al. 2005). 
Maintaining abundant levels of organic compounds in soil contributes to agricul-
tural sustainability (Whitbread et al. 2003). Organic compounds form stable com-
plexes with metals through their functional groups, concentrating various metals in 
the soil (Herencia et al. 2008). To achieve increased crop production and agricul-
tural lands of higher quality products, higher input of chemical fertilizers rather than 
organic fertilizers is preferred, leading to decreased soil quality and disturbances in 
the balance of soil organic matter (Liu et al. 2009; Savci 2012). Specifically, P is 
considered a nonrenewable resource and is expected to be exhausted in the next 
50–100 years (Cordell et al. 2009). Thus, improving mineral use efficiency is criti-
cal for modern agriculture. The application of organic amendments improved the 
availability of minerals, as suggested in a previous study (Madrid 1999). Thus, 
using soil amendments, such as biochar and compost, to improve soil quality can 
improve nutrient use efficiency. Both the nutrient function and metabolism have 
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been described in several previous studies and reviews (Amtmann and Armengaud 
2009; Hänsch and Mendel 2009). This study reviews and discusses (1) the means to 
improve nutrient use efficiency, especially for N, P, and K, which strongly affect 
crop productivity and quality, and (2) the effect of climate change on agriculture.

2 � Nutrient Uptake Strategies of Plants

Mineral nutrients, including N, K, P, calcium (Ca), magnesium (Mg), sulfur (S), 
boron (B), chloride (Cl), iron (Fe), copper (Cu), manganese (Mn), molybdenum 
(Mo), zinc (Zn), and nickel (Ni) are essential for plant growth. In addition, some 
minerals, such as sodium (Na), cobalt (Co), aluminum (Al), and silicon (Si), have 
specific functions in some plants and are thus considered to be beneficial elements 
(Pilon-Smits et al. 2009). Furthermore, agricultural production requires abundant 
mineral nutrients to maintain productivity and address the increasing food demand 
(Meena and Meena 2017). Therefore, enhancing nutrient use efficiency is a poten-
tial approach for achieving adequate crop productivity for the growing population 
worldwide (Meena and Meena 2017).

2.1 � Nitrogen (N)

In plants, nitrogen is mainly found in the photosynthetic machinery, where it plays 
a role in carbon fixation, whereas, during maturation, nitrogen is translocated to the 
grain (Hawkesford 2012). Improving nitrogen use efficiency (NUE) leads to less 
environmental degradation and increased crop productivity with precisely the same 
N input to croplands. Therefore, NUE has become an indicator of achieving sustain-
able development goals (Zhang et al. 2015). The Haber–Bosh process, which pro-
duces mineral N fertilizers, is highly energy-consuming (Erisman et  al. 2008). 
However, N has become an affordable fertilizer for most farmers, with the abundant 
application of N guaranteeing an improved yield (Kant 2018). There are several 
forms of N, and nitrate (NO3

−) is preferentially absorbed by most cereals (Kant et al. 
2011). However, not all of the N fertilizer applied to the field is utilized by plants, 
resulting in 50–75% being lost in the soil via leaching (Raun and Johnson 1999; 
Hodge et al. 2000; Asghari and Cavagnaro 2011). Thus, improving NUE is a critical 
issue in terms of improving crop production and saving energy. However, there are 
several factors involving NUE (Fig. 2.1).

Four families of transporters/channels contribute to nitrate transport: nitrate 
transporter 1/peptide (NPF), nitrate transporter 2 (NRT2), channel homolog, and 
chloride channel families (Léran et al. 2014; Noguero and Lacombe 2016; O’Brien 
et al. 2016). The NPF and NRT2 transporter families, which perform their function 
in the roots, are mainly involved in the transport of nitrate in plants (Kant 2018). 
Compared with the NPF family consisting of approximately 50–139 genes, the 
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Fig. 2.1  Schematic representation of factors that influence N use efficiency (NUE)

NRT2 transporter family has only eight members with a high affinity for nitrate in 
plants (Léran et al. 2014; Von Wittgenstein et al. 2014). Besides their role in nitrate 
transport, transporters NPF6.3 and NRT2.1 are considerably important for nitrate 
signaling and sensing (Bouguyon et  al. 2012). These two transporters influence 
each other and regulate the root system architecture by enhancing lateral root devel-
opment (Little et al. 2005; Remans et al. 2006; Krouk et al. 2010). Thus, under-
standing the mechanisms by which the plant responds to nitrate is critical for 
increasing NUE. Unfortunately, commercially high NUE lines based on the modu-
lation of the expression of genes involved in N uptake, transport, and assimilation 
are unavailable for breeding to improve the yield (McAllister et  al. 2012; Kant 
2018). Although changing individual genes may not improve NUE, understanding 
all processes involved in N uptake, transport, assimilation, and translocation to sink 
tissues is needed to improve NUE (Kant 2018).

Some microorganisms form symbiotic systems with plants when the latter is in a 
state of nutrient imbalance (Tikhonovich and Provorov 2011). The most known 
model is the legume-rhizobia nodular symbiosis that can access extra N using bio-
logical N2 fixation (Franche et al. 2009). The efficient utilization of N2 fixation was 
unexpectedly identified in wheat and sugar cane plantations in Brazil. Notably, N2 
fixation provides up to 30% of the required N in wheat and up to 150 kg N/ha/year 
for sugar cane fields (Döbereiner 1997). Thus, breeding or using genetically modi-
fied plants with more efficient symbiotic systems with microorganisms might 
improve NUE, resulting in increased crop productivity. Several groups of bacteria 
known as plant growth-promoting bacteria (PGPB), such as rhizobium, contribute 
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to the nutritional uptake of plants, facilitating plant growth (Kraiser et al. 2011). 
PGPBs improve nutrient use efficiency in various ways. Some PGPBs produce mol-
ecules, such as indole acetic acid, gibberellins, and cytokinin, that modulate the 
levels of phytohormones in the plant (Kraiser et  al. 2011). For example, 
1-aminocyclopropane-carboxylate produced by PGPB was shown to reduce the 
level of ethylene and unrestrict the inhibition of root and seedling growth (Glick 
et al. 1998). Mantelin et al. (2006) reported that the PGPR Phyllobacterium strain 
STM196 facilitated overcoming high external nitrate-induced inhibition in 
Arabidopsis lateral roots and increased the root volume, thus enhancing plant 
growth under different N concentrations. In a previous study, the application of 
bacteria belonging to the Achromobacter genus (PGPB) in the cultivation of 
Brassica napus also improved nitrate uptake by plants (Bertrand et al. 2000). Thus, 
understanding the relationship between bacteria and plants may contribute to the 
development of improved NUE approaches with reduced cost.

The fertilizer type used is an important factor affecting NUE. For instance, min-
eral fertilizers are substantially used as a means of N supply to crops in developed 
countries (Robertson and Vitousek 2009). Commercial mineral N fertilizers are 
mainly composed of ammonium nitrate, ammonium sulfate, urea, and anhydrous 
ammonia, which are soluble and easily absorbed and assimilated by crops (Hirel 
et al. 2011). However, these mineral N fertilizers also easily leach into the ground-
water before the mineral N is converted to nitrate (Hirel et  al. 2011). Thus, to 
improve NUE for crops, mineral N should be used at the proper time and place 
(Jarvis et al. 2011). Manure is the second most used fertilizer in croplands, except 
mineral N fertilizers. However, over half of the amount of manure is lost during 
transport and storage, and of the remaining amount, 25% is lost during crop cultiva-
tion (Hirel et al. 2011). Nonetheless, using manure as a nutrient supply for crops 
improves the physical and chemical properties and biological activity of soil 
(Watson et  al. 2002). To improve NUE, various technologies have been imple-
mented to minimize manure loss and improve manure quality, such as providing 
cover to manure during storage, reducing soiled surface areas in animal houses, 
incineration of solid manures, and reducing the pH of slurry or separating the slurry 
(Jarvis et al. 2011).

2.2 � Phosphorus (P)

Phosphorus (P) is involved in many important physiological functions. As a major 
structural component of nucleic acids, such as DNA and RNA, and membrane lip-
ids, P plays a role in all aspects of life (Amtmann and Armengaud 2009). Notably, 
P has low mobility and concentration in soil, substantially limiting plant growth and 
crop yield (Han et al. 2022). Although P is heavily used in modern agriculture to 
maintain the productivity of crops, only up to 30% of input P is utilized by plants 
(Cordell et al. 2009; Han et al. 2022). Moreover, the unabsorbed P is lost, ending up 
and impacting the aquatic ecosystems (Zak et  al. 2018). Compared with other 
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Fig. 2.2  Schematic representation of improvements in P utilization efficiency. Enhancing the P 
acquisition efficiency (PAE) and P use efficiency (PUE) is important for improving crop 
productivity

macronutrients, P is nonrenewable and could be depleted in the next 50–100 years 
(Cordell et al. 2009). Using industry data, Cordell et al. (2009) made a conservative 
analysis that showed that P fertilizers have a similar production pattern to oil: phos-
phorus production could reach its peak in 2033, after which it will be significantly 
reduced. Thus, increasing the efficient use of P in the future is urgently needed.

Improving P use efficiency (PUE; Fig. 2.2) can be accomplished in the following 
ways: (1) plants can enhance their P acquisition efficiency (PAE) by increasing the 
uptake of P from soil; and (2) plants can enhance internal PUE, which could improve 
plant growth and accelerate conversion into harvestable products (Veneklaas et al. 
2012; Han et al. 2022). Various studies have focused on the mechanisms by which 
plants can improve PAE. These mechanisms include: (1) secreting more organic 
anions and phosphatase and decreasing the pH of the rhizosphere to increase the 
mobility of P from organic and inorganic P sources (Jain et al. 2007; George et al. 
2011; Han et al. 2022); (2) modifying the root architecture, such as enhancing root 
growth and increasing the number of lateral roots to increase the contact area with 
the soil and facilitate the uptake of more P (Wang et al. 2010b; George et al. 2011; 
Jia et al. 2018; Dong et al. 2020); (3) modulating the P transport systems of root 
cells and enhancing the uptake ability under low P conditions (Bucher 2007; Jain 
et al. 2007; George et al. 2011); and (4) enhancing the interaction with microorgan-
isms, such as mycorrhizal fungi to increase the ability of plants to explore the soil 
media and increase P mobility (Bucher 2007; George et al. 2011). Improving PAE 
results in increased crop yields and reduced P losses. However, increased 
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accumulation of P in the plant biomass can exhaust the P source, resulting in almost 
all P being stored in grains in the form of phytate (Han et al. 2022; Dong et al. 
2022). In particular, monogastric animals cannot utilize phytate, and a large amount 
of P is thus directly released to arable regions, causing eutrophication and P pollu-
tion (Dong et al. 2020; Han et al. 2022). Thus, the most sustainable way to improve 
P use efficiency and maintain the productive agricultural system is to enhance PUE 
(Veneklaas et al. 2012).

Briefly, PUE is defined as the increase in crop production per unit of input P 
source (Hammond et al. 2009). Improved utilization refers to more efficient use of 
the internal P of the plant, resulting in higher crop productivity compared with that 
of normal commercial crops. Plants have various strategies for using the internal P 
smartly under limited external P conditions. External P exists in plant cells as free 
inorganic orthophosphate (Pi) or organic P, with Pi being affected by the external Pi 
supply (Veneklaas et al. 2012). When a plant grows under P deficiency conditions, 
it translocates the P from older leaves to supply the photosynthesis in young leaves 
while maintaining the nutrient uptake by roots during the vegetative stage (Veneklaas 
et al. 2012; Han et al. 2022). As young leaves have a low abundance of ribosomal 
RNA (rRNA), use less P to generate rRNA, and have low activities of Calvin–
Benson cycle enzymes and reduced content of photosynthetic machinery (delayed 
greening), they may contribute to P use efficiency (Sulpice et al. 2014). In addition, 
delayed greening conserves P, allowing young leaves to produce more cells, form 
stable structures, and invest in chloroplast development, thus protecting young 
leaves from photodamage and oxidation (Kuppusamy et al. 2020). These findings 
revealed that Pi is preferentially distributed to new leaves to improve PUE and con-
tribute to carbon metabolism, especially in plants under P deficiency (Han et  al. 
2022). The vacuole is considered a major Pi pool and provides most of the Pi supply 
in the form of cellular Pi buffering for maintaining cellular metabolism (Veneklaas 
et al. 2012; Liu et al. 2015; Han et al. 2022). Several studies have identified the 
tonoplast Pi transporter, which is involved in the vacuolar accumulation of poly-
phosphate in some organisms, such as yeast, Arabidopsis, and rice (Liu et al. 2015; 
Wang et  al. 2015). The yeast has four protein complexes, ScVTC1, 2, 3, and 4, 
responsible for vacuolar P accumulation, with ScPHO91 responding under low P 
conditions (Hürlimann et al. 2007; Secco et al. 2012). In Arabidopsis, mutations in 
AtVPT1, which are involved in vacuolar Pi transport, caused lower vacuolar Pi con-
centrations, and reduced vacuole/cytoplasmic Pi ratio (Liu et al. 2015; Liu et al. 
2016b). In rice, a high-affinity Pi transporter OsPht1;8 was shown to transport Pi 
from old to young leaves, and silencing of this gene led to an increased accumula-
tion of P in older blades under P-deficient conditions (Li et al. 2015). The develop-
ment of high PUE crops via transgenic approaches has been discussed in previous 
reviews (Wang et al. 2010a; Wang et al. 2010b; Veneklaas et al. 2012; Han et al. 
2022). Various studies have revealed that adjusting the P transporter in tissues and 
modulating Pi mobilization can improve the PUE of crops. In soybean, GmPT1 is 
involved in Pi transport; overexpression of GmPT1 enhances the remobilization 
ability of Pi from older to young leaves under P deficiency conditions, improving 
the soybean yield (Song et  al. 2014). The OsVPE1 and OsVPE2 are Pi efflux 
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transporters in rice; overexpression of both transporters was reported to reduce the 
amount of vacuolar Pi and increase its release into the cytoplasm to maintain cel-
lular Pi requirements under P deficiency conditions (Xu et al. 2019). To avoid the 
contamination of agricultural lands by genetically modified crops, developing new 
crop lines with high PUE is necessary. Wissuwa et al. (2015) reported that several 
genetic loci are involved in PUE and contribute to improved plant growth in field 
systems under P-limited conditions.

2.3 � Potassium (K)

Although K is not metabolized, it is essential for various metabolic processes, such 
as transport, translation, and direct activation of enzymes (Amtmann and Armengaud 
2009). After nitrogen, K is the most abundant essential nutrient in plants and plays 
a role in crop quality and yield (Wang et al. 2021). The K content in plants ranges 
from 0.8% to 8%, with the cytosolic K concentration usually maintained up to 
200 mM (Maathuis 2009). Unlike N and P, which form complex molecular struc-
tures, K is only found in the form of soluble K+; thus, K is more easily leached than 
N and P in soil (Sardans and Peñuelas 2015). Although abundant amounts of K are 
stored in the soil, K deficiency still occurs in large agricultural areas (Schroeder 
1978; Römheld and Kirkby 2010). Usually, depending on plant availability, the K in 
soil is classified into four groups (Fig.  2.3): water-soluble, structural form, 

Fig. 2.3  Schematic representation of various K forms in soil and their flow. Improved K use effi-
ciency could improve stress resistance ability

D. Qin et al.



43

non-exchangeable, and exchangeable (Zörb et  al. 2014). Most soil K minerals 
(90–98%) are found in the form of crystal lattice structures that plants cannot 
directly absorb, and thus the availability of K is greatly affected by the soil type, its 
physicochemical properties, and the microbial activities in the rhizosphere (Zörb 
et al. 2014). K use efficiency can be improved by the inoculation of K-solubilizing 
microorganisms to croplands that enhances K solubility via the secretion of organic 
acids, increasing its utilization by plants (Basak and Biswas 2009; Abou-el-Seoud 
and Abdel-Megeed 2012; Zörb et al. 2014). In addition, the plant secretes root exu-
dates to utilize the non-exchangeable K source; for example, maize secretes oxalic 
acid depending on the K supply (Kraffczyk et al. 1984; Wang et al. 2011). Mineral 
forms of K also activate changes in root architecture, such as the enhancement of 
root growth and length (Wang et al. 2011). Thus, the ability of roots to uptake K 
markedly affects K use efficiency. Regarding their K acquisition ability, different 
plant species have varied K utilization efficiency (Guoping et al. 1999). In addition, 
valuable genetic loci involved in the efficient utilization of K have been identified in 
a previous study (Moriconi and Santa-María 2013) and could be used to improve the 
amounts of available K in the soil. In Arabidopsis, two transmembrane proteins, 
AtHAK5 and AKT1, are responsible for K+ transport in the root under low K condi-
tions (Pyo et al. 2010). Another study selected K-efficient genotypes in canola, lead-
ing to improved yields under low K conditions (Damon et al. 2007).

Mild K deficiency does not show immediate symptoms in plants because of the 
high mobility and redistribution between tissues (Römheld and Kirkby 2010). 
However, it should be clear that the yield production and crop quality depend on the 
efficiency of K utilization (Pettigrew 2008; Zörb et al. 2014). Previous studies have 
reported that the corn yield was a response to K fertility (Ebelhar and Varsa 2000), 
and the soybean plant weight and grain yield were increased by K application 
(Bharati et al. 1986). With the new exploration of K function, K affected most biotic 
and abiotic stresses (Zörb et  al. 2014). Among the physiological and metabolic 
functions of K, one of the functions is the maintenance of osmotic pressure and cel-
lular turgor (White 2013; Sardans and Peñuelas 2015). Although many compounds 
exist in plants to execute osmotic adjustment, such as amino acids, sugar, and alco-
hols (Hu and Schmidhalter 2005), energy for synthesis is more costly for these 
compounds than uptake of K directly (Zörb et al. 2014). With the increase in extreme 
weather worldwide, dryness will greatly limit crop production. Abundant K could 
increase the resistance ability of crops under water stress (Grzebisz et al. 2013). 
Because K is considered an osmoticum, the opening of stomata depends on the 
water influx of the guard cell vacuole, which is driven by osmotic pressure (Peiter 
2011). Thus, the supply of K can highly affect the CO2 assimilation of plants under 
high light stress (Kwak et al. 2001). Meanwhile, salt stress also impacts a third of 
the cropland area worldwide (Zörb et al. 2014). Na is toxic to plants because Na can 
displace K, leading to the inactivation of K-dependent enzymes and massive leak-
age of K from roots (Munns and Tester 2008; Shabala and Cuin 2008). High exter-
nal K could reduce Na influx, and a high K/Na ratio is an important enzymatic 
function (Demidchik and Maathuis 2007; Shabala and Cuin 2008). K is involved in 
the detoxification function (Wang et al. 2013). Under drought, the K-deficient plants 
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produce more reactive oxygen species (ROS) during CO2 fixation; however, the 
reduction of ROS is related to adequate K supply (Sardans and Peñuelas 2015). 
Thus, improving K use efficiency can also improve plant resistance to various 
stresses (Fig. 2.3). Nevertheless, genetic and breeding techniques for improving the 
utilization of K are currently very limited, and further research is required on the 
mechanisms by which the utilization of K can be improved.

3 � Interaction Between Nutrient Use Efficiency in Plants 
and Climate Change

Agricultural productivity is affected by many factors, including land and crop man-
agement and biotic and abiotic conditions. However, among these factors, humans 
cannot control climate conditions with the current technology. For example, a 1 °C 
increase in global temperature reduced wheat yield by between 4.1% and 6.4% 
worldwide (Liu et al. 2016a). The increasing global temperature has also impacted 
maize, rice, and soybean productivity (Zhao et  al. 2017). In addition, climate 
change-induced global climatic anomalies, such as drought, floods, and heat and 
cold stresses, have highlighted the impact of geographical variations to crop produc-
tivity (Anderson et al. 2020). From the point of view of plant nutrition, these extreme 
abiotic stresses could impact crop nutrient uptake. We discuss ways of buffering 
these climate change-induced anomalies that decrease nutrient use efficiency.

Suitable water availability and temperature play a major role in plant growth and 
seed maturation (Bradford 1994; Teixeira et al. 2013). Drought is caused by long-
term extreme high temperatures and water deficit, which impact yield productivity 
and food security (Hussain et al. 2019). Under drought stress, plants decrease their 
transpiration rate, stomatal conductance, and plant biomass accumulation (Yokota 
et al. 2006). Furthermore, water supply affects all metabolic processes and impacts 
the absorption of nutrient elements from roots, thus significantly decreasing the 
NUE (Alam 1999). In addition to the problem of insufficient water caused by 
drought and high temperatures, lack of oxygen and root diseases caused by water-
logging and flooding owing to prolonged heavy rains contribute to reduced crop 
yield (Anderson et al. 2020). Therefore, to sustain the growing demand for food 
during climate change, several adaptation strategies must be proposed, such as opti-
mizing land and fertilizer management and selecting and cultivating tolerant crops 
(Fig. 2.4).

The challenges of land and fertilizer management for farmers include timing and 
uncertainties during the growing season of crops (Anderson et al. 2020). Although 
various studies have developed process-based crop models to evaluate the impact of 
climate change, these dramatic environmental changes have increased the uncer-
tainty of such adaptation strategies (Angulo et al. 2013; Bassu et al. 2014). However, 
the development of gene editing technology enables us to acquire crops containing 
specific resistance. However, public acceptance of genetically modified foods is not 
yet high, and the policy restrictions in various countries limit the application of this 
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Fig. 2.4  Schematic representation of climate change impact on crop plants. Optimizing land and 
fertilizer management and selecting and cultivating tolerant crops could maintain crop production

technology (Scheben and Edwards 2018). To overcome the reduction in crop pro-
ductivity owing to climate change, soil nutrient management, especially those of N, 
P, and K elements constitute important factors for maintaining crop productivity in 
developing countries. In addition, selecting and breeding new crop varieties with 
high yields under stress conditions are important for supporting the growing popu-
lation (Anderson et al. 2020).

4 � Conclusion and Future Perspectives

With the growing global population facing the crisis of depletion of nonrenewable 
resources, we must improve the efficiency of resource utilization. Improving the 
efficiency of using highly demanded elements in plants, such as potassium, P, and K 
will be necessary for overcoming the impact of resource scarcity on crop production 
in the future. The development of transgenic technology and breeding for the selec-
tion of crops that use mineral nutrients more efficiently will contribute to sustain-
able agriculture. Despite the irreversible global climate change, humans are making 
efforts to mitigate and adapt to the effects of future weather extremes. However, for 
crops, the impact of global climate change will be devastating. Various weather 
extremes will further reduce crop yields and severely impact global food security. 
Therefore, developing appropriate countermeasures to allow crops to withstand 
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fewer impacts from extreme weather conditions is critical. Currently, we are trying 
to prevent the effects of extreme weather in advance by managing land and fertil-
izers more precisely. Genetic and breeding techniques for creating crops that can 
tolerate extreme weather and maintain their yields will significantly contribute to 
future food security. As humanity becomes more aware of global climate change, 
we will develop more technologies to address the coming climate change crisis.

References

Abou-El-Seoud II, Abdel-Megeed A (2012) Impact of rock materials and biofertilizations on P 
and K availability for maize (Zea Maize) under calcareous soil conditions. Saudi J Biol Sci 
19:55–63

Alam SM (1999) Nutrient uptake by plants under stress conditions. In: Pessarakli M (ed) Handbook 
of plant and crop stress. CRC Press, New York, pp 285–313

Amtmann A, Armengaud P (2009) Effects of N, P, K and S on metabolism: new knowledge gained 
from multi-level analysis. Curr Opin Plant Biol 12:275–283

Anderson R, Bayer PE, Edwards D (2020) Climate change and the need for agricultural adapta-
tion. Curr Opin Plant Biol 56:197–202

Angulo C, Rötter R, Trnka M, Pirttioja N, Gaiser T, Hlavinka P, Ewert F (2013) Characteristic 
‘fingerprints’ of crop model responses to weather input data at different spatial resolutions. Eur 
J Agron 49:104–114

Asghari HR, Cavagnaro TR (2011) Arbuscular mycorrhizas enhance plant interception of leached 
nutrients. Funct Plant Biol 38:219–226

Basak B, Biswas D (2009) Influence of potassium solubilizing microorganism (Bacillus mucilagi-
nosus) and waste mica on potassium uptake dynamics by Sudan grass (Sorghum vulgare Pers.) 
grown under two Alfisols. Plant Soil 317:235–255

Bassu S, Brisson N, Durand JL, Boote K, Lizaso J, Jones JW, Rosenzweig C, Ruane AC, Adam M, 
Baron C (2014) How do various maize crop models vary in their responses to climate change 
factors? Glob Change Biol 20:2301–2320

Bertrand H, Plassard C, Pinochet X, Touraine B, Normand P, Cleyet-Marel J (2000) Stimulation 
of the ionic transport system in Brassica napus by a plant growth-promoting rhizobacterium 
(Achromobacter sp.). Can J Microbiol 46:229–236

Bharati M, Whigham D, Voss R (1986) Soybean response to tillage and nitrogen, phosphorus, and 
potassium fertilization. Agron J 78:947–950

Bouguyon E, Gojon A, Nacry P (2012) Nitrate sensing and signaling in plants. Semin Cell Dev 
Biol 23:648–654

Bradford KJ (1994) Water stress and the water relations of seed development: a critical review. 
Crop Sci 34:1–11

Bucher M (2007) Functional biology of plant phosphate uptake at root and mycorrhiza interfaces. 
New Phytol 173:11–26

Cordell D, Drangert JO, White S (2009) The story of phosphorus: global food security and food for 
thought. Glob Change Biol 19:292–305

Damon P, Osborne L, Rengel Z (2007) Canola genotypes differ in potassium efficiency during 
vegetative growth. Euphytica 156:387–397

Demidchik V, Maathuis FJ (2007) Physiological roles of nonselective cation channels in plants: 
from salt stress to signalling and development. New Phytol 175:387–404

Döbereiner J (1997) Biological nitrogen fixation in the tropics: social and economic contributions. 
Soil Biol Biochem 29:771–774

Dong Q, Echigo K, Raboy V, Saneoka H (2020) Seedling growth, physiological characteristics, 
nitrogen fixation, and root and nodule phytase and phosphatase activity of a low-phytate soy-
bean line. Plant Physiol Biochem 149:225–232

D. Qin et al.



47

Dong Q, Sho N, Rumi T, Akihiro U, Victor R, Hirofumi S (2022) Aberrant RNA splicing of the 
phytic acid synthesis gene inositol-1, 3, 4 trisphosphate 5/6-kinase in a low phytic acid soybean 
line. Soil Sci Plant Nutr 68(5–6):553–562

Dotaniya M, Meena V (2015) Rhizosphere effect on nutrient availability in soil and its uptake by 
plants: a review. Proc Natl Acad Sci India B Biol Sci 85:1–12

Ebelhar S, Varsa E (2000) Applications in sustainable production: tillage and potassium place-
ment effects on potassium utilization by corn and soybean. Commun Soil Sci Plant Anal 
31:2367–2377

Erisman JW, Sutton MA, Galloway J, Klimont Z, Winiwarter W (2008) How a century of ammonia 
synthesis changed the world. Nat Geosci 1:636–639

Franche C, Lindström K, Elmerich C (2009) Nitrogen-fixing bacteria associated with leguminous 
and non-leguminous plants. Plant Soil 321:35–59

George TS, Fransson AM, Hammond JP, White PJ (2011) Phosphorus nutrition: rhizosphere pro-
cesses, plant response and adaptations. In: Else B, Astrid O, Emmanuel F (eds) Phosphorus in 
action. Springer, Berlin/Heidelberg, pp 245–271

Giehl RF, Von Wirén N (2014) Root nutrient foraging. Plant Physiol 166:509–517
Glick BR, Penrose DM, Li J (1998) A model for the lowering of plant ethylene concentrations by 

plant growth-promoting bacteria. J Theor Biol 190:63–68
Gojon A, Nacry P, Davidian JC (2009) Root uptake regulation: a central process for NPS homeo-

stasis in plants. Curr Opin Plant Biol 12:328–338
Grzebisz W, Gransee A, Szczepaniak W, Diatta J (2013) The effects of potassium fertilization on 

water-use efficiency in crop plants. J Plant Nutr Soil Sci 176:355–374
Guoping Z, Jingxing C, Tirore EA (1999) Genotypic variation for potassium uptake and utilization 

efficiency in wheat. Nutr Cycl Agroecosyst 54:41–48
Hammond JP, Broadley MR, White PJ, King GJ, Bowen HC, Hayden R, Meacham MC, Mead A, 

Overs T, Spracklen WP (2009) Shoot yield drives phosphorus use efficiency in Brassica olera-
cea and correlates with root architecture traits. J Exp Bot 60:1953–1968

Han Y, White PJ, Cheng L (2022) Mechanisms for improving phosphorus utilization efficiency in 
plants. Ann Bot 129:247–258

Hänsch R, Mendel RR (2009) Physiological functions of mineral micronutrients (Cu, Zn, Mn, Fe, 
Ni, Mo, B, Cl). Curr Opin Plant Biol 12:259–266

Hawkesford MJ (2012) Improving nutrient use efficiency in crops. In: eLS. Wiley, Chichester
Herencia JF, Ruiz JC, Morillo E, Melero S, Villaverde J, Maqueda C (2008) The effect of organic 

and mineral fertilization on micronutrient availability in soil. Soil Sci 173:69–80
Hirel B, Tétu T, Lea PJ, Dubois F (2011) Improving nitrogen use efficiency in crops for sustainable 

agriculture. Sustainability 3:1452–1485
Hodge A, Robinson D, Fitter A (2000) Are microorganisms more effective than plants at compet-

ing for nitrogen? Trends Plant Sci 5:304–308
Hu Y, Schmidhalter U (2005) Drought and salinity: a comparison of their effects on mineral nutri-

tion of plants. J Plant Nutr Soil Sci 168:541–549
Hürlimann HC, Stadler-Waibel M, Werner TP, Freimoser FM (2007) Pho91 is a vacuolar phos-

phate transporter that regulates phosphate and polyphosphate metabolism in Saccharomyces 
cerevisiae. Mol Biol Cell 18:4438–4445

Hussain HA, Men S, Hussain S, Chen Y, Ali S, Zhang S, Zhang K, Li Y, Xu Q, Liao C (2019) 
Interactive effects of drought and heat stresses on morpho-physiological attributes, yield, nutri-
ent uptake and oxidative status in maize hybrids. Sci Rep 9:1–12

Jain A, Vasconcelos MJ, Raghothama K, Sahi SV (2007) Molecular mechanisms of plant adapta-
tion to phosphate deficiency. Plant Breed Rev 29:359

Jarvis S, Hutchings N, Brentrup F, Olesen JE, Van Der Hoek K (2011) Nitrogen flows in farm-
ing systems across Europe. In: Mark AS, Clare MH, Jan WE, Gilles B, Albert B, Peringe 
G, Hans VG, Bruna G (eds) The European nitrogen assessment. Cambridge University Press, 
Cambridge, pp 211–228

Jia X, Liu P, Lynch JP (2018) Greater lateral root branching density in maize improves phosphorus 
acquisition from low phosphorus soil. J Exp Bot 69:4961–4970

2  Uptake and Use Efficiency of Major Plant Nutrients for Climate-Resilient Agriculture



48

Kant S (2018) Understanding nitrate uptake, signaling and remobilisation for improving plant 
nitrogen use efficiency. Semin Cell Dev Biol 74:89–96

Kant S, Bi YM, Rothstein SJ (2011) Understanding plant response to nitrogen limitation for the 
improvement of crop nitrogen use efficiency. J Exp Bot 62:1499–1509

Kraffczyk I, Trolldenier G, Beringer H (1984) Soluble root exudates of maize: influence of potas-
sium supply and rhizosphere microorganisms. Soil Biol Biochem 16:315–322

Kraiser T, Gras DE, Gutiérrez AG, González B, Gutiérrez RA (2011) A holistic view of nitrogen 
acquisition in plants. J Exp Bot 62:1455–1466

Krouk G, Lacombe B, Bielach A, Perrine-Walker F, Malinska K, Mounier E, Hoyerova K, Tillard 
P, Leon S, Ljung K (2010) Nitrate-regulated auxin transport by NRT1. 1 defines a mechanism 
for nutrient sensing in plants. Dev Cell 18:927–937

Kuppusamy T, Hahne D, Ranathunge K, Lambers H, Finnegan PM (2020) Delayed greening in 
phosphorus-efficient Hakea prostrata (Proteaceae) is a photoprotective and nutrient-saving 
strategy. Funct Plant Biol 48:218–230

Kwak JM, Murata Y, Baizabal-Aguirre VM, Merrill J, Wang M, Kemper A, Hawke SD, Tallman G, 
Schroeder JI (2001) Dominant negative guard cell K+ channel mutants reduce inward-rectifying 
K+ currents and light-induced stomatal opening in Arabidopsis. Plant Physiol 127:473–485

Léran S, Varala K, Boyer JC, Chiurazzi M, Crawford N, Daniel-Vedele F, David L, Dickstein 
R, Fernandez E, Forde B (2014) A unified nomenclature of NITRATE TRANSPORTER 1/
PEPTIDE TRANSPORTER family members in plants. Trends Plant Sci 19:5–9

Li Y, Zhang J, Zhang X, Fan H, Gu M, Qu H, Xu G (2015) Phosphate transporter OsPht1; 8 in rice 
plays an important role in phosphorus redistribution from source to sink organs and allocation 
between embryo and endosperm of seeds. Plant Sci 230:23–32

Little DY, Rao H, Oliva S, Daniel-Vedele F, Krapp A, Malamy JE (2005) The putative high-affinity 
nitrate transporter NRT2. 1 represses lateral root initiation in response to nutritional cues. 
PNAS 102:13693–13698

Liu M, Hu F, Chen X, Huang Q, Jiao J, Zhang B, Li H (2009) Organic amendments with reduced 
chemical fertilizer promote soil microbial development and nutrient availability in a subtropi-
cal paddy field: the influence of quantity, type and application time of organic amendments. 
Appl Soil Ecol 42:166–175

Liu J, Yang L, Luan M, Wang Y, Zhang C, Zhang B, Shi J, Zhao FG, Lan W, Luan S (2015) 
A vacuolar phosphate transporter essential for phosphate homeostasis in Arabidopsis. PNAS 
112:E6571–E6578

Liu B, Asseng S, Müller C, Ewert F, Elliott J, Lobell DB, Martre P, Ruane AC, Wallach D, Jones 
JW (2016a) Similar estimates of temperature impacts on global wheat yield by three indepen-
dent methods. Nat Clim Change 6:1130–1136

Liu TY, Huang TK, Yang SY, Hong YT, Huang SM, Wang FN, Chiang SF, Tsai SY, Lu WC, 
Chiou TJ (2016b) Identification of plant vacuolar transporters mediating phosphate storage. 
Nat Commun 7:1–11

Ma JF (2005) Plant root responses to three abundant soil minerals: silicon, aluminum and iron. Crit 
Rev Plant Sci 24:267–281

Maathuis FJ (2009) Physiological functions of mineral macronutrients. Curr Opin Plant Biol 
12:250–258

Madrid L (1999) Metal retention and mobility as influenced by some organic residues added to 
soils: a case study. In: Iskandar IK, Selim HM (eds) Fate and transport of heavy metals in the 
vadose zone. CRC Press, New York, pp 201–223

Mantelin S, Desbrosses G, Larcher M, Tranbarger TJ, Cleyet-Marel JC, Touraine B (2006) Nitrate-
dependent control of root architecture and N nutrition are altered by a plant growth-promoting 
Phyllobacterium sp. Planta 223:591–603

Mcallister CH, Beatty PH, Good AG (2012) Engineering nitrogen use efficient crop plants: the 
current status. Plant Biotechnol J 10:1011–1025

Meena SK, Meena VS (2017) Importance of soil microbes in nutrient use efficiency and sustain-
able food production. In: Vijay SM, Pankaj KM, Jaideep KB, Arunava P (eds) Agriculturally 
important microbes for sustainable agriculture. Springer, Singapore, pp 3–23

D. Qin et al.



49

Moriconi JI, Santa-María GE (2013) A theoretical framework to study potassium utilization effi-
ciency in response to withdrawal of potassium. J Exp Bot 64:4289–4299

Munns R, Tester M (2008) Mechanisms of salinity tolerance. Annu Rev Plant Biol 59:651
Noguero M, Lacombe B (2016) Transporters involved in root nitrate uptake and sensing by 

Arabidopsis. Front Plant Sci 7:1391
O’brien JA, Vega A, Bouguyon E, Krouk G, Gojon A, Coruzzi G, Gutiérrez RA (2016) Nitrate 

transport, sensing, and responses in plants. Mol Plant 9:837–856
Peiter E (2011) The plant vacuole: emitter and receiver of calcium signals. Cell Calcium 50:120–128
Pettigrew WT (2008) Potassium influences on yield and quality production for maize, wheat, soy-

bean and cotton. Physiol Plant 133:670–681
Pilon-Smits EA, Quinn CF, Tapken W, Malagoli M, Schiavon M (2009) Physiological functions of 

beneficial elements. Curr Opin Plant Biol 12:267–274
Pinkerton A, Simpson J (1986) Interactions of surface drying and subsurface nutrients affecting 

plant growth on acidic soil profiles from an old pasture. Aust J Exp Agric 26:681–689
Pyo YJ, Gierth M, Schroeder JI, Cho MH (2010) High-affinity K+ transport in Arabidopsis: 

AtHAK5 and AKT1 are vital for seedling establishment and postgermination growth under 
low-potassium conditions. Plant Physiol 153:863–875

Raun WR, Johnson GV (1999) Improving nitrogen use efficiency for cereal production. Agron J 
91:357–363

Remans T, Nacry P, Pervent M, Girin T, Tillard P, Lepetit M, Gojon A (2006) A central role for the 
nitrate transporter NRT2. 1 in the integrated morphological and physiological responses of the 
root system to nitrogen limitation in Arabidopsis. Plant Physiol 140:909–921

Robertson GP, Vitousek PM (2009) Nitrogen in agriculture: balancing the cost of an essential 
resource. Annu Rev Environ Resour 34:97–125

Römheld V, Kirkby EA (2010) Research on potassium in agriculture: needs and prospects. Plant 
Soil 335:155–180

Sanchez PA, Shepherd KD, Soule MJ, Place FM, Buresh RJ, Izac AMN, Uzo Mokwunye A, 
Kwesiga FR, Ndiritu CG, Woomer PL (1997) Soil fertility replenishment in Africa: an invest-
ment in natural resource capital. Replenish Soil Fertil Afr 51:1–46

Sardans J, Peñuelas J (2015) Potassium: a neglected nutrient in global change. Glob Ecol Biogeogr 
24:261–275

Savci S (2012) Investigation of effect of chemical fertilizers on environment. APCBEE Procedia 
1:287–292

Scheben A, Edwards D (2018) Bottlenecks for genome-edited crops on the road from lab to farm. 
Genome Biol 19:1–7

Schroeder D (1978) Structure and weathering of potassium containing minerals. IPI Res Top:5–25.
Secco D, Wang C, Shou H, Whelan J (2012) Phosphate homeostasis in the yeast Saccharomyces 

cerevisiae, the key role of the SPX domain-containing proteins. FEBS Lett 586:289–295
Shabala S, Cuin TA (2008) Potassium transport and plant salt tolerance. Physiol Plant 133:651–669
Solomon D, Lehmann J, Fraser JA, Leach M, Amanor K, Frausin V, Kristiansen SM, Millimouno 

D, Fairhead J (2016) Indigenous African soil enrichment as a climate-smart sustainable agri-
culture alternative. Front Ecol Environ 14:71–76

Song H, Yin Z, Chao M, Ning L, Zhang D, Yu D (2014) Functional properties and expression quan-
titative trait loci for phosphate transporter GmPT1 in soybean. Plant Cell Environ 37:462–472

Sulpice R, Ishihara H, Schlereth A, Cawthray GR, Encke B, Giavalisco P, Ivakov A, Arrivault S, 
Jost R, Krohn N (2014) Low levels of ribosomal RNA partly account for the very high photo-
synthetic phosphorus-use efficiency of Proteaceae species. Plant Cell Environ 37:1276–1298

Teixeira EI, Fischer G, Van Velthuizen H, Walter C, Ewert F (2013) Global hot-spots of heat stress 
on agricultural crops due to climate change. Agric For Meteorol 170:206–215

Tikhonovich I, Provorov N (2011) Microbiology is the basis of sustainable agriculture: an opinion. 
Ann Appl Biol 159:155–168

Tittonell P, Vanlauwe B, Leffelaar P, Rowe EC, Giller KE (2005) Exploring diversity in soil fertil-
ity management of smallholder farms in western Kenya: I. Heterogeneity at region and farm 
scale. Agric Ecosyst Environ 110:149–165

2  Uptake and Use Efficiency of Major Plant Nutrients for Climate-Resilient Agriculture



50

Veneklaas EJ, Lambers H, Bragg J, Finnegan PM, Lovelock CE, Plaxton WC, Price CA, Scheible 
WR, Shane MW, White PJ (2012) Opportunities for improving phosphorus-use efficiency in 
crop plants. New Phytol 195:306–320

Von Wittgenstein NJ, Le CH, Hawkins BJ, Ehlting J (2014) Evolutionary classification of ammo-
nium, nitrate, and peptide transporters in land plants. BMC Evol Biol 14:1–17

Wang X, Shen J, Liao H (2010a) Acquisition or utilization, which is more critical for enhancing 
phosphorus efficiency in modern crops? Plant Sci 179:302–306

Wang X, Yan X, Liao H (2010b) Genetic improvement for phosphorus efficiency in soybean: a 
radical approach. Ann Bot 106:215–222

Wang HY, Shen QH, Zhou JM, Wang J, Du CW, Chen XQ (2011) Plants use alternative strategies 
to utilize nonexchangeable potassium in minerals. Plant Soil 343:209–220

Wang M, Zheng Q, Shen Q, Guo S (2013) The critical role of potassium in plant stress response. 
Int J Mol Sci 14:7370–7390

Wang C, Yue W, Ying Y, Wang S, Secco D, Liu Y, Whelan J, Tyerman SD, Shou H (2015) Rice 
SPX-major facility Superfamily3, a vacuolar phosphate efflux transporter, is involved in main-
taining phosphate homeostasis in rice. Plant Physiol 169:2822–2831

Wang Y, Chen YF, Wu WH (2021) Potassium and phosphorus transport and signaling in plants. J 
Integr Plant Biol 63:34–52

Watson CA, Atkinson D, Gosling P, Jackson LR, Rayns F (2002) Managing soil fertility in organic 
farming systems. Soil Use Manag 18:239–247

Whitbread A, Blair G, Konboon Y, Lefroy R, Naklang K (2003) Managing crop residues, fertilizers 
and leaf litters to improve soil C, nutrient balances, and the grain yield of rice and wheat crop-
ping systems in Thailand and Australia. Agric Ecosyst Environ 100:251–263

White PJ (2013) Improving potassium acquisition and utilisation by crop plants. J Plant Nutr Soil 
Sci 176:305–316

Wissuwa M, Kondo K, Fukuda T, Mori A, Rose MT, Pariasca-Tanaka J, Kretzschmar T, Haefele 
SM, Rose TJ (2015) Unmasking novel loci for internal phosphorus utilization efficiency in rice 
germplasm through genome-wide association analysis. PLoS One 10:e0124215

Xu L, Zhao H, Wan R, Liu Y, Xu Z, Tian W, Ruan W, Wang F, Deng M, Wang J (2019) Identification 
of vacuolar phosphate efflux transporters in land plants. Nat Plant 5:84–94

Yokota A, Takahara K, Akashi K (2006) Water stress. In: Rao K, Raghavendra A, Reddy K (eds) 
Physiology and molecular biology of stress tolerance. Springer, Dordrecht, pp 15–39

Zak D, Kronvang B, Carstensen MV, Hoffmann CC, Kjeldgaard A, Larsen SE, Audet J, Egemose 
S, Jorgensen CA, Feuerbach P (2018) Nitrogen and phosphorus removal from agricultural 
runoff in integrated buffer zones. Environ Sci Technol 52:6508–6517

Zhang X, Davidson EA, Mauzerall DL, Searchinger TD, Dumas P, Shen Y (2015) Managing nitro-
gen for sustainable development. Nature 528:51–59

Zhao C, Liu B, Piao S, Wang X, Lobell DB, Huang Y, Huang M, Yao Y, Bassu S, Ciais P (2017) 
Temperature increase reduces global yields of major crops in four independent estimates. 
PNAS 114:9326–9331

Zörb C, Senbayram M, Peiter E (2014) Potassium in agriculture–status and perspectives. J Plant 
Physiol 171:656–669

D. Qin et al.



51

Chapter 3
Improving Land-Use Efficiency 
for Climate-Resilient Agriculture

Waqas Ahmad, Bisma Muneer, Dua Zahra Khan, Niaz Ahmad Wahocho, 
and Muzamil Farooque Jamali

Abstract  In addition to providing a setting for agricultural production, land is a 
prerequisite for better environmental management, including the hydrologic cycle’s 
functions of transmitting and purifying water, recycling nutrients, ameliorating, fil-
tering pollutants, and serving as a source and sink for greenhouse gases. The use of 
land to accommodate shifting human requirements (agricultural, forestry, conserva-
tion) while maintaining the future socioeconomic and ecological consequences of 
the land is known as sustainable land management. Sustainable agricultural devel-
opment requires sustainable land management as a fundamental building block. In 
this chapter, the effects of increasing population, industrialization, and climate 
change on agricultural land use are discussed. Moreover, techniques to enhance the 
land-use efficiency under reducing agricultural land resources have been discussed. 
This chapter will increase the understanding of agricultural land-use systems and its 
efficient management for sustainable agriculture under climate change scenario.

Keywords  Land-use system · Industrialization · Rural–urban interaction

1 � Introduction

Land uses the modification of natural environment and its management through 
agricultural, transport, recreational, commercial, and residential activities. Some 
physical factors including topography, climate, soil type, human factors, and popu-
lation density have adverse effect on land which play a role in the destruction of 
land and reduce the efficiency of land.

Land-use efficiency is the efficient use of land by using natural resources and 
getting a maximum yield through minimum production cost. By increasing 
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efficiency of agriculture land use, agriculture area could be improved. The efficiency 
of land use is considered according to the economic situation of country. Land-use 
efficiency is the increase of gross income by using natural expenditures of living.

Land-use efficiency is adversely effected day by day because of many problems 
The use of fertilizers is increased to control pesticides, but unlimited use of fertil-
izers has a negative effect on earth which is the major reason of destruction of agri-
culture lands. The artificial modification of products used for crop improvement is 
bad for crops and land. All these problems are reducing the effectiveness of agricul-
ture production.

These problems of land-use efficiency are due to improper land monitoring sys-
tem, technical equipment issues, and some financial issues. The problem of affec-
tual use of land expedient in Russia, first of all connected of soil used in agricultural 
sector of the agronomy. The land and asset capacity have importunity reduced over 
the last decades as a result of the removal of big area of agricultural land from com-
munication. In Russia, the share of agriculture land does not be greater in number, 
10% of the Russian. A geographic area is belonging to under the jurisdiction of a 
governmental authority (Lysenko EA 2007). At the same time, the area of agricul-
tural land in Russia is much higher than in the largest countries of European Union. 
This indicates huge reserve in agricultural productivity, which regrettably is not get 
used effectively enough. The concept introduced 100 years ago showing a relation-
ship between plant productivity and water use for agricultural production.

Climate-resilient agriculture is the long-term crop productivity by using natural 
resources and improving livestock production system with increasing farmer’s 
income under climatic changes. It is difficult to manage the land-use efficiency 
under the climatic changes because climatic changes result in destruction of land, 
reduce soil fertility, etc., which directly decrease land uses.

It is a field of research that studies the primary synthesis of complex life like 
structure from primordial lifeless origins and changes of product. The problems 
decrease the efficiency of agriculture land used in the export of product from (CIS) 
countries.

Negative consequences of anthropogenic impact on agricultural land are soil ero-
sion, acidification, desertification, soil salinity, heavy metal pollution, oil and oil 
product, and pesticides (Alston E et  al. 2018). During the climatic changes, the 
concentration of CO2 increases which increases the agricultural productivity and 
also improves the efficiencies of resources (water, land, etc.).

The main objective of this chapter is to improve the soil structure, agriculture 
crops production, and land management under different climatic changes.

2 � Land-Use Efficiency

To evaluate the land-use measures, it is necessary to provide a sustainable land man-
agement practice. Land-use efficiency (LUE) is applied framework that recognizes 
the conditions, integrated methods, drawback of structure and its classification, and 
indicator system although evaluation procedure.
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Now, in these days, the rational land-use measuring is necessary both nation-
ally and globally. To enhance the value and resource of land, it is essential to 
focus on land use rights and restrictions and responsibilities according to follow 
the land policies for sustainability. The land-use challenges are studied to 
increase and measuring the efficiency of land within the framework. All the 
management of land efficiency serves as governing and monitoring of land 
according to the objective which is followed by socioeconomic and environ-
mental development. Therefore, land-use management practices are interrelat-
ing with different parties, e.g., institutional arrangements (play important role to 
ensure process).

According to European cohesion policies since 2007, and land policy guidelines 
in the republic of Latvia (Therefore it is necessary to introduced more understand-
able indicators in land management system (LMS). The measuring techniques of 
LUE are based on comparison of inputs and outputs, and also, they recognize mul-
tidimensional valuable resources and are used in evaluation, development, analyz-
ing, and synthesis.

3 � Land-Use Sustainability

Land is used by people for the development of ecosystem or receiving ecological 
activities. As land can create the landscapes of aesthetics with high economic and 
agricultural and environmental values, under many threats it can also lead to soil 
losses, i.e., soil degradation and soil erosion with unbalanced ecosystem. Land use 
is basically a society–nature interaction—the interaction between societies and 
environment with the ecosystem. Thus, the land problems lower the sustainability 
of the land.

Sustainability indicators are needed to monitor the current situation of area or a 
land and to check out the society–nature interaction (Haberl H et  al. 2004). 
Sustainability development is the process to fulfill the present needs of society with-
out competing the future needs (Turner and Romme 1994). The major objective of 
sustainability land use is to maintain a balance in the production of higher yields of 
crops while protecting the environment from natural disasters and well-being of 
economy (Aznar-Sanchez JA et al. 2019).

4 � Key Issues of Land Use and Sustainability

Land-use sustainability is important for the economic sustainability development, 
but due to some to key issues, the land sustainability is disturbed; some irregular 
development activities have negative effect on land sustainability, i.e., land dete-
rioration contamination of land and rural decline. Urban problems also damage 
the land sustainability, i.e., air pollution, waste management issues, and water 
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pollution. In order to avoid these issues, land-use planning should be done to pro-
tect the land and economy.

In rural area, the agriculture is considered as the major activity of population, but 
in urban area, the living depends on the industrial activities. A huge number of 
urban areas depend on the rural resources, and increasing population is not getting 
very much from agriculture because of low rate of crop yield and productivity for 
the higher rate of population (Tacoli C 1998). For the developing world, urban–rural 
interaction is considered as a challenge for population.

In China, urbanization and farmland protection problems are getting attentions. 
Research has shown that urbanization has adverse impact on the farmland protec-
tion because urbanization has caused so much farmland losses of medium farmers. 
In China, the global urbanization level is above 50%, while the farmland level is just 
7% with the great losses of farmland.

5 � Climate Factor Effecting Land-Use Efficiency

The rapid urbanization (the process of making an area more urban) in China has a 
large effect on land use. The scarcity of land resource has become sustainability 
constraints that are associated with the protection of nature, biodiversity, and soil 
water which are ecologically sustainable potential. The urban development there are 
12 form an idea of the amount % land use efficiency. Number of asses the USA 
socioeconomic development of land use and comprehend effective land strategies. 
This paper includes 184 cities; we analyze first the land-use performance of China 
and the USA from different perspective (Yu J et al. 2019).

Average urban land use efficiency of USA and China was not very high further-
more the average efficiency fluctuation in 2008 and 2015. The USA and central 
China have more repair power for efficiency improvement. Landscape ecology 
focuses on the spatial patients and process of ecological and human interactions 
primary production, respiration, energy, reproduction, and decomposition.

6 � Land Management

Domestic studies of land management started rather late. Research achievement 
focuses on the macrolevel land management issues and strategies, optimization, 
government land management function, and so on.

On the basis of land-use planning, human-induced activities are destroying the 
socioeconomic and ecological disturbance of land systems globally, including dif-
ferent climatic regions. In these climatic regions, the land management planning 
monitors the threatening and economic conditions which are based on agribusiness, 
farmers, and other land users.
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As optimizing the land pressure and other natural resources which is affected by 
human generated activities and also caused by climatic changes is increasing the 
tropical threats and rising serious concerns all the sustainability of management 
instruments and resources. Land-use planning in topical areas helps the land users 
in selecting and putting it into those areas which needed the best and also helps in 
safeguarding natural resources and ecosystem. Maintenance between sustainability 
of generations of farmers for past and future is necessary.

Land-use planning supports the public and private services to make the strategic 
decisions on how to manage the land. Land-use practices are also helping the envi-
ronmental behavior. Land areas defined are based on combination of soil, landform, 
and climatic characteristics. Such process can also consider the link between differ-
ent lands uses.

7 � Land Resource Engineering and Land-Use Policy

On the basis of coordination among land policy and land engineering, the concept 
of definition of land engineering is the contents and demonstrates the identity and 
development of land engineering. On the other hand, land policy helps and guides 
the establishment of the land engineering, and it is an important mean to improve 
and able to permit the land policy. The land engineering is based on the content, 
which is conversion of non-agricultural land into agricultural land, conversion of 
low standard use land into a high standard land use, conversion of current land into 
human construction use, and conversion of polluted and damaged land into usable 
land (Wu et al. 2018).

Land policy is a basic principle, directions, and instruction for specific economic 
and social interests to attain the land use and management in a definite historical 
period. As resources of land are non-renewable, and the base of objectives of land 
policy adjustment to achieve the support of land resources. Land policy associated 
with the class of production relationship and productivity is the changes between 
adaptation and non-adaptation.

8 � Factors Influencing the Use of Agricultural Land

The many factors that affect how land is used for particular reason.

8.1 � Socioeconomic Factors

The socioeconomic element is defined by the access and utilization for land resource, 
the introduction of new technologies, the development of the economic sector and 
territory including infrastructure and environment land productivity and capacity as 

3  Improving Land-Use Efficiency for Climate-Resilient Agriculture



56

well as living environments and the population, investment, and credit facilities, and 
the increase in competitiveness and making proper and efficient usage of renewable 
resources of energy (Auzins et al. 2013). The land that is used for the agricultural 
purposes is a key element in acknowledgment facilities, as the efficient consump-
tion of these credit facilities is able to enhance farms by the usage of new technolo-
gies, since they can enhance the speed of management of agricultural land, reduce 
time resources, and increase yields. Land productivity and capacity play a signifi-
cant role when it comes to utilizing land for agriculture, as the higher the productiv-
ity of the land the more expected this can be easily handled and consumed. In 
addition, it is important to consider the area, the place in which the land situated, 
and the habitat area or population. Some pattern of the land use and the habitat area, 
for instance the greater the number of people the greater amount of land utilized in 
the area. The smaller the area, the more likely to be the land used for farming could 
not be utilized to its fullest extent in that zone. The possibility of using land can also 
affected by the environmental aspect.

8.2 � Environmental Factors

Environmental aspects are defined by biodiversity and eco-integrity (ecosystem 
organization and process) and natural assets (Daba et al. 2015). An essential role of 
usage of land in agricultural purposes is the environmental element which includes 
plants genetic variety. For example, grazing is a great way to increase diversity in 
plants and the higher the likelihood that would provide an energy-efficient value. It 
is equally important to provide a particular area that is rich in natural capital. For 
instance, the availability of raw material to construct in the area as well as the qual-
ity of soil (impacts the kind of use of the land for agriculture and the productivity) 
as well as whether it has access to the water or else it needs to be given a boost 
which could raise the cost of using the land.

8.3 � Institutional Factors

The land use is affected in a way by an institutional aspect which is described by the 
interaction between the norms of regulation and the organizations (Auzins et  al. 
2013). It is crucial to align the land-use system with laws and regulations to ensure 
that the manner of using land does not violate the rules set forth by the law. This can 
play essential to be aware the land that is not used for agriculture can be subjected 
to an enhance of tax rate, however, also land-usage efficiency, features and factors 
that affect it, as well being an efficient and sustainable way to manage land. The 
utilization of agricultural land is crucial for viable land managing which is designed 
to sustain or enhance the quality of production and delivery of services, safeguard 
natural sources, assure sustainable economics, avoid the degradation of water 
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quality, and also decrease soil erosion, thereby reducing the risk of production 
(Auzins et al. 2013). To identify the elements that affect the usage of land for agri-
culture, it is essential to examine the variables which influence other elements in 
addition.

8.4 � Management Practices for Increasing the Efficiency 
of Land Use

The efficiency of land use varies based on requirements for land use in particular, 
such as the extent to which the land can be utilized for the huge businesses of agri-
culture like cooperatives, associations, research, and educational institutions, or is 
utilized by larger or smaller private households. Enhancing the efficiency of land 
use is a hot topic across many countries. Hence, displays of land efficacy measure-
ments and methods of measuring economic efficiency of land have been shaped. 
The primary requirement for efficient utilization of land for agriculture is an increase 
in fertility of soil. It is totally depending on enhancement of the agricultural systems 
within the farms and organization of land areas, the development for rotational 
cropping, investigation of the layout of the area sown and the development of soil 
treatment systems as well as the management and installation irrigation systems and 
fertilizer system pest and disease control and production of seed and environmental 
security measures (Cintina V and Pukite V 2018).

The system of agriculture must satisfy the society demands, the ecological 
demands of crops and agriculture as well as the natural climate circumstances, the 
rate of increase in production as well as economic structure, and the lowest hazard 
of ecological pollution that has to be protected. Affordable use of land for agricul-
ture includes both internal and external requirements that must be fulfilled or 
improved in order for efficient usage land. A key element in the efficacy of land 
used for farming is the way in which parcels of land, which guarantees an appropri-
ate proportion of land, the accessible resources of labor, financial resources, and an 
appropriate use of land used for agricultural purposes as well as the areas of high 
production, and the specialty of agricultural land. The use of agricultural land is not 
as effective in many areas because there is not a well-adjusted production variable. 
Because of the absence of jobs in the rural areas, the population does not oppose 
working for low wages. This can lead to lower yield, and ultimately, poor efficiency 
in the usage of land, since worker’s absence inspiration to do their job. Efficiency in 
land use is also a factor that affects the quality of h-support, so it is imperative to 
establish an extensive set of economic and organizational measures in addition to 
ensuring that there is a coordinated approach at every stage of the government and 
local governments. Landowners and consumers are also expected to offer the state 
with support. A mechanical soil cultivator is an important component of the efficacy 
for using land used in agriculture because it increases fertility of soil. It is respon-
sible for 30–50% of the expenses associated with production of crop. The basis of 
resource-saving technology is cost reduction by minimizing soil treatment.

3  Improving Land-Use Efficiency for Climate-Resilient Agriculture



58

9 � Policy Suggestion

We have demonstrated that the creation of the carbon market together with the 
established markets for agricultural commodities with plausible global perspectives 
could result in the efficient distribution of emissions reduction and production of 
agricultural products. But, the provision of biodiversity and water resources ser-
vices was not effective. We developed a policy that requires the new land use to be 
accounted for in relation to water used by purchasing entitlements. This is a policy 
that is in place in the Australia and other countries (Connor JD et al. 2008). Based 
on other research results, this policy did have some influence at price levels, but did 
not provide a significant factor in the usage of land. A functional water market that 
has an upper limit on the use of resources in which reforestation is competing with 
other users of water (e.g., industrial, urban, or irrigation of agriculture) to get water 
resources that are scarce could yield better results (Nordblom TL et al. 2010) but 
also do not examine this policy because it only operates within entirely contributed 
catchments within the area of study. In the same way, the absence of a constant, 
widespread market policy on biodiversity services severely hampered productivity 
and led to a number of negative results when high biodiversity area was transformed 
into monoculture type of cultivation. Other strategies of usage of land that improved 
the efficiency of production across multiple objectives could be conceivable, but 
they came with significant expenditures in the term of lost economic opportunities. 
The issue for policymakers is to address these expenses and improve efficiency 
across multiple goals. Another challenge is cutting down on the costs of transactions 
related to administration of policy and the targeting of many ecosystem facilities. 
Two options are to mass credit to provide ecosystem services and equally involve 
the expansion of the markets that provide ecosystem-related services (Robertson M 
et al. 2014). Credit bundling is the process of the collation and sale of all services, 
including in this instance the case of the new use of land, such as ecological plant-
ings into the distinct marketplace including a way to pay to ecosystem service pro-
viders (Connor JD et  al. 2008). The findings illustrate how the design of metric 
significantly affects the quality of the aids for society. Stacking is the process of 
selling credits to single markets to provide ecology services (Robertson M et al. 
2014). It can be stacked or bundled with a careful planning of markets, and the 
accompanying institution-based arrangements (e.g., multiobjective benefit metric, 
pure rights to property, low transaction cost) are essential for enhancing productiv-
ity efficiency across many ecosystem amenities.
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Chapter 4
Climate-Resilient Fertilizer Management 
for Crop Production

Ajay Saroha, Amit Kotiyal, and Aditi Thakur

Abstract  Fertilizer is an important input in agriculture production. As per the increas-
ing demand of food for population, fertilizer is a boon. However, current agricultural 
producers are put under immense stress to end hunger as a result of expanding popula-
tion and shrinking cultivable land. To fulfill the demand, different agricultural inputs, 
like fertilizers and other chemicals, are being exaggerated, causing environmental 
damage. The tremendous use of these inputs without consciousness about ecology 
sustainability which influences the soil health causes land degradation and leads to 
climate change. Continuous change in climate by such activities causes variation in 
the temperature, rainfall pattern, microclimate of crops, soil microbial activity, etc. So, 
for the future food demand of increasing population, we must target significant agri-
cultural production limited by a sustainable environment. In this concern, new alter-
nates like use of supportable resources with the fertilizer help in reducing fertilizer 
dose and maintain the soil health and environment such as green manuring crops, 
panchagavya, vermicompost, and FYM.  Ultimately for the better future, farmers 
should adopt the strategies like integrated nutrient management (INM), integrated soil 
fertility management (ISFM), sustainable water management, ridge furrow mulching, 
conservation agriculture, and breeding strategies.

Keywords  Soil · Biochar · Vermicompost · Soil temperature · Nutrient · 
Biofertilizer · Erosion

1 � Introduction

The agriculture sector makes a significant contribution to GDP and is vital to the 
security of the world’s food supply. Somewhere about a two-third majority of the 
labor force is employed there. Farms provide the raw materials for several manufac-
turing companies including the sugar, textile, jute, food, and milk processing 
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industries (Reddy 2015). The ecological, economic, and social impacts of climate 
change on agriculture are substantial in the world’s ecology. Scientific studies indi-
cate that human activities contribute to climate change drastically. According to 
experts, agriculture will have a harder time producing enough food in the future due 
to the stresses of climate change and increasing climatic unpredictability. The IPPC 
Report 2014 (Burkett et al. 2014) provides an authoritative reaffirmation of the fact 
that climate change and variability affect food and fiber production around the 
world because of increased temperature, CO2, weeds, pests, pathogens, and dis-
rupted precipitation and transpiration regimes (Altieri et al. 2015). Climate change 
threatens food production systems, threatening the lives and food security of bil-
lions of people worldwide. Climate change will disproportionately affect marginal-
ized groups in emerging economies compared to wealthy and industrial countries. 
Because of its dependence on weather and the fact that farmers, on average, are 
older and less well off than their urban counterparts, agriculture is especially vul-
nerable to climate change (Srinivasa Rao et al. 2019).

Agriculture, especially crop production, is directly influenced by the condition of 
soil. The soil is a lively natural body with three-dimensional structures made up of 
minerals, organic compounds, and living forms in which plants develop. Soil is the 
fine material that accumulates on land after water, wind, or ice has eroded larger 
particles of rock or after in-situ weathering of rock components (Nortcliff et  al. 
2011). One of the most important materials at our disposal is soil. Not only it pro-
vides the plants with water and nutrients, but also it acts as a stable base for them to 
grow from. Numerous tiny organisms call soil their home. Each soil has unique 
physical, biological, and chemical characteristics that interact in a complex hierar-
chy to determine its overall quality and potential uses (McCauley et al. 2005). It is 
not possible to directly measure soil quality; therefore, scientists use indirect meth-
ods, called biomarkers, to infer soil and environmental changes. Different types of 
soil properties are as follows: (a) The first three characteristics of soil are its texture, 
structure, and porosity; they are all considered physical features, (b) chemical prop-
erties are exchange capacity, soil pH, and salt-affected soils, and (c) biological prop-
erties are soil fauna, soil flora, and soil microorganisms.

2 � Nutrients

The crust of earth is composed of sedimentary rocks and igneous rocks (19:1), with 
the latter consisting of around 80% shales, 15% sandstone, and 5% limestone. 
Based on the amount used by plants, nutrients are divided into macronutrient and 
micronutrient elements. Plants need macroelements in more quantity (more than 
100 ppm) for plant life such as oxygen, hydrogen, and carbon (the three basic nutri-
ents), phosphorus (P), nitrogen (N), and potassium (K) and (the three primary nutri-
ents), and sulfur (S), calcium (Ca), and magnesium (Mg) (the three secondary 
nutrients). Plants also need micronutrients, which are nutrients present at levels 
lower than 100 ppm. They are also called as trace elements. These elements are iron 

A. Saroha et al.



63

(Fe), manganese (Mn), zinc (Zn), copper (Cu), boron (B), molybdenum (Mo), chlo-
rine (C), and nickel (Ni). Nevertheless, when the concentration of these trace ele-
ments increases, it has a detrimental impact on soil physicochemical and biological 
qualities (Sudhakaran et al. 2018). While trace elements are found in soil naturally, 
it is often contaminated due to human activities such as burning fossil fuels or 
municipal waste, using polluted water for irrigation, using synthetic fertilizers or 
manures, or spraying pesticides that include heavy metals (Fytianos et al. 2001).

3 � Major Soil Problem

Increase in the growth and poor development of plants is one of the indications of 
problematic soil. Soil compaction (thick soil that drains water slowly), topsoil loss, 
and erosion are the three main problems with soil. Fertilization of plants which are 
deteriorating and not thriving well can help in overcoming the symptoms of defi-
ciency of soil nutrients.

3.1 � Soil Compaction

Heavy machinery, automobiles, gardening tools, and people are the major causes of 
soil compaction. This reduces the size and number of soils pores and removes air 
from the soil. Compaction and a high proportion of clay can make slow draining 
worse. Another factor is hardpans, which are layers of compacted soil that may 
occur at any depth and are impervious to water, air, and nutrients. Inhibiting root 
growth and plant establishment, soil compaction causes soggy roots, root and crown 
rots, and higher acidity.

3.2 � Topsoil Loss

Topsoil is fertile which is up to 4–8 inches. Most of the organic stuff, plant roots, as 
well as microbial and animal life, are present in topsoil. When storms occur, topsoil 
that is exposed or on slopes is more likely to be carried away.
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Fig. 4.1  Various layer of soil. (Source: FAO)

3.3 � Erosion

Erosion is one of the major components which leads to the depletion of crop pro-
duction. Slopes, areas of exposed soil, and areas near downspouts are particularly 
vulnerable to erosion because they are places where water may easily flow onto or 
over the land. Coastlines may erode due to storms and high tides.

4 � Soil Horizons

The most recognizable visual characteristics of a soil profile might be its soil hori-
zons. There are types of horizons, namely O, A, B, E, C, and R (Owens and Rutledge 
2003). These horizons can be explained as follows: (i) horizon O—layers with a 
heavy organic content, and some have been submerged in water for extended peri-
ods of time; (ii) horizon A—mineral horizons that developed near the surface or 
beneath an O horizon and that show a significant loss of the original rock structure; 
(iii) horizon E—mineral horizons that are distinguished beside the disappearance of 
silicate clay, iron, aluminum, or several mishmashes of these types of elements and 
that keep up the accumulation of sand and silt particles; (iv) horizon B—soil struc-
ture can be found in horizons that are formed below an A, E, or O horizon; and in an 
illuvial concentration, iron, aluminum, humus, carbonates, gypsum, silica, or any 
combination of these elements, (v) horizon C—a horizon that does not contain hard 
bedrock—is not considerably affected by pedogenic processes and does not meet 
the criteria for an O, A, E, or B horizon. The C layers’ makeup may be like or 
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dissimilar from the substance assumed to have created the solum and (vi) R layers: 
Last layer of horizon is hard bedrock (Fig. 4.1).

5 � Climate Change Affecting Soil Properties

Jenny proposed the most possible soil property–climatic factor correlations in 1941 
(Carolina and Kimble 1990).

5.1 � Soil Temperature

The IPPC 2007 study predicted that the global average air temperature will rise by 
1.8–4.0  °C in response to mounting evidence of global climate change (GCC) 
(Reddy 2015). The shifting patterns of environmental features such as temperature 
rises and precipitation change patterns, excess UV radiation, and increased occur-
rence of severe weather phenomena like floods and droughts are increasing as major 
threats to tropical vegetable production. Soil temperatures will also be influenced by 
the sort of plant which grows on the surface, which may transform as a result of 
climate change (Karmakar et al. 2016).

5.2 � Soil Chemical

Climate change creates significant changes. Most rapidly accelerated chemical or 
mineralogical changes occur because of changes in external conditions; these 
include salt and nutrient cation loss where leaching increases and salinization where 
net upward water movement occurs due to increased evapotranspiration, decreased 
rainfall, or irrigation water supply. In areas with less precipitation or more dryness, 
salinization and alkalinization would rise (Karmakar et al. 2016).

6 � General Impact of Climate Change on Soil Health

“The ability of a given sort of soil to operate, within natural or managed ecosystem 
limits, to sustain plant and animal production, maintain or enhance water quality, 
and support human health and habitation,” as defined by the Soil Science Society of 
America (SSSA). Unlike soil health, which is a dynamic condition in which human 
influence causes a change in soil quality, soil quality is a static (qualitative) assess-
ment of soil capacity. Climate change can affect soil health via physical, chemical, 
and biological aspects (Shourie and Singh 2021). Climate change may accelerate 
soil erosion, thus limiting food supply. Increased rainfall will hasten the pace of soil 
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loss, thus limiting farm production. Varieties of global forest changes may emerge 
from climate change’s direct and indirect impacts (Raison and Khanna 2011).

6.1 � Major Direct and Indirect Climate Change’s Consequences

The consequences of climate change can be pointed as (i) increase in temperature 
and concentration of carbon dioxide (CO2) in atmosphere, (ii) precipitation changes, 
as well as the frequency and the severity of extreme weather events including frosts, 
droughts, and storms (wind, rain, and ice), heat waves, and changes in the severity 
of pest and pathogen outbreaks, and (iii) alteration in forest growth and soil organic 
matter (OM) and nutrient input and changes in the impacts of pests and pathogens 
on soil health.

7 � Impact of Fertilizer on Sustainability of Environment

Environmental sustainability is a concept that encompasses activities to conserve 
physical resources, the use of recyclable materials and renewable resources, a reduc-
tion in the use of harmful compounds during production, and environmental preser-
vation. The green revolution focused on advanced high-yielding cultivars, extensive 
fertilizer use, and irrigation, resulting in a considerable rise in crop output. Prolonged 
soil nutrient exploitation through intense agriculture without enough external appli-
cation might contribute to soil deterioration. Agrochemicals utilization in growing 
crops is one of the most efficient tools to boost soil nutrients (McArthur and McCord 
2017). Chemical fertilizers overuse has an adverse impact on the environment and 
human and animal health (Wangunci and Zhao 2019). Unbalanced use of chemical 
nutrients is one example of a problematic input that poses a danger to the long-term 
viability of agricultural systems. Agricultural production is reduced when soils are 
deficient in macronutrients. So, chemical fertilizer use necessitates a substitution 
between agricultural yield and long-term environmental sustainability. Appropriate 
chemical nutrient application and organic manure usage are valid measures for 
determining agricultural system environmental sustainability (Bora 2022).

8 � Total Supply of Ammonia, Phosphoric Acid, and Potash 
Globally 2016–2020

Globally, primary nutrients containing fertilizers are used rapidly. Fertilizers in the 
form of potash, phosphoric acid, and ammonia are provided by various nations to 
ensure enough K, P, and N intake, which in turn leads to increased crop yields and 
national incomes. The major fertilizers’ demand and production are increasing in 
the world, and it shows the nitrogen fertilizer production increased above 150 tons 
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Fig. 4.2  Trends in supply of chemical fertilizers (FAO, 2020)

Fig. 4.3  Production and consumption of nitrogen and phosphorus in India (Source - Department 
of fertilizer Government of India)

in the year 2016–2020, whereas phosphorus production and potash production are 
increasing slower as compared to nitrogen (Fig. 4.2). It shows the dependency on 
three major fertilizers by the world farmers.

8.1 � Production and Consumption in India

In India, alone the dependency on chemical fertilizers increased, which is known for 
its agriculture-based economy. It is drastic that the production is lesser as compared 
to the consumption of these chemicals by the agriculture sector (Fig. 4.3).
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9 � Alternates of Chemical Fertilizers

At present, the agriculture sector exhibits 30–35% of worldwide greenhouse gas 
(GHGs) emissions and is the greatest source of non-anthropogenic gas emission. 
Non-CO2 GHGs which mostly because of methane (CH4) emissions from cattle and 
rice farming, as well as nitrous oxide (N2O) emissions from fertilized soils which 
also contributed to climate change (Lagomarsino et al. 2022). The usage of nitrogen 
fertilizers directly impacts the quantity of NH4

+ or NO3
− accessible in topsoil, which 

in turn affects the activities of nitrification and denitrification (BragadoCarmo et al. 
2012). A sustainable technique for enhancing soil fertility and recycling nutrients is 
to use crop waste, animal leftovers, green manuring crops, compost, and biofertil-
izers such as Azospirillum, Rhizobium, and Azotobacter. Decomposition of agricul-
tural debris in the absence of oxygen and sludge’s is a potential technique for 
producing products that help in improving the efficiency of farming land by being 
rich in plant’s macronutrients and micronutrients (Alburquerque et  al. 2012). 
Anaerobic (without presence of oxygen) remains can be utilized as fertilizers and 
soil cleansers, with nutrients in digestates more readily accessible than those in 
slurry or fresh manure (Martin et al. 2014). Some of the alternates are as follows.

9.1 � Biochar

Biochar amendment to soil has been reported as a strategy to boost carbon storage 
of land and minimize global N2O emissions from soil. Biochar may enrich soils 
with both a little mineralizable proportion as well as a more recalcitrant and less 
mineralizable component of carbon. Furthermore, biochar has been proven to retain 
NO3 inside its pores. As a result, adding biochar to soils may alter the conditions 
that govern nitrification, denitrification, and other N transformation and loss pro-
cesses (Borchard et al. 2019).

9.2 � Sewage and Sludge

Sewage sludge is a semi-solid by-product of industrial or municipal wastewater 
treatment. The application of modern remediation technologies like pyrolysis and 
carbonization of biowaste products has the potential to generate linked solutions for 
organic C and P concerns in food processing in the future. When compared to the 
input material, the pyrolysis materials generated have a higher (two to three times) 
overall C and other element content, viz., P, Zn, and Ca (Frišták et al. 2022). P levels 
in pyrogenic materials obtained from sewage sludge that is applied to the subsoil 
range from 1% to 20%. Pyrogenic carbonaceous materials produced from sewage 
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sludge represent a potential alternative for conventional P inorganic fertilizers and 
organic C suppliers (Xiao et al. 2022).

9.3 � Composting

Composting is an ecologically sound and beneficial process that may successfully 
minimize the emissions generated by livestock and poultry dung by converting it 
into manure that can increase the organic carbon matter of cultivable land (Zhao 
et al. 2022). Composting livestock and poultry waste is important for preserving 
agroecological stability and the sustainable development of agricultural waste. 
Composting has been shown to be an effective method for converting biodegradable 
waste into beneficial organic manure for soils, and it may be divided into many 
processes. Composting is a broad mechanism of biological breakdown of various 
complex organic materials to create heat, water, and simple water-soluble chemicals 
under high-temperature conditions (Bao et al. 2021).

9.4 � Nanofertilizer

Nanofertilizers have shown considerable promise for long-term usage in soil fertil-
ity and agricultural productivity, with little or no environmental impact. 
Nanofertilizers have nanoscopic particles, a significant surface area-to-volume 
ratio, the ability to encapsulate nutrients, and better mobility, which may boost plant 
nutrient availability and agricultural productivity (Jakhar et al. 2022). Most of the 
cultivable land is losing fertility and degrading because of climate change and the 
utilization of intensive farming methods. Considering the significance of macronu-
trient fertilizers, crop fertilization nanotechnology research has mostly concentrated 
on the assessment of nanoparticles as micronutrient carriers, particularly Zn-, Cu-, 
Mn-, and Fe-based nanoparticles (BragadoCarmo et  al. 2012). Nanoparticle-
encapsulated fertilizers will increase the availability and uptake of nutrients by crop 
plants. Nanoparticles with a size of less than 100 nm can be used as fertilizer for 
effective nutrient management, which is more environmentally friendly and less 
polluting. The primary reasons that fertilizers are so popular are their superior size, 
surface area, and penetration ability when compared to the same material found in 
bulk form (Dharam Singh et al. 2017).

9.5 � Green Manuring

Green manure is a prominent method for increasing the amount of organic matter 
and its components in soil. Many researchers have indicated that growing green 
manure may improve soil’s physical, chemical, and biological qualities; modify the 
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variety and community composition of soil microorganisms; ease fertilizer resource 
scarcity; and reduce fertilizer input costs (He et al. 2020). It is indeed a significant 
effective substitute of fertilizer for the present “Chemical Fertilizer Zero Increase” 
initiative and the organic matter increase plan, although both are critical to agricul-
ture’s long-term development (Hu et al. 2022).

9.6 � Meat and Bone Meal (MBM)

Organic waste is one of the best approaches for the supply of nutrients to the plants 
such as meat and bone meal. Meat and bone meal are prepared from raw animal com-
ponents and contains slaughterhouse by-product that is not safe and suitable for 
human food, including as skulls, hooves, blood, fat, feathers, bones, and giblets. Such 
by-product contributes to 30% of the overall weight (Andriamanohiarisoamanana 
et al. 2018). Because it is rich in macronutrients including N, P, and Ca, as well as 
micronutrients and OM, meat and bone meal have the potential to be used in agricul-
ture (Załuszniewska and Nogalska 2022). On a dry matter (DM) basis, MBM incor-
porates four times more nitrogen, ten times more phosphorus and eight times more 
calcium than manure. But it lacks essential nutrients like K and Mg. MBM may be 
used in farming without causing damage to the environment since it recycles nutri-
ents from organic waste (Jastrzębska et al. 2021).

9.7 � Vermicompost

Soil health and crop yield benefit from the addition of vermicompost, an organic 
fertilizer-rich in nutrients, beneficial microbes, and plant growth hormones. Farmers 
are not able to use organic manures as much as they could because of their low 
nutrient content, high bulk, limited market availability, little awareness of their ben-
eficial influence, and difficult handling (Yatoo et al. 2021). The addition of numer-
ous organic substrates such as specific microbial inoculants, bone meal, eggshell 
and banana, and maintaining moisture, pH, and optimal temperature can increase 
the recycling performance and quality of vermicompost (Fig. 4.4).

Furthermore, vermicompost has been shown to have several indirect impacts on 
plant development, including insect and parasite worm control and disease suppres-
sion (Basco et al. 2017). The vermicomposting process yields nutrient-rich vermi-
compost suited for long-term agricultural output.
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Fig. 4.4  Benefits of vermicompost. (Source: Department of Fertilizer, Government of India)

9.8 � Biofertilizer

Organic farming is frequently promoted as the response to the issues with emerging 
intensive agriculture. The use of biofertilizers will generally reduce the global 
warming potential of agriculture. Because nitrogen fertilizers require a lot of energy 
to produce and because nitrogen in biofertilizers can reduce the need for mineral 
fertilizers, the use of biofertilizers will reduce the global warming potential of agri-
culture. All fertilizers should be absorbed by plants when they require them, with 
the least amount of fertilizer loss to the environment. Leaching, runoff, and, in the 
case of nitrogen, gaseous losses are all examples of losses to the environment. 
Biofertilizers or fertilizers made from organic waste could take the place of some 
mineral fertilizers, which would cut down on energy use and resource extraction 
(Michler et al. 2019).

9.9 � Panchagavya

Panchagavya is an organic product that is made from five different cow bi-products, 
including cow dung, cow urine, cow milk, cow ghee, and cow curd. It may play a role 
in fostering growth and supplying immunity to the plant system, conferring resis-
tance to pests and diseases. Panchagavya contains a variety of nutrients, including 
macronutrients like N, P, and K and micronutrients like various amino acids, vita-
mins, and growth regulators like auxins and gibberellins, as well as advantageous 
microorganisms like pseudomonas, azotobacter, and phosphor bacteria, among oth-
ers, which are necessary for plant growth and development (Raghavendra et al. 2015).
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9.10 � Other Sources

Eggshells, an important source of calcium, are regularly discarded as garbage in 
homes, hotels, and other facilities. Eggshell particularly accounts for around 11% of 
the overall mass of the entire egg and comprises approximately 91% CaCO3 
(King’ori 2011). When this calcium-rich material is added to the soil, it not only 
provides calcium to the soil but also raises its pH levels (Gaonkar et  al. 2007). 
Banana peel is another essential biowaste which is high in potassium followed by 
magnesium, calcium, sodium, and other minerals, respectively (Budhalakoti 2019; 
Aboul-Enein et  al. 2016). Traditionally, the degrading of banana peels has been 
employed as a fertilizer in order to boost soil nutrients. Tea trash is another signifi-
cant biowaste that is routinely discarded in open places following tea processing. It 
has been observed that tea waste can be controlled using vermicomposting, thereby 
improving the content of nitrogen (Bhuvaneswari et al. 2021).

10 � Effects of Fertilizer on Human and Soil Health

Fertilizers are an efficient way for the agricultural sector to boost crop yields. The 
use of fertilizers is a common practice that could be hazardous to both human and 
environmental health. Some major constraints are as follows.

10.1 � Ground Water Contamination

Large crops that receive repeated fertilizer treatments may suffer the effects on the 
surrounding soil ecosystem. Concentrated mixtures of N, P, and K make up fertil-
izer materials, which over time may put stress on soil ecosystems. Particularly N is 
a highly water-soluble substance that can move quickly through soil layers. 
Combining fertilizers and pesticides can exacerbate the stress on soil ecosystems, 
resulting in chemical overexposure that eventually contaminates public drinking 
water sources.

10.2 � Nitrate Concentration

The commercial fertilizer manufacturing process generates very high amounts of 
nitrate compounds. When organic nitrogen materials break down in the soil, nitrates, 
which are naturally occurring ions, are created. The chemically charged molecules 
known as nitrate ions disrupt the soil environment’s natural balance. Nitrates are an 
especially dangerous threat to fetal development, infant health, and the development 
of the brain and immune system.
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10.3 � Food Contamination

Crops and water both take up nitrates from the soil as fertilizers permeate soil eco-
systems and seep into groundwater supplies. Certain plants, such as cauliflower, 
broccoli and spinach naturally absorb more nitrate elements than other plant kinds. 
Up to 70% of the nitrates found in a typical diet are found in the vegetables that 
people eat. Color-enhancing substances, which are used as meat preservatives, can 
also contaminate food. Nitrate materials are also present in commercial baby food 
products and the water used to thin infant formula.

10.4 � Destruction of Soil Biodiversity

Applying fertilizer causes the role of bacteria that fix nitrogen to be diminished, 
while the role of everything that consumes nitrogen is amplified, which leads to the 
destruction of soil biodiversity. The decomposition of humus and organic matter is 
then accelerated by these feeders. Organic matter loss alters the physical makeup of 
soil. Soils are less effective at storing water and air because they have fewer pore 
spaces and fewer of their sponge-like characteristics. The complex ecosystem of 
biological exchanges disintegrates as there is less oxygen available for soil microbi-
ology to grow in.

10.5 � Negative Impact on Soil Structure

The long-term use of synthetic fertilizers could harm the soil’s structure. Because it 
has an impact on how well water can permeate the soil and how resistant it is to ero-
sion, soil aggregate stability is a key indicator of soil structural quality. The syn-
thetic fertilizer’s ammonium ions, which make soil particles separate rather than 
aggregate, may be to blame for the reduced soil aggregates. This could negate any 
gains from higher soil organic carbon content and increase fertilizer runoff, which 
pollutes waterways.

11 � Mitigation

The climate change effect on fertilizer use efficiency (FUE) is a crucial concern 
nowadays. FUE can be concluded by observation of biotic and abiotic component 
of plant and environment relationship (Barłóg et al. 2022). Reduction of climate 
change effect on fertilizer use can be avail by different methods.
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11.1 � Breeding for Climate-Resilient Varieties

One of the best ways to reduce the effects of climate change and other environmen-
tal changes is to breed climate-resilient varieties. There is a possibility of reducing 
the growing seasons for some rabi season crops due to the later onset and/or shorter 
duration of winter. Breeding for improved NUE (nutrient use efficiency) will be 
influenced by requiring measurements and determining whether fertilizer treat-
ments are necessary or not. Breeders must prioritize plants with high uptake effi-
ciency (the rate at which plants absorb nutrients from the soil) and utilization or 
physiological efficiency, i.e., the rate at which plants convert those nutrients into 
grain (Lightfoot 2018). Nutrient uptake mechanisms include rhizosphere microbial 
population interactions, rhizosphere chemical and biological property changes that 
increase nutrient availability, soil volume expansion as a result of increased root 
growth and altered root architecture, and alterations to the expression of ion trans-
porters in the roots.

11.2 � Fertigation

Fertilizers increase the depth to which roots grow and aid plant nutrient absorption 
in soils with low fertility. Increase in crop yield and quality can only be achieved by 
optimizing the plant’s utilization of the nutrients delivered to it, since only 20–40% 
of the fertilizer applied is digested by the crops, with the remaining proportion lost 
via multiple processes. Farmers must be made aware of new techniques and 
resources for feeding plants nutrition in order to increase yield and increase input 
use effectiveness (Ranjan and Sow 2021). The use of fertigation, a technique that 
enables the simultaneous application of water and fertilizers through the irrigation 
system, maximizes their responsible and efficient use and allows for the maximum 
efficiency of both without any losses. The benefits of fertigation are as follows: (a) 
improvement of the fertilizer application process, (b) use only the necessary amount 
of water and fertilizers, (c) increases the profitability of the use of inputs applied, (d) 
respect for the environment, and (e) better use of poor-quality soil and water.

11.3 � GIS-Based Risk Mapping of Crop Pests

Better resource management through precision agriculture increases the possibility 
of rising yields and financial gains in agricultural production. When GIS-GPS-RS 
technologies are used in conjunction with precision farming practices and site-
specific crop management, the goal is to maximize the use of soil resources. The use 
of Geographic Information Systems (GIS), an immersing technology for agricultur-
alists, assists farmers in overcoming fertilizer overuse applications and other 
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agrochemical applications. (GIS helps in providing proper data at specific interval 
for the proper utilization of the chemical and identifying agroecological hot spots 
and potential pest risk areas (Yadav et al. 2010). GIS analytical capabilities can be 
used to assess variable parameters that may have an impact on agricultural 
production.

11.4 � Integrated Nutrient Management (INM)

In order to maximize crop production, integrated nutrient management applies both 
chemical and organic fertilizers, including biofertilizers, green manure, organic 
manure, and other organic decomposable materials. The fundamental principles of 
INM are the optimization of benefits from all potential sources of plant nutrients in 
an integrated manner in order to maintain soil fertility and supply of plant nutrients 
to an optimal level for maintaining desired crop productivity. The term INM refers 
to the practice of employing microorganisms and the right proportions of organic 
and inorganic fertilizers to increase the availability and efficiency of nutrient while 
protecting the soil’s natural nutrients and keeping yields high (Selim 2020). INM 
methods may include a wide variety of subheadings, such as the application of 
farmyard manure, natural and mineral fertilizers, soil amendments, crop residues, 
farm waste recycling, agroforestry, green manure, and compost (Selim 2018).

There are five main ideas used by INM which are as follows: (a) plant reserves 
of nutrients, (b) crops, organic manure, and municipal solid waste all provide nutri-
ents useful to plants, (c) purchased plant nutrients from farm outside, (d) nutrient 
losses, such as those that occur when crops are harvested and when nitrogen and 
ammonia in the soil are released as gas or leached away (nitrate, sulfate, etc.), and 
(e) nutrient outputs from plants, such as crop absorption of nutrients.

11.5 � Soil Nutrient Conservation Practices

Protecting soils and watersheds, enhancing water quality, rehabilitating plant, and 
animal habitats, and promoting healthier soil are all crucial to long-term environ-
mental sustainability. Some soil nutrient conservation practices are no-tillage, ter-
race farming, crop rotation, contour farming, windbreaks, wetland restoration, and 
forest cover reestablishment. Unsustainable agricultural practices may harm soil 
quality, which in turn affects the global climate cycle. Overproduction of carbon 
dioxide, a greenhouse gas that contributes to global warming, may be emitted from 
poorly maintained soil. Carbon may be successfully sequestered via agriculture 
through soil restoration and conservation practices, making it more resistant to cli-
mate change.
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11.6 � Rescheduling of Crop Calendars

Climate change has an impact on rainfall patterns, which shortens the growing sea-
son for crops and ultimately encourages farmer to use more fertilizer to increase 
yield. Early insect infestations are now a much bigger problem as a result of this. 
Therefore, it is necessary to modify the crop calendars in accordance with the shift-
ing crop environment. With the help of weather forecasting, farmers came to know 
about the types of crops they can sow for the upcoming season.

12 � Future Thrust

A drastic change in climate due to intensive use of agricultural inputs results in 
intense weather events which ultimately impact agricultural productivity. Weather 
events like an increase in temperature which will likely have a significant impact on 
the yield of the crop, uneven rainfall which leads to flood-like conditions in one 
place and drought-like conditions in another increase crop failure, and chilling 
injury during the winters ultimately affect the crops yield, microbial population, soil 
organic matter, availability of water to crop plants, and depletion in soil fertility and 
soil erosion are simple and complex consequences of climate change. Such kinds of 
events are major obstacles to agriculture and food security. Change in climate 
increases nutrient mineralization which majorly affects fertilizer use effectiveness 
and speeds up evapotranspiration. Conservation agriculture (CA) is one example of 
the “climate-smart” agricultural technology pushed by governments and develop-
ment organization to combat the decline in crop yields caused by global warming 
(Michler et  al. 2019). CA is facing serious financial difficulties as a result of 
increased crop production demand, expensive energy-based input costs, and a 
downward trend in farm earnings. Agriculture methods are the single most influen-
tial element in global food production, which are generally responsible for the dras-
tic climate change (Di Benedetto et  al. 1988). Most of these methods involve 
increasing the usage of inorganic fertilizers and other potentially harmful chemicals 
in order to achieve the same level of crop yield, which is a major threat to the sus-
tainability of the environment. These chemical fertilizers and pesticides have a 
residual effect that remains under the surface of the ground for a considerable 
amount of time. As a result of these inputs, the quality of soil degrades and comes 
up with biomagnification and eutrophication for aquatic habitat (Cassman 1999). 
However, current agricultural practices that have significantly increased the world’s 
food supply have unintentionally harmed the ecology, spotlighting the practice of 
sustainable agriculture.

Therefore, for the prospects of aiming for higher agriculture production without 
hampered the climate and soil, various innovative steps should be followed such as 
the use of organic manure like compost, oilcake, vermicompost, green manuring 
crops, crop rotation, fertigation, panchagavya, and biofertilizers. Various strategies, 
such as soil and crop management methods, site-specific nutrient management, 
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integrated pest management (IPM), integrated nutrient management (INM), organic 
mulches for conserving moisture, and breeding techniques can significantly contrib-
ute to enhancing crop production. Environmental protection could be achieved by 
reducing chemical use like pesticides and fertilizers as well as increasing the effec-
tiveness of crop inputs. Sustainable farming has great potential for both humanity 
and the environment.

References

Aboul-Enein AM, Salama ZA, Gaafar AA, Aly HF, Bou-Elella FA, Ahmed HA (2016) Identification 
of phenolic compounds from banana peel (Musa paradisiaca L.) as antioxidant and antimicro-
bial agents. J Chem Pharm Res 8(4):46–55

Alburquerque JA, de la Fuente C, Campoy M, Carrasco L, Nájera I, Baixauli C, Caravaca F, 
Roldán A, Cegarra J, Bernal MP (2012) Agricultural use of digestate for horticultural crop pro-
duction and improvement of soil properties. Eur J Agron 43:119–128. https://doi.org/10.1016/j.
eja.2012.06.001

Altieri MA, Nicholls CI, Henao A, Lana MA (2015) Agroecology and the design of climate 
change-resilient farming systems. Agron Sustain Dev 35(3):869–890. https://doi.org/10.1007/
s13593-015-0285-2

Andriamanohiarisoamanana FJ, Saikawa A, Kan T, Qi G, Pan Z, Yamashiro T, Iwasaki M, Ihara 
I, Nishida T, Umetsu K (2018) Semi-continuous anaerobic co-digestion of dairy manure, meat 
and bone meal and crude glycerol: process performance and digestate valorization. Renew 
Energ 128:18. https://doi.org/10.1016/j.renene.2018.05.056

Bao Y, Feng Y, Qiu C, Zhang J, Wang Y, Lin X (2021) Organic matter- and temperature-driven 
deterministic assembly processes govern bacterial community composition and functional-
ity during manure composting. J Waste Manag 131(71):31–40. https://doi.org/10.1016/j.
wasman.2021.05.033

Barłóg P, Grzebisz W, Łukowiak R (2022) Fertilizers and fertilization strategies mitigating soil 
factors constraining efficiency of nitrogen in plant production. Plan Theory 11:1855. https://
doi.org/10.3390/plants11141855

Basco MJ, Bisen K, Keswani C, Singh HB (2017) Biological management of Fusarium wilt of 
tomato using biofortified vermicompost. Mycosphere 8(3):467–483. https://doi.org/10.5943/
mycosphere/8/3/8

Bhuvaneswari A, Kalaivanan K, Durairaj S, Selladurai G (2021) Effect of bisphenol-A on the bio-
conversion of tea waste into vermicompost by Eudrilus eugeniae (Kinberg, 1867) at different 
intervals. Int J Biol Sci 8(1):5–12. https://doi.org/10.26438/ijsrbs/v8i1.512

Bora K (2022) Spatial patterns of fertilizer use and imbalances: evidence from rice cultivation in 
India. Environ Chall 7:e100452. https://doi.org/10.1016/j.envc.2022.100452

Borchard N, Schirrmann M, Cayuela ML, Kammann C, Wrage-Mönnig N, Estavillo JM, Fuertes-
Mendizábal T, Sigua G, Spokas K, Ippolito JA, Novak J (2019) Biochar, soil and land-use 
interactions that reduce nitrate leaching and N2O emissions: a meta-analysis. Sci Total Environ 
651:2354–2364. https://doi.org/10.1016/j.scitotenv.2018.10.060

BragadoCarmo J, Filoso S, Zotelli LC, Neto ED, Pitombo LM, Duarte-Neto PJ, Vargas VP, 
Andradek CA, Gava GJC, Raffaellarossetto CH, Neto AE, Martinelli LA (2012) Infield green-
house gas emissions from sugarcane soils in Brazil: effects from synthetic and organic fertilizer 
application and crop trash accumulation. Glob Change Biol Bioenergy 5(3):267–280. https://
doi.org/10.1111/j.1757-1707.2012.01199.x

Budhalakoti N (2019) Formulation and standardisation of banana peel extracted insoluble dietary 
fibre based buns. Int J Appl Sci 32:1–9. https://doi.org/10.9734/CJAST/2019/45832

Burkett VR, Suarez AG, Bindi M, Conde C, Mukerji R, Prather MJ, St Clair AL, Yohe GW (2014) 
Point of departure. In: Field CB, Barros VR, Dokken DJ, Mach KJ, Mastrandrea MD, Bilir TE, 

4  Climate-Resilient Fertilizer Management for Crop Production

https://doi.org/10.1016/j.eja.2012.06.001
https://doi.org/10.1016/j.eja.2012.06.001
https://doi.org/10.1007/s13593-015-0285-2
https://doi.org/10.1007/s13593-015-0285-2
https://doi.org/10.1016/j.renene.2018.05.056
https://doi.org/10.1016/j.wasman.2021.05.033
https://doi.org/10.1016/j.wasman.2021.05.033
https://doi.org/10.3390/plants11141855
https://doi.org/10.3390/plants11141855
https://doi.org/10.5943/mycosphere/8/3/8
https://doi.org/10.5943/mycosphere/8/3/8
https://doi.org/10.26438/ijsrbs/v8i1.512
https://doi.org/10.1016/j.envc.2022.100452
https://doi.org/10.1016/j.scitotenv.2018.10.060
https://doi.org/10.1111/j.1757-1707.2012.01199.x
https://doi.org/10.1111/j.1757-1707.2012.01199.x
https://doi.org/10.9734/CJAST/2019/45832


78

Chatterjee M, Kl E, Estrada YO, Genova RC, Girma B, Kissel ES, Levy AN, MacCracken S, 
Mastrandrea PR, White LL (eds) Climate Change 2014: impacts, adaptation, and vulnerability. 
Cambridge University Press, Cambridge, pp 169–194

Carolina N, Kimble JM (1990) Predicted impact of climatic warming on soil properties and use. 
ASA Special Pub 53:71–82. https://doi.org/10.2134/asaspecpub53.c6

Cassman KG (1999) Ecological intensification of cereal production systems: yield potential, soil 
quality, and precision agriculture. Proc Natl Acad Sci U S A 96(11):5952–5959. https://doi.
org/10.1073/pnas.96.11.5952

Dharam Singh M, Chirag G, Prakash PO, Hari Mohan M, Singh R, Manish Kumar D (2017) Nano-
fertilizers is a new way to increase nutrients use efficiency in crop production. Int J Agric Sci 
9(7):3831–3833

Di Benedetto L, Maugeri G, Poli Marchese E (1988) Sezione and principal linee di ricerca: 
Dinamismo della vegetazione del piano mediterraneo della sicilia. Giornale Botanico Italiano 
122:190–239. https://doi.org/10.1080/11263508809430602

FAO (2020) World fertilizer trends and outlook to 2020: summary report. Food and Agriculture 
Organization of United Nations, p 38. http://www.fao.org/3/i6895e/i6895e.pdf

Frišták V, Pipíška M, Koperová D, Jagerhofer R, Soja G, Bell SM (2022) Utilization of sewage 
sludge-derived pyrogenic material as a promising soil amendment. Agriculture 12(3):1–13. 
https://doi.org/10.3390/agriculture12030360

Fytianos K, Katsianis G, Triantafyllou P, Zachariadis G (2001) Accumulation of heavy metals 
in vegetables grown in an industrial area in relation to soil. Bull Environ Contam Toxicol 
67(3):0423–0430. https://doi.org/10.1007/s00128-001-0141-8

Gaonkar M, Chakraborty AP, Professor A (2007) Application of eggshell as fertilizer and cal-
cium supplement tablet. Int J Innov Res Technol Sci Eng 3297(3):3520–3525. https://doi.
org/10.15680/IJIRSET.2016.0503183

He HB, Li WX, Zhang YW, Cheng JK, Jia XY, Li S, Yang HR, Chen BM, Xin GR (2020) Effects 
of Italian ryegrass residues as green manure on soil properties and bacterial communities 
under an Italian ryegrass (Lolium multiflorum L.)-rice (Oryza sativa L.) rotation. Soil Till Res 
196:e104487. https://doi.org/10.1016/j.still.2019.104487

Hu A, Huang R, Liu G, Huang D, Huan H (2022) Effects of green manure combined with phos-
phate fertilizer on movement of soil organic carbon fractions in tropical sown pasture. Agron J 
12(5):1101. https://doi.org/10.3390/agronomy12051101

Jakhar AM, Aziz I, Kaleri AR, Hasnain M, Haider G, Ma J, Abideen Z (2022) Nano-fertilizers: a 
sustainable technology for improving crop nutrition and food security. NanoImpact 27:e100411. 
https://doi.org/10.1016/j.impact.2022.100411

Jastrzębska M, Kostrzewska MK, Saeid A, Jastrzębski WP (2021) Do new-generation recycled 
phosphorus fertilizers increase the content of potentially toxic elements in soil and plants? 
Fortschr Mineral 11(9):999. https://doi.org/10.3390/min11090999

Karmakar R, Das I, Dutta D and Rakshit A (2016) Potential Effects of Climate Change on 
Soil Properties: A Review Science International 4(2):51–73. https://doi.org/10.17311/
sciintl.2016.51.73 

King’ori AM (2011) A review of the uses of poultry eggshells and shell membranes. Int J Poult Sci 
10(11):908–912. https://doi.org/10.3923/ijps.2011.908.912

Lagomarsino A, Valagussa M, Scotti C, Borrelli L, Becagli C, Tosca A (2022) Mitigation of GHG 
emissions from soils fertilized with livestock chain residues. Agronomy 12(7):1593. https://
doi.org/10.3390/agronomy12071593

Lightfoot DA (2018) Developing crop varieties with improved nutrient-use efficiency. In: Shrawat 
A, Zayed A, Lightfoot DA (eds) Engineering nitrogen utilization in crop plants. Springer, 
Cham, pp 1–14. https://doi.org/10.1007/978-3-319-92958-3

Martin SL, Clarke ML, Othman M, Ramsden SJ, West HM (2014) Biochar-mediated reductions 
in greenhouse gas emissions from soil amended with anaerobic digestates. Biomass Bioenergy 
79:39–49. https://doi.org/10.1016/j.biombioe.2015.04.030

McArthur JW, McCord GC (2017) Fertilizing growth: agricultural inputs and their effects in eco-
nomic development. J Dev Econ 127:133–152. https://doi.org/10.1016/j.jdeveco.2017.02.007

A. Saroha et al.

https://doi.org/10.2134/asaspecpub53.c6
https://doi.org/10.1073/pnas.96.11.5952
https://doi.org/10.1073/pnas.96.11.5952
https://doi.org/10.1080/11263508809430602
http://www.fao.org/3/i6895e/i6895e.pdf
https://doi.org/10.3390/agriculture12030360
https://doi.org/10.1007/s00128-001-0141-8
https://doi.org/10.15680/IJIRSET.2016.0503183
https://doi.org/10.15680/IJIRSET.2016.0503183
https://doi.org/10.1016/j.still.2019.104487
https://doi.org/10.3390/agronomy12051101
https://doi.org/10.1016/j.impact.2022.100411
https://doi.org/10.3390/min11090999
https://doi.org/10.17311/sciintl.2016.51.73
https://doi.org/10.17311/sciintl.2016.51.73
https://doi.org/10.3923/ijps.2011.908.912
https://doi.org/10.3390/agronomy12071593
https://doi.org/10.3390/agronomy12071593
https://doi.org/10.1007/978-3-319-92958-3
https://doi.org/10.1016/j.biombioe.2015.04.030
https://doi.org/10.1016/j.jdeveco.2017.02.007


79

McCauley A, Jones C, Jacobsen J (2005) Basic soil properties. In: Soil and water management. 
http://landresources.montana.edu/SWM/PDF/Final_proof_SW1.pdf

Michler JD, Baylis K, Arends-Kuenning M, Mazvimavi K (2019) Conservation agricul-
ture and climate resilience. J Environ Econ Manag 93:148–169. https://doi.org/10.1016/j.
jeem.2018.11.008

Nortcliff S, Hulpke H, Bannick CG, Terytze K, Knoop G, Bredemeier M, Schulte-Bisping H (2011) 
Soil, 1. Definition, function, and utilization of soil. Ullmann’s Encyc Ind Chem 33:399–422

Owens PR, Rutledge EM (2003) Soil morphology. In: Encyclopedia of soil science in the environ-
ment. Elsevier Publishing, Oxford, pp 511–520

Raghavendra KV, Gowthami R, Shashank R, Harish Kumar S (2015) Panchagavya in organic crop 
production. Pop Kheti 2(2):233–266

Raison RJ, Khanna PK (2011) Possible impacts of climate change on forest soil health. In: Singh 
BP, Al C, Chan KY (eds) Soil health climate change, Soil biology, vol 29. Springer, Berlin/
Heidelberg, pp 257–285

Ranjan S, Sow S (2021) Fertigation: an efficient means for fertilizer application to enhance nutri-
ent use efficiency. Food Sci Rep 2(5):23–27

Reddy PP (2015) Climate resilient agriculture for ensuring food security. Springer, New 
Delhi, pp 2–13

Selim M (2018) Potential role of cropping system and integrated nutrient management on nutri-
ents uptake and utilization by maize grown in Calcareous soil. Egypt J Agron 40(3):297–312. 
https://doi.org/10.21608/agro.2018.6277.1134

Selim MM (2020) Introduction to the integrated nutrient management strategies. Int J Agron 
2020:e821678. https://doi.org/10.1155/2020/2821678

Shourie A, Singh A (2021) Impact of climate change on soil fertility. In: Choudhary DK, Mishra 
A, Varma A (eds) Climate change and the microbiome, Soil biology, vol 63. Springer, Cham, 
pp 49–62. https://doi.org/10.1007/978-3-030-76863-8_4

Srinivasa Rao C, Kareemulla K, Krishnan P, Murthy GRK, Ramesh P, Ananthan PS, Joshi PK 
(2019) Agro-ecosystem based sustainability indicators for climate resilient agriculture in India: 
a conceptual framework. Eco Indic 105:621–633. https://doi.org/10.1016/j.ecolind.2018.06.038

Sudhakaran M, Ramamoorthy D, Savitha V, Balamurugan S (2018) Assessment of trace elements 
and its influence on physico-chemical and biological properties in coastal agroecosystem 
soil, Puducherry region. Geol Ecol Landsc 2(3):169–176. https://doi.org/10.1080/2474950
8.2018.1452475

Wangunci Y, Zhao G (2019) Life cycle assessment of potential pollutant-induced human capi-
tal loss caused by different agricultural production systems in Beijing. China J Clean Prod 
240:e118141. https://doi.org/10.1016/j.jclepro.2019.118141

Xiao Y, Raheem A, Ding L, Chen WH, Chen X, Wang F, Lin SL (2022) Pretreatment, modi-
fication and applications of sewage sludge-derived biochar for resource recovery- a review. 
Chemosphere 287(1):e131969. https://doi.org/10.1016/j.chemosphere.2021.131969

Yadav DS, Chander S, Selvaraj K (2010) Agro-ecological zoning of brown planthopper [Nilaparvata 
lugens (Stal)] incidence on rice (Oryza sativa L.). J Sci Ind Res 69(11):818–822

Yatoo AM, Ali MN, Baba ZA, Hassan B (2021) Sustainable management of diseases and pests in 
crops by vermicompost and vermicompost tea. A review. Agron Sustain Dev 41:7. https://doi.
org/10.1007/s13593-020-00657-w

Załuszniewska A, Nogalska A (2022) The effect of meat and bone meal (MBM) on phosphorus 
(P) content and uptake by crops, and soil available P balance in a six-year field experiment. 
Sustainability 14(5):2855. https://doi.org/10.3390/su14052855

Zhao X, Li J, Che Z, Xue L (2022) Succession of the bacterial communities and functional 
characteristics in sheep manure composting. Biology 11(8):1181. https://doi.org/10.3390/
biology11081181

4  Climate-Resilient Fertilizer Management for Crop Production

http://landresources.montana.edu/SWM/PDF/Final_proof_SW1.pdf
https://doi.org/10.1016/j.jeem.2018.11.008
https://doi.org/10.1016/j.jeem.2018.11.008
https://doi.org/10.21608/agro.2018.6277.1134
https://doi.org/10.1155/2020/2821678
https://doi.org/10.1007/978-3-030-76863-8_4
https://doi.org/10.1016/j.ecolind.2018.06.038
https://doi.org/10.1080/24749508.2018.1452475
https://doi.org/10.1080/24749508.2018.1452475
https://doi.org/10.1016/j.jclepro.2019.118141
https://doi.org/10.1016/j.chemosphere.2021.131969
https://doi.org/10.1007/s13593-020-00657-w
https://doi.org/10.1007/s13593-020-00657-w
https://doi.org/10.3390/su14052855
https://doi.org/10.3390/biology11081181
https://doi.org/10.3390/biology11081181


81

Chapter 5
Modern Agronomic Measurement 
for Climate-Resilient Agriculture

Abdul Jabbar, Hina Ibrahim, Athar Mahmood , 
Muhammad Mansoor Javaid, Allah Wasaya, Muhammad Ather Nadeem, 
Mujahid Ismael, Muhammad Awais, and Shahid Raza Khan

Abstract  Agronomy covers nearly 30% of the earth and intricately tied to environ-
mental quality. The environmental quality section is primarily concerned with 
understanding how agriculture affects our environment and improving agricultural 
management to increase air, soil, and water quality. Climate risk assessment is criti-
cal for effective adaption activity, and several techniques have emerged. The dynam-
ics of the individual component have received little consideration in climate risk and 
vulnerability assessments. The article describes the major problem of climate which 
occurs due to modern agriculture techniques. Crop sensitivity increases with an 
increase in weather variability. Heat and drought are the most common stressors 
encountered in the field, and they have a substantial impact on plants. Over uses of 
pesticides may result in the degradation of biodiversity. Deforestation is considered 
as the second largest source of anthropogenic cause of CO2 in the atmosphere. 
Amazon forests have supplied an important carbon sink service. The mature forest 
may currently be jeopardized due to a variety of activities; for decades, mature for-
ests throughout Amazonia have made an important contribution to the mitigation of 
climate change. Efforts to mitigate climate change through Reduced Emissions 
from Deforestation and Degradation (REDD) rely on the mapping and monitoring 
of tropical forest carbon stocks and emissions across large geographical areas.

Keywords  Climate risks · Modern agricultural system · Pesticides and 
insecticides · Water management · Organic agricultural system
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1 � Introduction

Agronomy is a subfield of agricultural science that examines the theories and meth-
ods of crop, soil, and water management. Taken from the Greek words “agros,” 
which means “field,” and “nomos,” which means “to manage” (Maliwal et al. 2007). 
In the subject of agriculture known as agronomy, methods are used to make the crop 
more hospitable so that they produce more (Fadiji et  al. 2022). Norman (1980) 
defined agronomy as the science of altering the crop environment, which is compli-
cated with the dual objectives of enhancing agricultural output and understanding 
the mechanism at work (Daughtry et al. 1984).

1.1 � History of Agronomy

The drive for bigger and better harvests in the typical American landscape led to the 
development of agronomy as a science in the twentieth century (Davidson et  al. 
2012). The field underwent rapid development as a field science with the establish-
ment an American society of agronomy in 1907. In 1938, Sir R.G. Staplendon pub-
lished a remark in Herbage Abstract (Insua et al. 2019).

1.2 � Relation of Agronomy with Other Sciences

Agronomy comprises soil science, agriculture chemistry, crop anatomy, plant ecol-
ogy, and metabolism. It is very crucial to have a thorough grasp of the physiological, 
synthetic, and biotic characteristics of agricultural land in order to influence the 
environment. In a similar line, it is must to understand the physiology of crops in 
order to their needs. Advanced economic analysis has benefited agricultural produc-
tivity. Agronomy is a significant area of study in agriculture science. While there are 
numerous traditions associated with soil science, it is often perceived as a research-
based and technological field that strives to comprehend and influence processes at 
the molecular level. Particularly in the anglophone tradition, agronomy is often 
thought to be the application of plant and soil science to crop production. Due to the 
fact that the majority of agronomic research is applied and practical, occurring in 
experiment stations, laboratories, and on farmers’ fields, agronomists seldom find 
themselves in the political or public spotlight. Agronomy is a phrase that has mul-
tiple meanings. It engages with husbandry on a regional and technical level, focus-
ing on the most recent state of the art. It is a general phrase that, on a global scale, 
is used to describe the work of experts from a variety of fields, such as soil science, 
plant breeding, and crop protection. In this chapter, it refers to a critical evaluation 
of sugar beet production methods in light of environmental science and plant crop 
physiology (Wuest et al. 2021).
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1.3 � Understanding the Climate Risk

The added risk to farm business and output is climate change risk caused by the 
increase in weather variability and extremes in the coming years (Zougmoré et al. 
2021). It will probably become increasingly crucial to agricultural productivity. In 
the next coming several centuries, the whole United State will warm by 2-to-5-
degree Fahrenheit (Raza et al. 2019). That increase in temperature is significantly 
greater than rate of change that took place in the twentieth century. Winter and 
spring precipitation will likely be higher in the Northern and in the South, whereas 
summer so fall cloudburst will most likely be the same or less in most places (Jeyasri 
et al. 2021). Although, determining the impact of climate changes in throughout the 
year production and finances can be difficult (Grippa et al. 2019).

1.4 � Understanding Crop Sensitivity to Climates

The sensitivity of crops increases with increased weather variability, forcing growth 
to adapt in a variety of ways, frequently by switching cultivate they cultivate or by 
adjusting the period of their rotations (Freitas et al. 2021). Heat waves and warm 
nights are already affecting fruit set in vegetable crops and lowering grain crop 
production in several regions of the country. Crop development is also being affected 
by warmer winters and more unpredictable spring weather, particularly in crops 
(Roudier et al. 2011). Crop production is quite weather-patterned. It is influenced by 
interannual climatic changes, shocks during particular phonological stages, long-
term trends in average rainfall patterns temperature, and extreme weather events 
(Javaid et al. 2022a). Various forms of pressures impact different crop species and 
drastically affect at each morphological and physiological stage, whereas some 
crops are more resistant to those stress than others. Climate carbon dioxide quantity 
changes from 281 to 401 mol at the end of continuous erosion and unsustainable 
fossil fuel use (Erans et al. 2022; Javaid et al. 2022b). At the end of the twenty-first 
decade, the CO2 concentration is estimated to rise by two or up to 800 moles (Weller 
et al. 2021). The poor environmental conditions primarily affect agricultural yield in 
underdeveloped nations, and intense temperatures and excessive CO2 buildup have 
led scientists to discover novel solutions to less foreseeable problems (Pivello et al. 
2021). The yield of fresh smart climate cultivars of crop is required to tackle these 
problems and ensure sustainability. Additional abiotic conditions that influence 
stress include UV-B, light intensities, flooding, gas emissions, and physical and 
chemical problem. An average temperature of the earth is predicted to rise by 2 °C 
in the twenty-first century (Ramirez-Villegas et al. 2013). The harsh environmental 
conditions seen all around of globe have an impact on all living things such as 
humans, fish, animals, and plants. Everyone is concerned with the threat to global 
climatic conditions because crop yields may be jeopardized by changes in many 
environmental elements, which could jeopardize food security. According to recent 
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studies, industrialized nations are more susceptible to climate shifts (8–11%) than 
emerging nations (Zou et al. 2019).

1.5 � Plant Yield and Climate Change

Weather variability had significant effect on plant physiology because of number of 
reasons. Climate uncertainty and environmental stress increase the likelihood of 
various (Wasaya et al. 2021). Challenges for plants are shown in Fig. 5.1; crop pro-
duction is impacted by climate change through direct, indirect, and socioeconomic 
effects. Furthermore, as documented by the Food and Agriculture organizing (FAO) 
and as visualized at Fig. 5.1, weather-changing events (dry spell, swamping, increas-
ing in temperature, etc.) are increasing tremendously. The current agricultural sys-
tems have limited variation and high input concentration, and unstable production 
brought on by environmental changes on crops has exacerbated climate influences. 
It is projected that the increase in intensity of rainfall, temperature fluctuations, salt, 
and insecticides pesticides attacks will reduce crop output, raising the chances for 
famine. In addition to temperature differences, rainfall has had an impact on crop 
adaptation (Fig. 5.1).

The climate dramatically changes when the earth’s temperature rises because of 
non-living stress. Weather changing can be exceedingly harmful and put naturally 
occurring crop species in danger in many different ways (Alengebawy et al. 2021). 
In case of field, heat and drought are the most common stressors which have a large 

Fig. 5.1  Climate change has direct, indirect, and socioeconomic implications for agriculture pro-
duction. Between 1990 and 2016, there was an enlarged number of extreme weather-related inci-
dents. (Porfirio et al. 2018)
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Fig. 5.2  Impact of weather variability and global warming on crops and people. (Raza et al. 2019)

impact on plants. According to reports, plants need a specific temperature to grow 
and blossom normally (Jeyasri et al. 2021; Mahmood et al. 2021). The production 
and yield of grains are negatively impacted by heat stress, sterility is triggered by 
cold stress, and the morpho-physiology of plants is negatively impacted by drought 
stress. These climatic issues significantly impede plant growth and yield, leading to 
extensive responses involving molecular, biochemical, physiological, and morpho-
logical changes. These impacts are elaborated upon in the context of “Global 
Warming and Weather Variability: Pleasant and Unpleasant Effects on Agriculture 
and Humans” (Fig. 5.2).

1.6 � Excess Use of Pesticides and Insecticides

Pesticides are used to minimize insects and pests that attack and injure crops. From 
decades, various insecticides have been made to protect crops. Pesticides help the 
crops, but they have a detrimental effect on the ecosystem (Mahmood et al. 2016). 
They degrade biodiversity because of the overuse of pesticides. The survival of 
many organisms especially birds and aquatic life is threatened by toxic substances. 
Concerns about pesticides have been raised regarding environmental stability and 
sustainability (Rani et al. 2021). This chapter will address pesticides and their wide 
range of applications and related environmental issues. This chapter will also cover 
the long-time impact of pesticides on the climate and the pollution caused by 
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pesticide misuse. As the chapter draws to a close, it addresses the strategies for end-
ing pesticide use before examining how the world will change in the future once 
pesticides have been eradicated (Aqueel et al. 2015; Sarkar et al. 2021; Karimi et al. 
2022). With the overall world, population will be increased by about 10 billion 
people at the time of 2050, rising food production for every nation’s top priority. 
Evidence suggests that the world’s population has been increasing by 97 million 
people every year; because of multiple treatments of the water, air, and soil, ecosys-
tem has been contaminated by the continual application of persistent and non-
biodegradable pesticides. Furthermore, pesticides have been taken up by plants in 
the upper tropic level of the food chain (Heong et al. 2015).

1.7 � Pesticides Use (From Past to Present)

Pesticides have already been employed since the time of the Ancient Romans, who 
used salts, ashes, and bitters to control weeds and burned sulfur to kill pests 
(Mahmood et al. 2016). According to a Roman naturalist, arsenic is being used as a 
pesticide (Li et al. 2022). In the 1600s, arsenic and honey were used to control ants. 
Farming in the USA began employing synthetics such as calcium arsenate, sulfur, 
and nicotine sulfate for field-related purposes in the late 1800s, but their efforts 
were unsuccessful due to the crude steps. Arsenic, an alloyed form of copper, was 
introduced in the USA in 1867 to combat the Colorado potato beetle infestation 
(Kaur et al. 2019).

1.8 � Pesticide Registration and Safety

Pesticide registration is a complex, time-consuming, and resource-intensive legal 
and administrative procedure that requires the expertise and capabilities of both the 
registration authority and pesticide producers. In order to ensure the safety of both 
the active and inert chemicals used in the manufacturing of pesticides, potential 
impacts connected with the usage of weed killers on human health and the environ-
ment are analyzed in this process.

1.9 � Risks Associated with Pesticide Use

The hazards of using pesticides have outweighed any potential benefits. Pesticides 
severely harm non-target species, the biodiversity of flora and fauna, aquatic and 
terrestrial food webs, and ecosystems (Gonçalves et al. 2021). Within a few hours 
of application, 80–90% of the insecticides used can volatilize, according to 
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(Majewski and Capel et al. 2019). It frequently happens when utilizing a sprayer. 
The pesticides that are volatilized escape into air and may subsequently be harmful 
for non-target organisms. The use of pesticides that volatilize from treated plants, 
where even the droplets can adversely affect other plants, serves as a strong illustra-
tion of this phenomenon (Kaur et al. 2019). Pesticide exploitation has led to the 
extinction of a number of terrestrial and aquatic species of flora and fauna. 
Additionally, they put certain endangered species, including the bald eagle, pere-
grine falcon, and osprey, in danger of going extinct. Therefore, dangerous levels of 
these contaminants have been discovered in water bodies, soil, and air (Rathi et al. 
2021; Shrestha et al. 2021).

1.10 � Impact of Pesticides and Insecticides on Wildlife 
and the Environment

Pesticides have an impact on weather variability change during all stages of produc-
tion, delivery, and use. Pesticide manufacture emits three major greenhouse gases 
CO2, methane, and N2O (Panchasara et al. 2021; Zhuang et al. 2022). Phosphate ore 
is mined, purified, and synthesized into glyphosate, the active ingredient in the well-
known weed killer Roundup. Phosphate mining impacts the biosphere by eliminat-
ing wildlife habitats and polluting the air and water (Javaid et al. 2022b). The effects 
of even trace levels of pesticides in waterways on fish and other aquatic fauna 
worsen as water temperatures rise (Jensen et al. 2021). For instance, as the water’s 
temperature rose from 45 to 63 °F, the toxicity of glyphosate in bluegill and rainbow 
trout doubled. According to a scientific investigation, pesticides can affect endan-
gered salmon’s swimming ability, growth, development behavior, and reproduction 
even at low doses (Jenkins 2021). Farm-found insects have enhanced winter sur-
vival and expanded the number of generations they can generate (Rathore and 
Nollet 2012). Farmers now use toxic pesticides like neonicotinoids slathered on 
seeds to regulate these insects as their population grows (Wilson and Fox 2021). 
Neonicotinoids are pesticides that kill insects by inhibiting nerve impulses, which 
resulted in a 40% decrease in insects throughout, excluding pollinators (Danion 
et al. 2018; Yuan et al. 2019).

1.11 � Solution and Hope for the Future

We have presented a bleak picture of what would happen if pesticide use and cli-
mate change proceed in their current patterns thus far. Embracing change may seem 
unattainable, yet there is good news (White et al. 2019). By making little improve-
ments to our ordinary routine, such as what we eat, and by supporting laws that 
encourage the production of pesticide-free foods, we can all work together to find 
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solutions. Organic agricultural methods are vital since it is the main plan to fight 
weather variability. Many of these approaches have their roots in indigenous and 
black farming traditions. In my neighborhood, several small farmers are working 
with land trusts to maintain farmland through regenerative agriculture (White et al. 
2019). Now till agriculture and cover crops are examples of organic techniques that 
lower down methane, nitrogen dioxide, and carbon dioxide emissions. Additionally, 
by restoring the health of the soil, they aid in the conversion of CO2 into oxygen and 
strive to stop climate change (Tully and McAskill 2020). Healthy soil may store 
more carbon and increase water filtration, resulting in cleaner water since it is alive 
with microorganisms. It could be difficult to control pests and weeds without using 
harmful pesticides, but it is doable (Tully et  al. 2021). Numerous science-based 
techniques will help you use fewer pesticides, such as flame weeding, mulching, 
mechanical and manual weed removal, and choosing the least hazardous insecti-
cides. Beneficial insect populations can also be increased to eat pest insects 
(Mazzoncini et al. 2010; Hassan et al. 2018).

1.12 � High Emission of Carbon Dioxide and Methane 
in the Environment

Crops may be affected directly by increase in atmospheric carbon dioxide levels or 
indirectly by climatic changes, according to the results of controlled experiments 
(Sarkar et al. 2021; Skendžić et al. 2021). Carbon dioxide enhances dry matter pro-
duction, mostly through enhancing photosynthetic response, minimizing transpira-
tion, and excessive water use efficiency (Amitrano et  al. 2021; Mahmood et  al. 
2022). For a doubling of CO2 concentrations, for instance, yields of C3 crops (like 
wheat), for example, might increase by 10–50% (Hassan et al. 2019; Govere et al. 
2022). Through a variety of methods, including crop effect study, marginal spatial 
analysis and agricultural systems analysis, it has been determined how sensitive 
crop yields are to variation in climate (Nobre et al. 2016). Such research suggests 
that an average temperature of 2 °C may outcome in a 3–17% decline in potential 
yields for the central mid-latitude grain regions (Phan et  al. 2014) According to 
research of agricultural systems, agronomic, policy, and market feedback mecha-
nisms could absorb or prevent a significant portion of the anticipated negative con-
sequences of climate change. These findings are merely preliminary (Karki and 
Gurung 2012). The combined net impact of increased CO2 and climate change on 
world agriculture is now difficult to predict. Agricultural emissions primarily meth-
ane and nitrous oxide contribute significantly to anthropomorphic climate change 
(Nisbet et al. 2021). Therefore, lowering these emissions could have a big impact on 
mitigating climate change. Figure 5.3 shows the total emissions of greenhouse gases 
by different source (Jiri et al. 2015).
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Fig. 5.3  Emission of different gases in purpose of energy sources. (Song et al. 2019)

1.13 � Agricultural Greenhouse Gas Emission

Multiple climate toxicants such as CO2, CH4, and N2O are the three main con-
tributors to global warming that result from anthropogenic climate change (Javaid 
et al. 2022a). These three greenhouse gases have linked with agriculture and food-
productive items, but direct agricultural emissions are exceptional in that CH4 and 
N2O predominate (Etminan et  al. 2016). Reports described that these potential 
gases from 21% to 37% emitted into the atmosphere from the world food system 
(Clark et al. 2020). Methane and nitrous oxide, two non-CO2 gases, make up a 
disproportionately substantial portion of agricultural emissions (Smith et  al. 
2021). In another way to comprehend how agronomy contributes to climate 
change and what may be accomplished by reducing agricultural emissions, we 
must therefore grasp how emissions of these gases affect temperature change 
(Hanif et al. 2022). Our common reporting metric of GWP100 Scientists devel-
oped GWP100  in 1990 as a way to balance greenhouse gases’ ability to cause 
global warming (Myhre et al. 2014). It is necessary to give more attention to the 
applications and constraints across various metrics (Jackson et al. 2019). We urge 
the adoption of various alternative emission measurement methodologies, model-
ing of the pertinent impacts, and other future environmentally robust approaches 
(Le Quéré et al. 2020; Weller et al. 2021).
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2 � Principal Resource for Managing Climate Risk

The risk of climate unpredictability is always present in agricultural productivity. 
Producers are frequently at the whim of uncontrollable environmental forces, espe-
cially variations in rainfall from season to season and between years. Changes from 
the “normal” climate might provide the conditions for the occurrence of bugs and 
outspread of diseases, among other production concerns. Climate data and projec-
tions can be used to optimize resource utilization, lower production risk, and boost 
agricultural businesses’ profitability. However, simply supplying potential custom-
ers with improved climate projections is insufficient (Fraisse et al. 2016).

2.1 � Natural Resources

Before the food arrives on our plates, food is produced, preserved, processed, pack-
aged, delivered, prepared, and saved. At every level, the food supply releases green-
house gases into the atmosphere. Large volumes of the powerful greenhouse gases 
nitrous oxide and biogas are emitted specifically by agriculture. Belching is the 
method through which methane produced by enteric fermentation during the diges-
tion of livestock is released into the environment. Additionally, it might escape from 
manure and organic waste storage areas of landfills. Nitrous oxide emissions from 
organic and mineral base nitrogen fertilizers are created indirectly. Pressure on 
finite water resources increases as the population increase and water requirements 
for agriculture, residential, industrial, and municipal use rise (Tompkins and Adger 
2004). According to estimates, the agricultural sector alone uses over 85% of the 
total water consumed by humans, with certain emerging nations seeing this percent-
age reach over 90%. Water withdrawals rise as a result of rising community require-
ments for grain and livestock production as shown in (Fig. 5.4).

2.2 � Human Resources

To better understand human resources management and its evolution, it is very per-
tinent to understand the social elements that are affecting agricultural industry 
(Dietz et al. 2020). Globalization and commercialization continuously define new 
requirements for agricultural labor to improve the productivity and knowledge in 
addition to land, labor, and capital which are crucial (Usman et al. 2021). Multination 
corporations are playing a bigger role in the world’s economy and varied cultures 
having a bigger impact on their HR policies and planning a solution for the mitiga-
tion of environmental pollution. Current HR policies are compatible with existing 
acceptable behavior and patterns that transcend the workplace, a certain degree of 
matching HR practices and local culture increase performance (Moustaghfir et al. 
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Fig. 5.4  World population and freshwater use. (Abdul-Razak and Kruse 2017)

2020). Staff employees must not only feel appreciated but also engaged with their 
education if the mission of managing natural resources in the face of climate change 
is to be completed (Amushila and Bussin 2021). Many government workers in pub-
lic administration started out as hands-on protectors of nation’s natural resources; 
this passion has to be fully realized because the danger of climate change might 
exacerbate organization issues. Current personnel may be well-equipped (or have 
been given professional positions) to solve climate change concerns within the 
framework of their current work procedures and management system (West 
et al. 2009).

2.3 � Financial Resources

Measures to mitigate and adapt to climate change are funded locally, nationally, or 
internationally with funds from public, private, or alternate sources of finance (Khan 
and Munira 2021). The party to the convention, Kyoto protocol, and Paris Agreement 
is necessary for providing financial support to people who are less wealthy and 
more vulnerable. This acknowledges the wide variation in how much each country 
contributes to greenhouse gas emissions and how well-equipped they are to stop 
them and deal with their effects. However, the responsibilities of the National 
Development Bank (NDBs) in a developed and developing nation are seldom 
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compared in the existing research in the role of NDBs in weather finance (Geddes 
et al. 2018). Public policies are essential for financing renewable energy. Renewable 
energy investment requires many policies since there are several marketplace sys-
tem failures, bottlenecks, hazards, and actors involved (Kern et al. 2017).

3 � The Following Techniques Will Be Suitable for Boosting 
the Climate

•	 Sustainable forests
•	 Organic farming
•	 Diverse crop rotation
•	 Rotational grazing
•	 Water management
•	 Practice such as conservation tillage
•	 Integrated system agriculture
•	 Rehabilitation of degraded pastures
•	 Amazon native tree species
•	 Use of organic fertilizers in sustainable agriculture
•	 Cultivating recovery capacity

3.1 � Sustainable Forests

European forest institute and the Food and Agriculture Organization of the United 
Nations (FAO) have just released a new report that forests are vital resources for 
people’s livelihoods and are essential to solving many global concerns, such as cli-
mate catastrophe and poverty (EFI) (Katila et al. 2019). Sustainable forestry, also 
known as sustainable forest management, was developed to fulfill demands for for-
est resources without jeopardizing their availability for future generations (Kumar 
et al. 2021). Conceptually, this entails using procedures that may create essential 
goods and services while also regenerating in accordance with nature’s regular pat-
tern without forests, and humanity could not exist (Gremmen 2022). The oxygen we 
breathe is produced by trees through natural processes, and they also use carbon 
dioxide from the atmosphere (Aitken and Simard 2015). Because trees can help to 
absorb a significant amount of fossil fuel emissions generated by human activity, 
sustainable forestry is the most important way that people will be reduced the effects 
on weather variability (Jhariya et al. 2019). To reduce carbon emissions, our forests 
are home to a significant portion of the terrestrial creatures on earth, which are vital 
to our natural ecosystems. However, despite all of these causes, human activity is 
gradually depleting our natural forest resources (Regnier et al. 2022). Due to this, it 
is an imperative that people learn and adopt sustainable forestry practices and laws 
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as soon as possible. Once our forests are gone, we will not be able to support our-
selves and our future generations in a sustainable way (Hahn and Knoke 2010).  
Acknowledging the world carbon cycle and consequently weather change requires 
quantifying. Forests play reasonable role toward the absorption, storage, and release 
of carbon (Regnier et al. 2022).

3.2 � Organic Farming

Compared to conventional farming, organic farming offers a comprehensive 
approach that lessens its influence on the environment. Increasing the amount of 
land used for organic farming can improve farming systems’ resilience, improve 
soil health, and maintain or enhance biodiversity (Knapp and van der Heijden 2018; 
Basavalingaiah et al. 2022). It can also help with climate change mitigation. The 
amount of land used for organic farming can improve farming systems’ resilience, 
improve soil health, and maintain or enhance biodiversity (Lin et al. 2011; Clark 
2020). It can also help with climate change mitigation (MacRae et al. 2010).

3.3 � Organic Consumes Less Energy and Reduces 
GHG Emissions

Organic farming relies on creating closed nutrient cycles and reducing nitrogen 
losses rather than being reliant on external, fossil fuel-intensive fertilizer or pesti-
cide inputs. This has the ability to cut agricultural GHG emissions by about 20% 
globally (Maraseni et al. 2021). Animals in organic systems have access to free-
range areas and are permitted to graze as much as possible, and 65% of the food has 
to come from the farm (Knapp and van der Heijden 2018). Refraining from using 
synthetic fertilizer reduces N2O emissions from the soil by 40% per hectare in 
organic farming (Burger et al. 2016). As a result of fewer animals and grassland-
based systems, emissions are reduced and soil carbon reserves are improved 
(Guyomard et al. 2021).

3.4 � Environmental Benefits of Organic

Organic farming is done through a process that works to conserve the environment 
while simultaneously enhancing it (Wittwer et  al. 2021). Organic agriculture 
strengthens soil through techniques like composting, cover crops, and crop rotation 
rather than relying on chemical fertilizers and pesticides can drain the soil of essen-
tial nutrients and hasten, and this will hasten environmental degradation. 
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Additionally, organic farmers work to conserve and safeguard the natural environ-
ment using the knowledge that a variety of biological environments contributes in 
the world’s ability to feed its population as well as the planet’s (Singh 2021). 
Organic strategies aid in preventing hazardous and persistent chemical runoff from 
entering our water sources (Spahr et al. 2020). Additionally, organic farming con-
tributes to the reduction of our carbon footprint and fight against weather variability 
by forbidding the use of petroleum-based fertilizers and by absorbing CO2 from the 
atmosphere (Elbasiouny et al. 2020).

The data also show that different forms of energy were used in different ways. In 
organic systems, 63% of the total energy was used for direct energy consumption 
(labor, fuel, and equipment), compared to 27.5% for conventional systems (Khanali 
et al. 2021). The production and delivery of off-farm inputs like seed, soil fertilizer, 
and herbicide represented in diverse shades of green consumed the most indirect 
energy in traditional systems, making up 72.5% of the system’s overall energy 
needs. The results are anticipated to differ for permanent crops, and it should be 
highlighted that these data represent annual agricultural output (Fess and Benedito 
et al. 2018).

3.5 � Diverse Crop Rotation

George Washington Carver, an agricultural chemist, created crop rotation tech-
niques to preserve soil nutrients and identified hundreds of new applications for 
crops like peanuts and sweet potatoes (Benitez-Alfonso 2022). Crop rotation is 
the technique of successively growing different crops on the same plot of land in 
an effort to improve soil health, increase its nutrient content, and decrease the 
number of weeds and insects that grow there (Aziz et al. 2022). The capacity to 
disrupt the disease process in topsoil is very advantageous in diversified crop rota-
tion on the same farmland, and monoculture facilitates pathogen growth (Ripoche 
et  al. 2021). Without alternation, these pathogens can multiply in the soil and 
outpace the spread making plant disease outbreaks worse. A host plant illness 
might be the monoculture farming technique (Dhingra 2021). Pest control involves 
halting the pest cycle, reducing weeds and disease, enhancing soil quality, and 
protecting the ecosystem. In several parts of Europe, crop rotations are a crucial 
component of agricultural management. A realistic carbon budget for an agricul-
tural ecosystem with intercropping can only be obtained when at least a full rota-
tion is taken into account; this is because cropping and fallow period are irregular 
and rarely coincide with the scheduled year and because of different crops and 
related agricultural practices in various carbon inputs into the soil.
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3.6 � Alternating Grazing

The bulk density of rotational grazing was lower than that of regular grazing 
(Baronti et al. 2022). Rotational grazing was identical to no grazing and had a higher 
SOC than continuous grazing. Rotational grazing’s beneficial effects on SOC may 
offer prospects for climate change mitigation. The aridity class had little influence 
on grazing tactic comparison (Benitez-Alfonso 2022). We discovered that grazing 
treatment can considerably affect soil performance and health outcomes when com-
pared between continuous and no grazing strategies. Furthermore, site-specific 
environmental variables play crucial moderating affects (Kremen and Miles 2012). 
These knowledge gaps would be greatly reduced, and our collective understanding 
of the effects of grazing on soil quality would be greatly improved, resulting in 
greater management and policy impacts. Consistent guidelines for soil health analy-
sis and coordination across regional, national, and international efforts would help 
close these gaps in knowledge (Byrnes et al. 2018).

3.7 � Core Idea

Grazing causes soil compaction when compared to areas with no grazing. Rotational 
grazing techniques may offer a chance to reduce climate change (Byrnes et  al. 
2018). Through continual grazing, rotation increases soil bulk density and organic 
matter content. Lowering grazing intensity raises soil organic carbon and bulk den-
sity. Environmental factors that are unique to a certain site are significant modera-
tors. The thicknesses show the flow of heat and water exchange, and the dotted lines 
indicate the transport of water (blue) and heat (red). The highland pasture in posi-
tion A is in good condition; the meadow in position B is light to moderately degraded 
and has a few tiny “Bare Land” patches, and the meadow in position C is severely 
and substantially degraded and has several big “Bare Land” patches. According to 
the University of Wisconsin, pastures are the greatest crop for lowering runoff, ero-
sion, and phosphorus in comparison to other land uses. As the grassland vegetation 
gets thicker and the soil quality improves, the water quality also gets better (Gayer 
et al. 2021).

3.8 � Water Management

According to a recent UN Water Policy Brief, water management should be a major 
component of the struggle to minimize the worst threat of environmental change 
and cut greenhouse gas emissions. In addition to other anomalies such as water 
scarcity, lower agricultural productivity, rising sea levels, melting ice caps, and loss 
of biodiversity, the increased global temperature is considered one of the primary 
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adverse outcomes of environmental change (Srivastav et al. 2021). The rising tem-
perature may cause the troposphere to produce more ozone at a faster pace Liu and 
Wang 2020). In particular, environmental issues have been thought of as only an 
increase in temperature, but as mentioned above, there are other aspects that have 
been noted, such as changes in water availability, excess, decreasing rising per cap-
ita water requirements, changes in land use pattern, impacts on food security, etc. 
Weather variability may have impacts in availability of water resources, energy pro-
duction, temperature, agricultural productivity, yearly rainfall pattern, and public 
health among other things (Aggarwal et al. 2019). According to a number of studies, 
water shortage is becoming a global issue due to climate change indicating that 
creating resilience against water scarcity brought on by climate change requires 
more focus on potable water control techniques than any other strategy (Howard 
et al. 2010). Water stress region with severely low water supplies is made worse by 
climate change growing competition for water potentially provoking violence. 
Water stress or regions with severely low water supplies are made worse by climate 
change, growing competition for water, and potentially provoking violence. The 
world must become more water-smart (Ali et al. 2013; Naumann et al. 2018). We 
cannot afford to wait since everyone has a party to play. Currently, there is climate 
change. Water is a component of the answer, and we must act. The health and lives 
of children will be protected by adjusting to the water consequence of climate 
change. Reducing greenhouse gas emissions and switching to solar-powered water 
system would help to save the children future.

3.9 � Practice Such as Conservation Tillage

Conservation tillage was first advocated to mitigate soil erosion, enhance soil 
organic compound content, and increase soil water storage. It is now recognized as 
a component of the answer to alleviate the impacts of global warming and to ensure 
sustainable farming (Harper et  al. 2018). A definition from the Sustainable 
Technology Resource Centre is among the most regularly used (CTIC). The parts 
that follow will describe how conservation tillage works to improve soil health from 
the perspectives of water interplay, soil physiochemical qualities, and the atmo-
sphere as well as by lowering greenhouse gases for lessening the consequences of 
climate variability. Climate science is characterized by increased temperature, 
uncertain rainfall, floods, droughts, windstorm, and other peak weather patterns. 
These phenomena have shown a negative impact on agriculture by disrupting soil 
structure, depleting soil nutrients, sinking biodiversity, spreading plant disease and 
pests as well as lowering crop yield (Geisen et al. 2019).

More than 20 years ago, it was understood that when there is no-tillage, the pro-
portion of phosphorus and potassium that can be extracted from the soil rises, and 
distinct gradients of these nutrients appear in the soil’s surface layers (Yadav et al. 
2020). Some trends have arisen despite the fact that the outcomes of these tillage 
studies show a lot of diversity (Piazza et  al. 2019). A review of long-term trials 

A. Jabbar et al.



97

assessing the impact of tillage on crop growth and production takes into consider-
ation variations in weather patterns, potential gradual changes in soil properties, and 
the learning curve often observed with the adoption of new tillage methods. The 
evaluation focuses exclusively on studies conducted in North America, Europe, and 
New Zealand over the past 10 years or more (Akhter et al. 2020). When utilized for 
bio-tillage, cover crops with deep, thick roots may significantly enhance the soil’s 
shape and H2O and air transmission by creating bio-pores. The roots of a bio-tillage 
cover crop should be deep and thick, growing quickly, decomposing leftover roots 
quickly, adapting well to soil and climate conditions (Zhang and Peng 2021). Tillage 
among the primary agronomic practices is believed to lower SOC stock and has a 
significant impact on soil carbon emission. According to estimates, converting all 
European farmland to zero tillage would eliminate all direct emissions of carbon 
from fossil fuels (Panchasara et al. 2021). Numerous investigations claim that till-
age boosts the oxidation of organic carbon releasing a significant amount of CO2 
into the atmosphere over small duration of time (Baveye et al. 2020). The amount of 
CO2 emitted right after tillage rose with plowing depth and was in very instance 
much higher than the amount from the no-tillage condition. Through the cleavage of 
organic compounds in soil (SOM), which also produce CO2, intensive soil farming 
lowers the overall carbon concentration (Hamidi et al. 2021).

Alteration in dissolved organic carbon (DOC) and dissolved organic nitrogen 
(DON) pools, which serve as a platform and source of energy for heterotrophic 
microbes, has an impact on greenhouse gases (Chow et al. 2022).

3.10 � Integrated System Agriculture

Agriculture may be combined with cattle, livestock, and fish in an integrated agri-
cultural system to create year-round work opportunities, produce additional reve-
nue, and utilize the excreta of chickens, for instance, by placing them on the top 
layer (van der Velden et al. 2022). Pigs are on the bottom layer, and agriculture and 
the growth of fodder crops use the pond’s leftover groundwater. Rainwater harvest-
ing agriculture (RHA) is an intergrade method for semi-arid water management on 
rain-fed land that was developed by experts in Gansu Province more than 10 years 
ago. This system is made up of three primary components; a system for collecting 
rainwater; an irrigation system that uses less water; and a system for producing 
crops with exceptional efficiency. (Munir et al. 2021). An integrated farming system 
should be considered to provide the basic needs of a household such as food (grains, 
pulses, oilseed, milk, vegetables, honey, meat, etc.), feed, fodder, and fiber 
(Choudhary et al. 2019). Undoubtedly, the bulk of farmers have been engaged in 
farming for a very long time, but their main focus has been on separate elements 
rather than an integrated approach. Numerous efforts have been made at the ICAR 
and State Agriculture Universities’ level to increase the productivity of the various 
farming system parts, such as crops, dairy, livestock, poultry, goat maintaining, 
ducker, honey bees, agro-base, horticulture, and mushroom cultivation, but their 
integration into the farming system as whole has lagged (Choudhary et al. 2019).
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3.11 � Amazon Native Tree Species

Amazon’s financial cooperation has relied heavily on the extraction of both renew-
able and nonrenewable resources and environmental assets in the past 50  years, 
which has resulted in substantial environmental factors throughout the area (Palahi 
et al. 2020; Sharifi et al. 2021). It is possible for climate change brought on by rising 
greenhouse gas emissions and another human force to raise air temperatures and 
alter precipitation patterns in complicated ways (Sun et al. 2022). Identifying pres-
ent and likely future changes in climate factors, particularly those associated with 
the hydrological cycle, in these places has not been a simple understanding, the 
significance of knowing how climate influences the arrangement and operation of 
the rainy forest that we know it today. This challenge for the Amazonian Forest is 
brought on its part by the lack of theoretical analysis and in part by the precipita-
tion’s inherent fluctuation (Giardina et al. 2018; Powell et al. 2018). In comparison 
to the world’s current annual human-induced carbon emissions, which amount to 
approximately 9–14 decades’ worth (Makarov et  al. 2020). If carbon emissions 
from tropical forests throughout the world and the Amazon, in particular, are not 
drastically reduced in the upcoming years, it will be very difficult to reduce global 
warming and prevent overall temperature. The average temperature from rising by 
no 2 °C (Smith et al. 2020). By setting the photosynthetic assimilation rate at 25% 
of the maximal photosynthetic assimilation rate, the CO2 fixation impacts are taken 
into account in the computations (Huntingford et al. 2013).

4 � Conclusion

Modern agriculture is an ever-evolving approach to agricultural innovation and 
farming practices that empowers farmers to enhance efficiency while reducing the 
natural resources needed to meet the global demands for food, fuel, and fiber. 
Farmer can enhance productivity whilst reducing environment effect by using mod-
ern farming practice. In this chapter, we explore the modern agriculture and its 
impact on environment. Here, we employ various techniques to mitigate the adverse 
effects of pesticides, insecticides, and high carbon dioxide emissions on the envi-
ronment. These efforts involve utilizing human resources, including natural, social, 
and financial resources, to effectively manage climate risks. Many techniques that 
can help to boost up our climate are sustainable forest management. Without forests, 
humanity could not exist. Because trees can help to absorb a significant amount of 
fossil fuel emissions generated by human activities. Sustainable forestry is one of 
the most important ways that people can lessen the effect of climate change. Organic 
farming is also a way to improve the farming system and soil health and also enhance 
biodiversity. Practices such as conservation tillage, rotational grazing, and water 
management are also providing beneficial impacts on our soil condition as well as 
boost up the climate.
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Chapter 6
Crop Management for Sustainable Wheat 
Production

Rehan Jameel, Maria Naqve, Muhammad Anjum Zia, Athar Mahmood , 
Muhammad Mansoor Javaid, and Muhammad Ather Nadeem

Abstract  Climate change is a serious issue over all the world as it directly influ-
ences on agriculture sector. Abiotic and biotic stresses occurred in response to envi-
ronmental changes. Crop yield is highly vulnerable to environmental changes. 
Wheat is the major staple food globally and severely affected by changing climate. 
Wheat is one of the most extensively grown crops in the world; however, its produc-
tivity lags behind that of other staple food crops. The main reason for this crop loss 
is the environmental changes which badly affect the wheat crop. 1 °C increase in 
temperature lowers 6% yield of wheat, and due to drought, 4.4% of yield loss is seen 
in previous years. Food security and ecosystem resilience are the most serious 
global issues. Climatic-smart agriculture is the only approach to reduce the detri-
mental impact of climate changes on wheat crop adaptability before they have a 
significant influence on global crop production. In this book chapter, we summarize 
the negative impacts of environment on wheat and climate-resilient technologies for 
alleviating negative impact of climate on wheat production.
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1 � Introduction

Agriculture is the only enterprise that is directly influenced by environmental 
changes. Climate change is a global issue, but in developing countries of the world, 
it is the worse shape because of inadequate measurements to combat these changes 
and less information about diverse food production methods (Fahad and Wang 
2018; Javaid et al. 2022a). Depending upon crop variety and location of investiga-
tion, 25% loss is projected in short period of time, although some researchers esti-
mated up to 50% loss by the year 2080 (Challinor et al. 2014; Javaid et al. 2022b). 
Climatic variability accounts for 60% of crop yield reduction, posing a threat to 
sustainable agricultural schemes and food security globally. Environmental changes 
negatively influence income of small farmers, who rely entirely on crop farming for 
a living. A recent research anticipated that 20% worldwide will rise in hungry peo-
ple by the year 2050 (Carty and Magrath 2013).

The condition is severe in Asia, where agriculture is particularly sensitive to cli-
mate change. Due to climatic changes, the region has faced a variety of issues, 
including heat waves, rising temperatures, droughts, and floods (Hossain et  al. 
2020). Crop cultivation in countries of South Asia, such as Pakistan, India, 
Bangladesh, and Nepal, is under serious threat of climate change (Hossain et al. 
2019). The rise in average maximum temperature is expected to 1.4–1.8 °C (12%) 
by 2030, besides 2.1–2.6 °C (21%) by 2050, in South Asia (Tesfaye et al. 2017; 
Javaid et al. 2022c). According to one analysis, if suitable climate change adapta-
tion measures are not adopted by South Asian countries, their GDP will fall about 
1.8% by the year 2050 and 8.8% by the year 2100 (Fig.  6.1) (Ahmed and 
Suphachalasai 2014).

Pakistan is an agricultural-based country, which shares 18.9% of its GDP by 
agriculture. Agricultural industry also employs 42.3% of the total population of 

Fig. 6.1  Effects of 
environmental change on 
earth. (Ahmed and 
Suphachalasai 2014)
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country and thus regarded as spine of Pakistan’s economy. Agriculture comprises 
mostly the cattle, poultry, and fisheries sectors, as well as agricultural production, 
with important cereal and other crops. The wheat is a principal food crop of Pakistan 
and is grown all over the state to fulfill the staple food requirements. Agriculture of 
Pakistan is facing significant danger from climate change, as Pakistan consistently 
ranked between top 10 most vulnerable countries globally for more than 5 years 
(Kreft et al. 2016; Mahmood et al. 2021).

Wheat is the first ever domesticated crop since 7000 and 9000 BC, and its culti-
vation is expanded throughout the world (Farooq et al. 2021; Kavamura et al. 2021). 
Among the cereal crop, wheat is called king of cereals (Iqra et al. 2020). Wheat is 
the staple food of 40% population of the world. Total cultivated area for wheat is 
218 million hectares globally with total 765 million tons production, and its trade in 
the world is more than all other crops combined. Wheat has 13% protein content 
which is comparatively higher among other major cereals (Giraldo et al. 2019) and 
supplies 40% energy calories globally (Hussain et al. 2021). As the wheat is major 
consumable crop of the world, so by the year 2026, it is necessary to increase its 
production up to 11%, with only increase in 1.8% of cultivated area (Kavamura 
et al. 2021). A major part of wheat production is utilized by humans, while the other 
is used as animal feed and industry processing (Pequeno et al. 2021).

Environmental conditions harm wheat production and many other crops (Javaid 
et al. 2018). According to the Intergovernmental Panel on Climate Change (IPCC), 
globally average temperature might be increased by up to 2 °C by 2050 (and 5 °C 
by the year 2100), while traditional rainfall patterns are altered (Reynolds et  al. 
2021). Changes in temperature are highly dangerous for food security. In Pakistan, 
there was a 4.4% decrease in wheat output in 2019 as compared to the previous year, 
and it is also noted the wheat’s highly dubious prospects in 2019 because of severe 
water deficit. Despite drought stress, increase in every 1  °C of temperature is 
expected to reduce world wheat yield by 6% (Zhao et al. 2017).

If proper and early initiatives are not adopted to mitigate the detrimental effects 
of climate change, Pakistan may continue to endure yield reduction and food short-
age and lower farm income (Mahmood et al. 2020). Most attempts to enhance food 
production in the last part of the twentieth century focused on enhancing and 
expanding modern agricultural inputs such as variety of new seeds, irrigation, and 
artificial fertilizers and pesticides (Si et al. 2017; Adhikari et al. 2018).

Climatic resilience is defined as an agricultural system’s ability to maintain its 
structures and assure the delivery of its services, with environmental variations and 
extremes. This may be accomplished through agricultural practices, e.g., increasing 
resilience capacities, durability, adjustability, and transformability (Meuwissen 
et al. 2019). Some of the environmental resilient practices include crop rotation, 
reduced tillage strategies, crop rotation, cover crops, decreased usage of mineral 
resources, and organic agricultural production methods as shown in (Fig.  6.2; 
Behnke et al. 2018). Unfortunately, due to greater risks and economic concerns, as 
well as general opposition to modify in farm methods, these therapies have not 
acquired widespread acceptance among farmers (Javaid et  al. 2016; Roesch-
McNally et al. 2018).
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Fig. 6.2  Climate-resilient technologies to overcome impact of climate change on wheat. (Behnke 
et al. 2018)

2 � Crop Management Approaches

2.1 � Crop Rotation

Crop rotation, utilization of drought-resistant seed varieties, short-period crops, 
crop diversity, and altering planting dates are common climate-resilient sustainable 
farming methods used by farmers (Viswanathan et al. 2020). Crop rotation or culti-
vating a series of crops on the same land is commonly practiced and aids in the 
management of many agroecological issues such as deteriorating soil conditions 
and emissions of greenhouse gases (Dury et  al. 2012). Changing cultivated crop 
combined with “no plowing” minimizes agricultural loss by 84% (Deuschle et al. 
2019). Crop rotations with nitrogen-fixing crops like groundnuts, beans, and cow-
peas improve soil potency and boost availability of nutrients to succeeding crops, 
resulting in higher crop production (Branca et  al. 2013). Rotation of wheat with 
sunflower improved soil organic matter in rain-fed regions of Spain (Pedraza et al. 
2015). Selection of proper crops for rotation is vital, which boosts soil nitrogen 
levels, increases plant biomass, and increases fertility of soil (Raphael et al. 2016). 
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Improving soil fertility is a long-term solution for increasing agricultural yield 
while increasing carbon storage and managing the carbon revolution (Bryan et al. 
2013). The data from 3 years planting rotation of wheat after peas showed signifi-
cant wheat yield improvements up to 1.3 t ha−1. Wheat rotation with leguminous 
plants increased wheat production by 0.9–2.7 t ha−1 (Partal and Paraschivu 2020).

2.2 � Changing Sowing Time

Changing sowing dates had positive effect on crop yield and is widely used as a 
viable method in rice and wheat-growing areas (Jalota et al. 2012). To deal with ris-
ing temperatures, farmers may shift sowing date to a cooler time of year (Gorst et al. 
2018). Changing sowing dates (reducing or delaying) in flowering may enhance 
grain weight, yield of wheat, and protect from environmental variations (Garcia 
et al. 2011). In the case of rising temperatures, extending the planting time might 
improve wheat production from 4% to 6% (Mustafa et al. 2021).

2.3 � Drought-Tolerant Seed Varieties

Approximately 80% of the total cultivated land is affected by drought globally. 
Drought is serious limiting factor for wheat production. In Australia, 46% wheat 
loss is due to drought by the year 2006 (Dai 2013). About 33% loss of wheat crop 
in Pakistan is due to drought. Wheat performance may be genetically enhanced by 
introducing improved alleles at existing loci by traditional crossing, helped by 
marker and other technology. In general, increase of 10–50 Kg/ha is seen in grains 
and legumes all over the world by genetically modified drought-resistant cultivars. 
By genetically modified wheat and barley cultivars, 2–5 tons/ha increase in grain 
yield has been observed (Mohammadi 2018).

2.4 � Genetically Modified Seeds

Genetically modify (GM) seeds have several benefits in agronomy, and their appli-
cation in food crops is fiercely debated (Saab 2016). Several organizations, policy 
makers, and scholars are suspicious to adopting GM food crops, despite the fact that 
no adverse effects have been recorded in the past which raised concerns about their 
usage (Viswanathan et al. 2020). Genetic diversity is examined as a critical tool for 
developing novel cultivars which have genetic differences and resemblances (Raza 
et al. 2018). Landraces are an important source of genetic research. For instance, 
wheat landrace stored in a data bank includes more genomic diversity and solid 
foundation for stress tolerance since it contains cultivars that are adaptable to a 
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variety of climate stresses (Lopes et al. 2015). Wheat is an example of temperate 
crop which is especially vulnerable to the effects of climate change. The wheat crop 
has genetic ability to drought or heat stress tolerance, as well as a combination of 
both stresses, by modifying its physiological and biochemical properties 
(Viswanathan et  al. 2020). Wheat breeders can adopt GM strategies to generate 
superior wheat varieties that can withstand drought and heat stress. Advances in 
phenotype and genomic selection provide new approaches for boosting genetic 
gains in stressful conditions (Langridge and Reynolds 2021).

2.5 � Cover Crops

Cover crops are described as extra crops sown on the land after harvest or crops 
intercropped with the primary crop (Branca et al. 2013). Crop cover is significant 
for ecological balance because it prevents soil from erosion, increases water avail-
ability, controls weeds, and manages mineral levels of soil (Meyer et  al. 2019). 
Several studies were conducted to demonstrate the advantages of crop covers 
(Srivastav et al. 2021). It was reported that cover cropping with mucuna benefited 
the maize yield. In Brazil, 198–246% increase is found in maize yield by using 
cover crops (Branca et al. 2013). Multicrops cultivated as crop cover use less water 
than a single crop cover (Meyer et al. 2020). Kaye and Quemada (2017) studied 
cover cropping, highlighting that it contributes to climate change management, 
enhances climate resilience, and reduces soil erosion following high rainfall in cen-
tral Spain and Pennsylvania. In the northern Great Plains and humid agricultural 
systems of the USA, the effects of cover crops on soil health and production have 
been extensively reported (Mesbah et al. 2019). In semiarid Montana, pea enhanced 
winter wheat production by 5.2% (Miller et al. 2011). Lablab bean as cover crop 
with wheat increased wheat output up to 14% (Northupl and Rao 2015).

3 � Water Management Techniques

3.1 � Improving Irrigation Water Usage

Globally, declining water levels are viewed as a serious danger to crop yield reduc-
tion, particularly in rice cultivation. Irrigation is most widely used to boost yields 
while also reducing production variability. The selection of a suitable irrigation sys-
tem is critical to ensure the sustainability of limited water supplies (Viswanathan 
et  al. 2016). In India, irrigation water use for mitigating the rising temperature 
effects on wheat growth and yield. Irrigated crop productivity is typically greater 
than rain-fed crop. Irrigation has resulted in the greatest increase in yields in Madhya 
Pradesh, Maharashtra, and Bihar (Zaveri and Lobell 2019). Indian government 
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policies have supported irrigation expansion for decades to enhance agricultural 
growth, reducing production risk, and decreasing rural poverty (Si et al. 2017).

3.2 � Micro-irrigation Technologies

Drought susceptible states of India are progressively using technologies for water 
conservation known as micro-irrigation system (MIS), particularly sprayer and drop 
irrigation, as part of the National Micro Irrigation Mission (Tanveer et  al. 2015; 
Viswanathan et al. 2016). Numerous studies have revealed that using various types 
of micro-irrigation systems (MISs) increases agricultural productivity and quality. 
The MIS success examples can be found all over the world. Extensive usage of drip 
irrigation aided Israeli farmers in maintaining agriculture on dry land (Tal 2016). 
Implementation of MIS along different states of India, as a result of state and federal 
policies, encouraged the use of sprayer and drop irrigation methods to combat envi-
ronmental water crisis (Bahinipati and Viswanathan 2019). According to reports, 
greater use of MIS increased water savings by 39% and energy savings to 58% 
(Kumar and Palanisami 2019). According to a research in Morocco, drip irrigation 
produced 28% more wheat yield than surface irrigation (Ali et al. 2015; Suryavanshi 
et al. 2015).

3.3 � Rain Water Harvesting

Rainwater harvesting is an ancient method used to conserve water in dry areas. 
Rainwater harvesting can help India and other underdeveloped countries to better 
response for climate change. Rainwater storage also minimizes the usage of under-
ground water for agriculture (Srivastav et al. 2021). Researchers from the United 
States and Zambia indicated that rainwater collected for cultivation is also used for 
drinking purpose during times of great water scarcity (Viswanathan et al. 2020). 
Rainwater collection and management, together with food and water security, have 
become critical activities in the battle against climate change (Glendenning et al. 
2012; Shahid et  al. 2014). A study indicated that irrigation with rainwater up to 
40–59 mm may improve wheat production from 2000 to 2250 Kg ha−1 (Saleem and 
Ali 2015).

3.4 � Use of Microbes to Enhance Water Use Efficiency

Many different species of soil microorganisms help to protect crops from a variety 
of soilborne diseases and water management issues. Mycorrhizal associations can 
help improve water use efficiency and fertilizer management in the agroecosystem. 
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Microorganisms help in attaining many forms of adaptations to climate change, 
such as building resistance to harsh weather events, sustaining genetic variety, and 
boosting water use efficiency under several biotic and abiotic stresses. The develop-
ment of osmoprotectants and the synthesis of proteins toward heat waves and 
droughts can help to minimize the amount of stress in crops. The significance of 
bacteria in the regulation of various forms of greenhouse gases will also be main-
tained, as well as climate change-resilient activities (Srivastav et al. 2021). Microbes 
have the ability to reduce the effect of salinity up to 50% in wheat and increase yield 
of wheat (EL Sabagh et al. 2021). There are two strategies for coping with climate 
change via microbial biodiversity, one for providing natural equilibrium and the 
other for developing adaptations in many habitats via various forms of biogeochem-
ical cycles (Wallenstein and Hall 2012; Tanveer et al. 2013).

4 � Strategies for Sustainable Land Management

4.1 � Sediment Retention

Sustainable land management is defined by the United Nations as “the utilization of 
natural resources, such as land, water, livestock, and plants, to produce things to 
fulfil changing human requirements, while assuring long-term production capabili-
ties of these resources and the preservation of their environmental services” (Sanz 
et al. 2017). The government of India established the “Soil Health Card program” in 
2014 that provides agriculturalists with information on fertilizers use and crop 
planting depending on soil condition. Furthermore, natural fertilizer (compost), 
rewilding, and sedimentation retention were demonstrated for durable land manage-
ment approaches. Nutrients retention in soil may increase wheat production signifi-
cantly (Keesstra et al. 2018).

4.2 � Organic Farming

Fertilizers are essential for mitigating the effects of climate change and the adapta-
tion of plants. It offers significant energy to plants and maintains soil quality and 
enhances yield. So, the significance of fertilizers in sustaining the world cannot be 
overstated (Henderson et al. 2018). Compost positively improves crop yield without 
causing any damage to soil. It is reported that 100% (2–4 t ha−1) increase was seen 
in maize yield in Kenya, groundnut yield by 0.3–0.9 t ha−1, millet yield 0.3–1 t ha−1, 
and Bolivia potato yield increased by 4–15 t ha−1. In Latin America, the use of green 
manure and composting increased maize/wheat yields up to 198–250% (Viswanathan 
et al. 2020). In Ethiopia, utilization of compost as compared to chemically fertilized 
plots increased yield of wheat up to 20%, barley 9%, maize 7%, and finger millet 
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3% (Branca et al. 2013). Despite the lower production as compared to traditional 
farming, organic farming is regarded as a sustainable farming approach (Andersen 
et al. 2015). According to Indian experts, organic agriculture improved soil health 
and increased profit up to 22% despite loss of 9% in productivity due to the higher 
price paid for verified organic food (Viswanathan et  al. 2020). Because of some 
issues organic farming provides less profits per unit product than conventional farm-
ing, it takes a bigger area to generate the same output (Muller et al. 2017).

4.3 � Conservation Agriculture

Another ecofriendly approach of improving resilience to climate change is conser-
vation agriculture, which delivers crop yields comparable to traditional farming due 
to reduced tillage, soil cover protection, and crop diversification (rotation) (Williams 
et al. 2018). Independent landowners and environmental organizations in Europe, 
notably the Great Britain, regard rewilding as a land management method. It often 
includes methods such as establishing naturalistic grazing and fire regimes on grass-
lands or in boreal forests, as well as modifying flood patterns in river systems. 
Rewilding further includes “passive management, natural recolonization, aided 
migration, and the restoration of missing species from a system” (Viswanathan et al. 
2020). According to studies, rewilding in Australia aims to improve ecosystems and 
promote self-reliant habitats (Sandom et al. 2019). Sediment trapping is a success-
ful approach for mitigating the harmful impacts of soil degradation and conserving 
the soil (Mekonnen et al. 2015).

5 � Strategies for Managing Livelihoods

5.1 � Agro-forestry

In some countries, integrated farming and agroforestry use as livelihood manage-
ment services (Singh and Singh 2017). According to studies, agroforestry is used 
by 1.2 billion people in poor nations to sustain agricultural production and liveli-
hoods. Agroforestry systems include multiple trees mixed with agricultural crops, 
nurseries, farmhouse plantings, soil conservation, and reclamation by trees or 
plants, shelterbelts, windbreaks, and hydro-forestry (Viswanathan et  al. 2020). 
Such integrated practices are frequently used because they have the potential to 
increase agricultural yield and food security through climate adaptation and miti-
gation techniques (Mbow et al. 2014). Vietnam is an example of adoption of suc-
cessful agroforestry because forest are less sensitive to low productivity due to 
adverse weather, providing revenue, food, fodder, and other environmental bene-
fits (Nguyen et al. 2013).
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5.2 � Crop Livestock Integrated Farming

Integrated farming strategies are seen as a sustainable solution since they combine 
crop production with a variety of livelihood strategies, such as livestock manage-
ment. It has been established that sustainable farming supports agricultural biodi-
versity and other food-based land use patterns that increase agroecosystems 
resilience to climate change (Singh and Singh 2017). Due to increased urban 
demand for meat and associated goods, animal farming or livestock management is 
predicted to develop greatly in the future. Due to changing climates, farmers are 
needed to make conscious decisions on specific livestock types or a hybrid of such 
sorts that better matches the local location (Viswanathan et al. 2020). As compared 
to cow dung and dairy slurry, poultry manure boosts wheat output (Aranguren et al. 
2021). In maize–wheat production system, when 50 percent of mineral-N was 
replaced with solid manure or liquid manure, economic profits improved signifi-
cantly to 17.2% and 19.1%, respectively, while endpoint environmental conse-
quences fell by 24.6% and 37.9% (Li et al. 2020).

5.3 � Migration

Analysis reveals that rural families throughout the world are experiencing various 
climate-resilient techniques linked to agricultural land and water management, as 
well as livelihood maintenance. The success and sustainability of these methods 
vary with area (Viswanathan et al. 2020). Technological interventions, such as laser 
land leveling and desalination, have also aided in the development of climate-
resilient farming techniques. Simultaneously, successful implementation of most of 
these techniques needs strong laws as well as financial and institutional help from 
governments, private sectors producers of the technology, and related services 
(Viswanathan et al. 2020).

6 � Diversity in Crops

6.1 � Yield Improvement and Climate Resilience

Grain yield is a polygenic trait influenced by environment or other factors. Landraces 
have been shown to provide genes for grain production enhancement in irrigated 
areas as well as in high temperature and drought stress conditions (Lopes et  al. 
2015). Landrace studies from throughout the world have found possible avenues for 
increasing grain productivity and climate resistance (Mondal et al. 2016). Mexican 
landraces are capable of adapting temperature and water stress (Vikram et al. 2016). 
Synthetic hexaploid wheat, which is molded from wild tetraploid and diploid variet-
ies, has modern traits. In diploid wheat, genomic areas can lead to a roughly 10% 
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increase in grain weight and grain production. In diploid wheat, genomic areas lead 
to 10% increase in grain weight and grain production (Börner et al. 2015). Such 
beneficial genetic variants can be transferred through synthetic wheat. According to 
research, synthetic wheat cultivars may draw more water from deep soil, which is a 
great adaptive characteristic under drought stress (Viswanathan et al. 2020). Other 
synthetic variants that are more resistant to water-logged soils, high temperatures, 
freezing, and wild variant of wheat are also rich in diversity (Mondal et al. 2016).

6.2 � Disease Resistance

Diseases produced by fungus and fungal pathogens are a significant danger to wheat 
productivity. New pathogenicity is evolved in all diseases by migration, variation, 
selection, and recombination of pathogenic strains, although it is more common in 
species that cause powdery mildew and rust. Diseases can cause harvest loss by 70% 
in vulnerable types. Identifying and using multiple sources of long-lasting resistance 
is one strategy for mitigating disease risk. The three rusts are globally significant fun-
gal diseases of wheat caused by obligatory parasites: stripe or yellow rust, leaf, or 
brown rust and stem or black rust (Viswanathan et al. 2020). Though most of the genes 
against rust, derived from hexaploid wheat, many are derived from wild varieties and 
other genera, e.g., Aegilops, Dasypyrum, Secale, and Thinopyrum (Mondal et al. 2016).

6.3 � Insect Pest Resistance

Global agricultural losses due to insect pests were estimated to approximately 5.1% 
in the pre-green revolution era, but increased to 9.3% in the post-green revolution 
era in the 1990s (Dhaliwal et al. 2010). Insects and pests are versatile and dynamic. 
Changing temperature of environment can alter their morphology, activity, and dis-
tribution. For example, high temperature in winters may increase aphid generations 
along each wheat growth cycle (Hulle et al. 2010). Fluctuations in temperature may 
change the activity of aphid, while progress on resistance against disease greatly 
influenced to wheat yield protection and control of insects have mostly relied on 
pesticides usage. The introduction of resistant genes (single or combination with 
several genes) to provide broad-spectrum defense against numerous diseases and 
insect might have a major positive impact (Alford et al. 2014).

7 � Climate-Resilient Agriculture (CRA)

Including FAO, several international and national organizations are continually 
involved in resolving local and global development challenges caused by environ-
mental changes on agriculture by developing suitable strategies and institutional 
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reforms (Viswanathan et al. 2020). Many countries of the world relied on agricul-
ture and its related sectors for livelihood. Extreme weather conditions are also the 
hazards that agronomists must factor into their decisions against environmental 
challenges (Lybbert and McPeak 2012). Apparently, farmer faces difficulties to take 
any decision due to lack of information about crops, fertilizers, climatic variability, 
diseases, and pest attack. This highlights the importance of broadening institutional 
assistance, technical solutions, and overcoming techniques, technological solutions, 
and strategies to overcome barriers against climate-resilient agriculture promotion 
(Viswanathan et al. 2020; Imran et al. 2022).

Technological advancements can help in the usage of CRA methods besides 
compromising farmer’s livelihood. Technologies under-develop for actual weather 
forecasting, and decision-making is crucial for controlling irrigation schedules, fer-
tilizer usage, and crop selection (Sidhu et al. 2011). Application of various tech-
nologies, like laser leveling tensiometers and direct rice sowing, may improve 
farm-level efficiency and the utilization of water and other essential inputs. (Trærup 
2012; Mahmood et  al. 2022). Social innovations have been demonstrated to be 
effective in enabling climate change responses. Social innovations are important in 
tackling climate change challenges because they help to develop links through col-
laborative activities on local scale, thereby providing a new aspect to climate change 
action to institutional dynamics (Rodima-Taylor 2012). As compared to traditional 
practices, the soil conservation strategy increased wheat output about 57% (Mustafa 
et al. 2021).

Climate-smart villages (CSVs) are the concept that uses participatory techniques 
to integrate administrative and technological choices for coping with climate change 
in agriculture. This strategy seeks to find and improve CRA alternatives that per-
form effectively at local environment, so assisting policymakers, agricultural 
experts, and global and regional investors in developing future agriculture policies. 
CRA must evaluate the stability of its outcomes in order to generate positive and 
long-term results (Viswanathan et al. 2020).

8 � Conclusion and Future Perspectives

Climate change is the most serious limiting factor for production of wheat. Wheat is 
highly sensitive to climatic variations. In response to these variations, a major yield 
loss occurs globally every year. Several biotic and abiotic stresses occurred in 
response to climate change. Drought is one of the major limiting factors as a result 
of climate change which affects the growth and yield of wheat. Increase in tempera-
ture cause early maturation of wheat which greatly reduced wheat grain size and 
weight. So here is the need to overcome the effect of these climatic changes to 
ensure global food security. Batter understanding of climate-resilient technologies 
will help to ameliorate the negative impact of environmental change on wheat crop. 
We can improve the production by educating farmers about soil resilience 
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(improving soil health), adaptations in crop varieties (genetically modified varieties 
which can withstand by the extremities of climate), proper utilization of water, till-
age practices (adding organic manure in soils), and adaptations of livestock system.
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Chapter 7
Climate Resilient Weed Management 
for Crop Production

Dibakar Roy, Sourav Ghosh, Debarati Datta, Dasari Sreekanth, 
Deepak Pawar, Pijush Kanti Mukherjee, Dibakar Ghosh, 
Subhas Chandra Santra, and Debojyoti Moulick

Abstract  Weeds are ubiquitous in all cropping situations and can inflict major 
losses in yield and production quality. In recent years, climate variability has caused 
major impacts on natural and human ecosystems. Agriculture is directly impacted 
by climate change amid rising atmospheric CO2, elevated temperatures, and changes 
in rainfall patterns which have a substantial effect on growth and physiology of 
crops and weeds. Weeds unlike other pests share a similar trophic level with crop 
plants and pose competition for essential resources thereby causing substantial crop 
yield losses. Climate change influences crop–weed interactions by favoring C4 
weeds in the increased temperature scenario and poses serious yield penalties. Since 
majority of the competitive weeds like Cyperus, Amaranthus, etc., are C4 plants, 
these would cause increased problem in future. Although CO2 and temperature are 
the major contributing factors for climate change, shifts in rainfall patterns also pose 
weed management challenges and increased crop–weed competition. Reduced 
water availability, due to frequent droughts, would shift the competitive balance 
between crops and favor some xerophytic weed species. Climate change vis-à-vis 
continuous and indiscriminate usage of herbicides poses several adverse effects on 
biodiversity, environment, and human health. Integrated weed management (IWM) 
components including weed prevention, optimal fertilizer schedule, summer tillage, 
crop rotation, modified land preparation, altering crop geometry, seed rate and sow-
ing time, stale seedbed technique, use of weed competitive cultivars, cover crops, 
residue, allelopathy, etc., which complement reduced and judicious herbicide appli-
cation should be promoted to combat weed problems under changing climate.
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1 � Introduction

In the era of drastic climate change regimes, apart from unpredictable scarcity of 
water, onset of sudden flood, UV-induced damage soil management remains the 
most sort after arena of concern. Besides intense population growth, degradation 
of arable soil, deprivation of adequate nutrient pool remains a challenge for the 
researchers across the world. Abundance of heavy metals (HM)/metalloids in 
arable soil beyond the threshold limit is another important factor that perhaps 
exaggerated the challenges of soil management (Moulick et  al. 2019a, 2020, 
2021; Saha et al. 2019). As a result of HM contamination, severe consequences 
can be seen in wide range of field crops and thus hinders their sustainable produc-
tion (Moulick et al. 2018a, b). These adverse effects imposed by HMs can be seen 
in almost every stage of crops life cycle and even well documented in the post-
harvest phases also (Moulick et al. 2016a, 2018d, 2020, 2022). Moreover, expo-
sure of crops in HM-contaminated agroecosystem caused (a) inhibition of 
germination and poor seedling establishment (Moulick et al. 2016b, 2017, 2018c, 
2019b; Chowardhara et  al. 2019a, b); (b) hampers the redox homeostasis 
(Choudhury et al. 2021a, b; Mazumder et al. 2021, 2022; Choudhury et al. 2022a, 
b). In reality, crops usually experience combination(s) of stress(es). As a result of 
exposure to stress the internal redox homeostasis gets derailed, often beyond any 
repair and ultimately resulted into death of the crop (or crops in cropping system) 
and drastic decline in yield.

At present, global climate change has brought the scientific fraternity in front of 
great challenges to secure yield stability, by avoiding/impart resilience to multiple 
stress(es) operating simultaneously. The temperatures are predicted to have risen by 
0.1–0.3 °C/decade worldwide, according to long-term warming patterns since pre-
industrial times (IPCC 2014). The Inter-Governmental Panel on Climate Change 
(IPCC) has projected the temperature increase to be between 1.1 °C and 6.4 °C by 
the end of the twenty-first century (IPCC 2007). On the other hand, the concentra-
tions of CO2 in the atmosphere increased at a record-breaking speed of 419.05 parts 
per million (ppm) in 2021 (IPCC 2021). This rise will continue in the near future 
and reports are stating that it could exceed 600 ppm (Schimel et al. 1996), while the 
IPCC also proposed, as a conservative prediction of 700  ppm by the end of the 
twenty-first century (IPCC 2007).

Weeds seem to be more genetically diverse and physiologically flexible than 
crops. As a result, weeds adapt rapidly and flourish in a variety of harsh environ-
ments. Climate change is anticipated to surge weed competition, resulting in larger 
output losses if weed control is not properly implemented (Miri et al. 2012; Valerio 
et al. 2013; Ghosh et al. 2021, 2022). Seasonal variations in temperature and CO2 
may modify the crop–weed–pest relations and livestock agricultural systems, in 
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addition to directly affecting crop growth and productivity. Further various unpre-
dictable hazardous natural events like draught, flood, heat stress, and cold waves 
become more severe and will negatively affect the productivity of agroecosystems. 
On the other hand, especially higher CO2 levels will probably have a positive effect 
on the productivity of some selected C3 crops such as wheat, rice, barley, and soy-
bean. Higher CO2 levels are anticipated to increase agricultural yields by up to 13% 
by 2050 (Jaggard et al. 2010). The elevated CO2 results in partial stomatal closure, 
which raises plant tissue temperature and has a negative effect on plant growth and 
production. Aside from these directly connected problems, agricultural output and 
quality may also be affected by unreliable rainfall patterns along with rise tempera-
tures during the growing season (Hatfield et al. 2011; Mahajan et al. 2012; Kadam 
et al. 2014). The detrimental impact of concurrent temperature increases on most 
food crops offset the positive effects of higher CO2 on growth and production 
(Prasad et al. 2001, 2005).

There is a global range expansion (introduction or migration into different 
regions) of weedy vegetation, along with changes in species life cycles ultimately 
leading to development of diverse climate smart weed population. Migration of 
weeds will further lead to differences in the qualitative and quantitative nature of 
weed populations in natural as well as in managed ecosystems too. In this chapter, 
we focused our discussion on effect of elevated CO2, temperature and erratic rainfall 
on weed dynamics, weed shift and future abundance under various environmental 
conditions, behavior of herbicides on weed flora and their effectiveness under cli-
mate change and probable integrated weed management practices under context of 
climate change.

2 � Climate Change and Weed Dynamics

Weed having greater physiological elasticity as well as intraspecific genetic multi-
plicity as compared with most cultivated crops provides them with a modest edge in 
catastrophic events such as cyclones, flooding, drought, and fires (from high tem-
perature) and followed by faster reestablishment after these unpredictable natural 
calamities (Singh et al. 2011). The impact of climate change on single weed species 
as well as community depends on a complex set of parameters. Future climatic sce-
nario may increase geographic expansion of aggressive weed species of tropical and 
subtropical regions into temperate or cooler areas (e.g., Cassia, Amaranthus, 
Sesbania, Crotalaria, Rottboellia, Imperata, Panicum, and Striga). Along with ele-
vated CO2 condition will help C3 weeds to dominate over C4 weeds which will 
again alter species diversity and density. Various facets of the climate change which 
had an influence on the weeds may be due to the alteration in life cycle, changes in 
crop–weed competition pattern and period, expansion in infestation area (introduc-
tion to new areas), and weed dynamics.
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2.1 � Effects of Elevated CO2 on Weed Dynamics

The change in CO2 level may be favorable for net photosynthesis of C3 crops, as 
most of the global cultivated crops are C3 whereas plants having C4 photosynthetic 
pathway may be less responsive to this projected elevated CO2 level. Thus, elevated 
level of CO2 will have an essential role in crop–weed competition, degree of weed 
infestation, and crop yield loss under climate change scenario. Numerous studies 
give an idea about the nature of crop–weed competition between C3 crop and C4 
weed, where a greater atmospheric CO2 level at the vegetative growth of C3 crop 
(like rice and wheat) generally favors over the growth of C4 weeds. However, when 
both crop and weeds belongs to similar photosynthetic pathway, weed produced 
higher biomass than crop under elevated CO2 condition. It was reported that in 
wheat (C3) crops, C3 weeds like Phalaris minor and Avena ludoviciana grew more 
rapidly than wheat crops grown in environments with increasing CO2 levels. On the 
other hand, many economic important C4 crops like maize, sugarcane, and sorghum 
face significant competition from C3 weeds like Chenopodium album L under ele-
vated CO2 condition. (Ziska 2000). Further, Ziska et al. (2004) also reported that the 
biomass of the sorghum yield-reducing velvet leaf weed (Abutilon theophrasti) rose 
as a result of rising CO2 levels. Growth and reproduction of Parthenium hysteropho-
rus had positive correlation with CO2 levels (Naidu and Paroha 2008).

In rice (C3), sole enhancement in CO2 levels led to higher competitiveness 
against Echinochloa glabrescens, although the reverse was true in case of combined 
increase in CO2 and temperature. Increasing atmospheric CO2 and related changes 
in climate can directly affect weed physiology and alter crop weed interactions 
thereby reduces the efficiency of weed control measures. However, the dominance 
and appearance of weeds depends upon agro-climatic regions, associated crops and 
management practices adopted, physiological suitability, and genetic variations 
between weed and crop (Treharne 1989). For example, P. minor a C3 species is a 
dominating weed in wheat in western Indo-Gangetic Plains of India.

2.2 � Effects of Elevated Temperature on Weed Dynamics

The distribution of weed species across different agro-ecological regions depends 
greatly on atmospheric temperature. Under raised up temperature, C4 weeds will 
offer higher competition to the C3 crops. Dominant weeds in rice crop are C4, and 
under elevated temperature, they become problematic in many areas. For example, 
Ischaemum rugosum is a common weed of rice in tropical region but now it is also 
an important weed of northern India. Under elevated temperature, parasitic weeds 
like Striga spp. and Orobanche could be a serious threat for global crop production 
(Mohamed et al. 2006, 2007; Phoenix and Press 2005). Under changing climatic 
condition, weeds required higher temperature for their growth and development like 
Datura stramonium L. would become more competitive (Cavero et al. 1999). By 
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promoting growth and reproduction, elevated temperature also caused Hieracium 
aurantiacum L. to be more abundant under climate change (Brinkley and 
Bomford 2002).

2.3 � Effects of Erratic Rainfall and Drought Weed Dynamics

The amount of rainfall plays a major role on weed emergence, dominance, and its 
competition with crops be it C3 or C4 type (Choudhury et al. 2022c). The alteration 
of rainfall period and amount could alter the occurrence of various weeds. For 
instance, due to increased rainfall, the weed species Leptochloa chinensis and 
Marsilea quadrifolia have taken over the space once occupied by Echinochloa spp. 
The prevalence of weeds and their effects on agricultural productivity could change 
due to irregular rainfall patterns, increased aridity, and high temperatures. Changes 
in distribution of rainfall favor hydromorphic weeds; however, C4 weed would be 
more benefited over C3 weeds under drought spells. Under water stress condition or 
dry spell during rainy season caused more crop–weed competition and resulted sig-
nificant amount of crop yield loss due to inferior crop growth. When comparing 
well-watered soybeans to those under water stress, Xanthium strumarium L.’s 
impact on yield was more pronounced in the soybean crop (Mortensen and 
Coble 1989).

3 � Weed Shift Under Climate Change Scenario

Climate change will alter distribution of plant species, as well as the overall effec-
tiveness and production of ecosystem. In forests all over the world, increasing enor-
mous number of woody vines as a result of CO2 enrichment has been linked to 
higher tree mortality and impaired tree regeneration (Phillips et  al. 2002). 
Preliminary findings revealed that many weeds were more tolerant of cold tempera-
tures under elevated CO2 (Boese et al. 1997), indicating that many weed species 
may expand toward polar side (McDonald et  al. 2009; Ziska and Dukes 2011). 
Similarly, it was predicted that P. hysterophorus L, an invasive alien weed, may 
spread to colder region in response to climate change, particularly high CO2 levels 
(Naidu 2013).

A surge in parasitic weeds would also represent a serious threat to the yield of the 
rice and sorghum crops in rainfed agriculture (Rodenburg et al. 2011). Due to tem-
perature suitability, most of the harmful C3 and C4 weeds of the arable land are 
restricted to tropical and subtropical regions and not seen in cooler regions (Holm 
et al. 1997). Under climate change scenario, such species may adapt climatic condi-
tions in situ or transfer their range to colder regions of higher latitude in near future. 
Several studies reported that such weeds often benefit in CO2-enriched environment 
(Polley et  al. 2002; Ziska and George 2004). Weeds like Lonicera sempervirens 
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L. and Pueraria lobata (Lour.) Merr. have their geographic ranges expanded in the 
past, and it is now a reality (Patterson 1995). Similarly, Ischaemum rugosum Salisb. 
was predominantly reported to be found in warmer regions of India, but it is now 
widespread in cooler regions of Northern India (Mahajan et al. 2012). The ongoing 
cultivation of host crops, such as corn, sorghum, rice, sunflower, legumes, and veg-
etables, combined with inadequate soil fertility, particularly in tropical areas, is 
causing an increase in parasitic weed concerns, such as Striga spp. and Orobanche 
spp. Likewise, climate change has induced altered weed distribution, such as the 
emergence of Marsilea spp. in India under the wet environments of rice. Severe 
drought forces the transition to direct-seed rice, encouraging recalcitrant grass 
weeds such as Dactyloctenium aegyptium, Eleusine indica, Leptochloa chinensis, 
and aerobic rice (O. sativa) (Matloob et al. 2015). Under forecast climate change, 
these weeds are expected to expand their geographic range, impacting the produc-
tivity of rain fed crops.

Due to their complex dispersion and higher adaption capacities, aggressive 
weeds have the potential to detect climatic change (Bergmann et al. 2010). Weeds 
strive to endure, once they have established themselves in order to maintain a new 
environment (Smith et al. 2012). As a result, spectrum of shifts is frequently sup-
ported by natural selection, which results in genetic and evolutionary adaptations to 
the new habitat (Richardson et al. 2013). Due to a lack of rainfall and protracted 
drought, arable crops and pastures will develop slowly, leaving barren land and 
allowing more robust drought-tolerant weeds to invade. Additionally, the impact of 
increased CO2 on the geographic spread of weeds in controlled ecosystems needs to 
be taken into consideration (McDonald et al. 2009).

4 � Herbicide Efficacy Under Climate Change Scenario

Herbicides are the synthesized chemicals which used to kill weeds and minimize 
agricultural output losses. The application and usage of herbicides has been gradu-
ally enhanced worldwide in traditionally low herbicide using developing countries 
where availability hand labor is low and expensive (Gianessi 2013). It is already 
reported that elevated CO2 and temperature can change herbicide efficacy (Varanasi 
et al. 2016; Korres et al. 2016). For instance, elevated CO2-induced weed growth 
could lower the time at seedling stage, which is the most critical and sensitive stage 
to herbicide action. Herbicide absorption also declined due to CO2-induced stomatal 
conductance. However, elevated temperature condition triggers herbicide efficacy 
by increasing their absorption and followed by translocation of foliar herbicides, but 
faster translocation increases the rate of metabolism, which ultimately minimize the 
herbicidal action in the target plants (Johnson and Young 2002). It is reported that 
increased CO2 and temperature can modify the leaf’s structure and morphology by 
increasing leaf thickness or changing the cuticle wax’s viscosity, which would 
reduce the absorption of herbicides (Ziska and Bunce 2006). Therefore, there is a 

D. Roy et al.



131

need to focus on effect of climate change on weed flora shift and herbicide resis-
tance to assure the global food security needs.

4.1 � Effect of Elevated CO2 on Herbicide Efficacy

Herbicide efficacy is influenced by the climate factors, and herbicides, predomi-
nantly foliage sprayed post-emergence (Kudsk and Kristensen 1992). A study by 
Archambault et al. (2001) noticed that enrichment of CO2 lowered the effectiveness 
of the glyphosate. The impact on agriculture will be greater if these impacts are 
typical and widespread.

The number and conductance of stomata decreased in C3 plants, but leaf thick-
ness increased, perhaps interfering with herbicide foliar absorption (Ainsworth and 
Long 2005), as well as significant upsurge in starch buildup on the leaf surface 
(Patterson 1995). Furthermore, if vegetative growth is accelerated which leads to 
enhanced photosynthesis in because of increasing CO2, under such circumstances 
perennial weeds may create more trouble in coming future. Higher vegetative 
growth will cause dilution effect of the herbicide absorbed and therefore ultimately 
reduce the effectiveness of the commonly used foliage applied herbicide such as 
glyphosate; however, the specific mechanism causing enhanced resistance to 
glyphosate remains unknown (Manea et  al. 2011). This might be linked with 
decrease in translocation rate as the root system matures. Furthermore, an upsurge 
in the root–shoot ratio is one of the responsible factors for herbicide effectiveness 
(Ziska et al. 2004). Therefore, future research should be focused on various molecu-
lar aspects of herbicidal defense mechanism operated in both C3 and C4 plants, 
resource distribution to the below ground plant parts, source–sink interactions, and 
mitochondrial respiration in the context of climate change scenarios.

4.2 � Effect of Elevated Temperature on Herbicide Efficacy

The volatility of certain herbicides, such as trifluralin, increases as the temperature 
rises, making them less effective (Beestman and Deming 1974). It was temperatures 
(day/night 32/22 °C and 26/16 °C) which had less impact on acifluorfen (diphenyl 
ether group) phytotoxicity in Xanthium strumarium L. and Ambrosia artemisiifolia 
L. than relative humidity (Ritter and Coble 1981). However, the herbicides like 
(imidazolinone group), flumetsulam (sulfonanilide family), and thifensulfuron (sul-
fonylurea group) degradation significantly affected by elevated temperature in soil 
(Mcdowell et al. 1997). The herbicide glyphosate preoccupation is reliant on the 
temperature, as clear indication from Desmodium tortuosum (Sw.) DC a C3 weed 
(Sharma and Singh 2001). An increase in relative humidity/temperature boosted the 
efficacy of mesotrione on X. strumarium and A. theophrasti by threefold (Johnson 
and Young 2002). It was observed that when temperatures go beyond the range of 
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20–34 °C, it reduced the action of pyrithiobac (a pyrimidinylthiobenzoic acid group) 
on Amaranthus palmeri L. (Mahan et al. 2004). Anderson et al. (1993) reported that 
relative humidity had the greatest impact on glufosinate ammonium phytotoxicity, 
and this is due to alterations in cuticle hydration and droplet drying (Ramsey et al. 
2005). Raphanus raphanistrum L., growing at low temperatures of 5/10 °C, was 
poorly managed with 1200  g ai ha−1 of glufosinate in controlled environmental 
chambers in Australia under varied night/day temperatures of 5/10, 15/20, and 
20/25 °C in comparison; mortality (%) was attained for the same dosage at 15/20 
and 20/25 °C (Kumaratilake and Preston 2005), suggesting that glufosinate is more 
efficient at higher temperatures (Table 7.1). These minimized herbicide efficacies 
under climate change ultimately developed herbicide-resistant weeds under climate 
change scenarios (Table 7.2).

5 � Integrated Weed Management for Imparting 
Climate Resilience

Climate variability is likely to alter growth of crops and weeds differentially thereby 
having an impact on the weed control methods. Moreover, changes in numerous 
climate factors may modify the crop–weed interactions and tilt the balance either 
crop or weed. Opportunistic weed species show higher persistence under changing 
climate in terms of superior seed dispersal and better adaptation abilities, and thus, 
integrating various weed control practices is imperative for imparting climate 
resilience.

5.1 � Weed Prevention

Preventive weed management measures are those measures where weeds are 
restricted from infesting an area. Conditions are created which reduce weed appear-
ance within the crop field and limit the spreading and perseverance of weed propa-
gules. Plant quarantine and weed legislation help to restrict exotic weeds from 
possible entry into a new country. Prevention may include preventing weeds not to 
germinate from soil and to form seeds, tubers, rhizomes, corms/cormlets, or other 
propagules for dissemination; avoiding seed rains getting accumulated from else-
where; and facilitating exhaustion of seed bank. This approach is better if followed 
before sowing of crops.

Principles of preventive weed control include:

	(i)	 Minimizing seed production: An annual weed can produce up to several thou-
sands of seeds per plant which add to the soil seed bank and may cause prob-
lems for producers and future users. Seed production from weeds should be 
prevented during the fallow period and on bunds and channels because these 
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Table 7.1  Impact of temperature on herbicide efficacy

Climate 
parameter Herbicide weed Impact Reference

Temperatures 
(day/night 
32/22 °C and 
26/16 °C)

Acifluorfen (diphenylether 
group) phytotoxicity in

Xanthium 
strumarium L. 
and Ambrosia 
artemisiifolia L.

Reduced the 
efficacy

Ritter and 
Coble (1981)

An increase in 
relative 
humidity or 
temperature

Mesotrione X. strumarium 
and A. 
theophrasti

Enhanced 
the efficacy 
by threefold

Johnson and 
Young (2002)

Temperatures 
beyond the 
range of 
20–34 °C

Pyrithiobac 
(pyrimidinylthiobenzoic 
acid group)

Amaranthus 
palmeri L.

Reduced the 
efficacy

Mahan et al. 
(2004)

Low 
temperatures of 
5/10 °C

Glufosinate ammonium Raphanus 
raphanistrum L.

Reduced the 
efficacy

Kumaratilake 
and Preston 
(2005)

Elevated CO2 Glyphosate Chenopodium 
album L.

Increased 
tolerance to 
glyphosate

Ziska et al. 
(2004)

Elevated CO2 Glyphosate Chloris gayana, 
Eragrostis 
curvula, 
Paspalum 
dilatatum

Reduced the 
efficacy

Manea et al. 
(2011)

Elevated CO2 Glyphosate Cirsium arvense Reduced the 
efficacy

Ziska et al. 
(2004)

Elevated 
temperature

Flumiclorac Amaranthus 
retroflexus L.

Increased 
herbicide 
efficacy

Fausey and 
Renner (2001)

Elevated 
temperature

Mesotrione Digitaria 
sanguinalis

Reduced the 
efficacy

Johnson and 
Young (2002)

Elevated 
temperature

Mesotrione Amaranthus 
palmeri

Reduced the 
efficacy

Godar et al. 
(2015)

High humidity Glufosinate ammonium Setaria faberi Increased 
herbicide 
efficacy

Anderson et al. 
(1993)

High humidity Mesotrione Amaranthus 
Rudis L.

Increased 
herbicide 
efficacy

Johnson and 
Young (2002)

can contribute remarkably to the soil seed bank densities. Growing grasses, 
legumes, or vegetables on bunds accompanied by appropriate weed manage-
ment measures may reduce weed seed production besides additional farm 
income (Rao et al. 2017).

	(ii)	 Minimizing seed dispersal: Weeds having same maturity with the crop result in 
contamination. Under weed-infested environments, farm-saved seeds, manures 
or compost, and irrigation water can also get contaminated with weed seeds. 
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Table 7.2  Herbicide-resistant weed cases under climate change scenario

Exposed condition Weed Herbicide Reference

Increased 
temperatures and 
elevated CO2

Conyza 
canadensis
Chenopodium 
album

Glyphosate Matzrafi et al. 
(2019)

Echinochloa 
colona

Cyhalofop-butyl Refatti et al. (2019)

Phalaris minor Sulfosulfuron DWR (2014–15); 
DWR (2015–16)

Phragmites 
australis
(Gulf Coast type)

Glyphosate Prince et al. (2018)

Elevated CO2 Chenopodium 
giganteum

Glyphosate Ziska et al. (1999)

Chloris Gayana
Eragrostis curvula
Paspalum 
dilatatum

Glyphosate Manea et al. (2011)

Cirsium arvense Glyphosate Ziska et al. (2004)
Elytrigia repens Glyphosate Ziska and Teasdale 

(2000)
Sinapis arvensis 4-chloro-2-

methylphenoxyacetic acid 
(MCPA)

Žaltauskaitė et al. 
(2023)

Parthenium 
hysterophorus

Glyphosate Cowie et al. (2020)

Parthenium 
hysterophorus

Glyphosate Bajwa et al. (2019)

Phalaris minor Sulfosulfuron DWR (2014–15); 
DWR (2015–16)

Increased 
temperatures

Amaranthus 
Rudis,
Digitaria 
sanguinalis

Mesotrione Johnson and Young 
(2002)

Amaranthus 
palmeri

Mesotrione Godar et al. (2015)

Phalaris minor Sulfosulfuron DWR (2014–15); 
DWR (2015–16)

– Trifluralin Beestman and 
Deming (1974)

Amaranthus 
palmeri

Pyrithiobac Mahan et al. (2004)

Kochia scoparia Dicamba Ou et al. (2018)
Kochia scoparia Glyphosate Ou et al. (2018)
Alternanthera 
philoxeroides

Penoxsulam Willingham et al. 
(2008)
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Using certified seeds and well-decomposed manures and compost can signifi-
cantly reduce weed seed ingression into crop fields. Weed seed dispersal 
through irrigation can be minimized by analyzing irrigation water in canal-
irrigated areas and controlling weed proliferation in irrigation channels. Farm 
equipment/machineries should be cleaned from attached soils and before mov-
ing from weed-infested area to other fields. Patches of new weed seedlings, 
tubers, rhizomes, etc., may be destroyed by digging deep and burning the weed 
along with its roots.

Safeguard measures consist of using pure and clean crop seed, certified seeds, 
maintaining clean farm machineries and animals, well-decomposed farmyard 
manure (FYM)/compost, weed control in nurseries, restricting weed proliferation in 
farm bunds and irrigation channels, and enacting plant/ weed quarantine law (Das 
2008). Agronomic practices and the weed control measure adopted for raising crops 
have inherent weed prevention approach. Apart from the above-mentioned mea-
sures to check weed control, several emerging technologies/arenas could be tried to 
develop resilience against weed-induced damages. Among the comparatively unex-
plored arena in weed management (a) utilization of crops wild relatives (Hossain 
et  al. 2022); (b) potential applications of metabolomics and/or metabolites 
(Choudhury et al. 2021b; Hossain et al. 2021b); (c) utilization of next-generation 
sequencing (Hossain et al. 2021a) could be a matter of interest.

5.2 � Cultural/Ecological Weed Management

Cultural weed management can provide selective stimulation to crops toward better 
competitiveness like higher crop vigor, which, ultimately, results in smothering of 
weeds. It is well known that a healthy crop is the finest weed destroyer. Various 
recommended cultural weed control practices include competitive crop cultivars, 
modifying crop geometry and sowing time, scheduling fertilizers application and 
irrigation to provide competitive advantage to crop, intercropping, stale seedbed, 
residue mulching, and crop rotation (Behera et al. 2019; Das and Yaduraju 2012; 
Singh et  al. 2016). Under elevated CO2 conditions, stimulation of belowground 
growth of plants is higher than that of shoot growth. Therefore, enhanced root or 
rhizome growth in such species makes manual elimination a tough task. In weeds 
with asexual reproduction habit, higher CO2 may stimulate additional plant propa-
gation from the rhizosphere and will have adverse consequences on weed regulation 
(Ziska and Goins 2006). Extended growing seasons of weeds under climate varia-
tion scenario requires modification in cultural practices. For example, shifting from 
puddled transplanting to dry direct-seeded rice under with aerated soil conditions 
necessitates post-emergence weed management measures in order to sustain a 
steady crop yield.
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5.2.1 � Cultivar Selection

An ideal cultivar should have rapid seedling emergence, quick growth rate, higher 
plant height, tillering or branching habit, rapid leaf area expansions, dense canopy, 
rapid canopy closure, more developed root system, efficient nutrient use with tall 
height, and indeterminate growth habit. Crops having allelopathic potential should 
be opted for suppressing weeds (Sangeetha and Baskar 2015). Basmati rice culti-
vars have greater competitive capacity against weeds when compared with non-
basmati varieties may attributed to their early vigor, faster canopy coverage, and tall 
stature (Singh et al. 2009). Tall-growing wheat genotype had a considerable sup-
pressive effect on the development of P. minor and caused more reduction in den-
sity, height, and total dry matter of this weed than dwarf varieties (Walia and 
Singh 2005).

5.2.2 � Modifying Crop Geometry and Sowing Time

Modifying row spacing and planting geometry in crops can alter crop–weed compe-
tition. Reducing the inter-row layout and increasing seeding density can limit weed 
proliferation through faster canopy closure and reducing light availability to weeds 
(Chauhan and Johnson 2011). Seeding rate >150 kg ha−1 (Bhullar and Walia 2004) 
and minimize the row spacing by 15 cm (Mahajan and Brar 2001) led to lesser dry 
matter accrual of P. minor followed by increased yield of wheat over recommended 
crop geometry. Compared to normal row spacing of 23 cm, there was a 25.0% 
decrease in weed dry weight when rice was sown using the paired-row sowing 
(15-30-15 cm) method (Mahajan and Chauhan 2011). Das (2008) found that early 
sowing between October 25 and November 10 was advantageous to wheat against 
P. minor since soil temperature was still high for germination of P. minor.

5.2.3 � Fertilizer, Manures, and Irrigation Management

Most weed exhibited upgraded growth and modest ability with improved availabil-
ity of nitrogen, leading to rivalry for natural resources. Placement of fertilizers and 
time of application significantly reduce weed dry biomass due to lesser availability 
of applied nutrient in inter-row spaces (Pandey et  al. 2006). Seed cum fertilizer 
drills lead to placement of basal fertilizer below the seeds, thereby reducing fertil-
izer availability to surface-lying weeds. Increased grain yield and effective control 
of P. minor with cross sowing of wheat and placement of fertilizer below the seed 
were noticed compared to unidirectional sowing and broadcasting of fertilizers 
(Pandey and Kumar 2005). Some of the nutrient management strategies to reduce 
early competition from weeds include deep placement of fertilizer, basal nitrogen 
application as Neem cake/ Karanja cake instead of urea (Ghosh et al. 2020a, b).

Effective soil moisture management is a tool to manage weeds in crop field. The 
sub-surface drip irrigation results lesser weed density compared to surface flooding 
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owing to minimal wetting of soil surface and lower amount of moisture available to 
weeds. Ideal time and irrigations practices reported to be essential in minimizing the 
weed density and weight (Das and Yaduraju 2007). Maintaining 2–5 cm water level 
in the paddy field minimized weed emergence and lowered weed pressure specially 
Cyperus rotundus (Chhokar et al. 2014). Good land leveling is critical to avoid high 
spots where weeds can become established.

5.2.4 � Crop Rotation, Intercropping, and Crop Diversification

Crop rotation with plants having dissimilar agro-ecology or cultural conditions 
leads to interruption of normal life cycles of awkward weeds like P. minor and lower 
emergence (Chhokar et al. 2008). Growing berseem after wheat harvesting in rice–
wheat cropping system lowered seed stock of P. minor, since the P. minor were also 
cut while harvesting of berseem which prevented seed setting and shedding (Singh 
et al. 1999).

Similarly, in potato cropping systems, emerged P. minor plants can be uprooted 
during soil manipulation (Singh et  al. 1999). Intercropping in sugarcane with 
legume (mungbean/black gram) and legumes in sorghum, wheat, and maize have 
been reported beneficial toward weed management (Das, 2008). Intercropping is 
ideal for wide row-spaced crops with narrow row-spaced crops and of tall-growing 
crops with short-stature crops. Cowpea, green gram, black gram, soybean when 
intercropped with maize, sorghum, and pearl millet could manage weeds to a large 
extent. A. ludoviciana, P. minor, etc., are existing in wheat crop (Singh et al. 1999), 
and Echinochloa sp. existing in rice crop under rice–wheat cropping system were 
largely controlled when wheat was replaced with berseem, mustard, or winter maize 
for 3–4 years. Other promising crop rotations, which could reduce P. minor to a 
large extent in rice–wheat system, are as follows: rice–fallow–sugarcane–ratoon 
sugarcane–sunflower–rice–wheat–sugarcane (4  years), rice–potato–sunflower 
(1  year), rice–potato–onion (1  year), and rice–mustard–sugarcane (2  years) 
(Chhokar et al. 2008). Including low land rice in crop rotation can reduce problem-
atic weeds like Cyperus rotundus owing to anoxic conditions.

5.2.5 � Cover Crops

Cover crop can modify the weed’s microclimate as it can block available light, 
change soil temperature, deprive the weeds of moisture and nutrients, and thus sup-
press weeds and reduce soil seed bank. Cover crops like cowpea, lucerne, lablab 
bean, rye, oat, clovers, and buckwheat had a smothering action on weeds (Price 
et al. 2006). Additionally, cover crops act as a weed-suppressive mulch after their 
termination or incorporation (green manuring). Allelopathic effects are also evident 
in certain cover crops like Buckwheat, oat, cereal rye, and sunflower (Jabran et al. 
2015). Leguminous crops may be employed as mulch for weed suppression with 
60–80% establishment, when incorporated can lower the nitrogen fertilizer demand 
(~75 kg N ha−1) (Korres et al. 2010).
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5.2.6 � Stale Seed Bed

Stale seedbed is an important strategy for exhausting 2–3 initial flushes of weeds 
before crops are sown (20–25  days prior to normal sowing date), thus reducing 
weed pressure in a crop. Before sowing/transplanting, weed germination is stimu-
lated through shallow tillage followed by irrigation and thereafter those are elimi-
nated by using a non-selective herbicide (paraquat, glyphosate, or glufosinate) or 
plowing. This practice not only reduces weed pressure during the crop season but 
also exhausts the weed seed bank. Stale seedbed with a stimulating irrigation once 
along with glyphosate application reduced grassy weed, broadleaf weeds density, 
and sedges by 44%, 58%, and by 56%, respectively, with an overall 62% reduction 
in weed growth rate in comparison with recommended practices (Kumar et al. 2013).

5.2.7 � Allelopathy

Allelopathy is the adverse impacts of biochemicals (direct/indirect) generated by 
one plants or microorganisms on the growth and development of the adjacent plants 
and microorganisms in the vicinity (Molisch 1937). Plants with allelopathic capa-
bility are regarded as an alternative, sustainable substitutes effective for weed con-
trol and are means to decline reliance on herbicides (Appiah et al. 2015). Allelopathic 
crops can be integrated in crop rotations, intercropping, or mulch crops for under 
integrated weed management modules. Allelopathic impact of rice stubble and 
straw was demonstrated by Tamak et al. (1994) against P. minor and other weeds. 
They found that 10% concentration of straw-stubble extract caused greater inhibi-
tion of seed germination 2 days after sowing (DAS), compared to 6 and 10 DAS, 
respectively.

5.2.8 � Brown Manuring

Brown manuring involves co-culturing of legumes such as dhaincha (Sesbania) or 
sunnhemp (Crotalaria) with cereals and desiccating them before flowering (Maitra 
and Zaman 2017). In order to execute brown manuring in rice, Sesbania (25 kg/ha) 
is grown together as co-culture for initial 25–30 days and thereafter selectively con-
trolled by herbicides 2,4-D (0.50 kg a.i/ha or bispyribac-Na @ 20–25 g a.i/ha) (Das 
et al. 2019). Sesbania plants performs twin role of dead and live mulch leading to 
weed minimizing and trim down herbicide usage in rice. This procedure may be 
practiced in maize for better profitability and weed management. Brown manuring 
lower broad-leaved weed densities by 76–83% and grass densities by 20–33%, 
respectively. Upon comparison with only a rice crop, it also cuts infestations of 
problematic Cyperus rotundus considerably weeds (Das et al. 2019).
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5.2.9 � Weed Seed Predation and Decay

Weed seed predation and decay are effective tools for depleting weed seed banks. In 
general, conservation tillage led to a greater fraction of weed seeds lying on the 
topsoil where they are more inclined to seed predation, while residue mulch offers 
a promising habitat for seed predators and decaying agents (Chauhan et al. 2010). 
Similarly, zero tillage with higher soil moisture and higher microbial diversity in 
surface favors microbial-mediated seed decay (Das et al. 2020).

5.3 � Physical/Mechanical Weed Management

Physical methods of weed control, i.e., tillage/discing/harrowing, hand weeding/
pulling, hoeing, digging, sickling, burning, flooding are being followed since 
ancient times. Mechanical weeding is machine-intensive and can be adopted using 
tractor-drawn equipment in large farms under conventional agriculture. Some 
tractor-operated weeders are standard/high residue rotary hoe, spike-tooth/spring 
tine harrow, flex-tyne weeder, finger weeder, rotating wire weeder, and pneumatic 
weeder (Bond et al. 2003). Rotational tillage is a better style for weed management, 
particularly under several cropping systems. Hand weeding using small hand tools/
implements is drudgery-some and labor-dependent. It is efficient enough against 
shallow-rooted annual and biennial weeds but not against deep-rooted and perennial 
weeds. Digging-out underground perennating structures from deep soil layers can 
reduce perennial weeds considerably but is labor-intensive and less economical 
(Brainard et al. 2013). Similarly, there is scope for thermal weed control (Bauer 
et al. 2020), but selectivity achieved through a certain heat tolerance of the crop is 
difficult to actuate in fields which may pose jeopardy of crop damage and fire from 
dry plant residues. Although most conventional physical methods are less economi-
cal and labor-intensive, they offer enough potential for location-based integration as 
an element of the IWM.

5.3.1 � Tillage and Crop Establishment

Summer plowing or off-season tillage is an efficient weed management procedure 
for disrupting the growth of perennial weed population by desiccating the weed 
propagule through exposure in hot sun. While inversion tillage disk and moldboard 
plow result in depth burial and dispersal of seed in the plow layer, non-inversion 
tillage like chiseling and reduced tillage leave a higher proportion of seed close to 
surface. Higher fraction of weed seed is left near the soil surface after non-inversion 
tillage results in higher weed germination and establishment in the initial years.

Intensive tillage may negatively impact soil conservation, promote soil erosion, 
reduce soil biological diversity, and deplete/oxidize soil organic carbon from topsoil 
(Das et al. 2020). Revolving tillage system with green manuring, cover crops, soil 
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amendments, residue incorporation, and organic manures may potentially reduce 
the negative effect of tillage. Tillage also provides germination promoters for weeds 
through scarification, light flashes, temperature variation, ambient CO2 concentra-
tions, and/or greater nitrate concentrations for breaking dormancy (Benech-Arnold 
et al. 2000). Under conservation agriculture system, advocating no till, shift in weed 
community from annual broadleaf species to annual grasses, and perennials have 
been reported (Erenstein and Laxmi 2008; Nichols et al. 2015). Lower grassy weed 
density with P. minor and A. ludoviciana was reported under zero tillage in wheat in 
contrast to reduced and conventional tillage, while density of Rumex denticulatus 
was higher in zero tillage (Brar and Walia 2009; Chhokar et al. 2007).

Bed planting proved advantageous method over flat conventional sowing of 
wheat as bed planting reduced the number of P. minor by 12.5% over flat sowing 
(Walia et al. 2003). Raised bed raising of wheat provides an opportunity for mechan-
ical weeding and also reduces the weed interference by burial the weed seeds deep 
during bed preparation. Also, the inter-row bed space is used to manage weeds by 
mechanically during the early vegetative growth of weeds. Reshaping the bed before 
planting of wheat can kill the first level of P. minor seedlings (Das et al. 2014b).

5.3.2 � Soil Solarization

Soil solarization employs a hydrothermal process for raising soil temperatures by 
trapping short-wave solar radiation (Das and Yaduraju 2008). In this process, a 
transparent polyethylene film is placed over the field after proper leveling which 
increases temperature of soil to a level lethal to weed seeds, insect pests, pathogens, 
and nematodes. During summer (April to June), solarization can be done for a mini-
mum of 2 weeks’ period for optimum control of weeds, while prolonged treatment 
would result in elongated weed free periods. It may control weeds in the wet-season 
(kharif) and the effect may continue in the winter (rabi) crops unless soil disturbed.

5.3.3 � Mulching and Crop Residue

Mulches control weeds through light exclusion, physical barrier to seeding emer-
gence, and allelopathy (Das 2008). Mulch includes clean straw, hay or manure, saw 
dust, crop stubbles, black plastic, etc. Datta et al. (2017) observed that mulch @ 5 t/
ha after the first weeding and mulch @ 5 t/ha fb sulfentrazone @ 0.3 kg/ha recorded 
a noteworthy reduction in weed density as well as weed dry weight and therefore 
higher weed control efficiency at harvesting. Wheat residue mulch of 5 t/ha declined 
the density of grass (73–76%), broadleaf (65–67%), and sedge (22–70%), associ-
ated with no residue control in zero till direct-seeded rice (Kumar et al. 2013). To 
compensate the limited availability of residues for mulch during the rice season, 
growing short-duration catch crops such as mungbean [Vigna radiata (L.) 
R. Wilczek] during the fallow period between wheat harvest and rice planting and 
retaining the entire mungbean residue as mulch in rice is an effective IWM practice 
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in RW system (Baghel et al. 2020). Black polythene mulch recorded significantly 
less weed density and dry biomass over water hyacinth, paddy straw, and wheat 
straw mulch, respectively (Goswami and Saha 2006).

5.3.4 � Use of Weeders

In the current scenario, non-availability of agricultural labours coupled with higher 
wage is causing mechanical weeders to become more and more popular. The 
machineries like mini-weeders, power tillers, mini-tractor-drawn rotavator have 
applicability for weed control in wider spaced field crops like sugarcane, cotton, and 
orchards. Cono-weeder is popular for managing the submerged or water loving 
weeds in the puddled transplanted rice field. In the cotton crop, the use of mini 
weeder and power tillers found use full to manage different types of weeds. CRIJAF 
Nail weeder and cycle weeder can effectively control weeds in jute besides reducing 
drudgery, increasing productivity, and conserving moisture. Weeders play an imper-
ative role under organic farming systems. In case of cono-weeder, amalgamation of 
Sesbania and Azolla resulted in greater weed control during vegetative stages of rice 
crop particularly for SRI or System of Rice Intensification.

5.3.5 � Thermal Weed Control

Thermal weed control methods comprise of (a) hot water treatment, steaming and 
flaming, infrared weeders or hot air and (b) indirect heating by using microwaves, 
electrocution, laser radiation, or UV light (Korres et al. 2019). Steaming has been 
advocated to kill weed seeds and soil-borne pests and pathogens. Steaming is more 
effective as compared to the stale seedbed technique and soil solarization for reduc-
ing the weed seed bank and can execute weed seeds suppressed up to 20 cm deep in 
soil (Barberi et al. 2009). Flaming is one of the most extensively used thermal weed 
control method, particularly in organic agriculture. Exposure to intense heat (with 
flame temperature of 800–1000 °C for 1 s) causes osmolysis and cell death resulting 
in reasonable weed control (Ascard 1997).

5.4 � Biological Weed Management

Biological control fosters a prey–predator relationship between the weed and bioag-
ent (insects, pathogens) and follows the natural law of homeostasis, the science of 
check, and balance (Das 2008). It conveys not to eradicate weeds completely but 
bring weeds density within the economic permissible level (Das 2008). Biological 
weed management is pocket friendly, self-sustaining, and eco-friendly in contrast to 
other popular of weed management methods. The control of Eichhornia crassipes 
in large aquatic bodies by using Neochetina eichhorniae and other bioagents 
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(Coetzee et  al. 2011) and the control of P. hysterophorus (Parthenium) by using 
Zygogramma bicolorata (Mexican beetle) and other insects (Singh et al. 2017) are 
the successful cases of biological control of weeds, globally. Biological control is 
relatively cheap, least toxic to humans/animals and environment, and effective and 
adaptable for controlling perennial, parasitic, and invasive weeds. Growth, develop-
ment, and reproductive fluctuations in the selected weedy target due to varying cli-
mate could alter the efficacy of the biocontrol agents.

Bioherbicides are inoculums of plant pathogens, mainly fungi, capable of in vitro 
culturing in artificial media and mass production and applied directly to target 
weeds to kill/ reduce their population/growth. The pathogen bioagent generally 
remains active only on target weed in selective crop; therefore, it needs to be sprayed 
on target weed in every season. Bioherbicides research gained attention in 1980s, 
when some potent pathogens were successfully utilized to make effective formula-
tions for weed control.

Biological/bioherbicide approach has inherent limitations for higher implemen-
tation in crops. Most bioagents kill single weed; therefore, weed problem in a crop 
infested with a large variety of weeds remains hardly resolved. For all weeds, spe-
cific bioagents or bioherbicides are not available. Furthermore, it is a slow process 
of killing of weeds; early weed competition may cause sufficient damage to crops; 
environment and ecology greatly affect their stability and performance; the shelf life 
of bioherbicides is very less compared to herbicides; high production cost involved 
in their rearing/culturing, mass production, application; and bioherbicides need reg-
istration with Environmental Protection Agency (EPA), which is a long time-taking 
process. Despite all these, this method offers potential for application in crop/loca-
tion-based management of single dominant weed (annual/perennial) such as P. minor 
in wheat in India; P. hysterophorus in terrestrial non-cropped situations; Eichhornia 
crassipes, Salvinia molesta in water bodies (Das et al. 2014a) across the world.

5.4.1 � Bioagents

These are commercially formulated and sprayed like herbicides over crop and 
weeds in the field. The rust fungus Puccinia canaliculata (Schw.) Lagerh has the 
probable to control the yellow nutsedge (C. esculentus). Release of the pathogen, in 
the spring on the seedlings of yellow nutsedge lessened the plant population, ham-
pers tuber formation and flowering (Phatak et al. 1987). Deleterious rhizobacteria 
(DRB) colonizing plant root surfaces decrease their root growth and proliferation. 
Biological control of downy brome weed in winter wheat by Pseudomonas spp. has 
been demonstrated under field conditions (Kennedy et al. 1991).

5.4.2 � Biobased Herbicide Products

Essential oils having herbicidal activity and approved for organic farming include 
pine, clove, lemongrass, and manuka oil (Korres et al. 2019). These oils although 
having quick action are non-selective and volatilize in short time span. Dead cells 
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and metabolites of Streptomyces acidiscabies were found to have selective pre- and 
post-emergence control of numerous weed species (Korres et al. 2019). “Sarmentine” 
is a contact herbicide with broad-spectrum (Huang et al. 2010). Brassica (Rapeseed 
and mustard) seed meal containing glucosinolates gain herbicidal properties upon 
enzymatic hydrolysis by myrosinase. They provide adequate control of several 
weed species including wild oat (A. fatua), Lolium multiflorum, Lactuca, and 
Amaranthus retroflexus (Handiseni et al. 2011).

5.5 � Chemical Weed Control

Agriculture systems have wide necessity on herbicides. Application of herbicide is 
cost-effective compared to conventional weeding methods, requires less labor, tack-
les difficult-to-control weeds, and allows flexibility in weed management. Usually 
non-residual, non-selective herbicides like glyphosate, paraquat, or glufosinate AM 
are recommended under ZT conditions before crop sowing for eliminating existing 
weed flush. Subsequently, pre-emergence herbicide is essential for reducing flush of 
germinating annual weeds coming up with the crops. Moreover, selective post-
emergence herbicides, if available, may be applied at an appropriate crop growth 
stage depending on the weed intensity.

Effectiveness of herbicide largely depends on the climatic condition. Drought 
and increased temperatures can reduce uptake of herbicides, volatilization, and 
structural disintegration thereby reducing its effectiveness. Exposure to elevated 
CO2 leads to anatomical, morphological, and physiological changes in weeds that in 
turn affect overall effectiveness of herbicides due to changes in uptake rates and 
translocation of herbicides. Manea et al. (2011) reported increased glyphosate toler-
ance under elevated CO2 among three of four C4 grass species. The reasons might 
be that increasing CO2 caused leaf thickness and reduced stomatal number and con-
ductance that restricts the uptake of foliar-applied herbicides. Moreover, greater dry 
matter accumulation under elevated CO2 levels could cause dilution of applied her-
bicide and thereby lowering its efficacy. CO2 enrichment led to higher starch depos-
its especially in C3 plants which cause interference with herbicide activity (Patterson 
et al. 1999).

5.6 � Precision Weed Management

SSWM or site-specific weed management, i.e., advocating control methods only 
where weeds are found/detected insignificant quantities compare to those causing 
economic losses, offers economic and environmental benefits. For this, the instru-
ment linked with technologies to detects weeds in a crop / cropping system, consid-
ering into account of previously identified factors takes action to successfully 
control them. Under usual patchy and scattered weed distribution in crop fields, 
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site-specific, weed patch-specific, or spot spray of herbicide is greater economical 
and less degrading to environment than blanket application. This will reduce amount 
of herbicides and their intake into environment. Band application sustain herbicide 
treatment at a half of suggested rate along with mechanical weed control brought a 
satisfactory total weed reduction by 83–87% (Kneievic et al. 2003).

Recently, artificial intelligence (AI) and robotics research have geared up for 
weed management (Young et al. 2014). Weed control using advance robotics is a 
four-step process. This involves multiple phases of operations including guidance, 
documentation, precision weed elimination, and plotting of weeds (Young et  al. 
2014). The machines are equipped with sophisticated high-resolution computer 
vision systems (cameras and sensors), AI, global positioning system (GPS), soft-
ware and robotic arms/ nozzles that enable guidance, detection and identification of 
weeds through a real-time machine vision system, precise weed control, and map-
ping (Gonzalez-de-Soto et al. 2016). Robotic machines are used to control weeds 
mechanically, chemically, or through flame. “Weed master” an advanced machine 
uses GPS to navigate precisely and a digital image recognition system. These sys-
tems aid differentiate between the intended crop and weed. It is powered by metha-
nol fuel and uproots weeds autonomously. “Weed controller” is a four-wheel-drive 
machine with specialized weed pursuing robot integrated which recognizes weeds 
based on color photography. In contrast, intelligent hoe utilizes visual recognition 
system (with previously embedded details of weeds) to find rows of crops and steer 
itself among them (Korres et al. 2019).

Use of robotics may reduce herbicides use and their environmental impact and 
hence can improve sustainability, particularly in vegetable crops and organic agricul-
ture (Korres et al. 2019). The practicability of a robotic weed control system is gov-
erned upon machine learning (vision analyses, robotic efficacy, adjustable rate 
application technology, decision support system) along with equipped with the capa-
bility to assess the strength of weed-sensing tools, directly or indirectly. Upon detec-
tion a weed, the robotic part selectively/precisely ejects micro-dose (in small 
quantity) of herbicides on targeted sites /weeds. Further, these automated machines 
can target weeds in patches rather than entire fields and reduce usage of herbicides. 
Some agricultural robots for weed control are as follows: WeedMaster®, WeedSeeker® 
(for pot spraying), Tertill, RIPPA, Hortibot, SwagBot, ASTERIX, AgBot II, Blue 
River LettuceBot2, Naïo Technologies, ecoRobotix. However, several barricades 
prevent their large-scale adoption, most important being the absence of automated 
weed detection and identification method in crop fields and other determining factors.

6 � Probable IWM Modules for Climate Resilient Weed 
Management in Crops

Integrated weed management (IWM) approach aims at better, longer, and efficient 
weed management, while maintaining an ecological balance. IWM models should 
be specifically designed considering crop, weed flora, and regional features and 
should have high social and economic acceptability among farmers.
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Generally, the following preventive and agronomic measures may be adopted as 
applicable to crops for providing selective advantage/ stimulus to crops to develop 
more competitive against weeds from the commencement of their emergence.

•	 Use certified and clean seeds, avoid undecomposed farm yard manure, keep irri-
gation channels free from weeds.

•	 Cleaning seeds by dipping in 2% brine solution to separate weed seeds by float-
ing (in rice).

•	 Deep summer plowing in April–May to expose and desiccate vegetative propa-
gules of perennial grassy and sedge weeds.

•	 Follow scientific crop rotation to break/disrupt established life cycle of particular 
weed or a group of weeds.

•	 Green manuring before crop season or brown manuring co-existing with crops 
for initial 25–30 DAS with Sesbania spp. or Crotalaria spp. (as applicable).

•	 Adoption of stale seed beds to eliminate initial weed flushes.
•	 Avoid basal application of heavy dose of nitrogen in cereals, which may stimu-

late weed growth and apply N in 3 or more split doses.

Rice
	(a)	 Direct-seeded rice (DSR) [conventional till (CT)/zero till(ZT)]

	 (i)	 Green manuring with Sesbania spp. (~Dhaincha) during summer for con-
ventional till DSR followed by pre-emergence (pendimethalin, butachlor, 
pretilachlor, pyrazosulfuron-ethyl) herbicides at 2–3  days after sowing 
(DAS)—residue mulching immediately after pre-emergence herbicides—
post-emergence herbicides (bispyribac-Na, cyhalofop-butyl, penoxsulam, 
almix) or hand weeding at 25–30 DAS or finger weeder twice at 20-day 
interval.

	(ii)	 Under conservation agriculture (ZTDSR): Previous crop residue retention 
+ brown manuring with Dhaincha/Crotalaria + pre-emergence herbicides 
followed by post-emergence herbicides /hand pulling/weeding at 
25–30 DAS.

	(iii)	 Stale seed bed with glyphosate 1.0 kg/ha followed by pre-emergence her-
bicide at 2–3 DAS – hand weeding/finger weeder at 25–30 DAS.

	(b)	 Puddled transplanted rice (PTR)

	 (i)	 Maintain 2–3 cm standing water throughout crop growing period.
	(ii)	 Plant 25- to 30-day-old seedlings at closer spacing of 20 × 15 or 15 × 15 cm 

with 2–3 seedlings per hill.
	(iii)	 Residue incorporation/green manuring + pre-emergence herbicides + 

post-emergence herbicides/hand weeding/rotavation/rotary weeding at 
30–35 days after transplanting (DAT).

	(iv)	 Pre-emergence herbicides at 2–3 DAT + hand weeding /rotavation/rotary 
weeding at 30–35 days after transplanting (DAT).

	(v)	 Pre-emergence at 2–3 DAT /early post-emergence application at 10–15 
DAT of herbicides followed by cono-weeder at 25–30 DAT.
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	(vi)	 Residue incorporation/green manuring + high-density planting + post- 
emergence herbicides  – hand weeding/rotavation/rotary weeding at 
40–45 DAT.

Wheat
Greater seed rate, narrow row spacing, fertilizers mainly nitrogen and its slightly 
higher concentration of doses and placement along the crop rows, zero tillage with 
and without previous crop residue, soil solarization in the earlier season—all have 
positive impact on the overall weed management in wheat. Crop rotation (rice–mus-
tard/pea) can control resistant as well as susceptible P. minor.

	 (i)	 Zero tillage with closer row spacing/skip row spacing coupled residue reten-
tion and application of preemergence herbicide (like pendimethalin and pyrox-
asulfone) under moist soil conditions or otherwise where resistant Phalaris 
minor present, apply post-emergence broad-spectrum herbicides or herbicide 
or apply pre-mix or tank-mix herbicide mixture under heavy infestation 
in wheat.

	(ii)	 Furrow-irrigated raised bed system with residue + post-emergence broad-
spectrum herbicides or herbicide pre-mix or tank-mix herbicide mixture + 
need-based hand weeding (if at all required).

	(iii)	 Under conventional till wheat, early sowing (last week of October or first week 
of November under Northern Indian conditions), closer row spacing/skip row 
sowing with residue retention—post-emergence herbicides.

	(iv)	 For CT or ZT sown wheat crop apply post-emergence broad-spectrum herbi-
cide or herbicides; or use pre-mix or tank-mix herbicide mixture followed by 
hand weeding to control three problematic thorny weeds like Cirsium arvense, 
Carthamus oxycantha, Argemone mexicana and other problematic non- throny 
weeds like Convolvulus arvensis (Field bind weed), Cannabis sativa (Bhang), 
Asphodelus tenuifolius (Wild onion) which might have escaped herbicidal 
action due to late germination or tolerated herbicide application to a 
greater extent.

Maize
	 (i)	 CT/ZT  +  early/timely sowing+ pre-emergence herbicide tank-mixture 

(atrazine+pendimethalin) alone is capable of complete broad-spectrum control 
of weeds + tembotrione for perennial Cyperus rotundus or hand weeding at 
25–30 DAS.

	(ii)	 CT/ZT + early/timely sowing + bed planting with residue retention followed 
by tank-mixture of atrazine+topramezone 500  +  25.2  g/ha or 
atrazine+tembotrione 500 + 120 g/ha 20–25 DAS.

	(iii)	 Soil solarization during hot summer months + tank-mixture of 
atrazine+topramezone 500 + 25.2 g/ha or atrazine+tembotrione 500 + 120 g/ha 
20–25 DAS or hand weeding (with little soil disturbance).

	(iv)	 Residue incorporation/retention + timely sowing+ pre-emergence herbicides 
tank mixture (atrazine +pendimethalin) followed by hand weeding at 25–30 
DAS (if at all required).
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	(v)	 Intercropping with soybean/green gram/black gram + pre-emergence pendi-
methalin – hand weeding.

	(vi)	 Brown manuring with Sesbania under both CT and ZT + pre-emergence pen-
dimethalin – hand weeding at 30–35 DAS.

Pulses
Following a good crop growing such as proper time, method, rate, and depth of sow-
ing, crop establishment methods such as CT, ZT, residue mulching, fertilizer place-
ment along the crop rows, line sowing, seed treatment for biological N fixation 
along with disease management is a mandatory requirement for growing a healthy 
crop, which in turn may lead to smothering weeds. Soil solarization during summer 
followed by pre-emergence herbicide (mainly pendimethalin) at 2–3 DAS + hand 
weeding (if required) at 25–30 DAS.

	 (i)	 Deep summer cultivation with irrigation and residue (wheat, maize) incorpora-
tion followed by pre-emergence herbicides + hand weeding at 25–30 DAS.

	(ii)	 Pre-emergence herbicides + hand weeding at 25–30 DAS for problematic 
weeds such as Cynodon dactylon and Cyperus rotundus.

	(iii)	 Previous crop residue incorporation + higher seed rate + pre-emergence herbi-
cides followed by post-emergence herbicides or hand weeding at 25–30 DAS 
for problematic weeds such as Cynodon dactylon and Cyperus rotundus.

	(iv)	 In soybean and pigeon pea, bed planting with residue + pendimethalin pre-
emergence (2–3 DAS) followed by imazethapyr 100 g/ha or quizalofop-ethyl 
50 g/ha as post-emergence (at 25–30 DAS) would lead to better weed control.

	(v)	 In chickpea, previous crop residue retention + pendimethalin pre-emergence 
followed by quizalofop-ethyl @ 100 g/ha or clodinafop-propargyl @ 150 g/ha 
can prove better.

	(vi)	 In blackgram, pendimethalin + imazethapyr (pre-mix) 0.9  kg/ha as pre-
emergence or imazethapyr 100 g/ha as early post-emergence or imazethapyr + 
imazemox 50 g/ha as early post-emergence combined with 1 hand weeding at 
30–35 DAS.

Oilseeds
	 (i)	 Following a good crop husbandry such as proper time, method, rate, and depth 

of sowing, crop establishment methods such as CT, ZT, residue mulching, fer-
tilizer placement along the crop rows, line sowing, seed treatment for pest and 
disease management is a mandatory requirement for growing a healthy crop, 
which in turn may lead to smothering weeds. In most oilseed crops, apply pre-
emergence herbicides (mainly, pendimethalin)—hand weeding at 30–35 DAS 
(for late-emerging weeds that escaped herbicide treatment and for problematic 
perennial weeds).

	(ii)	 In groundnut, apply pre-emergence herbicide (pendimethalin, oxyfluorfen)—
earthing-up—hand weeding if required.

	(iii)	 In groundnut, apply imazethapyr 125 g/ha at 2–3 leaf stage of weeds followed 
by 1 hand weeding at 45 DAS.
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	(iv)	 In mustard and rapeseed crop, apply pre-emergence herbicide (pendimethalin, 
oxadiargyl) or early post-emergence herbicide (e.g., isoproturon)—hand weed-
ing at 30–35 DAS.

Sugarcane
	 (i)	 Atrazine at 1.50 kg/ha or metribuzin 0.5 kg/ha at 2–3 days after planting (DAP) 

before emergence of weeds followed by one hoeing to destroy emerged weeds 
at 30–35 DAP.

	(ii)	 Atrazine at 1.50  kg/ha at 2–3  days after planting (DAP) followed by 
halosulfuron-ethyl 90 g/ha at 30–35 DAP or one hoeing/manual weeding to 
destroy emerged weeds.

	(iii)	 Apply atrazine at 1.50 kg/ha pre-emergence followed by one hoeing/manual 
weeding or chlorimuron ethyl + metsulfuron methyl 8 g/ha post-emergence at 
2–4 leaf stage for controlling broad-leaved weeds.

	(iv)	 Intercropping with black gram + pre-emergence pendimethalin followed by 
earthing-up and post-emergence herbicide.

Vegetables
	 (i)	 In brinjal, apply pre-emergence herbicides (e.g., pendimethalin) followed by 

hand weeding at 35–40 DAT.
	(ii)	 In onion, apply pre-emergence pendimethalin 1.0 kg/ha or oxadiargyl 90 g/ha 

or oxyfluorfen 250  g/ha followed by 1 hand weeding at 30–35 DAT or 
quizalofop-ethyl 50 g/ha at 30–35 DAT.

	(iii)	 In potato, apply metribuzin 0.4 kg/ha as pre-emergence followed by earthing-
up at 25–30 DAP.

Although its influences on agricultural weeds have not been thoroughly investi-
gated, climate change is a pressing global concern. Old school thought on carbon 
cycling in plants and nitrogen management in crops could partially address the 
effects of climate change, but weed issues could potentially be made worse by rising 
CO2 concentrations, high temperatures, and, most crucially, water stress. These cir-
cumstances can call for the emerge of innovative agronomic techniques to tackle 
weed competitiveness under the background of climate change. The stimulatory or 
inhibitory effect of the climate variables on crops should typically hold true for 
weeds because crops and weeds are on the same trophic level. It has been developed 
that an upsurge in air temperature promotes both weed growth and pesticide effec-
tiveness. Although C4 weeds predominate in agriculture, substantial crop–weed 
competition may soon arise from major weeds with C3 and C3-C4 intermediary 
routes. Importantly, due to species interactions, it is essential to research all poten-
tial combinations of crop–weed competitive interactions, including those involving 
C3 crops and C3 weeds, C4 crops and C4 weeds, C3 crops and C4 weeds, and C4 
crops and C3 weeds. Under the scenario of climate change, a number of weeds will 
put more pressure on crop–weed competition. In forthcoming decades, more adapt-
able research studies with challenging research situations might provide helpful 
answers for controlling yield reduction.
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Chapter 8
Climate-Resilient Technology for Maize 
Production

Muaz Ameen, Asma Zafar, Muhammad Mansoor Javaid, 
Muhammad Anjum Zia, Athar Mahmood , Maria Naqve, and Safura Bibi

Abstract  Agriculture’s vulnerability to changing climate needs to be the focus of 
scientific, economic, political, and social efforts to ensure viable existence on this 
planet. Climate change impacts all types of life, but the influence on plant life is 
much more noticeable because plants are the primary energy source and matter fixer 
on land. Producing climate resilience in plants, particularly in crops, is crucial for 
all living. Climate-resilient agriculture has been boosted by biotechnology. Wheat, 
rice, and maize contribute a minimum of 30% of the nutritional calories for 4.5 bil-
lion people in 94 emerging economies. Cereals are crucial for providing global 
dietary, fodder, and nutrient intake. Maize is an important element in livestock feed 
and bioenergy. Rising demand and supply gaps have intensified market instability 
and pushed up global maize pricing. Long-term corn production development might 
be adversely impacted by the change in climate, which is increasing current issues 
including drought and heat stress, insect, pests and diseases, and soil depletion. In 
tropical areas, regional climate uncertainty and variation, and the increase in biotic 
and abiotic stressors, further muddle the situation. Even though these difficulties are 
resolved, and production improved, millions of impoverished people will go starv-
ing. Climate change adaptation will need suitable technologies, legislation, and 
structural reforms, but this chapter focuses on genetic techniques and tactics that 
might improve the changes over time and the budget for breeding climatic resilience 
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maize. The chapter will explain how crop modification will help to fulfill increasing 
maize requirements by overcoming biotic and abiotic stressors. Combining tradi-
tional and molecular breeding may produce high-yielding, stress-tolerant, exten-
sively adaptable maize cultivars. Enhanced germplasm alone will not boost 
productivity or facilitate climate-related adaption; crops and agricultural techniques 
must also be enhanced.

Keywords  Climate tolerant · Abiotic stress · Cereal crops · Drought stress · Heat 
stress · Genetic modification

1 � Introduction

Agriculture must feed 3.5 billion more humans in the coming 50 years. Rising rural 
and urban populations will need 70% more wheat, maize, and rice before 2050 
(Searchinger et al. 2019; Grote et al. 2021). Maize is an important supplier of food 
supply and financial growth in Africa, Central America, and Asia (Islam and Karim 
2019). Maize contributes at minimum of 30% of the dietary requirements for 4.5 
billion individuals in 94 emerging economies. These comprise 900 million impov-
erished maize-eaters (Dowswell et al. 2019). A 67% of the world’s maize output 
originates from lower and moderate nations; thus, it is vital to millions of impover-
ished farmers. The population of the planet is 7.7 billion and will be 9.3 billion by 
2050 (Withers et al. 2018). The emerging world’s maize consumption will double 
by 2050. Maize is a significant food crop; however, its usage as fodder has risen. 
Drastic economic expansion in Asia, the Mideast, and Central America has raised 
the demand for poultry and cattle supplies from wealthy customers. Maize is a cru-
cial element in livestock feed; therefore, excess supply has pushed up costs and 
caused it less accessible for impoverished customers (Sanchez 2019).

Changes in climate affect human actions that either directly or indirectly influ-
ence the nature of the atmosphere, as well as natural climate unpredictability. 
Anthropogenic impacts, including fossil fuel emissions, forest destruction, unsus-
tainable land use, agribusiness, and industrialization, modify the atmospheric com-
position, leading to climate change (Mercure et  al. 2019; Pichler et  al. 2021). 
Burning energy sources and other anthropogenic factors have increased atmospheric 
greenhouse gas emissions. According to worldwide climate effects estimates on 
agriculture, a 2 °C warming by 2050 would put 50 million people at threat of starva-
tion because of agricultural consequences (Hasegawa et al. 2018; Yerlikaya et al. 
2020). Climate change will affect South and Southeast Asia heavily. If present pat-
terns continue till 2050, the productivity of main crops in South Asia would decline 
by 10% (rice), 12% (wheat), and 17% (maize) due to drought and heat stressors 
from changing climate (Aryal et al. 2020; Shahzad et al. 2021). The maize feeder 
industry is expanding in China, India, and Pakistan, where economic expansion puts 
dairy, poultry, and beef in a more affordable manner. Globally maize supply disrup-
tions and rising input costs affect emerging nations. Maize prices have climbed 43% 
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since 2008, in addition to other products, notably wheat is expected to rise further 
due to rising demand and limited supply (Ben Hassen and El Bilali 2022). 
Furthermore, trailing domestic output would impose pressure on emerging nation 
economies, pushing up their maize importation from 7% of today’s requirement to 
24% in 2050, paying approximately USD 30 billion (Chapagain et  al. 2020). 
Although if the yielding rise is accelerated, poor maize users will have less inexpen-
sive food. Farm owners, government entities, researchers, and input providers are 
addressing maize requirements. Asia, Latin America, and sub-Saharan Africa sig-
nificantly boosted maize output by 6% yearly from 2003 to 2008 (Leitner et al. 2020).

Area growth is not feasible and frequently land destruction occurs. At the present 
pace of area expansion, agricultural diversification and conservation of forests will 
suffer (Wilson et al. 2019). Upcoming food supply expansion must not compromise 
human safety, environment protection, or agricultural industry sustainable develop-
ment. Plant modification is not a cure, but it may help satisfy the demand for more 
feed by generating high productive variants. Maize productivity nearly doubled in 
the last 40 years owing to better crop types, fertilizers, irrigation, and herbicides 
(Benbi 2018). Changing climate complicates efforts to boost agricultural output. 
Climate-resilient maize has been developed for greater tolerance to climate-related 
characteristics, production, resistance, and consumption demands. The International 
Maize and Wheat Improvement Center (CIMMYT) data from over 20,000 maize 
experiments in Africa, along with daily meteorological data, indicated that every 
degree’s day spent over 30 °C decreased the ultimate yield by 1% under ideal rain-
fed and by 1.7% under water shortages conditions (Allen-Sader et al. 2019; Khaki 
et al. 2019). A rise of 1° in seasonal climate generates a 3.1–7.4% drop-in maize, 
wheat, soybean, and rice yield (Rolla et al. 2018).

Climate-resilient farming must also encourage consumer, regional entity, and 
financial organization cooperation to boost crop yield (Koopmans et al. 2018). Plant 
researchers may generate variants with adaptive features and climate tolerance by 
studying physiological processes, molecular pathways, and heredity of maize crop. 
Upcoming breeders require plant genome libraries, massive data process manage-
ment, biotechnology treatments, and high-throughput molecular engineering to 
address the issue (Niazian and Niedbała 2020). It allows scientists to employ appro-
priate ideotypes to satisfy breeder needs and to find better alleles/haplotypes for 
next-generation breeding operations. It allows accurate and robust genomic altera-
tion to generate pest-resistant crops to pathogens and environmental stressors 
(Tripathi et al. 2019a, b). In recent decades, better grain variants tailored to various 
agroecologists and addressing the varying stakeholder expectations have been 
developed and delivered, mainly via traditional breeding (Munaweera et al. 2022). 
With the global population expected to reach 9 billion by 2050, cereals output must 
expand by 37% yearly to fulfill food requirements. To nourish the world’s rising 
rural and urban communities, wheat, maize, and rice production must rise by 70% 
by 2050 (Mottaleb et al. 2018).

Changing climate has prompted farmers to adapt from old agricultural practices 
to contemporary climate-adaptable agronomic systems such as diversification of 
crops, seeding heat- and drought-resistant types, caring for the ecosystem, and 
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gathering freshwater for food and nutrition security (Jiri et al. 2017). The imple-
mentation of climate-adaptable agriculture practices must also incorporate potential 
losses, farming tools, enhanced administration, and organizations improving their 
effectiveness (Patel et  al. 2020). Climate change presents equal challenges and 
opportunities for maize growers. Temperature and precipitation changes will 
increase dryness, exposing small-scale farmers to severe consequences inherent 
with rainfed cultivation (Yang et al. 2019). Ironically, resource-poor producers in 
emerging economies struggle to sustain output balance and help to crops viable 
amid unpredictable prices of commodities and growing energy expenses 
(Purushothaman and Patil 2019). Small-scale farmers depend on OPVs (open-
pollinated varieties) or outmoded hybrids produced over 30 years ago, restricting 
their nutritional and food security (Donovan et al. 2022). Growing demands, contin-
ued hunger, and poverty depletion of natural resources and environmental degrada-
tion will force the globe to double maize-based agricultural system efficiency 
(Tanumihardjo et al. 2020). This necessity will only be satisfied by agrarian societ-
ies, both national and international academics, policymakers, the business sector, 
and numerous other development agencies working together to advance pro-poor 
agricultural societies (Fischer and Connor 2018).

2 � Importance of Maize in World Food Security

Maize is cultivated in variety of elevations and latitudes compared to other food 
crops as it is growing in mild to warm conditions, on moist to semi-arid regions, and 
in numerous soil conditions. Maize covers 150 million acres globally with an annual 
production of 750 million metric tons (Shahzad et al. 2021). Maize contributed 27% 
in cereal zone, 34% in cereal yield, and 8% in all basic crop. Maize is a major food 
source and nourishment for millions in Asian, Africa, and Latin America (Table 8.1). 
Calories gained from maize varied from area to area; for example, 61% in 
Mesoamerica, 45% in ESA (Eastern and Southern Africa), 29% in the Andean 
region, 21% in WCA (West and Central Africa), and 4% in South Asia. Twenty-five 
percent of maize consumption in underdeveloped nations and 15% worldwide is 
used as foodstuff (Ngurumwa 2016; Tanumihardjo et al. 2020). In South Asia, 46% 
is utilized as foodstuff for impoverished families that cannot buy wheat and rice. 
Maize helps the impoverished in Latin America, Africa, and Asia, overcomes star-
vation, and increases agricultural production. Huge maize production makes accept-
able to farmers in regions with limited space and heavy population explosion 
(Sanjana Reddy 2017; Giller et al. 2022).

Maize yield moved outside the USA and Canada from Mesoamerica in the sec-
ond millennium. The sub-Saharan Africa (SSA) and Mexico and Central America 
have two aspects. Firstly, Africans located south of the Sahara favor white maize, 
except in West Africa (Shawa 2019; Elisante 2020). This tendency affects the inter-
change of genotypes and trading since 96% of global maize trading is yellow 
(Fitting 2021). In contrary to other key maize producing countries, SSA and 
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Table 8.1  Maize area, production, and yield across maize growing regions. Computed by authors 
based on United States Department of Agriculture (USDA)

Region

Area (Million 
hectares)

Yield (Metric tons 
per hectare)

Production (Million 
metric tons)

Change in 
Production

2021/22 2021/22 2021/22
From last year 
(Percent)

World 206.77 5.89 1218.76 −3.21
United 
States

34.56 11.11 383.94 −5.00

China 43.32 6.29 272.55 −0.57
European 
Union

9.24 7.69 70.98 −15.47

South Africa 3.00 5.43 16.30 6.13
Ukraine 5.49 7.68 42.13 −28.79
Russia 2.90 5.25 15.23 −1.48
India 9.90 3.33 33.00 −4.55
Pakistan 1.50 6.33 9.50 −6.32
Indonesia 3.90 3.26 12.70 1.57
Mexico 7.10 3.88 27.55 0.18
Canada 1.39 10.05 13.98 0.11
Turkey 0.54 12.04 6.50 −4.62

Mesoamerica cultivate maize as a food product, but they trade it for income. SSA 
has 25 million hectares of maize, mostly in small-holder farms that yield 38 million 
metric tons for food. South Africa grows 2.8 million acres, largely for economic 
livestock feed (Ochami 2021).

In many nations, reliance on maize threatens sustainable food security, particu-
larly when alternative dietary supplements are insufficient. Maize is weak in digest-
ible proteins and its leucine hinders the body’s ability to absorb niacin, which leads 
to protein shortage (Day et al. 2021). Breeders at CIMMYT spent years developing 
“Quality Protein Maize” (QPM) with greater amounts of tryptophan and lysine in 
the endosperm and improved amino acid imbalance (Maqbool et  al. 2021). 
Randomized studies in Ethiopia, Tanzania, and Uganda demonstrated enhanced 
weight and height of children eating these types, especially in Southern Ethiopia, in 
which the people depend primarily on maize (Jada and van den Berg 2022). Maize 
is not just eaten. A 63% of worldwide maize consumption is for animal feed, 
whereas 56% is in emerging nations. A 70% of maize is utilized as fodder and 3% 
for human utilization in developed nations (Makkar 2018). Maize’s expanding 
application in bioenergy drives industrial demand. Maize-based bioethanol expen-
diture is growing in 50 emerging nations with ethanol-blending objectives (Oliveira 
et  al. 2017). Maize is a major raw material for the United States “corn ethanol” 
program. Food costs and children hunger will rise with massive maize-based pro-
duction of bioethanol, notably in sub-Saharan Africa (SSA) and South Asia (SA) 
(Afzal et al. 2021).
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Current market statistics show that the two forces of bioethanol development 
(rising fuel costs and energy security measures) may accelerate in the foreseeable 
future (Nazir et al. 2020). Maize is a significant feed ingredient for the livestock 
industry, particularly in Asia, where usage for broiler chickens and pig feeding has 
surged. Pakistan, Nepal, China, Indonesia, India, Philippines, Thailand, and Vietnam 
ate 20 million metric tons of pig and chicken in 1980 and 77 million in 2000 (Ashraf 
et al. 2018). Broiler feeds comprise 60–65% maize, 28–30% soybeans, and 2–3% 
oils. The seven primary Asian nations used 29 million metric tons of maize for feed-
ing in 1980 and 109 million tons in 2000 (Bailey and Wellesley 2017). Maize as 
animal feed is expected to constitute a substantial part of expected growth, expand-
ing about 6% annually. World trade has been a key approach for solving maize sup-
ply deficits as supply and use diversify. Behind wheat, maize is the most-traded crop 
(Wade et al. 2022).

3 � Influence of Climatic Variation 
on Agricultural Productivity

Changes in climate will worsen agricultural production. Severe heat, massive flood-
ing, repeated water shortages, and salt stress impact agricultural production and also 
reduce the capacity of ecological systems to adjust to climate change. Extreme 
weather is the primary driver of food availability in emerging regions, affecting 
farming and other agricultural-related equipment (Campbell et  al. 2018; Mojid 
2020). Smaller nations, like desert African and South Asian, are starting to suffer. 
These areas depend on subsistence farming and are not financially or technically 
prepared for extreme weather events (Khatun 2019). Because of droughts, several 
African nations face a food crisis. The IWMI (International Water Management 
Institute) predicts that wheat production will drop by 50% by 2050 in Southern Asia 
(Islam and Karim 2019). This is approximately 7% of global agricultural output; 
therefore, hunger might intensify. Globally, maize production has been declined by 
3.1% because of temperature variation and 0.7% because of rainfall patterns from 
1980 to 2008 which leads to a 3.8% reduction in total yield (Arunrat et al. 2022).

South Asia and SSA are extremely hungry nations. All of those are climate-
vulnerable zones. Asian and African governments fail to take action; the circum-
stance is expected to worsen. Providing nutritious meals to a large population is 
difficult. World’s food availability has failed due to unregulated population expan-
sion, rising food costs, and a worldwide food crisis (Bloem and de Pee 2017). To 
face the demands, yields of main crops must rise 1.1–1.3% yearly. According to the 
European Commission’s Directorate General for Agriculture, extreme water-deficit 
regions are expected to expand from 19% to 35% by 2070 (Abdelmajid et al. 2021).

According to the Peterson Institute, climate change will diminish agricultural 
production in developing countries by 10–25%. Elevated CO2, high temperatures, 
high tropospheric ozone (O3), frequent droughts, and strong precipitation may cause 
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catastrophic floods (Abdelmajid et al. 2021). In sensitive places, changing climate 
might produce waterlogging, soil erosion, salination, and sodic soil. Changes in 
seasonal rainfall, intensities, and temperatures might affect the global distribution of 
agricultural pests and diseases. Deforestation, overgrazing, and chemical fertilizers 
add 25% to emissions of greenhouse gases (Cirino 2021). Environmental issues 
may be mitigated by reducing greenhouse gas emissions and boosting food-secure 
crops. By 2080, watering needs may climb by 45%, and available water losses may 
surge by 20%, although with infrastructure upgrades (Sehgal and Khan 2020). 
Genetic engineering may reduce environmental issues through sequestering carbon, 
energy-efficient agriculture, and chemical fertilizer elimination. Genetically modi-
fied (GM) crops may help with food self-reliance, nutrient supply, alleviating pov-
erty, stability, starvation elimination, and global climate change (Behera et al. 2019).

4 � Current and Future Research Necessities Regarding 
Climate-Improved Germplasm

Considering the time gap between enhanced germplasm creation and farmer acces-
sibility, breeders’ approaches must be strengthened to counteract expected yield 
reductions and achieve predicted yield improvements (Xu et al. 2017). Geographic 
information systems (GIS) will help to focus genetic efforts via forecasting sensi-
tive locations, regulating genetic mobility, and predicting future crop yield condi-
tions (Raffini et  al. 2020). To boost adaptive capability, future susceptible areas 
must concentrate on maize breeding. Projected climate predictions will facilitate the 
understanding of present regional analogs of these climates to promote genetic 
transfer for breeding (Dempewolf et al. 2017). Mega-environments combine maize-
yielding locations with identical environmental features and adaption behaviors 
should be focused to maximize the performance of using genetic assets (Oladosu 
et  al. 2017). The highest temperature, soil pH, and rainfall define maize mega-
environments, along with genetic effectiveness in multi-environment investigations 
(Katsenios et al. 2021).

GIS can help to identify places with comparable types of soil and rainfall pat-
terns to promote and adopt sustainable agricultural approaches. By combining the 
traditional, biological, and genetic engineering, we may provide climate-adapted 
genomes (Harms et al. 2021). Promoting traditional breeding techniques, including 
phenotypes and double-haploid innovation, and expertise in these techniques, will 
accelerate climate-adapted genotype creation. Developing molecular techniques, 
like genome-wide association analysis, aim to accelerate the development of culti-
vars that may be tolerant to numerous biotic and abiotic factors (Uffelmann et al. 
2021). Major advancements in genotype and phenotype will help to investigate the 
immense unutilized genetic diversity in maize gene banks, particularly landraces 
and progenies (Volk et al. 2021). A better knowledge of these biological resources 
might lead to their more efficient use in elaboration new stress-resilient genes and 
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Fig. 8.1  Popular plant modification strategies used to improve top crop varieties. (Gao 2021)

diversifying the germplasm of top crops (Prasanna et al. 2021; Singh et al. 2021). 
Transgenic techniques (Fig. 8.1; Gao 2021) might potentially boost genetic variety 
for major abiotic stressors in hybrid crops, notably for characteristics with minimal 
genetic differences in genetic pool of maize (Khan et al. 2021).

South African producers need drought- and heat-tolerant maize. Small area of 
East and South Asia (ESA) producers may need drought and waterlogging resis-
tance varieties (Prasanna et al. 2021). Isolated breeding programs utilizing just one 
stressor may lose traits or genetic diversity for other stressors. Considering that both 
drought and heat stresses are dissimilar, crop development agencies must identify 
characteristics and factors linked with combined resilience to both stressors (Wu 
et al. 2018). To create climate-adapted cultivars, controlled stress testing facilities 
and defined methodologies for particular combinations of pressures are required. 
Agricultural phenotyping for both drought and heat stressors will need to mitigate 
stress severity and duration (Abdelrahman et al. 2018). Climate variability may also 
intensify severe heat outbreaks. Climate-adapted germplasm breeding techniques 
should account for local temperature variance. Warmer temperatures and lower 
rainfall may minimize production in Africa by 10–20% till 2050 (Mulungu and 
Ng’ombe 2019).

To increase output, highland germplasm with better temperature resistance is 
needed. This may be done by enhancing highland germplasm’s heat resistance and 
enabling farmers’ accessibility to tropical and subtropical genotypes (Girma et al. 
2020). Under ideal circumstances, days to maturation affect crop productivity. In 
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rainfed locations, small-holder farmers choose early-maturing maize (Krell et al. 
2021). Early maturing maize helps plants to complete blooming, the most drought-
sensitive phase, before the start of dryness and escape severe dehydration (Mbanyele 
et al. 2021) whereas genetic techniques have increased early maize yields during 
low rainfall situations, still it has yield disadvantage under normal rainfall condi-
tions. Rising temperatures may further reduce the production. In Zimbabwe’s 
drought-prone plains, producers without the supply of water choose extra-early cul-
tivars that bloom in 60–65 days (Kinfe and Tesfaye 2018). Ideally, a daily rise of 
2.9 °C during the growth period might cut the days to the maturation of an extremely 
early variant from 65 to 58, while an early maturity maize variety might mature in 
around 64 days, as opposed to 72 days within favorable conditions (Singh 2020). 
Considering this drop-in growth time, breeders projects addressing drought-prone 
locations, like the lowlands of Zimbabwe, may need to concentrate their efforts to 
early maturing germplasm instead of extremely early maturing types (Khan and 
Akhtar 2015).

5 � Materials, Methods, and Techniques to Build 
Climate-Resistant Maize

Crops should be resistant to environmental and biological stresses to adjust to a 
changing climate. Crop-specific and crop-shared genomic approaches and methods 
must accommodate for climate variations (Cortés and López-Hernández 2021). 
Locate and transfer desirable genomes, characteristics, and haplotypes to elite 
genetic variants are desirable. Further, special techniques that combine molecular 
markers with elite germplasm development are needed to accelerate the production 
and distribution of improved genotypes (Fig. 8.2; Gao 2021). Today’s technology 
and techniques are listed below.

5.1 � Genetic Modification (GM)

Plant biotechnology utilizes biological entities or intracellular elements in agricul-
ture. Convectional breeding, genome editing, and molecular breeding are now being 
utilized (Dilawari et al. 2021). Genetic manipulation improves gene diversity for 
developing food plant types with better features. Water stress resilience, salt resil-
ience, extreme heat resilience, water-efficient utilization, early vigor, effective 
nitrogen usage, waterlogging, cold resilience, resilience to pests, and insect man-
agement trigger the seedling growth or blooming of crop. Genetic manipulation 
may reduce greenhouse gas (GHG) emissions, biofuel consumption, fertilizer 
usage, carbon sequestration, and biotic or abiotic stressors (Kumari et al. 2022). In 
the past couple of decades, the development of “Golden Rice” achievement via 
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Fig. 8.2  Overall method of genome editing for plants. (Gao 2021)

genetically modified was significant. It involves transforming genetic traits required 
for carotenoid (precursors of vitamin A) production in the endosperm that lacks 
provitamin A due to a missing code gene (Qamar et al. 2020).

The U.S. Environmental Protection Agency and Food Inspection Agency have 
recognized “SmartStaxTM,” a genetically engineered maize with eight stacked cry-
genes: (Cry2Ab, Cry1A.105, Cry1F, Cry3Bb1, Cry34, Cry35Ab1, Cp4, and bar) 
(Wangila 2016). Moreover, transgenic Bt maize has the highest pest insects and 
herbicide resistance. African Agriculture Technology Foundation performed numer-
ous initiatives with global organizations to generate water stress-resilient maize 
varieties in Africa through genetic engineering (Munawar et al. 2020). Utilizing the 
soil’s carbon and boosting carbon dioxide absorption may increase cumulative car-
bon sequestration in agricultural soils (Nayak et al. 2019). Developing new types by 
using genetic engineering increased plant photosynthetic efficiency, deeper roots, 
lignin content quality, fertilizer use effectiveness, and water consumption effective-
ness (Savy and Cozzolino 2022). Nitrous oxide generates 296 times more heat than 
CO2 and may last hundred years. Optimizing nitrogen-enhanced crops may mini-
mize fertilizer consumption and GHG emissions (Ussiri and Lal 2018). Because 
agriculture and fertilizer contribute 50% of U.S. GHG emissions. The latest 
advancement in transforming technologies limits soma clonal variability during tis-
sue culturing. Using genetic modification, desirable alleles or genotypes may be 
transferred or programmed among plant and animal species (Sehgal and Khan 2020).
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5.2 � Genome Editing (GE)

The latest advancement in genetic engineering including genome-based understand-
ing, efficient gene identification, and in vitro culturing methods enable for second-
generation applications that rely on genetic modification and cis genesis (Ryngajłło 
et  al. 2020). These technological innovations generate significance modern crop 
varieties to offset future agricultural sustainability issues (Suprasanna et al. 2021) 
and biotic genome editing (GE) technique presents a unique opportunity for disease 
prevention, insect control, resistance versus abiotic and biotic stressors, rapid crop 
breeding, and improved crop produce with lower production expense. Cutting-edge 
gene-editing approaches are categorized as “Oligonucleotide Directed Mutagenesis” 
(ODM) and “Site Directed Nucleases” (SDNs) (Sun et al. 2019; Verma et al. 2022). 
These enable genetic recombination, site modifications, and gene regulation 
management.

5.2.1 � Oligonucleotide-Directed Mutagenesis

In “Oligonucleotide Directed Mutagenesis,” a DNA fragment of 20–100 nucleo-
tides is chemically produced and transferred to the plant genome at the target loca-
tion via particle bombardment or polyethylene glycol (PEG)-assisted gene 
transformation (Munawar et al. 2020). Nevertheless, imposed mutation effective-
ness is relatively low, around 0.05% at the target location (Cabrera-Ponce et  al. 
2019; Munawar et al. 2020).

5.2.2 � Site-Directed Nucleases

Site-directed nucleases bond with particular DNA sequences (9–40 nucleotides). 
They split double strands to undertake deamination, demethylation, and acetylation 
processes (Ko et al. 2020). These biochemical events induce genetic suppression or 
genetic manipulation, altering bioactivity. Double-strand break (DSB) is the most 
significant biochemical process in biological systems. The DSB is restored by 
homologous recombination (HR) or non-homologous end joining (NHEJ) (Biehs 
et al. 2017). The HR is employed for massive DNA insertion and non-random modi-
fication. The NHEJ introduces randomized introduction at the target location to 
knockout genes or reduces gene expression (Amritha and Shah 2021).

Additional categories of site-directed nuclease are zinc finger nucleases (ZFNs), 
clustered regularly interspaced short palindromic repeats (CRISPR), and transcrip-
tion activator-like effector nucleases are site-directed nucleases (TALENs).
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5.2.2.1  Zinc Finger Nucleases (ZFNs)

Zinc finger nucleases are manufactured proteins used for gene targeting (Fig. 8.3; 
Eid and Mahfouz 2016). They have a DNA cleaving endonuclease constituent 
linked to zinc finger domains (Zarei et al. 2019). These are typically used to produce 
deletions or insertions in cleaved genomes. Zinc finger nucleases were the first 
target-specific protein tools in genetic modification (Gupta and Shukla 2017). Such 
synthetic restriction enzymes link zinc finger DNA binding region to a DNA cleav-
age region to identify unique DNA regions in complicated genomes (Fig.  8.2). 
Using the endogenous DNA restoration process, such elements might straight trans-
form complicated species genome sequences. Zinc finger nucleases attach to DNA 
by recognizing 3 base-pairs (Vats et  al. 2019; Chen et  al. 2020). A specific zinc 
finger might require precision to connect a targeted genome, but unique construc-
tions comprise of 3–4 fingers modifying an 18–24 kb ZFN target region (9–12 bp 
for each half) (Paschon et al. 2019). This length is enough to target particular regions 
in large genome sequences. The targeted site length is regulated by the context-
specific synthesis of ZFN components (Wolter et al. 2019). Linking 2 DNA binding 
ZFNs to FokI (Restriction endonuclease) monomers creates a 5–7 bp spacer that 
helps FokI dimerize and generate DSBs. The approach induces focused DSBs using 
ZFNs that promote DNA repair through error-sensitive NHEJ and HDR (homology-
directed repair) in cells. ZFNs have been applied to improve Arabidopsis (Saifaldeen 

Fig. 8.3  Genome editing method’s diagrammatic illustration: ZFN, TALENs, and CRISPR/Cas9. 
(Eid and Mahfouz 2016)
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et al. 2020), tobacco (Oh et al. 2021), maize (Matres et al. 2021), oil crops such as 
rapeseed and soybean, flowering plants such as petunia, rice, and fruits varieties like 
figs and apples (Zhang et al. 2018). The ZFN-mediated transgenic integration was 
used for trait layering in maize, which allows for greater crop improvement (Chen 
et al. 2019). The ZFNs have little impact on climatic change, tolerance by modify-
ing genes of the host plant, which are difficult to create and duplicate (Kausch 
et al. 2021).

5.2.2.2  CRISPR/Cas9 System

CRISPR/Cas9 is the third-generation genome editing technique (Fig.  8.3). The 
CRISPR/Cas technology is convenient, accurate, powerful, and inexpensive relative 
to TALENs and ZFNs (Wada et al. 2020). Developing a DNA binding motif by a 
target-sequence requires biochemistry and protein-engineering expertise, which 
may be reduced by using short RNA-sequences instead. CRISPR protects photosyn-
thetic bacteria by targeting and destroying foreign DNA, such as viruses or plasmids 
(Glick and Patten 2022). CRISPR/Cas9 was first used to modify plant genomes in 
2013 and is now a common GE technology. Effective CRISPR-Cas positioning 
requires matching-repetitions, crRNA processes, an operon of Cas genes that trans-
late Cas protein sub-units, and invader DNA targeting spacers (Razzaq et al. 2019; 
Zess and Begemann 2021).

CRISPR/Cas-9 is another technique for modifying both RNA and DNA. CRISPR/
Cas-9, a bacterial defensive mechanism, may be applied to crops, microbes, ani-
mals, and people (Zhang et al. 2021). Its uses to abiotic stressors are currently con-
fined to Arabidopsis, although new successes in soybean and cocoa against drought 
and salt resistance (Drb2a/Drb2b genes) have been revealed (Tastan et al. 2020).

In subsequent years, several research shows changed genotypes in maize, wheat, 
soybeans, barley, potato, and tomato. This approach is also used in maize to knock 
off Zmzb7 genes to generate albino plants (Ansari et al. 2020). For overexpression, 
maize U3-promoter was used. Subsequently, agro-bacterium-mediated conversion 
of maize embryo yielded 31% mutant efficiency in T0 strains. CRISPR/Cas9 was 
used to knock down the maize waxy genes Wx1, which encodes for a granule linked 
to the amylose-producing enzyme GBSS (egranule-bound starch synthase). Wild-
type (WT) seeds-starch has 75% amylopectin and 25% amylose, whereas Wx1 seed 
starch is 100% amylopectin (Leong et al. 2018; Li et al. 2019). Thus, the absence of 
amylose-generated rich amylopectin-maize or waxy-maize has improved digestibil-
ity and application in bioindustries generating food stabilizers, thickeners, papers, 
and adhesives (Lu et al. 2019).

5.2.2.3  Transcription Activator-Like Effector Nucleases (TALENs)

TALENs were discovered in a pathogen of the plant, Xanthomonas. Combinations 
of TALE repetitions and the FokI restriction enzyme address a single nucleotide 
instead of three at the target site, enabling TALENs accurate and flexible in target 
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design while increasing the number of potential target sites (Fig. 8.3; Lino et al. 
2018; Rothschild 2020). TAL (Transcription activator-like) effectors penetrate the 
nuclei and stimulate transcription by attaching to host genes promoter regions. 
34-Residue tandem AARs (amino acid repeats) help TAL-effectors identify DNA 
(Cox et al. 2017).

First used to change OsSWEET14 promotor region in rice plants gene that affects 
vulnerability to bacterial blight. Because of an alteration in the promoter regions, 
“effector binding element” does not interact with the promotor, causing crop bacte-
rial blight resistance (Oliva et al. 2019). TALEN was also employed to modify three 
homo alleles of the vulnerable MLO (Mildew Locus O) genes to induce powdery 
mildew resilience in wheat varieties. GL2 (GLABRA2) gene deletion in maize pro-
duced variants including shiny phenotype and reduced leaf waxes (Tyagi et al. 2021).

5.3 � High-Density Genotyping and Resequencing

Maize, rice, durum wheat, and barley were improved by SNP (Single nucleotide 
polymorphisms) chips. In maize, chip-based genotyping developed by Cornell-
CIMMYT (The International Maize and Wheat Improvement Center with Cornell 
University NY) led to three Illumina 1536-SNP chips that were shortly superseded 
by the Illumina Maize SNP50 Bead chip having 56,110 SNPs, 1 SNP/40 kb, and 
19,540 genes with 2 SNPs/gene (Edriss et al. 2017). At an alternative level, geno-
typing may also be done using GBS. Illumina’s next-generation sequencing tech-
nology has a straightforward, multiplexed technique for creating reduced 
representation libraries (Gurgul et al. 2019). GBS libraries were created by lowering 
genomic complexities using restriction enzymes that might reach sequence capture-
inaccessible areas. In barley (Oregon Wolfe Barley) and maize (IBM) recombinant 
inbred line (RIL) populations, 25,000 and 200,000 sequence tags were identified, 
correspondingly (Aggarwal et al. 2021; Favre et al. 2021). Organisms without a full 
genome sequencing may construct a reference map around restriction sites during 
sample genotyping. By using GBS method, the CIMMYT Global Maize Program 
(CIMMYT-GMP) is using high-density genotyping to enhance distinctive features 
(Singh 2017). Numerous billion data points already have been created on significant 
germplasms. System optimization is improving SNP calls and reducing lost data 
points (Romay 2018). Also, in coming years, chip or GBS-based genotyping will 
rely on their cost for genotyping and associated data storage, analytics, and distribu-
tion systems. The genetic sequencing of B73 and Palomero, a Mexican popcorn 
landrace, is crucial milestones in maize genetic studies, having considerable signifi-
cance for comprehending maize genome structure and evolvement and formulating 
ways to use genetic data in maize development (Roorkiwal et al. 2020). Palomero’s 
genomes are 22% (140 Mb) smaller than B73’s and contain many unknown sequence 
data, indicating a massive number of undiscovered genes. As sequencing grows 
more cost-effective and faster, resequencing is replacing genotyping. For 
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evolutionary, biodiversity, and genomic investigations, maize and rice have under-
gone large-scale resequencing (Huanca-Mamani et al. 2018; Singh et al. 2022).

Maize haplotype map (HapMap) is the first of its kind. The genome of 27 maize 
inbred lines was characterized by substantially different haplotypes (Alekya et al. 
2022). The specific marker-based mapping may be replaced with haplotype-based 
mapping to boost mapping power and find particular genotypes in genes or allele 
combinations at various loci that correlate to the identical targeted trait (Gupta et al. 
2019). Additionally, to next-generation genotyping and sequencing, maize has vari-
ous mapping populations as global maize genetic resources. The maize nested asso-
ciation mapping (NAM) population, with 5000 RILs, is a recent genetic resource 
(Nepolean et  al. 2018; Tran et  al. 2020). The NAM population integrates QTL 
(quantitative trait loci) mapping with association mapping to identify genes under-
lying complex characteristics. The NAM RILs (nested association mapping, recom-
binant inbred lines) represent global maize genetic variability, allowing researchers 
to explore genes related to numerous phenotypes, notably biotic, and abiotic stress 
resiliency (Scott et al. 2020; Wani et al. 2022).

5.4 � High-Throughput and Precision Phenotyping

Developments in phenotyping help increase grain breeding efficiency by using 
high-throughput genotyping. Phenotyping has developed from relying primarily on 
direct assessment of target characteristics (e.g., grains production) during stresses in 
analytical breeding for abiotic resilient crops to remote phenotyping (Bhat et  al. 
2020). Remote sensing may imply whole-plant growth, water availability, or crop 
production. HTPP analyzes plant attributes to determine phenotypic traits. Such 
systems can forecast genotypic success in diverse climatic situations (particularly 
when “buried factors” are included in monitored investigatory environments (Ross-
Tremblay 2020). Plant temperature, spectral reflectance, and canopy structure may 
be measured all across the life cycle of the crop. The CIMMYT International Maize 
Program is working to define field variance at significant phenotyping locations 
globally and enhance field-based maize germplasm phenotyping (Prasanna et  al. 
2021). This comprises non-destructive biomass calculation with NDVI (normalized 
difference vegetation index), soil moisture monitoring with neutron probes/TDR 
(time domain reflectometry), chlorophyll content with a SPAD (soil plant analysis 
development) meter, canopy behavior with infrared thermography, etc. (Fukuda 
et al. 2018; Brewer et al. 2022).

5.5 � Doubled Haploid Technology

Doubled haploid (DH) technique helps to introduce unique germplasm into elite-
breeding programs. DH plants are generated whenever haploid cells are subjected to 
chromosome duplication, whether naturally or through chemical modification, 
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enabling a single round of recombination to produce a homozygous line (Blary and 
Jenczewski 2019; Kariyawasam 2021). DH promotes “forward breeding” and 
allows for an initial look at the possibilities of emerging lines, offering better infor-
mation about their environmental adaptation prior to them being completely 
assessed and utilized for hybrids creation and commercial farming (Jiang et  al. 
2020; Maqbool et al. 2020). The maternal haploidy-based DH technique in maize 
may boost line development efficiency by lowering the duration of homozygosity 
from 7 to 2 seasons. In maize, spontaneous chromosomal duplication proved inef-
fective for breeders. In the past 10–15 years, commercialized maize breeding pro-
grams in North America, Europe, and most lately China have used DH technique 
(Andorf et al. 2019; Uliana Trentin et al. 2020). Eighty percent of commercialized 
maize breeding operations use DH technique. Since 2007, the CIMMYT 
International Maize Program has worked with the University of Hohenheim, 
Germany, to optimize DH technology for tropical/subtropical maize growing condi-
tions (Chaikam and Prasanna 2020). CIMMYT Maize Program is phenotyping this 
DH population at different places globally for water stress, temperature, and poor 
nitrogen resistance (Trachsel et al. 2019). CIMMYT and IITA (The International 
Institute of Tropical Agriculture) built abiotic stress phenotyping and breeding net-
works for maize in eastern and southern Africa, including high-density genotyping 
and bioinformatics services. CIMMYT creates similar partnerships throughout Asia 
and Latin America, five genetic methods, and approaches for developing climate 
cereals, including inducement costs and rates of inducer line upkeep and seeds out-
put (Gedil and Menkir 2019; Prasanna et al. 2021).

6 � Future Maize Germplasm Adaptations

Within the past two decades, global firms have issued a variety of breeding products 
using molecular breeding, along with transgenic and marker-assisted selection 
(MAS) techniques (Prasanna et al. 2020). However, evidence concerning the size, 
nature, and scope of these initiatives is scant. Maize, barley, wheat, rice, and pearl 
millet have MAS-derived cultivars and advanced lines with better seed quality 
(Prasanna et al. 2021). MAS seems to have been effective in boosting seed quality 
and resistance to disease. Governmental maize organizations in underdeveloped 
nations have issued few MAS-bred cultivars. Five excellent maize lines in India are 
resistant to turcicum leaf blight and polysora rust (Ranganatha et al. 2021). MAS 
has shown its promise as a technique to help traditional genetic modification of 
crops, despite few examples of its usage in plant genetics. Still many effective 
implementations are likely to present but are exclusive to commercial-breeding 
global businesses (Boudry et al. 2021).

Biotechnology has improved grain productivity. CIMMYT began a maize breed-
ing initiative in Southern Africa in 1997 to boost productivity in minimal resources, 
and water stress zones (Grote et al. 2021). Maize cultivars were designed for opti-
mum, poor N, and drought-managed environments. All CIMMYT hybrids 
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outperformed commercial checks. CIMMYT hybrids demonstrated a 40% produc-
tion benefit over commercialized cultivars during severe water-deficit conditions 
(Worku et al. 2020). Water stress-resilient Maize for Africa has enhanced phenotyp-
ing capacity in ESA (Eastern and Southern Africa) from 6 to 35  ha since 2006 
(funded by the Bill and Melinda Gates Foundation). It has contributed to raising 
maize’s water stress resistance (Yahaya and Shimelis 2022). New drought-tolerant 
hybrids exhibited a 35% yield advantage over farmers’ cultivars in ESA under low 
(3 t ha−1) yield circumstances. The top variant (CZH0616) generated 26% more than 
the leading commercial cultivars. These findings show how maize modification may 
boost productivity under harsh conditions (Bekele 2020).

A 2 °C rise in temperature would reduce maize production beyond a 20% fall in 
moisture, according to The European Space Agency modeling (Rigden et al. 2020). 
Since CIMMYT started a maize drought-breeding program in Mexico in the 70s, 
maize germplasm was evaluated under a variety of conditions, such as a warmer 
temperature (Sheikh et al. 2017). This program’s drought-tolerant maize exhibited 
a better heat tolerance due to indirect selection for heat exposure. In ESA, drought-
tolerant maize improvement did not account for warm temperatures till the present 
(Nelimor et al. 2020). Analyzing maize strains from CIMMYT and IITA breeding 
projects in conditions with high temperatures found ESA maize germplasm was 
vulnerable to drought and heat stress at extremely high temperatures (Prasanna 
et al. 2021). These findings show that ESA’s maize breeding system should include 
high-temperature conditions. Heat exposure resistance breeding involves the under-
standing impact of temperature on maize development and growth and genetic 
diversity for desired characteristics (Nelimor et  al. 2020). Extreme heat reduces 
maize development period, absorptivity of light, and reproduction rate. Delaying 
sowing could be employed to evaluate for heat stress tolerance by exposing plants 
to extremely high temperatures between important development phases (Xia et al. 
2021). By utilizing this strategy, researchers found considerable genetic diversity 
for heat tolerance in subtropical and tropical maize, showing conventional breeding 
might improve heat tolerance (Prasanna et al. 2021).

Maize production declines increased in Southern Africa over 30 °C during water 
stress. By the turn of the era, carbon dioxide might double (Muluneh 2020). Rising 
carbon dioxide level will accelerate photosynthetic activity in C3 plants, while in 
C4 plants, including maize, photosynthesis is peaked, and higher Carbon dioxide 
levels will make no influence (Éva et al. 2019; Tan et al. 2021). By partially closing 
stomata, increased Carbon dioxide lessens transpiration and enhances efficiency of 
water use. Partial stomatal closure may boost soil water availability and postpone 
water stress, but it might also raise canopy temperatures (Luan and Vico 2021). 
Higher temperature and water stress are predicted to rise in northern Namibia, 
northern Botswana, Southern Zimbabwe, and SSA (sub-Saharan Africa) and maize 
fields are likely to suffer from extreme heat amid water shortages. Another latest 
evidence on maize demonstrated that resistance to simultaneous water stress and 
extreme heat is genetically unique than resilience toward each condition separately 
(Nelimor et al. 2020; Malenica et al. 2021).
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Twenty percent of manmade GHGs seems to be from agribusiness. Excessive 
fuel usage, farming equipment, fertilizer, and irrigation increase emissions of car-
bon dioxide (Panchasara et al. 2021). Conservation agriculture (CA) may decrease 
GHG emissions and enhance carbon sequestration, mitigating global warming 
(Balafoutis et al. 2017). SSA’s (sub-Saharan Africa) maize cultivation techniques 
are rainfed, depend on the animal drive or human soil preparations, and consume 
relatively little fertilizers (Bationo et al. 2018). Therefore, in the territory, adapt-
ability might be more crucial than remediation. Improved maize cultivars with 
enhanced resilience to high temperature and water stress will help SSA respond to 
climate change, but maize production remains among the smallest on the globe 
(Abegunde et al. 2019). Maize modification alone cannot boost present yields and 
mitigate future production losses from changing climate and increasing climatic 
fluctuation (Zougmoré et al. 2018). Growing period heat may not surpass the crite-
ria for tropical and subtropical maize until 2050, but rising temperatures might 
increase plant evapotranspiration, rising plant’s watering need, and limiting soil 
moisture availability to plants (Malhi et al. 2021). Enhanced soil moisture condition 
may shield crops from moisture stress during irregular rains and lessen drought 
intensity. CA reduces soil loss via tillage, conserving leftovers, and rotating crops. 
CA improves groundwater recharge, reduces evaporation, and reduces water over-
flow (Jovanovic et al. 2020; Bogati and Walczak 2022). CA increases soil water, 
according to much research. CA increased maize grain production by 1.8–2.7 times 
during moderate water stress. CA’s greater level of soil water might shield maize 
productivity versus prolonged water stress situations (Hafez et al. 2021).

7 � Farmers’ Approaches for Lowering Climate Impacts

Climatic change and rising weather events have a smaller influence on producers’ 
lifestyles since they are dynamic “agents” whose approach, and experiences deter-
mine advancement inside the limitations of their resources and knowledge (Rolnick 
et al. 2022). Farmers have devised adaptive mechanisms to deal with yearly fluctua-
tions of rain. Changing climate may affect farmers’ decisions and cultivation strate-
gies (Abid et al. 2019; Rolnick et al. 2022). Detailed the kind of measures farmers 
use to move up in the world. By using this framework, the following are living 
development solutions for poor farmers facing environmental problems 
(Alreshidi 2019):

•	 Family enhances economic or physiological output of present growth dynamics, 
e.g., growers boost productivity by using external inputs such as irrigation and 
better breeds of crops they traditionally cultivate and by adopting water-
conserving land management methods like the CA (Mustafa et al. 2019).

•	 The strategy allowed producers to increase revenue or avoid financial unpredict-
ability by entering fresh or existing marketplaces. This includes innovative prod-
uct farming and on-farm processing to increase value. In poor nations like SA, 
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this could involve shifting from maize to millet and sorghum. Considering 
smaller growth cycles and lower water needs, growers preferred maize (Reardon 
et al. 2019).

•	 Expanding their acreage or livestock increases farmers’ earnings or assets. The 
extension could occur by restructuring, amassing of discarded farmland, or clear-
ance of underutilized areas (Marewo 2020).

•	 Seasonal or long-term off-farm work helps farmers boost agricultural profitabil-
ity. The earnings might be applied to agricultural or family expenses 
(Gautam 2017).

•	 Farmers depart agribusiness when they switch to some other agro-ecosystem or 
perhaps a nonfarming career. Climate change causes movement of people. 
Concerning farmers’ adaptability approaches, plant genetics will serve a signifi-
cant contribution (Altieri et al. 2015).

8 � Challenges for Farmers’ Access to Enhanced Germplasm

In certain circumstances, impoverished farmers have barriers to adopting modern-
ized breeds, yet they normally cannot adopt better germplasm. However, poor farm-
ers’ limited property sizes hinder genuine poverty alleviation (Rodríguez et  al. 
2016). Adaptation is dispersed across a very limited area to affect earnings, although 
if better cultivars offer higher production. It is unclear whether impoverished farm-
ers did not accept modern verities (Hayton 2020). Several poverty-related indicators 
correlate strongly with adaptation. Having access to credit and information is 
important in several research. Many researchers have emphasized land-owning 
sizes, although not everything, but mostly failed to correlate effects size with aver-
aged or distribution of low holdings. Therefore, the middle classes land-owning 
impact is seldom analyzed (Combs et al. 2021; Foster and Rosenzweig 2022).

Adaptation is often linked to better results. Poor farmers do not have enough 
property to generate yield growth into high meaningful profit gains. This verifies the 
conclusions of those who ask what more property is needed to eliminate poverty 
given yield/income impacts (Gosnell et al. 2019). Even with small direct financial 
improvements, alternative paths are crucial. Small-holding poor workers may ben-
efit from technology-driven labor supply. Limited areas of high-nutrient variety 
may offer essential nutrients, particularly for malnutrition populations (Alwang 
et al. 2019).

Studies demonstrate a considerable decrease in household poverty linked with 
adaptation, although when adaptation is prohibited. Considering the very minor 
direct impacts, such magnitudes are unlikely to be practical and indicate challenges 
with clear descriptions (Masten 2018). Farm productivity improvements are virtu-
ally exclusively responsible for short-term poverty reduction benefits. Property 
building or other variables may enable adopting growers to have greater wealth 
increases than the production benefit predicts, but the investigator must uncover the 
link (Fuglie et al. 2019; Jayne et al. 2019). Modest productivity increases in narrow 
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sectors slow property buildup. The rate of poverty is a societal construction; usually, 
policymakers care about population-wide consequences (Turner et al. 2018). Direct 
revenue increases reduce poverty among farmers (producing a particular crop) and 
technology-adopting growers, according to surveys. Even huge declines in sub-
population poverty are generally correlated with decreased countryside (national) 
poverty (Carter et al. 2019; Martey et al. 2020).

This chapter concluded: The amount of domestic economic consequences is sub-
stantially facilitated by the geographical range of innovation adaptation in the fields.

9 � How Many Farmers Will Use Climate-Resistant 
Innovations in 2030?

Changing climate may intensify, exacerbate, or diversify various potential conse-
quences. High temperatures, water shortages, high temperatures, floods, insects, 
herbs, and infection are important hazards to crop yields (Altieri and Nicholls 
2017). A farmer’s climate resilience is characterized by his/her ability to predict, 
withstand, and retrieve against environment disturbances, as well as adjust and 
become less susceptible and more robust (Appiah and Guodaar 2022). To ensure 
worldwide food security by 2030, it is important to determine what percentage of 
farms are climate-resilient. Small-scale farmers are especially susceptible to a 
changing environment because they have fewer assets and fewer opportunities for 
education, technology, wealth management, and support systems (Nyasimi et  al. 
2017). Some with less economic choices and those who are excessively skilled are 
less climate-resilient. Climatic adaptability depends on local climate hazards, agri-
cultural techniques, and agricultural inputs (Table  8.2). Numerous contributors, 
including the UK and USA, are measuring resilience as a novel guidance efficiency 
criterion (Srivastav et al. 2021; Osumba et al. 2021).

Human nutrition will likely be generated by 750 million farms in 2030, an 
increase of 200 million small-holder farmlands (Singh 2019). A proportion must 
embrace climate-smart farming to secure food security worldwide despite increas-
ing climatic stressors resulting from climate change. Adoption rates for many inven-
tions have been approximately 1% every year during the preceding 15  years 
(Burchfield et al. 2020). Trying to recreate and adopt proven climate-smart tech-
niques and technology can help small-holder farmers become more resilient. This 
entails establishing support from the public for inclusive public-private partnerships 
and effective extension programs to reach rural and deprived regions (Wally 2021).

10 � Conclusions

Maize is among the three most essential cereals for food supply. Maize is a key ele-
ment in animal feed in several industrialized and growing nations in Latin America 
and Asia. Rising requirements for animal supplies and altered diets in emerging 
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Table 8.2  Biotic and abiotic stress-resilient populations in Asia

Populations Trait Method/Strategy Region Reference

WE 2101, WE 2103, WE 
2104, WE 2106, WE 2114, 
WE 2115, PAN 67, UH5051, 
UH5052, UH5053, MM3,

Early maturity, 
yield

Modern 
conventional 
methods

East 
Africa, 
Asia

Simtowe 
et al. (2019)

AMDROUT1-AMDROUT4, 
AMDROUT5 × 6, 
MARS7-MARS12

Drought, 
Genetic gains 
per year

Genomic selection Asia Vivek et al. 
(2017)

Hybrid TA5084 Yield Gene introgression Southeast 
Asia

Zoetbrood 
(2022)

MPS6, MPS5, MPS4, MPS3, 
MPS2, MPS1, and HSBC

Heat RCGS (rapid-cycle 
genomic selection)

South 
Asia

Das et al. 
(2021)

GDRM-187 Extra-early 
maturity

Participatory plant 
breeding

Asia Sahoo and 
Sanadya 
(2020)

BRS4154, MPS-A, MPS-B 
WLS, and WLCY

Waterlogging Modified 
stratification 
method of 
phenotypic 
recurrent selection

Asia Prasanna 
et al. (2021)

nations may quadruple maize consumption by 2050. Climate change complicates 
efforts to close the yield gap and increase output by breeding new high-yielding 
cultivars in many emerging economies, whose harvests stay low. Sustainable maize 
production improvement will need comprehensive techniques that help preserve 
existing production and boost crop productivity during unpredictable and dynamic 
environment. Asia’s Green Revolution reveals that technology itself will not resolve 
the issue. Significant private- and public-sector investments and continuous political 
engagement are required to promote crop varieties and advances in seeds and feed-
stock supply chain networks. All of this will boost farmers’ access to better seeds 
and equipment, along with crop management approaches that preserve soil quality 
and deal with extreme climate. Modern extensions and consulting mechanisms are 
required to help farmers understand, not just provide supplies. Small-holder maize 
producers in Asia, Latin America, and Africa will find extreme weather problematic.

The significant issues for the international scientific community are (a) to gener-
ate high-quality phenotypic data in breeding programs and integrating it with 
advanced methods and technologies, such as high-density genotyping data, doubled 
haploidy, and decision support tools, for the rapid evolution of sustainable and resil-
ient germplasm; (b) to better understand the effects of climate change on cropping 
systems in various territories; and (c) to closely monitor climate crisis. Genetic 
engineering has lowered greenhouse gas emissions, sequestered carbon, generated 
cleaner fuels, developed stronger crop types, and lowered synthetic fertilizers usage. 
These methods have increased agricultural output and protected biodiversity and 
ecosystems. More research is needed to establish the vulnerability reduction advan-
tages of climate-tolerant maize on critically poor farmers, although evidence is 
emerging out that it increases productivity, reduces uncertainties, and increases food 
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and nutrition security. Developing seeds firms in LatAm, Asia, and SSA must be 
developed to be even more market-oriented and competitive to offer small farmers 
inexpensive climate-tolerant enhanced seeds.
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Chapter 9
Climate Resilience Technologies  
for Wheat Production

Zahoor Ahmad, Ejaz Ahmad Waraich, Celaleddin Barutçular, Aiman Hina, 
Asim Abbasi, Muhammad Mohiuddin, Inzamam Ul Haq, 
Muhammad Ashar Ayub, and Sundas Sana

Abstract  Climate change has greatly influenced overall agricultural production. 
Pakistan is an agricultural economy, and agriculture is the source of income for the 
majority of the population. Unfortunately, agriculture is most sensitive to climatic 
irregularities because drought, salinity, and heat stress are major causes of yield 
decline in both major and minor crops. This chapter provides useful insights regard-
ing strategically utilization of the most recent research findings to speed up the 
development of wheat genotypes having resistance against climatic irregularities. 
The recommended strategies discussed in this chapter develop a link between trans-
lational research and breeding strategies. This chapter also addresses research gaps 
which together are anticipated to enhance wheat yield particularly under heat and 
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drought stress. In addition to meet the demand of local growers, breeders must 
ensure the release of improved varieties having wider adaptation to support the effi-
cacy of selection program. The genotype × environment interactions (GEI) are 
directly or indirectly linked to the existing biotic and abiotic stresses, soil 
nourishment status, agronomic practices as well as genetic composition of any crop. 
In order to enhance the efficiency of different breeding strategies, understanding the 
basis of GEI is prerequisite. Furthermore, modeling techniques that take into 
account environmental and genomic data could be used to locate genetic locus 
underlying stability across multiple locations and abiotic stress response. In addi-
tion, the technique of crop simulations will help to understand the fundamentals of 
GEIs and could be useful in predicting morphological characterization and growth 
trend in wheat genotypes when projected to various stressed of varying intensity. It 
is also possible to transfer genes between artificially hybridized and bread wheat by 
the backcrossing breeding method. By backcrossing with high-yielding wheat cul-
tivars, the breeder could obtain an upraise of 10–40% in yield of synthetic wheat 
even in drought and stress conditions. By using recombinant inbred lines (RILS) 
and near-isogenic lines (NILS), 1RS translocation lines of rye have demonstrated 
high levels of tolerance and greater biomass production under heat and stress condi-
tions. Similar to gene editing, gene cloning is also not very common in developing 
improved genotypes with better adaptation options against stress. Additionally, the 
use and regulation of genome edit technologies such as CRISPR/Cas9 system are 
still in ambiguity which has made it difficult to integrate such technologies into 
breeding program with an international focus.

Keywords  Climate resilience · Wheat · Genomic technologies · Drought · Heat

1 � Introduction

Climate change poses a significant threat to wheat production, as it leads to unpre-
dictable weather patterns and increased incidence of extreme weather events such as 
droughts and floods. Different climate variables have varying impacts on different 
crops and regions. Recent years have seen an expansion of grain-sown area and 
increase in grain production due to increased heat caused by climate change 
(Pickson et al. 2020; Yang et al. 2015). However, high temperatures can negate the 
positive effects of increased rainfall and CO2 concentrations on crop production in 
certain areas (Malhi et al. 2021; Dai et al. 2018). Climate change also negatively 
impacts grain production by increasing the occurrence of pests and diseases, short-
ening crop growth cycles, and increasing the frequency of extreme weather events 
(Wang et al. 2021; Chen et al. 2018).

To mitigate these impacts and ensure the continued productivity of wheat crops, 
farmers are turning to a range of climate resilience technologies for ensuring food 
security and sustainable agricultural practices in the face of increasing climate vari-
ability and extreme weather events. These technologies include a range of genetic, 
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agronomic, and management practices that can help farmers adapt to changing con-
ditions and protect their crops from the effects of drought, heat, and extreme weather 
(Bei et al. 2022; Belton et al. 2021; Jiang et al. 2020).

One technology that can help to increase the resilience of wheat crops to drought 
is the use of drought-tolerant wheat varieties. These varieties have been bred to have 
deeper roots, better water-use efficiency, and improved tolerance to high tempera-
tures (Bapela et al. 2022). Crop rotation is another farming practice that can help to 
increase the resilience of wheat crops to the impacts of climate change. By rotating 
crops, farmers can improve soil health, reduce pest and disease pressures, and 
increase overall crop yields (Jalli et al. 2021). Climate-smart farming practices such 
as conservation agriculture, agroforestry, and the use of weather and climate infor-
mation in crop management can also help to increase the resilience of wheat pro-
duction to climate change. By adopting these practices, farmers can ensure that their 
crops are better able to withstand the impacts of extreme weather events and con-
tinue to produce high-quality wheat. Technologies such as precision irrigation and 
precision fertilization can help farmers use water and fertilizer more efficiently, 
which can be especially important in regions that are becoming drier or more water-
stressed due to climate change. For example, a study found that precision irrigation 
led to higher wheat yields and reduced water use in a region that was experiencing 
drought (Djanaguiraman et al. 2020).

Climate-resilient wheat breeding using precision breeding, genome editing, and 
gene editing can also help to breed more resilient wheat varieties that can adapt to 
the changing climate. This chapter highlights these technologies and discusses their 
role to ensure that wheat crops are better able to withstand the impacts of extreme 
weather events and continue to produce high-quality wheat (Gul et al. 2022; Abbas 
2022; Zhang et al. 2022). These practices are essential for ensuring food security 
and sustainable agricultural practices in the face of increasing climate variability 
and extreme weather events.

2 � Climate Change Trends and Their Impact 
on Agricultural Productivity

Climate consists of complex structures with spatiotemporal dynamics. Naturally, 
the earth’s sphere constantly remains in a variable and unstable state, experiencing 
various configurational dimensions which cause irregularities in climatic condi-
tions. It is stated that the existing climate is different compared to the Mesozoic era 
and is continuously undergoing changes (Mac et al. 1998). Intergovernmental panel 
on climate change (IPCC) endorsed the side effects of climate change, namely, tem-
perature fluctuations, increased water flow from ice caps, and glaciers causing them 
to melt faster and unexpected rise in sea levels around the globe (IPCC 2007). This 
whole scenario has become a burning issue of every debate; therefore, several think 
tanks and people from different schools of thought are sitting together to find appli-
cable and universal preventive measures which can be adopted globally (IPCC 2007).
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Studies showed that climatic changes may be caused due to natural or man-
made factors, e.g., severe rainfall, deforestation, and extinction of natural flora 
and fauna due to urbanization. Sadly, all these factors are slowly damaging the 
natural ecosystem, destroying the natural habitat of animals, adding poisonous 
gases to human breath, and leading to an unhygienic place for living (Singh 
2007; IPCC 2007). According to the facts stated by several studies, excessive 
emission of toxic gases from fuel consumption has damaged and reduced the 
greenhouse effect which is not only risking human lives but also impacting the 
national economy and food security.

Pakistan is an agricultural economy, and agriculture is the source of income 
for the majority of the population. Unfortunately, agriculture is most sensitive to 
climatic irregularities because drought, salinity, and heat stress are major causes 
of yield decline in both major and minor crops (Deschenes and Greenstone 2007; 
Timmins 2006; Schlenker and Roberts 2006; Ashenfelter and Storchmann 2006). 
Therefore, underdeveloped nations are more vulnerable to the losses and dam-
ages caused by climatic aberrations, 8–11% more compared to developed nations. 
Furthermore, this devastating situation has also increased the cases of depres-
sion, theft, and anxiety among such nations (Alteiri and Nicholls 2017; Lesk 
et al. 2016).

Climate change brings lots of inevitable disasters, among them food insecurity is 
top-ranked. Among the 17 Sustainable Development Goals (SDG), the first and sec-
ond goals focus on no poverty and zero hunger, respectively. Considering these two 
goals, it is predicted to achieve zero hunger by the end of 2030 which seems impos-
sible to attain under the current circumstances of climate change as to statistics 
around 815 million population are suffering from malnutrition (Richardson 
et al. 2018).

The agricultural sector always endures heavy production losses, with each degree 
rise in temperate. Data have shown an instant decline in the yield of both commer-
cial and staple crops after a strong heat wave, flooding, or prolonged drought (Ito 
et al. 2018). The overall crop production is estimated to decline at a much faster rate 
than before because the temperature jumps from 2.6 °C to reached 4 °C (Rogelj 
et al. 2016). Moreover, the existing cropping pattern followed by the farming com-
munity is not enough strong to cope with the seventies of climate (Reckling 
et al. 2018).

Currently, the changes in rainfall patterns, temperature extremes, and increased 
insect pest infestation are paving the way for maximum crop production loss which 
will result in scarcity of basic food items (Dhanker and Foyer 2018; Campbell et al. 
2016; Kang et al. 2009). These fluctuations in temperature and expected decline in 
crop yield are leading toward the onset of World War IV which will be on the issue 
of food security. Therefore, improving and securing food grain should be the funda-
mental objective of future studies. This chapter discusses and highlights the dam-
ages caused by climate change and tried to suggest mitigation strategies to cope 
with the calamities caused by climate irregularities.
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2.1 � Temperature

Temperature elevations are one of the best methods to explain climate change 
because temperature fluctuations or extremes affect almost aspect of human lives as 
well as the national economy of every country (Rasul et al. 2011). For example, 
during the plant growth cycle, temperature balance is very critical as it influences 
the majority of the important growing and reproductive metabolisms. In the case of 
wheat, rice, sorghum, barley, and oats crops, the flowering stage is very critical. 
Under stress conditions, slight temperature changes can cause delayed flowerings or 
permanent sterility (Barnabás et al. 2008; Winkel et al. 1997; Saini and Aspenal 
1982). Similar studies reported about a 35–75% decrease in grain setting because of 
water scarcity (Sheoran and Saini 1996; Saini and Aspenal 1981). If the temperature 
rises to more than 35  °C, it causes hindrance in the process of photosynthesis 
(Griffin et al. 2004). In maize, heat stress is reported to impact antioxidant activity 
(Gong et al. 1997). According to a report, in Mexico, where Zea mays is the leading 
crop, it is predicted that in near future, overall crop production will decline by up to 
25.7%, among them maize would face more yield losses (Hellin et  al. 2014). 
Moreover, when both drought and heat stress are combined in cereal crops, it causes 
more yield loss and destruction (Wang and Huang 2004).

2.2 � Drought

The quality of the grain may alter significantly as a result of the water availability; 
the changes vary depending on whether there is too much or not enough water. 
Drought-affected plants have a lower photosynthetic activity which has an impact 
on grain production (Jiang et al. 2009; Ahmad et al. 2022; Bukhari et al. 2022). 
Proteins must build up in the grain to produce high-quality grain; however, the 
availability of water, a suitable plant-growing environment, and nutrient conditions 
have a significant impact on this process (Rodrigues and Teixeira 2010; Ahmad 
et al. 2021). According to Kobayashi et al. (2018), over a 115-day cycle, wheat used 
an average of 347.2 mm of water or around 3.02 mm daily. The consumption was 
0.70 mm day−1 during the establishment phase, 0.93 mm per day during the tillering 
phase, 2.21 mm day−1 during the booting phase, 3.74 mm per day during the bloom-
ing phase, and 2.12 mm day−1 during the grain maturation phase. Moreover, the 
critical times for water stress are the end of the tillering phase, the commencement 
of stem elongation, throughout head development, and the commencement of the 
blooming period (Sharma and Singh 2022; Yimere and Assefa 2022). Moreover, 
indeed, some tillers will not produce spikes if they experience water stress during 
the stem elongation period. Water scarcity during the milking stage of kernel growth 
also affects the yield of the wheat plant. Conversely, the vegetative development, 
which is often most impacted by the interruption of irrigation in the early heading 
stage, productivity was more vulnerable to stress during the emergence of the head 
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(Moreira and Cardoso 2009). In their study of water stress in four stages of develop-
ment (tillering, booting, grain filling, and physiological maturity), Zulkiffal et al. 
(2021) found that water stress decreased grain yield by 22.7% during the tillering 
stage, 41.6% during booting stage, and 9.1% during grain filling stage. As a result, 
the impacts of low water availability vary depending on the plant’s phenological 
stage, the length of the water stress, and its severity.

2.3 � Rainfall

Current climatic changes such as droughts, floods, cold and heat waves, and abrupt 
rainfall patterns significantly affect the output of field crops particularly those grown 
in areas (Olayide et al. 2016; Rasul et al. 2002). Among these climatic variations, 
rainfall is vital ecological factors that significantly affect crop yield, growth, and 
normal development. Mostly, smallholder farmers are the ones which are greatly 
affected by the uncertain rainfall patterns (Mar et al. 2018; Ndamani and Watanabe 
2015). Rainfall causes soil erosion which depletes soil nutrients and ultimately hin-
ders crop growth and yield (Zike 2019). Preceding crop patterns and future rainfall 
sequences significantly diminish wheat leaf area index, plant height, crop growth, 
and root colonizing arbuscular mycorrhizal fungi (AMF) (Tataw et al. 2016). The 
decline in seasonal rainfall is usually associated with decreased soil humidity which 
exerts pressure on soil moisture resulting in decreased plant growth and yield. 
Moreover, population and damage potential of certain crop pathogens are also 
affected with soil and air moisture contents. An upsurge in soil and air moisture is 
usually correlated with increased rainfalls which provide a conducive environment 
for growth of certain disease-causing pathogens (Coakley et al. 1999).

3 � Climate-Resilient Technologies for Enhancing Wheat 
Growth under Stresses

The recommended strategies discussed in this chapter develop a link between trans-
lational research and breeding strategies. This chapter will also address the existing 
research gaps which together are anticipated to enhance wheat yield particularly 
under different stresses, e.g., drought and heat (Reynolds et al. 2021).

3.1 � Crop Design Targets by Using De Novo Genome Assembly

Breeders must ensure that their varieties offer enough wider adaptation to support 
the investment and scope of their selection program while also ensuring that they 
fulfill the local needs of growers. Hence, plant breeders must find ways to maintain 
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a balance between crop yield and its adaption stability for a particular set of given 
ecological conditions, while ensuring that new crop cultivars should have the ability 
to withstand against multi environments. Hence, the process of crop improvement is 
very delicate and requires a lot of expertise, along with few difficulties. On top, 
selecting a suitable parent is a very crucial step in all breeding programs especially 
under multiple environments where environment interactions (GEIs) are an impor-
tant factor to consider as well. The genotype × environment interactions (GEI) are 
directly or indirectly linked to the existing biotic and abiotic stresses, soil nourish-
ment status, agronomic practices as well as genetic composition of any crop. In 
order to enhance the efficiency of different breeding strategies, understanding the 
basis of GEI is prerequisite (Reynolds et al. 2021).

3.2 � Screening of Stress-Resistant Germplasm to Refine 
Breeding Targets

Although major portion of wheat cultivated area is under severe threat of drought 
and heat, various wheat breeding programs still lack efficient screening protocols of 
wheat cultivars and usually utilize quite general drought and heat stress criteria 
(Braun et al. 2010). Moreover, various breeding programs are vulnerable to global 
climatic changing patterns. During breeding schemes, some important factors can-
not be ignored such as soil nutritional shortages or toxic effects, and biotic stressors, 
because if not correctly detected, it may compromise the genetic gain and under-
standing of molecular and biochemical mechanism of stress adaption (Mathews 
et al. 2011; Bagci et al. 2007).

As a result, elucidating the various stress profiles to which wheat must respond 
such as acquiring morphological and adaptive features and improved yield of a 
specific area. Screening of significant genotypes depicting resistance against 
drought and heat under severely stress affected areas along with diverse range of 
ecological conditions (Opare et al. 2018; Ramírez-Villegas et al. 2011). A few char-
acteristics with maximum response toward GEIs could be used to draw information 
about the combined effect of phenological and physiological dataset as well as 
weather forecasts, soil type, and required agronomic practices could also be pre-
dicted (Reynolds et al. 2004). This method allows the identification of molecular 
markers that are related to tolerance to certain stress profiles, as well as the primary 
consequences of high temperatures and/or drought (Messmer et al. 2009). Selective 
trialing may go further in terms of exact phenotypic expression, critical physiologi-
cal features, and accurate environmental characterization; however, it is only pos-
sible to do so at a limited range of locations based on the resources available. 
However, the results of this research may be utilized to improve the methods for 
data acquisition, which will allow the fundamental issues of GEI to be solved on a 
much broader scale.
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3.3 � Prediction of Phenological Wheat Growth under Drought 
and Heat Conditions

Genotype × environment interactions have strong impact on plant development and 
number of grains produced (Reynolds et al. 2020). The technique of crop simula-
tions will help to understand the fundamentals of GEIs and could be useful in pre-
dicting morphological characterization and growth trend in wheat genotypes when 
projected to various stressed of varying intensity (Wallach et al. 2021). In crops, 
extreme temperature always influences the heading stage, grain filling duration 
whereas unavailability of water causes decline in nutrient intake of crop and eventu-
ally affects crop growth which is detrimental to crop production. Therefore, use of 
global girded crop models (GGCM) combining the crop and climate simulation 
models is suggested to lessen the crop production losses. The consortium was devel-
oped between three members, namely, University of Florida (UF), International 
Food Policy Research Institute (IFPRI), and CIMMYT. This consortium established 
the three global gridded crop models (GGCM) in wheat (NWheat, CROPSIMCERES, 
and CROPSIM) with the idea to increase the spatial modeling capability of wheat to 
assess any climatic irregularities (Pequeno et  al. 2021; Hernandez-Ochoa et  al. 
2019; Gbegbelegbe et  al. 2017). Similarly, another crop simulation technique, 
namely, the mink system is also reported to use in agriculture (Robertson 2017). 
Recently, CIMMYT’s high-performance computer clusters have also been using 
this technology to execute analyses of time period between 1980 and 2010 to calcu-
late the net worth of these 30 years and at the same time to predict future climatic 
conditions during 2040–2070 (Pequeno et al. 2021; Lopes et al. 2018; Asseng et al. 
2002). It is hoped that the use of these simulation models would help in better defin-
ing of future breeding targets by considering the environmental factors, crop devel-
opment, and growth directions and important introgression of important traits that 
contribute adaptation and stability.

3.4 � Introgression of Climate-Resilient Genetic Materials 
from Landraces

The hexaploid wheat developed by hybridizing Triticum durum (AABB) × Aegilops 
tauschii (DD) has demonstrated the ability to survive under the extreme environ-
mental condition which was contributed from the wild diploid ancestor A. tauschii 
(Zhang et al. 2018; Elbashir et al. 2017; Sohail et al. 2011; Trethowan and Mujeeb-
Kazi 2008; Chevre et  al. 1989; Kihara and Lilienfeld 1949). Therefore, without 
interfering with naturally occurring meiotic division, it is also possible to transfer 
genes between artificially hybridized and bread wheat by the backcrossing breeding 
method. By backcrossing with high-yielding wheat cultivars, the breeder can obtain 
a raise of 10–40% in yield of synthetic wheat even in drought and stress conditions 
(Cossani and Reynolds 2015; Lopes and Reynolds 2011; Narasimhamoorthy et al. 
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2006; del Blanco et  al. 2001). To date, almost 85 synthetically developed wheat 
have been approved for general cultivation and are growing on more than 6% of 
field area in India (Aberkane et al. 2020). Wild relatives of bread wheat are blessed 
with the indispensable rich source of elite genetic materials conferring resistance 
against biotic and abiotic stresses and for improved yield. For instance, the transfer 
of the Thinopyrum 7E gene increases the 13% wheat yield (Reynolds et al. 2001).

Similarly, the introgression of A. ventricosa and 1RS translocation Rye is the 
most successful examples of working collections in CIMMYT during the early 
1980s (Juliana et al. 2019; Sharma et al. 2009; Braun et al. 1998; Singh et al. 1998). 
By using recombinant inbred lines (RILS) and near-isogenic lines (NILS), 1RS 
translocation lines demonstrated high levels of tolerance and greater biomass pro-
duction under heat and stress conditions (Sharma et al. 2018; Pinto and Reynolds 
2015; Hoffmann 2008; Zarco-Hernandez et al. 2005; Ehdaie et al. 2003; Villareal 
et al. 1995; Schlegel and Meinel 1994; Ludlow and Muchow 1990). Conversely, 
1RS was reported to decrease grain production under water deficit conditions which 
show the influence of genotype × environment interactions (Tahmasebi et al. 2015; 
Peake et al. 2011). Several translocation lines have been created overall, but because 
of their history and agronomically undesirable traits, they have not been used in 
wheat breeding (Hao et al. 2020; Kishii 2019; Friebe et al. 1996).

Almost 10% of the wild relatives that have been captured are likely to have been 
employed in interspecific crossing also, few of them are examined to assess genetic 
variation linked to a trait that may increase yield or climate resistance (Hao et al. 
2020; Kishii 2019; Friebe et al. 1996). Any Aegilops species can be used to create 
new amphidiploids, which are diploid hybrids to discover novel sources of resis-
tance in addition to creating synthetic hexaploid kinds of wheat. Additionally, cyto-
genetics that is currently being expedited by the marker is a very efficient and 
uncontroversial method for transferring genes between related species to create 
superior lines technology (King et al. 2017).

3.5 � Application of Phenomics for Selection of Elite Parents

The foundation of plant breeding is phenotyping, and the effectiveness of using 
genomic technologies is based on how well and how pertinently phenotyping is 
done. Rigid phenotyping must support genetic and physiological understanding to 
speed genetic gain, particularly using new genetic material into new crossing 
schemes (Reynolds et al. 2020; Molero et al. 2019; Rebetzke et al. 2018). Current 
breeding stock is the most readily available and rich source of genetically diverse 
germplasm for multiple stress-tolerant/resistant/adaptive characteristics. It is inter-
esting to note that choosing parents among advanced breeding lines does not yet 
typically involve comprehensive physiological or genetic dissection (Rai et  al. 
2018; Varshney et al. 2018; Crain et al. 2018). Hence, advances in field phenotyping 
have made it possible to choose adaptable features at a breeding level and have 
eliminated inherent biases associated with dependence on spatial evaluations.
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Although these qualities can contribute to breeding for certain conditions, they 
are also prone to genotype × environment interactions (GEI), namely, crop yield 
(Reynolds and Langridge 2016; Richards 2006). It is obvious from the significant 
efforts of corporate and public sector breeders of adapting high-throughput pheno-
typing (HTP), for effective and accurate selection (Roitsch et  al. 2019; Gaffney 
et al. 2015).

Use of distant remote sensing technologies may help to morphologically charac-
terize crops at reproductive stages in an eco-friendly manner which could help to 
increase the effectiveness of HTP (Araus and Kefauver 2018; Araus and Cairns 
2014). Moreover, high throughput is also considering for precise and accurate phe-
notyping of few traits which are difficult to estimate via HTP (Reynolds et al. 2020; 
Molero et  al. 2019; Reynolds and Langridge 2016; Richards et  al. 2010). Field 
phenotyping technologies have proliferated recently and yet only a few numbers 
have been demonstrated to be effective before and during breeding procedures 
(Araus and Kefauver 2018; Araus and Cairns 2014). Using various spectral reflec-
tance indices, remote sensing may be used to quantify the expression of attributes 
conferring stress adaptability, namely, earliness, vigor, biomass production, pig-
mentation, and water intake capacity of plants.

In addition to performing geographically and temporal growth analyses, few new 
methods, namely, low altitude RGB (red, green, and blue) images have been 
employed to calculate vegetation cover and phenological assessment. Hence, more 
precise phenotyping protocols must be established to discriminate between perti-
nent traits during different phases of breeding schemes and translational research. 
These protocols must take into account considering other factors as well such as day 
time, crop development stage weather, and environmental conditions while collect-
ing data along with mode of cultivation (Reynolds et al. 2020). Root vigor and depth 
play a pivotal role in dealing with heat and drought, making them essential traits. 
Substantial progress has been made in high-throughput phenotyping technologies 
that rely on imaging principles. However, it’s worth noting that these technologies 
often demonstrate their effectiveness primarily in controlled environments. 
Excavating roots for visual inspection or measuring plant DNA extracted from soil 
samples remain the only effective screening method under field conditions, although 
they have a low processing capacity (Pinto and Reynolds 2015).

3.6 � Prediction of Root Features by Developing Selection Index

Currently, in breeding populations, root capacity cannot be taken into serious con-
sideration due to the lack of compatible screening technique with field. However, 
there is reason to believe that root capacity could be predicted by remote sensing 
methods thanks to a few examples (Pinto and Reynolds 2015; Lopes and Reynolds 
2010). A strong association has been observed between canopy temperature (CT) 
with root mass under drought and heat stress conditions (Pinto and Reynolds 2015) 
which suggests the possibility to establish a screening protocol of root on the basis 
of remotely sensed characters, which could generate root index. This advancement 
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could enhance the selection procedure for root characters and could be used in tra-
ditional wheat breeding schemes. In addition to CT, other features such as water 
index (WI), carbon isotope discrimination (CID), and oxygen isotope enrichment 
could be useful for extracting further necessary information (Gutierrez et al. 2010; 
Cabrera-Bosquet et al. 2009). Furthermore, shoot biomass and WI represent strong 
correlation which could facilitate effective assessment of root capacity (Babar 
et al. 2006).

Under different stress conditions, root capacity can also be measured by calculat-
ing WI, CT water scarcity conditions, and then simulating all these factors together 
with oxygen isotope enrichment and CID. This data modeling will give total root 
biomass, estimates of root index, and root capacity; these findings could have sig-
nificant advantages for root research in general as well as other crops.

3.7 � Association of Rhizosphere with Genotype to Determine 
Abiotic Stress

The diversification of soil microbiome is strongly influenced by the plant genotype as 
well as the environment (Latz et al. 2021). The genetic composition and population 
size of the rhizospheric microbiota are also directly influenced by genetic characteris-
tics, e.g., root structure and composition, which vary greatly from one to another spe-
cies (Sasse et al. 2018; Schweitzer et al. 2008). There is a lot of interest in determining 
the effect of rhizosphere microbiota in enhancing overall crop development and 
growth such as nutrient transport in wheat (Azarbad et al. 2018; Ahkami et al. 2017; 
Donn et al. 2015; Yang et al. 2009). For instance, new research indicates that plants 
under drought stress alter the genetics constitution of root exudates for enhanced 
activity of microbes. As a reward, this can produce favorable post-drought circum-
stances brought on by plants, such as increased nutrient availability, for plant regen-
eration. Therefore, it may be assumed that specific genotypes with modified exudation 
patterns following drought events produce a microbiota to develop better resistance to 
drought conditions (de Vries et al. 2019). It raises few more questions such as when 
used in a breeding scheme, whether rhizospheric microbiota could be influenced by 
the association with specific genotype under stress conditions. One study in wheat 
answered to such question by showing significant association between host plant and 
phyllosphere (Bradáová et al. 2019; Hafez et al. 2019; Sapkota et al. 2015).

3.8 � Understanding of Genetic Mechanisms of Climate 
Resilience in Crops

For genetics studies, morphological characters such as plant height in wheat and 
soybean could be an under drought and heat stress conditions and provide useful 
dataset. These genetic mapping studies include nested association mapping (NAM) 
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and genome-wide association studies (GWAS). Quantitative trait loci (QTL) map-
ping can be used to describe and compile information on both well-known and 
unknown genetic areas associated to heat and drought adaptation. To achieve this, 
genomic areas from various mapping studies are matched to pan-genomes or refer-
ence genomes of wheat that are readily available, enabling comparisons between 
research at the level of physical position. By reviewing these comparisons, one can 
then detect hotspot segments or clusters that contain markers associated with stress, 
indicating that these markers have a crucial and consistent role in a range of genetic 
backgrounds and contexts. The results of meta-analysis studies could be used to 
compute global P-value using summary statistics across several GWAS data 
(Soriano and Alvaro 2019; Acuna-Galindo et  al. 2015; Griffiths et  al. 2009). In 
single meta-analysis studies, the estimates of single nucleotide polymorphism 
(SNP) depicted false-positive effects by using larger sample size (Joukhadar et al. 
2021; Montenegro et  al. 2017; Evangelou and Ioannidis 2013). CIMMYT has 
already released high-quality 08 wheat lines, highly adaptable to stress, in addition 
to that, next-generation sequencing profiles of hundreds of important breeding lines 
developed by CIMMYT are now accessible for further exploration. The aforemen-
tioned cross-cutting genetic and agronomic resources will be essential ancillaries 
for manipulating genetic materials, enabling a novel method of identification of 
alleles and the search for highly valuable useful variations. The promise of epi-
genetics is not explored in this chapter because it will require more knowledge than 
is now accessible to translate (Varotto et al. 2020). Similar to gene editing, gene 
cloning is also not very common in developing improved genotypes with better 
adaptation options against stress. Additionally, the use and regulation of genome 
edit technologies such as CRISPR/Cas9 system are still in ambiguity which has 
made it difficult to integrate such technologies into breeding program with an inter-
national focus.

4 � Conclusion

Climate change is bringing inevitable calamities to the earth’s sphere. These changes 
are increasing threats to food security and national economy. In Pakistan, wheat is 
consumed as staple crop; therefore, it is very important not only to improve yield 
but also to develop climate-resilient wheat varieties. Although conventional breed-
ing approaches have played significant role in the development of drought- and 
heat-resistant cultivars, still there is a dire need to take advantage of new technolo-
gies such as introgression of genes from wild species, identification of genomic 
spots harboring stable and elite QTLs, identification of candidate genes underlying 
these QTLs, and genetic manipulation of germplasm by using genome edit tech-
nologies to develop climate-smart wheat.
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Chapter 10
Improving Plant Nutrient Use Efficiency 
for Climate-Resilient Agriculture

Paramita Deb, Anwesha Mandal, Harendra, Suborna Roy Choudhury, 
Anupam Das, Swati Hazra, Arkabanee Mukherjee, Dibakar Ghosh, 
Shuvasish Choudhury, Subhas Chandra Santra, and Debojyoti Moulick

Abstract  As per the UN prediction, the world population is to surpass 9 billion by 
2050, so is the food demand by at least 70%. To meet this huge demand, the crop 
production must go hand in hand. It is anticipated that to meet the raised demand, 
the current production practices would invite anthropogenic stresses on our soil and 
biosphere. The leftover chemicals seep deep into the ecosystem risking human 
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health and triggering environmental degradation. This is even worsened with the 
extreme weather events in recent years, affecting farm production and the availabil-
ity of basic food grains at both the national and international levels. Apart from 
salinity, unpredicted severe droughts and floods hit the same region causing major 
problems for farmers, agricultural scientists, and extension workers. This leads to 
shortage of food grains and increase in price of food grains and inflation which in 
turn affects the farmers and poor communities the most. There is little chance to 
things getting better in the near future. Therefore, developing a climate-resilient 
agriculture (CRA) system is the need of the hour. CRA refers to combined use of 
natural resources in crop and livestock to attain sustainable productivity and income 
under varied climatic conditions. Most agricultural soils are deficient of more than 
one essential nutrients. Fertilisers and supplements are crucial in providing nutri-
ents and high yields. It is estimated that performance of these fertilisers has been 
50% or lower for N, less than 10% for P and 40% for K.  Nutrient efficiency 
decreases due to leaching, run off, gas emission, and nutrient fixation in soil. To 
increase the nutrient efficiency, the best nutrient management strategies should be 
adopted, depending on the source of nutrients, crop requirements, nutrient level, 
placement of nutrients associated with the crop, as also climate, soil, and several 
other factors.

Keywords  Nutrient use efficiency · Climate-resilient agriculture (CRA) · Climate 
change · Yield

1 � Introduction

Global population has quintupled through the last century (1.6 billion in 1900, 8.0 
billion in 2022) (UN 2017). There has been tremendous stress (biotic and abiotic or 
in combinations) on the agricultural sector to meet the sharp increase in food con-
sumption. Recent studies estimated an increase of 110% in global food production 
by next three decades to meet the increased demand (Stewart et al., 2005; Tilman 
et al. 2011). Scientific estimates proposed an increase of 1.4% in annual agricultural 
production (OECD 2018), while others estimated a need of 60% more cereal pro-
duction (FAO 2009) and doubling food demand (Glenn et  al. 2008; Baulcombe 
et al. 2009; Tilman et al. 2011) by 2050 to maintain the required food demand with 
the proportional increase in population (Choudhury and Moulick 2022). To opti-
mise the performance of our resource-limited planet, a significant improvement in 
nutrient use efficiency (NUE) coupled with better water use efficiency (WUE) is 
required to meet the elevated food requirement. Researches confirmed, to maintain 
the present level production with diverse conventional fertiliser application at a high 
rate for a longer period, resulted in low use efficiency, increased cost, and serious 
environmental issues (Wilson et al. 2008; Liu and Lal 2015).
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There is evidence of 200–300% expansion in synthetic fertiliser consumption 
between 1970 and 2010 (FAOSTAT 2013; Smith et al. 2014). Researches confirmed 
almost half the world’s population depends on nitrogenous fertilisers to sustain their 
production (Erisman et al. 2008; Smil 2002). China’s increased nitrogen fertiliser 
production by a factor of 39 between 1963 and 2015 (Luo et al. 2018) and 46% 
additional urea production between 2003 and 2013 (Heffer and Prud’homme 2016) 
also supports the claim. An increased prediction in annual fertiliser demand (1.5% 
of N, 2.2% of P, and 2.4% of K) was reported by FAO between 2016 and 2020 
(FAOSTAT 2017). A significant increase in fertiliser doses is required to achieve 
increase in global food production due to scarce water resources and limited arable 
lands. Heavy doses of fertiliser were applied for maintaining the current levels of 
grain production, resulting environmental pollution (Liu and Lal 2015). In the case 
of chemical fertilisers, low use efficiency is the prominent one, which not only 
increases the cost of production but also causes several environmental pollutions 
(Wilson et al. 2008). Overdose of nitrogen and phosphorus fertilisers deteriorates 
the groundwater quality and leads to eutrophication in aquatic ecosystems. Further, 
due to the low of fertiliser use efficiency of conventional fertilisers (30–35%, 
18–20%, and 35–40% for N, P, and K, respectively; Subramanian et al. 2015), food 
production needs to be much more efficient than ever before (Chinnamuthu and 
Boopathi 2009).

The major threats put pressure on agriculture are climate change, environmental 
degradations, loss of biodiversity, urbanisation, pesticide residue build-up, and 
imbalanced fertiliser use. Most of the applied nutrients may not be bioavailable to 
plants due to various reasons, namely, leaching, photolysis, hydrolysis, fixation, and 
decomposition. But the maximum utilisation of applied fertilisers is crucial in the 
critical growth period of the crop of plants. Therefore, it is essential to reduce nutri-
ent losses at some point of fertilisation and to boom the crop yield through explor-
ing the latest technology. With the rising global food demand, depleting natural 
resources, coupled with regressing environmental conditions, attaining improved 
Nutrient use efficiency (NUE) and better crop yield have become difficult. Improved 
Nutrient use efficiency (NUE) helps plants to grow under reduced fertiliser input 
cost and reduced nutrient losses and increased crop yields. In many parts of the 
world’s agricultural regions, N and P are limiting nutrients for crop production; 
hence, it is crucial that these nutrients are used well for cropping systems to remain 
economically viable. In the modern era because of high-yielding crop varieties, 
there is a much more demand of nutrients for plant which causes the multi nutrient 
deficiency in plants and as well as soil. Nutrient use efficiency (NUE) can be better 
explained as the quantity of nutrient the crop has uptake in a certain period of time 
as compared to the nutrients availability in soil or externally applied in same 
duration.

Finck (1992) gave propaganda about the nutrient uptake from mineral 
fertilisers:

	 (i)	 About 50–60% of the nitrogen (N) in mineral fertilisers is used up in the 
first year.
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Table 10.1  Typical nutrient use efficiency levels for cereals

Measure N P2O5 K2O Interpretation

Partial factor 
productivity (kg 
grain/kg nutrient)

40–
90

45–
110

60–
165

High values indicate restricted productivity due to 
nutrient supply; lower values indicate less responsive 
soils or excess fertiliser application.

Agronomic 
efficiency (kg grain/
kg nutrient)

15–
30

7–15 7–15 Less value indicates improved crop response with 
altered practices at less input costs.

Recovery efficiency 
(%)

40–
65

15–
25

30–
50

Smaller values signify improved management can 
enhance efficiency or nutrient pilling in the soil.

Partial nutrient 
balance (kg nutrient/
kg nutrient)

0.7–
0.9

0.7–
0.9

0.7–
0.9

Lower values reflect that improved management 
practices might increase efficiency or soil fertility 
may be improving. A decline in soil fertility may be 
indicated by higher levels.

Source: Fixen et al. (2015)

	(ii)	 In the first year, mineral fertiliser use P at a rate of 10–25% (on average 15%).
	(iii)	 Over the ensuing decades, an additional 1–2% every year will be added.

About 50–60% of the K in mineral fertilisers is used up in the first year. A signifi-
cant amount of the applied fertiliser is lost within a year of application. To maximise 
NUE, crop management and fertiliser application must be optimised. Nutrient use 
efficiency levels of N, P, and K for cereals crop is mentioned in Table 10.1. However, 
it will necessitate regulatory changes that encourage a rise in NUE at the grassroots 
level with emphasis on technology that can achieve higher congruence among crop 
consumption and N availability from all sources such as fertilisers, organic inputs, 
and native soil N (Cassman et al. 2002; Dobermann 2005).

Farm operations, fertiliser application in precise, should maximise nutrient use 
efficiency (NUE) to overcome the soil-plant competition. NUE can be explained as 
plant’s ability in efficient absorption of nutrients from soil, their transportation, stor-
age, and remobilisation. In recent times, new technologies and strategies have been 
developed to serve the age-old concern of improving NUE in crops (Dobermann 
2005). These are mentioned below. The actual challenge in front of the scientific 
community is not only to produce enough quantity of food but also imparts desired 
quality traits while maintaining sustainability in near future (Moulick et al. 2016a, 
2018d, 2020, 2021, 2022). In this chapter, we are going to assess the scenario of 
NUE in agricultural sector under the severe climatic fluctuation, operating globally.

2 � Optimisation of Agronomic Practice

Soil physico-chemical properties and biological characteristics can be altered by 
agronomic practices that could help to improve nutrient availability under varying 
climatic conditions (Simpson et al. 2011). The rhizospheric site (root–soil interface) 
serves best for plant–soil–microorganism interactions and also acts as a control hub 
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for nutrient transformation and plant uptake (Zhang et al. 2010). This plays critical 
role in increasing nutrient availability and minimising losses. Some useful manage-
ment strategies to improve NUE with improved agronomic interventions or rhizo-
spheric modification mentioned below (Wang and Shen 2019).

2.1 � The 4R Nutrient Stewardship

This framework confirms nutrient application with right product, at right rate, in 
right time, and in right place. This signifies required nutrient application promoting 
growth and development on experimental basis under different conditions (right 
rate), ensuring nutrient availability in critical growth stages (right time); site-specific 
nutrient placement related to volume of roots (right placement) and using genuine 
fertiliser and organic resources (right source).

2.1.1 � Soil Testing

Although soil testing is still one of the most effective methods for assessing the 
soil’s ability to supply nutrients, precise calibration data are also required to be rel-
evant for generating fertiliser recommendations.

2.2 � Cereal–Legume Intercropping

This is a systemised cropping pattern to improve productivity and sustainability 
under different conditions with better NUE and crop productivity (Zhang et  al. 
2010; Ghosh et al. 2022a, b). In addition, biological processes encourage the use of 
symbionts, namely, rhizobacteria and mycorrhizae; on contrary, chemical processes 
include rhizosphere acidification and organic anion secretion (Dong et al. 2018). 
Furthermore, the intercropping increases available P in soil and phosphatase enzyme 
activity by rhizosphere acidification (Rojas dowing et al. 2017).

2.3 � Using Effective Microbial Consortia

Arbuscular mycorrhizal fungi (AMF), a universally important symbiont, colonises 
the root of all important crops (approx. 80–90% of all known species) and behaves 
as “biofertilizers and bioprotectors” in regenerative agriculture (Bücking et  al. 
2012; Qiu and Wang 2006). AMF supports uptake and transport of vital nutrients, 
namely, N, P, K, S, Ca, Cu, and Zn from source (soil) to sink (host plants) using 
extraradical mycelium emerging from colonised roots into the soil (Soka and Ritchie 
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2014). AMF increases the P uptake upto 77% under low P supply as compared to 
49% in high condition (Thingstrup et  al. 2000). Pseudomonas (Pseudomonas 
stutzeri), Bacillus sp. (B. flexus, B. globisporus, B. mucilaginosus, B. megaterium), 
and endosymbiotic rhizobia (Rhizobium leguminosarum, R. etli, R. yantingense, 
R. tropici, etc.) are regarded as effective phosphate solubilisers (Igual et al. 2001). 
Phosphorus-solubilising bacteria (PSB) can also effectively increase the P fertiliser 
use efficiency, both organic and inorganic, using different mechanisms (Khan et al. 
2013). Thus, we can conclude combining P and AMF solubilisers (Alam et al. 2002) 
and N fixers serve the best inoculants for enhancing nutrient use efficiency.

2.4 � Regulating Soil pH

Soil pH, the determinant for nutrient solubility and availability to plants, also got 
consequences on plants (Saha et al. 2019; Choudhury et al. 2021a, 2022a). Most of 
the plant essential nutrients are available between specific pH range of 6.2 and 7.0. 
Any disturbance in this pH range leads to disrupted nutrient availability in soil. 
Application of pH regulatory agents (lime, gypsum, or both) effectively improves 
soil pH and Ca content. Liming, gypsum application, or mixing of both application 
help reducing the toxic effects of hydrogen, aluminium, and manganese, addition-
ally improving soil biological activities, cation exchange capacity (CEC), nutrient 
(P, Ca, and Mg), availability, and soil structure. This also helps promoting N2 fixa-
tion, stimulating nitrification, and decreases availability of certain nutrients (e.g. K, 
Mn, Zn, Fe, B, and Cu) (Fageria et al. 2008). The increased soil pH due to liming 
enhances microbial activity and communities resulting in rapid decomposition of 
soil organic matter and subsequent release of Fe and Al oxides (Takahashi and 
Dahlgren 2016).

2.5 � Nitrification Inhibitor

Nitrogen stabilisers such as nitropyrene, dicyandiamide (DCD), n-butyl-
thiophosphoric triamide (NBPT) decelerate nitrification or urease activity to reduce 
the fertiliser loss. The most popular choices for extensive agriculture usage are 
polymer-coated products that distribute nutrients under controlled environment.

2.5.1 � Enhancing Fertiliser Use Efficiency Through 
Chromatin Modulation

NGR-5 (nitrogen-mediated tiller growth response 5 gene), which is based on PRC-2, 
represses the genes in rice that cause tillering and, as a result, increases the number 
of tillers. Nitrogen fertilisation stimulates the genome re-framing of H3K27me3 
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methylation. Proteasomal destruction influenced by NGR5 is a target of gibberellin-
GID1. The economic yield of rice species is increased, and nitrogen fertilisation is 
decreased by altering the competitive linkage between NGR5, DELLA proteins, 
and GID1. By that way, sustainability is maintained by a rise in output and a decrease 
in input. P consumption at the farm level will be improved by using new upgraded 
technologies including precision fertilisation, polymer-coated fertilisers and nutri-
ent recycling from domestic, agricultural, and industrial wastes (Cordell and 
White 2013).

2.6 � Use Integrated Soil Nutrient Management Practice

Diverse management strategies have been implemented, taking into account the soil 
types, cropping patterns, and farmers’ resources, in order to lessen the severity of 
soil fertility degradation. Researches revealed combine application of both organic 
and inorganic phosphorus betters crop yields in less fertile soils (Opala et al. 2010; 
Otinga et al. 2013, Noushahi et al. 2019; Ghosh et al. 2020a, b, 2022b). Best man-
agement practices (BMPs), such as application of fertiliser with amendment (lime), 
recommended crop rotations, accelerate organic matter content and checks erosion, 
pest, disease, and weeds infestation and contribute to improvement in yield and 
optimisation of nutrient use efficiency significantly (Fageria et al. 2008).

2.6.1 � Foliar Spray

Over-fertilisation is a risk possessed by soil application of the nutrients inviting 
economic losses associated with degraded soil fertility. Report suggests foliar appli-
cation under rainfed conditions improved P and N feeding in wheat crop maximis-
ing yield and growth, better soil fertility, efficient resource use with improved profits 
(Abrol et al. 2020).

2.6.2 � Seed Priming

Seed priming hastens and promotes germination coupled with better plant growth, 
stress resistance, NUE, and WUE (Moulick et al. 2023a, b; Choudhury et al. 2022b; 
Moulick et al. 2019a, b, 2018c, 2017, 2016b; Sahoo et al. 2019). The experiment 
was designed to investigate the absorption and use of nitrogen by rice seed treat-
ment with halo- and hydro-priming using nitrate salts in two consecutive years. It 
was noticed that seed priming with Mg(NO3)2, KNO3, and distilled water consis-
tently beat non-primed control sets in promoting seed germination and nitrate 
reductase enzyme activity in leaves, which promotes nitrogen accumulation in vari-
ous plant parts. With the help of this seed priming methodology raise the amount of 
both soluble and insoluble nitrogen content in seed as well as the ability of seeds 
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and straws to absorb nitrogen (kg ha−1). Seed priming was also found beneficial in 
encouraging grain yield after applying kg−1 nitrogen in the soil. Apart from applica-
tion of nitrate, priming seeds with beneficial elements/agents have shown positive 
effect in minimising salinity, drought, and toxic elements and in inducing phytotox-
icity and accumulation in the edible part also (Saha et al. 2019; Sahoo et al. 2019; 
Moulick et al. 2018a, b, 2021).

2.6.3 � Identifying the Superior Genotypes

To select and breed nutrient-efficient species or genotypes within a species gives the 
benefits of lowered fertiliser cost and less risk of contaminated soil and water. Plants 
have developed different physiological, morphological, biochemical, and molecular 
adaptive systems such as altered root structure and increased carboxylate exudation 
to overcome the nutrient deficiency stress (Aziz et al. 2011). The modified struc-
tures and strategies help to release or solubilise available nutrients from insoluble 
organic and other pools. Farmers currently require nutrient-efficient genotypes 
which can efficiently absorb and use nutrients. Therefore, cultivar selection is an 
effective strategy to deal with nutrient-deficient soil.

2.7 � Modification of Root Morphology and Physiology

Plants’ ability to acquire and absorb nutrients is strongly influenced by morphologi-
cal characteristics such as root length, thickness, surface area, and volume 
(Bengough et al. 2011). These factors affect the capacity of the roots to penetrate 
deep into soil layers and tolerate extremes in temperature, moisture, toxicity, and 
element deficiency. They can also alter the rates of nitrogen uptake and the pH of the 
rhizosphere. The root architecture in terms of transporters, exudates, and frequently 
the presence of symbiotic connections such as mycorrhiza will be the primary deter-
minant of efficient acquisition. Therefore, promoting early root establishment, high-
affinity transporter systems, microbe attachment (mycorrhiza), root proliferation, 
and improved mechanisms for increasing nutrient bioavailability will improve NUE.

Incorporating genetic variation in root hair, root hair length in particular, proba-
bly can improve crop productivity and nutrient uptake efficiency. A deeper root with 
more aerenchyma tissues in the cortex can significantly contribute to efficient N 
uptake with lower carbon input in root growth (Postma and Lynch 2011). 
Additionally, this modified structure might improve water uptake efficiency and 
thus help to overcome drought stress and also observed in case of salinity (Hund 
et al. 2009; Moulick et al. 2020; Choudhury et al. 2022c). However, identifying key 
regulators, both sufficiently upstream and robust, for developing species with altered 
root growth to address nutrient deficiency is a complex and challenging process 
(Wissuwa et al. 2017).
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2.7.1 � Improving Translocation (Partitioning/Remobilisation)

Total dry matter accumulation influenced by rate of fertiliser application influences 
nutrient demand (uptake/utilisation) (Dobermann 2007). Improved and efficient 
nutrient utilisation from PGPR and (or) AMF restricts water resource contamination 
and also cuts off increasing fertiliser costs (Adesemoye et al. 2008). Effective nutri-
ent remobilisation from senescent organs to fresh, emerging organs, such as imma-
ture leaves and developing seeds, is also another interesting area for crop NUE 
development (Stigter and Plaxton 2015). As the seed matures, the nutrients must be 
remobilised and translocated to the developing seed, to address the nutrient use 
efficiency problem (Gregersen 2011).

2.7.2 � Improving Internal Utilisation

Different plant physiological systems and their reaction to elemental deficiency, 
tolerance, and toxicity as well as environmental factors control the nutrient uptake 
and use efficiency. High photosynthetic activity per unit of nutrient and more effec-
tive nutrient remobilisation from older to young leaves are typically attributed to 
efficient internal nutrient utilisation (Stigter and Plaxton 2015).

3 � Application of Advanced Techniques

Advanced and improved techniques such as site-specific/real-time nitrogen man-
agement, slow-release/controlled-release fertiliser (SR/CRF), site-specific preci-
sion nutrient management and urease/nitrification inhibitor play significant role in 
reducing fertiliser loss and improving NUE (Xiang et al. 2008).

3.1 � Remote Sensing

In recent times, remote sensing is gaining importance to obtain important data on 
precision farming. GIS (geographic information system) helps establishing the field 
management information system by processing, analysing, and trimming the data of 
soil and crops (Xiang et al. 2008).

3.2 � Nanotechnology

As compared to conventional fertilisers, the presence of an essential plant nutri-
ent element in the substrate or soil in the form of nanofertiliser allows for greater 
dissolving, quicker absorption, and faster assimilation by the plants. This has 
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been shown for nutrients including N, P, K, Ca, Mg, Fe, Mn, Zn, Cu, and Mo 
(Ditta and Arshad 2016).

3.3 � Nanofertilisers

A collection of low-cost technical solutions for improved plant development and 
preservation is known as nanoscience or nanotechnology. The distribution of insec-
ticides and fertilisers in a regulated way with high site specificity and little collateral 
harm is made possible by the use of nanoparticles and nanocapsules (Nair et  al. 
2010). Unwanted leftovers are released into the environment as a result of the use of 
pesticides and fertilisers to speed up food production (Sekhon 2014). Due to their 
superior effectiveness, agronomic efficiency, and ability to remediate contaminated 
soil and groundwater, nanoparticles are considered to be a more desirable option to 
conventional sources of fertilisers. Application of numerous nanofertilisers has a 
stronger influence on improving crop output, reducing environmental contamina-
tion risk, and lowering fertilisation costs for crop production. NUE can therefore be 
improved by using nanofertilisers in crop fields. When used in the right amounts 
and concentrations, nanofertilisers improve crop growth and yield. However, going 
above a specific point can have an inhibitory effect on agricultural plants, which 
could result in slower crop growth and output. The science of nanotechnology has 
made it possible to use nanoscale or nanostructured materials as fertiliser carriers or 
controlled-release carriers in order to lower the expense of environmental protection 
(Chinnamuthu and Boopathi 2009). Nanofertilisers can be explained as the nanopar-
ticles or nanomaterials that provide nutrition to plants or increase the efficiency of 
the activities of conventional fertilisers. Replacing conventional fertilisers with 
nanofertilisers are advantageous as they accommodate steady and controlled release 
of nutrients into soils, which put a stop to water pollution (Naderi and Danesh-
Shahraki 2013; Singh et  al. 2015). Being at a nascent stage, there are limited 
researches or systemic studies on the effects and benefits of micronutrient-containing 
nanofertiliser application under field situations (Liu and Lal 2015). Additionally, 
nanofertilisers can be paired with nanodevices to synchronise the release of fertil-
iser N and P with crop absorption, reducing undesired nutrient losses to the environ-
ment and eliminating unfavourable nutrient interactions with soil, water, and air (De 
Rosa et  al. 2010). The increased availability of nutrients due to nanofertilisers 
increases the synthesis of chlorophyll, the rate of photosynthesis, the generation of 
dry matter, and ultimately the development of the entire plant. According to reports, 
the seeds treated with nano-TiO2 resulted in plants that displayed more chlorophyll-
a, more dry weight, and a higher photosynthetic rate compared to the plants made 
from untreated (Zheng et al. 2005). The presence of an essential plant nutrient ele-
ment, namely, N, P, K, Ca, Mg, Fe, Mn, Zn, Cu, and Mo. in the substrate or soil in 
the form of nanofertiliser permits greater dissolving, faster absorption, and assimi-
lation by the plants compared to standard fertilisers (Ditta and Arshad 2016). These 
nanofertilisers could be used in agriculture both to increase crop yield and 
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minimising environmental pollution (Liu and Lal 2015). The nanofertilisers due to 
their nanosize can be used for nanocoatings, for example, sulphur nanocoating (≤ 
100  nm layer), ensuring their controlled release, surface protection, and overall 
increasing its use efficiency (Brady and Weil 1996; Ditta et al. 2015). Nevertheless, 
nanofertilisers have been proved more efficient compared to the traditional fertilis-
ers as they reduce nitrogen emissions, leaching loss, and long-term incorporation by 
soil microorganisms (Liu et al. 2006). The slow release helps to reduce the toxicity 
of over application and improves soil health (Suman et al. 2010). The biodegradable 
nanoencapsulated slow-release fertilisers which include urea, calcium phosphate, 
and potassium chloride encourage regulated release of NPK fertiliser sources 
(Corradini et al. 2010). Kaolin and polymeric biocompatible nanoparticles are also 
used for similar purposes (Wilson et al. 2008).

Nanofertilisers and nanocomposites can be utilised to boost the effectiveness of 
nutrient utilisation by limiting the nutrient ions from the fertiliser granules which 
may become fixed or lost in the environment from the fertiliser granules 
(Subramanian et al. 2008). Extensive studies had been undertaken to characterise 
nitrogen nanofertilisers (Subramanian and Rahale 2013; Manikandan and 
Subramanian 2014), phosphate nanofertilisers (Bansiwal et  al. 2006; Adhikari 
2011; Behnassi et al. 2011), potassium nanofertilisers (Subramanian and Sharmila 
Rahale 2012), sulphur nanofertilisers (Subramanian and Rahale 2012; Selva Preetha 
et al. 2014; Thirunavukkarasu 2014). Nanofertilisers could be categorised into four 
categories including macronutrients nanofertilisers, micronutrient nanofertilisers, 
nutrient-loaded nanofertilisers, and plant-growth-enhancing nanomaterials.

3.4 � Macronutrient Nanofertilisers

The chemical components of macronutrient nanofertilisers, which include N, P, K, 
Mg, and Ca, can provide plants with these vital macronutrients. In general, these 
macronutrient fertilisers (primarily N and P fertilisers) are used in large quantities 
to increase food, fibre, and other essential commodity production. (Liu and Lal 
2015). Researchers claim that micronutrient nanofertilisers might improve the bio-
availability of precursory nutrients to plants under extreme conditions (Liu and 
Lal 2015).

3.5 � Nanomaterial-Enhanced Fertilisers and Nanoparticulate 
Fertiliser Carriers

These nanomaterial-enhanced fertilisers, when combined with plant nutrients, 
can boost the plants’ ability to absorb those nutrients and/or lessen the aftermath  
of conventional fertiliser. The most important example of this type is 
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nutrient-augmented zeolites (Liu and Lal 2015). Extensive studies revealed that the 
use of different forms of nanoparticles can somewhat (and at low concentrations) 
improve plant development without having any essential plant nutrients (Liu and 
Lal 2015). Typical examples of this type include nanoparticles of SiO2 (Roldugin 
et al. 2015; Asadzade et al. 2015), selenium (Zhang et al. 2015; Chen et al. 2015), 
copper (Jain et al. 2016a, b), iron (Delfani et al. 2014; Bakhtiari et al. 2015; Soliman 
et al. 2015), zinc (El-Kereti et al. 2013; Tarafdar et al. 2014; Asadzade et al. 2015; 
Soliman et al. 2015), phosphorus (Liu and Lal 2014; Sharonova et al. 2015), and 
carbon nanotubes (Yatim et al. 2015).

Nanofertilisers (particularly biological ones) enjoy the advantages of high nutri-
ent use efficiency, reduced soil toxicity, and reduced environmental impact in addi-
tion to boosting bioavailability, decreasing soil absorption, also fixation, and 
increasing the of insoluble minerals in soil. Nanofertilisers may improve fertiliser 
effectiveness and soil nutrient absorption ratios during crop production while also 
conserving fertiliser resources. An excessive fertiliser release in soil could poison 
the ecosystem and upset its natural balance. When applied, fertilisers’ nutrient sup-
ply to the soil used by plants can be extended by nanofertilisers for a longer run. 
Nanofertilisers can extend the time of nutrient supply of fertilisers into soil that the 
plants are using at the moment of delivery. And remaining nutrients are then turned 
into salts that are insoluble in the soil. Leaching and/or leaking of fertiliser nutrients 
into soil can be reduced with the use of nanostructured formulations (Cui et  al. 
2010; Solanki et al. 2015). Moreover, some emerging techniques such as applica-
tion of computational tools, metabolomics, next-generation sequencing, potentials 
of plant’s wild relatives have also been explored for their possible role in better 
understanding of plant’s responses and enhancing greater NUE and imparting resil-
ience against climate fluctuation-induced stress in crops (Choudhury et al. 2021a, b; 
Mazumder et al. 2022, 2021; Hossain et al. 2021a, b, 2022).

4 � Impact of Different Strategies to Reduce the Greenhouse 
Gases Due to Agricultural Activities

Three crucial trace gases that have an impact on the climate are carbon dioxide 
(CO2), methane (CH4), and nitrous oxide (N2O) (Fig. 10.1).

In soil microbial activity, root respiration, chemical decay processes, heterotro-
phic respiration of soil fauna, and fungus all contribute to the synthesis of GHGs 
(Chapuis-Lardy et al. 2007). According to Ludwig et al. (2001), associated emission 
flux rates are significantly influenced by soil water content (humidity), soil tempera-
ture, the availability of nutrients, pH value, and land cover-related factors. For 
microbial and plant respiratory processes, nutrient availability is a critical factor for 
plant respiratory process and microbial activity in soil. Soil’s natural N and C con-
tent, atmospheric deposition, manure treatments, and fertiliser use all play a signifi-
cant influence. Their organically rich soils are regarded as one of the major 
contributors to CO2 and N2O emissions, especially when used for agriculture 
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Fig. 10.1  Average 
greenhouse gases (GHGs) 
emissions from global soils 
(IPCC 2007)

purposes followed by drainage. High emission rates persist even after 20–30 years 
after agricultural activity has stopped, high emission rates persist. Also, emission 
rate is various fertiliser (nitrogenous fertiliser, phosphorous and potassic fertiliser) 
are different which is compiled in Table 10.2. According to Galloway et al. (2008), 
significant nitrification results in the loss of over 70% of nitrogen fertiliser, with an 
annual direct economic loss of about 81 million US dollars (urea costs between 0.54 
and 0.80 US dollars per kilogramme) (Subbarao et al. 2012). According to estimates 
by 2050, the amount of nitrogen fertiliser used globally would double to 3.0108 t 
annually (Subbarao et al. 2012), and the amount of nitrogen lost from agricultural 
systems annually will increase to 6.15 t.

This will exacerbate issues with environmental pollution and raise the deficit of 
nitrogen fertiliser in agricultural systems. The biggest terrestrial carbon and nitro-
gen pools are found in the top metre of the earth’s soil layer, where around 1500 Pg 
of total carbon and 136 (92–140) Pg of total nitrogen are stored despite their highly 
unequal distribution (of 3–4 orders of magnitude for carbon). This will make agri-
cultural systems more susceptible to nitrogen fertiliser loss and make concerning 
environmental issues worse (Batjes 1996; Kutsch et  al. 2009; Nieder and Benbi 
2008; Schaufler et al. 2010; Schlesinger and Andrews 2000). The fluxes (flow rate 
per unit area) of CO2, CH4, and N2O between 2000 and 2005 were nearly neutral. 
According to an analysis of the European terrestrial GHG balance (Schulze et al. 
2009), the CO2 sink of grasslands and forests entirely offsets agricultural CH4 and 
N2O emissions. The capacity of a soil to absorb atmospheric CH4 is influenced by 
its qualities. Higher organic matter concentration in soils results in higher CH4 
uptake (1.49 mol CH4 m−2 h−1) than lower organic matter content soils (1.0 mol CH4 
m−2 h−1). Additionally, the least amount of CH4 is absorbed by soils with no vegeta-
tion: 0.52 mol CH4 m−2 h−1 (Maljanen et al. 2004). Because of fertilising and tillage, 
using dried-up peat soils for agriculture increases CO2 and N2O emissions (Maljanen 
et al. 2007). Since soil degassing accounts for 35% of CO2, 47% of CH4, 53% of 
N2O, and 21% of total annual emissions, GHG emissions from soils need to be 
adequately quantified for global budgets (IPCC 2007) even though different method 
of application of synthetic fertiliser and manure leads to N2O emission from soil 
Table 10.3. According to Pilegaard et al. (2006), the C/N ratio is inversely associ-
ated with N2O emissions, being greatest at a C/N-value of 11 (optimised decaying 
and humus development) and lowest at a C/N ratio of 30 (limited organic substances 
decaying) (Gundersen et  al. 2012a, b). When paired with dryness and low pH 
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Table 10.2  Emission factors of different fertilisers from various countries

Fertiliser

Emission factor
(kg CO2-eq. kg of 
fertiliser−1) Country References

Emission factors for N fertiliser production

Urea 1.3 Western Europe Kongshaug (1998)

1.6 Europe Skowronska and Filipek 
(2014)

1.9/2.7/5.5 Europe/Russia, USA/
China

Brentrup et al. (2016)

3.1 South-eastern United 
States

Albaugh et al. (2012)

3.5 United Kingdom Williams et al. (2010)
4 Sweden and Western 

Europe
Davis and Haglund 
(1999)

Ammonium nitrate 6.2 Europe Skowronska and Filipek 
(2014)

6.5 United Kingdom Elsayed et al. (2003)
6.8 Western Europe Kongshaug (1998)

7 Sweden and western 
Europe

Davis and Haglund 
(1999)

7.1 Netherlands Kramer et al. (1999)
7.2 United Kingdom Williams et al. (2010)
3.5/8/10.3 Europe/Russia/USA/

China
Brentrup et al. (2016)

Emission factors for P fertiliser production

Ammonium 
phosphate

1.3–1.8 Sweden and Western 
Europe

Davis and Haglund 
(1999)

1.4/1.7/2.89 Europe/Russia, USA/
China

Brentrup et al. (2016)

6.4 South-eastern United 
States

Albaugh et al. (2012)

7.8–8.9 China Zhang et al. (2017)
Single super 
phosphate

0.6 United Kingdom Williams et al. (2010)
1 Sweden and Western 

Europe
Davis and Haglund 
(1999)

Triple 
superphosphate

0.4–0.54 Europe, Russia, USA, 
China

Brentrup et al. (2016)

1 Sweden and western 
Europe

Davis and Haglund 
(1999)

1 Brazil da Silva and Kulay 
(2005)

1.2 United Kingdom Davis and Haglund 
(1999)

1.6 Netherlands Williams et al. (2010)
1.6 Europe/Russia/USA/

China
Skowronska and Filipek 
(2014)

Emission factors for K fertiliser production

Potassium Chloride 0.14–0.25 China Chen et al. (2018)
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Table 10.3  N2O emission occurs from manures and fertiliser under different methods of 
applications

Application method
Synthetic 
N

Manure/
slurry Compost Digestate References

Emission factor (kg CO2/kg N)

Broadcasting and 
incorporation

1.85 0.60–3.70 0.60 – Akiyama et al. 
(2004)

Broadcasting and 
incorporation

5.36 1.37–3.78 1.50 – Lopez-Fernandez 
et al. (2007)

Incorporation 9.66 6.88 0.33 – Alluvione et al. 
(2010)

Subsurface 2.44 1.07 1.82 0.72 Meijide et al. (2009)
Broadcasting and 
incorporation

4.44 3.87 1.97–
5.60

2.68 Meijide et al. (2009)

Broadcast 6.17 2.98 4.62 1.70 Vallejo et al. (2006)
Incorporation 0.09–0.36 0.27–0.33 – 0.15–

0.30
Collins et al. (2011)

Subsurface 0.51 0.48–1.07 – 0.30 Baral et al. (2017)
Broadcast 0.51/2.06 0.89/3.67 – 0.42/1.19 Chantigny et al. 

(2007)
Broadcast & 
Subsurface

1.8 1.19–1.79 – 7.2–8.9 Saunders et al. 
(2012)

Subsurface 2.1 11.0–13.4 – 3.3–6.0 Lemke et al. (2012)
Broadcasting and 
incorporation

2.7 7.7–14.3 – 5.4 Bertora et al. (2008)

Side-dressed 4.62/26.61 10.51/16.27 – 8.3/17.6 Chantigny et al. 
(2010)

Incorporation 0.18–0.57 – 0.06–
0.75

1.9–15.2 Verdi et al. (2018)

values, N2O emission can be significantly reduced at C/N ratios of 20 (Gundersen 
et al. 2012a, b). The C:N ratio and CO2 and CH4 emissions, all three are positively 
correlated (Shi et al. 2014; Weslien et al. 2009). However, the availability of differ-
ent electron donors such as Fe3+, Mn4+, SO4

2−, and NO3
− may affect how much the 

CH4 will be produced in soils (Achtnich et al. 1995; Dalal and Allen 2008; Fumoto 
et al. 2008; Kögel-Knabner et al. 2010).

Wetland ecosystems include peatland as a subtype. The organically rich soils are 
regarded as one of the major contributors to CO2 and N2O emissions, especially 
when used for agriculture purposes followed by drainage. High emission rates per-
sist even after 20–30 years after cessation of agricultural activity. Compared to other 
types of land cover, these peatlands may operate as a sink for CH4. These peatlands, 
as opposed to other types of land cover, might act as a sink for CH4. Short-term, 
negligible CH4 emission rates from drained peatland sites have been observed. They 
served as an annual sink for atmospheric CH4. Application of different manures 
such as poultry manure and pig sully may increase the methane emission 
(Table 10.4); not only application of fertiliser, different types of crops also response 
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Table 10.4  Manure use in paddy field: CH4 emission factors

Manure type Emission factor (kg CO2/kg of N) Reference

Fowl manure 6.5 Yuan et al. (2017)
Poultry manure 23.5 Zhao et al. (2015)
Pig slurry/dairy slurry 0.9–46/0.35–60 Chadwick et al. 

(2000), Chen and Corson 
(2014)

Table 10.5  N fertiliser application: CH4 emission factors

Crop type Emission factor (kg CO2/kg of N) Reference

Rice 2.5 Yuan et al. (2017)
Rice 7.5 Das and Adhya (2014)
Rice, wheat 9.5 Yang et al. (2015), Zhao et al. (2015)

differently and increase methane emission with nitrogenous fertiliser (Table 10.5). 
The capacity of a soil to absorb atmospheric CH4 is influenced by its qualities. 
Higher organic matter concentration in soils results in higher CH4 uptake (1.49 mol 
CH4 m−2  h−1) than lower organic matter content soils (1.0  mol CH4 m−2  h−1). 
Additionally, the least amount of CH4 is absorbed by soils with no vegetation: 
0.52 mol CH4 m−2  h−1 (Maljanen et  al. 2004). Because of fertilising and tillage, 
using dried-up peat soils for agriculture increases CO2 and N2O emissions (Maljanen 
et al. 2007). In Finland, soil with barley crops on it released 7.52 mol CO2 m−2 s−1, 
compared to 3.66 mol CO2 m−2 s−1 from surrounding bare soil.

By minimising unintentional losses, reducing greenhouse gas emissions, particu-
larly N2O, from agricultural land not only lessens their impact on the environment 
but also can enable farmers to use less fertiliser while maintaining output. The pri-
mary causes of the low nitrogen fertiliser utilisation rate are nitrate loss and nitrous 
oxide (N2O) emissions brought on by nitrification and denitrification has signifi-
cantly raised the earth’s temperature. The studies assembled in Table  10.6 were 
conducted for a variety of crops and soil types, and no noticeable trend in terms of 
emissions appeared, regardless of crop rotation, soil type, temperature, country, 
application method, or climate.

4.1 � Strategies to Manage Greenhouse Gas Emissions

The primary causes of the low nitrogen fertiliser utilisation rate are nitrate loss and 
nitrous oxide (N2O) emissions brought on by nitrification and denitrification 
(Fig. 10.2). A greenhouse gas called N2O has significantly raised the earth’s tem-
perature. With the addition of N fertilisers, soil respiration becomes less sensitive to 
soil temperature and more sensitive to soil moisture (Peng et al. 2011). Soil respira-
tion falls during long-term N addition research (Bowden et al. 2004). In aerobic soil 
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Table 10.6  Nitrous oxide emission factors for N fertilisers under different crops and soil type

Country Crop type

Emission 
factor
(% N2O/
kg N)

Emission 
factor
(kg CO2 
eq/kg N) Soil type References

Northeast China Maize 0.03 0.09 Clay loam Li et al. (2013)
North-western 
China

Silage corn 0.06 0.11–0.18 Sand Kuang et al. (2018)

Pacific 
Northwest

Silage corn 0.03–0.12 0.09–0.36 Silt loam Collins et al. (2011)

South China Rice 0.14 0.45 Clay loam Chen et al. (2013)
Denmark Spring barley 0.17 0.51 Sandy loam Baral et al. (2017)
Italy None 0.06–0.19 0.11–0.57 Silt loam Verdi et al. (2018)
South China Wheat and 

maize
0.15–0.21 0.45–0.63 Sandy loam Meng et al. (2005)

California Almond 0.15–0.31 0.45–0.92 Sandy loam Wolff et al. (2017)
United 
Kingdom

Ryegrass 0.1–0.4 0.30–1.19 Sandy clay 
loam/clay 
loam

Jones et al. (2005)

Japan Rice 0.24 0.72 Sandy loam Singla and Inubushi 
(2014)

Japan Potato, sweet 
corn, winter 
wheat, sugar 
beet

0.26 0.77 Andisol Koga (2013)

Japan, South 
China

Rice, wheat, 
and Pak Choi

0.3 0.89 Andisol, 
unspecified

Akiyama and 
Tsuruta (2003), 
Yuan et al. (2017)

France Winter wheat 0.3–0.5 0.89–1.49 Silt Gu et al. (2013)
North China 
Plain

Summer maize, 
Welsh onion, 
and winter 
wheat

0.48 1.43 Cambisol, 
sandy loam

Yao et al. (2017), 
Ding et al. (2013)

Mediterranean, 
India

Various, rice 0.5 1.49 Sandy clay 
loam

Das and Adhya 
(2014), Cayuela 
et al. (2017)

– None 0.6 1.78 Silty clay 
loam

Saunders et al. 
(2012)

– None 0.62 1.85 Sandy loam Akiyama et al. 
(2004)

Northwest India Oilseed crops, 
cereals, pulses, 
and millets

0.40–0.67 1.19–2.0 Sandy loam 
and Sandy 
clay loam

Jain et al. (2016a, 
b)

Eastern Canada Timothy grass 0.17–0.69 0.51–2.06 Loam and 
sandy loam

Chantigny et al. 
(2007)

Northern 
Germany

None 0.68 2.03 Sandy loam Senbayram et al. 
(2009)

(continued)
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Table 10.6  (continued)

Country Crop type

Emission 
factor
(% N2O/
kg N)

Emission 
factor
(kg CO2 
eq/kg N) Soil type References

China Various 
vegetables

0.69 2.06 Various soil Wang et al. (2018a, 
b)

Western Canada Barley 0.7 2.09 Unspecified Lemke et al. (2012)
Central Spain Barley 0.82 2.44 Calcaric 

cambisol
Meijide et al. 
(2009)

– None 0.9 2.68 Loam Bertora et al. 
(2008)

China Various 0.92 2.74 Various Lu et al. (2006)
Germany, 
Global, China

Various 1 2.98 Various Kaiser and Ruser 
(2000), Bouwman 
et al. (2002), Yang 
et al. (2015)

Xinjiang Cotton 1.46 4.35 Calcaric 
fluvisol

Tao et al. (2018)

Central Spain Maize 1.49 4.44 Sandy loam Meijide et al. 
(2007)

Pennsylvania Maize, alfalfa 1.6 4.77 Silt loam Adviento-Borbe 
et al. (2010)

Central Spain Maize, none 1.80 5.36 Sandy loam Lopez-Fernandez 
et al. (2007)

Eastern Canada Spring barley 1.1–2.1 3.28–6.26 Sandy loam, 
loam, silt loam

Zebarth et al. 
(2008)

Eastern Canada Various 1.7 5.07 Various Gregorich et al. 
(2005)

South-eastern 
China

Various 
vegetables

1.9 6.66 Silty clay 
loam

Zhang et al. (2016)

Central Spain Potato 2.07 6.17 Clay loam Vallejo et al. (2006)
North-western 
Italy

Corn 3.24 9.66 Silt loam Alluvione et al. 
(2010)

Japan Komatsuna 2.96–3.64 8.8–10.8 Sand Singla et al. (2013)
Netherlands None 4 6.3–11.9 Sand Velthof et al. 

(2003)
United 
Kingdom

Various 6.5 1.2–19.4 Various Dobbie and Smith 
(2003)

Northern United 
States

Maize 2–7 6.0–20.9 Fine and 
coarse loamy

McSwiney and 
Robertson (2005)

Eastern Canada Corn 1.55–8.93 4.6–26.6 Clay, loam Chantigny et al. 
(2010)

Global Various 0.03–10 0.09–29.8 Various Kim et al. (2013)
Japan Corn 3.5–12.9 10.4–38.4 Andosol Mukumbuta et al. 

(2017)
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Fig. 10.2  Nitrous oxide emission from soil

conditions, the application of liquid manure (urea) increased N2O emissions, 
whereas saturated soil conditions increased N2O emissions from the application of 
NH4

+ fertilisers (Tenuta and Beauchamp 2003). Since not all forms of nitrogen can 
be absorbed by plants, fertiliser application rates need to be adjusted to plant 
requirements in order to reduce N2O emissions from agricultural lands. N levels that 
are unavailable to plants result in higher N2O emissions (McSwiney and Robertson 
2005). Increased N2O emissions can be avoided by using controlled-release fertilis-
ers or denitrification inhibitors (Shoji et al. 2001). To prevent increasing N2O emis-
sions, choosing the right type of fertiliser depends on the soil’s water content 
(Sanz-Cobena et  al. 2014). The tillage system also affects fertiliser applications. 
N2O emissions under no-till and conservation tillage were higher when using urea; 
however, no differences could be seen when utilising urea-ammonium nitrate fertil-
isers (Venterea et al. 2005). However, there are conflicting results regarding how the 
tillage system affects N2O emissions.

While some researchers found that no-till practise reduced N2O emissions and 
that this was explained by lower soil temperatures (Six et al. 2002), others found 
that no-till increased N2O emissions and explained this by higher microbial activity 
(Baggs et al. 2003). In no-till farming, increasing soil moisture causes higher N2O 
emissions. Under no-till, increased C sequestration and CH4 production cannot 
make up for increased N2O emissions. Higher organic matter concentration in soils 
results in higher CH4 uptake (1.49 mol CH4 m−2 h−1) than lower organic matter con-
tent soils (1.0 mol CH4 m−2 h−1). Additionally, the least amount of CH4 is absorbed 
by soils with no vegetation: 0.52 mol CH4 m−2 h−1 (Maljanen et al. 2004). Because 
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of fertilising and tillage, using dried-up peat soils for agriculture increases CO2 and 
N2O emissions (Maljanen et al. 2007).

The primary causes of the low nitrogen fertiliser utilisation rate are nitrate loss 
and nitrous oxide (N2O) emissions brought on by nitrification and denitrification. A 
greenhouse gas called N2O has significantly raised the earth’s temperature. The pro-
cess of converting NH4

+ to NO3 will result in a significant amount of intermediate 
products, such as NO and N2O. N2O is the third most potent greenhouse gas after 
CO2 and CH4 (Gary and Lincoln 2000; Daniel et al. 2002; Ito et al. 2018; Anas et al. 
2020; Walling and Vaneeckhaute, 2020; Wang et al. 2021a, b). It has a 298- to 310-
fold greater potential for global warming than carbon dioxide and lingers in the 
atmosphere for a very long time (Liu et al. 2019). Because of this, it is necessary to 
employ certain techniques to prevent nitrification, which will increase the rate at 
which nitrogen fertiliser is utilised and minimise nitrogen fertiliser loss. The idea of 
nitrification inhibition was put out to stop nitrification and the conversion of NH4

+ 
by preventing the action of ammonia-oxidising bacteria (AOB) and ammonia-
oxidising archaea (AOA) and their related enzymes.

It actually slows down to NO3, delaying the build-up of NO3, the emission of 
N2O gas, and the phenomena of NO3 leaching in order to maintain the soil’s NH4

+ 
concentration as high as possible. Biological and industrial nitrification inhibitors 
(NIs) are the two primary categories of nitrification inhibitors currently available 
(BNIs). Common industrial nitrification inhibitors include dicyanamide (DCD), 
DMPP (3,4-dimethylpyrazole phosphate), and 2-chloro-6-(trichloromethyl) pyri-
dine although their costs are higher and their duration of action in the soil is short.

4.2 � Biological Nitrification Inhibition (BNI)

The term “biological nitrification inhibition” is used to describe the secretion of 
organic substances from plant roots that suppress nitrification and the natural mol-
ecules generated by plants are called biological nitrification inhibitors. Biological 
nitrification inhibitors play a significant role in a key element in enhancing nitrogen 
use and raising fertiliser quality. The biochemical nitrogen cycle of the globe is 
greatly impacted by BNI, which can also effectively raise the rate of nitrogen utili-
sation in soil and minimise nitrogen leaching and N2O gas emissions (Ito et  al. 
2018; Liu et al. 2019) and increase crop yield. Zhang et al. (2011) observed that the 
total vegetable production treated with BNI was 163.2 t, which was 10.3 t greater 
than that of the sole application of urea. This finding demonstrated that the applica-
tion of BNI greatly boosted agricultural productivity (Datta and Adhya 2014). 
According to the studies reported by Sun et al. (2016) and Cui et al. (2021), the use 
of BNI “Nimin” and Xanthoderma lucidum can greatly boost up rice yield in addi-
tion to reduced CH4 and N2O emissions. Inhibiting biological nitrification is thought 
to be a part of the adaptation strategy that enables plants to store and utilise nitrogen 
efficiently; nitrogen scarcity may have acted as a catalyst for the evolution of such 
inhibitors. Plant root discharge inhibitors: it is site-specific phenomenon that only 
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Table 10.7  Different plant species’ roots release biological nitrogen inhibitors (BNI) which 
prevent nitrification

Sl. 
No. Plant species

Total BNI released sum of 
four plants (ATU Day)

Specific BNI (ATU Day 
g−1 root dry wt.)

Pasture grasses
1 Brachiaria humidicola 

(Rendle) Schweick
51.5 13.4

2 B. decumbens Stapf 37.3 18.3
3 Melinis minutiflora Beauv. 21.4 3.8
4 Panicum maximum Jacq. 12.5 3.3
5 Lolium perenne Lssp. 

Multiflorum (Lam.) Husnot
13.5 2.6

6 Andropogon gayanus Kunth 11.7 7.7
7 B. brizantha (A. Rich) Stapf 6.8 2.0

Cereal crops
8 Sorghum biocolour (L)Moench 

cv. Hybrid Sorgo
26.1 5.2

9 Penninsetum glaucum (L.) R.
Br.cv.CIVT

7.0 1.8

Legume crops
10 Arachis hypogaea L. (var 

TMV2)
9.4 2.5

restricted the area of the root that is exposed to NH4
+. The nitrifying bacteria’s activ-

ity may be increased by the soil NH4
+ mineralisation of soil organic nitrogen and 

nitrogen fertilisers (Robinson 1963; Trenkel 2007). There are various plant species 
which is capable to release biological nitrification inhibitors from their root 
(Table 10.7). Additionally, one of the key directions for study is to generate more 
biological nitrification inhibitors with higher nitrification inhibitory potentiality 
using cutting-edge genetic and molecular methods by planting common crops in 
pastures, which will increase the usage of nitrogen (Oita et al. 2016).

5 � Research Gap

Agricultural production is the result of numerous variables interacting each other. 
Through investigation of crop management, climate, and socioeconomic factors, 
and estimating the contribution of yield of yield-limiting factors in the yield gap. It 
is challenging to forecast how climate change would affect crop nutrient needs, 
nutrient availability, and soil nutrient cycling. Future climatic changes will not alter 
the fundamental concepts that have guided effective nutrient management in the 
past. Nutrient management in a changing climate is likely to follow the same guide-
lines as current practises. Plant scientists are on the verge of making significant 
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strides in their understanding of nutrient use efficiency (NUE) and the creation of 
more nutrient-efficient plant types. However, a crucial component of the use and 
application of this strategy is that the methods must be evaluated in actual field 
condition. The traditional domains of plant breeding, crop physiology, and agron-
omy can increase their opportunities to research about genetic variations in NUE by 
using the new techniques in NUE and for establishing the link between genotype 
and phenotype. Nutrient use efficiency can be accelerated by two consecutive phe-
nomenon, that is, efficiency of nutrient acquisition and nutrient utilisation. 
Modulations in these two perspectives could enhance nutrient use efficiency. The 
following scientific endeavours are required for such purposes:

	 (i)	 Development of resource-efficient crop cultivars specially modified root 
architecture

	(ii)	 Development of control release fertiliser for preventing nutrient losses
	(iii)	 Genetic manipulation of cultivars for higher nutrient acquisition

6 � Conclusion

Achieving high NUE, higher crop productivity and environmental protection simul-
taneously have become a major challenge in global intensive agriculture. Various 
approaches comprising management practices, process-based rhizosphere manage-
ment, and molecular and genetic modulation of plants for enhancing NUE are the 
keys for achieving higher nutrient use efficiency. Apart from the conventional fer-
tilisation techniques, other methods such as control release fertilisation and use of 
nanoformulations uphold NUE and environmental safety. However, situation-
specific modulations are indispensable for sustainable agriculture.
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Chapter 11
Biochar for Plant Stress Tolerance 
for Climate-Resilient Agriculture

Kazim Ali, Hafiz Muhammad Mubasher, Umair Rasheed, Amjid Hussain, 
Ahmad Sher, and Abdul Qayyum

Abstract  Biochar is also known as charcoal that is produced by the process of 
thermal degradation of biomass in anaerobic conditions such as pyrolysis. The liq-
uid and gaseous biofuels are produced by pyrolysis. The pyrolysis platform is get-
ting more and more attention all over the world due to the following four reasons: 
(i) renewable biofuels can be produced through pyrolysis; (ii) pyrolysis can be used 
to treat a lot of waste biomass and turn it into a fuel source; (iii) the addition of 
biochar to the soil results in the long-term sequestration of CO2 that produced in the 
atmosphere, and (iv) the addition of biochar into the soil enhances the soil fertility 
and productivity of crops. Biochar is not widely used in agriculture at the moment 
because the agronomic importance of biochar in crop production, soil health, and 
mechanisms involved in soil fertility had not been yet widely determined and under-
stood. On small farming, the biochar has direct effect on nutrient supply and it has 
also many indirect effects such as it improves the water and nutrient holding capac-
ity, pH, conversion of P and S, cation exchange ability of soil, physical properties of 
soil, and population of soil microbes (mycorrhizal fungi). It also neutralizes the 
phytotoxic substances in the soil. The application of biochar in the soil increases the 
population of microbes in the rhizosphere through unidentified mechanisms, and it 
also enhances the populations of useful microorganisms that encourage growth of 
plant and resistance toward the biotic stresses. According to a few pieces of evi-
dence, it has been seen that biochar also plays a significant role in the protection of 
plants against various foliar pathogens and soil-borne disease. There are many signs 
that show biochar enhances the ability of canopy to control the broad spectrum 
because it triggers responses in both the induced systemic resistance (ISR) and 
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systemic acquired resistance (SAR) pathways. This chapter shows that application 
of biochar in soil improves the relations between soil, plant, and microbes that may 
play a role in health of plant. One of the major advantages of biochar application to 
the soil potentially enhances the plant responses toward the disease.

Keywords  Biochar · Plant stress tolerance · Biostimulate enzymes · Soil microbes 
· Phytotoxic substances

1 � Introduction

Biochar can be described as a solid, organic waste that is derived by pyrolysis of 
biomass. Biochar can be used as soil amendments and has a profound impact on 
fertility of soils by altering the chemical physical and biological characteristics in 
the soil (Awad et al. 2018). The impact of biochar as a soil amendment improves the 
soil’s quality and encourages the growth of plants, resulting in higher yields of 
crops. Biochar resource manufacturing process, soil quality, and condition and the 
kind of crop being planted could affect its efficiency. Most biochar is made from 
feedstocks like animal manures, agricultural wastes as well as paper materials. The 
significance of these wastes in the creation of biochar is a proven process to convert 
waste into beneficial and valuable substance (Brewer et al. 2014). Biochar produc-
tion can be achieved on the small scale with an oven to a large scale with pyrolysis. 
Pyrolysis is a process that converts biomass into bio-oil, biochar, and syngas 
between 350 and 700 °C, without air (Varma et al. 2018). The chemical processes 
that make biochar that is solid include gasification and pyrolysis (Lehmann et al. 
2011). Pyrolysis can be classified into two kinds that are slow pyrolysis as well as 
rapid pyrolysis. They depend on the time of residence as well as the rate at which 
they heat. Slow pyrolysis is more efficient at producing syngas, while faster pyroly-
sis creates more liquids and oils. Additionally, slow pyrolysis is able to facilitate 
more biochar production (36%) more than rapid pyrolysis (about 17%) as well as 
gasification (12%) (Uchimiya et al. 2011). Slow pyrolysis is also referred to as tra-
ditional carbonization. It creates biochar by heating the biomass. This is low for a 
lengthy period of time and this could require days (Cao et al. 2009). For fast pyroly-
sis, however, biochar is made at higher temperatures with a small residence time 
(11  s). The major difference between the slow and fast pyrolysis methods is the 
yields. The latter gives the highest yield of bio-oil, while the former yields better 
yields for biochar. When making biochar, the process starts with the drying of bio-
mass in which the particles are further heated to allow volatile substances to release 
in the solid (Rhodes et al. 2008). The volatile substances that are produced can be 
carbon dioxide methane, carbon monoxide, as well as hydrogen or condensable 
organic substances like acetic acids and methanol. The polymerization and cracking 
processes during the phase of gas alter the spectrum of the product (Cetin et al. 2005).
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In the past few years, there has been an increase in variety of risks to sustainable 
agriculture as a result of climate change, desertification and fertile soils, and insuf-
ficient, particularly stress from abiotic sources like the drought and heavy metals 
polycyclic aromatic hydrocarbons (PAH), persistent organic, and inorganic chemi-
cals as well as. They have reduced soil fertility and affected development of plants, 
leading to an incredibly low agricultural production (Rajkumar et al. 2017). Plants 
have biochemical and physiological responses to deal with abiotic stressors and 
environmental stressors; the stressors whether as an individual or a combination (a 
heavy metal in drought, salinity and drought, and drought) have a significant effect 
on crop growth and the productivity of agriculture. For instance, the loss of crop due 
to drought India alone is believed to be more than 21% decrease in cereals. There is 
also a 5% decrease in the consumption of pulses and 33% decrease in sugarcane 
production, reduction of 29% in the production of citrus fruits, and 18% decrease in 
total production of food grains in 2012–2013 (Udmale et al. 2014). In the same way, 
heavy metals and salinity pose an extremely serious risk to crop production altering 
the plant’s metabolic and physiological processes. Beyond the direct effects on the 
plants, climate change can also impact the growth of plants indirectly by altering the 
nature of soil and allowing for create new pathogens and pests.

2 � Nutritional Composition of Biochar

Numerous research works since 1850–2011 have demonstrated the varying impacts 
of biochar on yields of plants. The majority of studies said positive effects, 20% 
claimed none while 30% were negative (Maddox 2013). According to earlier 
research, both types of biochar PLB1 and PLB2 that were used in our study con-
tained the higher concentrations of the major micronutrients such as Zn, Mn, and Cu 
(Macdonald et al. 2014). The small ratio of carbon and nitrogen in the bio-solids 
biochar demonstrates that it could be a suitable resource to use as a fertilizer for N 
(Hossain et al. 2011) and the bio-solids were the most abundant in terms of overall 
Kjeldahl nitrogen (TKN) quantity among the investigated materials. However, there 
is large variability in bio-solids biochar’s properties using different methods of pro-
cessing. So, it is impossible to assume that all types of bio-solids biochar have simi-
lar effects on land application. Freitas et al. (2017) reported and tested in research 
that a variety of bio-solids and biochar samples have TKN concentrations ranging 
from 13,000 to 50,000.

Different methods can be used to make bio-solids. The various stabilization pro-
cesses have significant effects on the labile P percentage of bio-solids (Brandt et al. 
2004). In research, the conversion of bio-solids into biochar was analyzed; Freitas 
et al. (2017) found that bio-solids and biochar differ in their mineral and elemental 
content. The bio-solids biochar examined in this research had a TP level of 67,300 mg 
kg−1, and the XRD method did not reveal any crystalline mineral phosphate. Bio-
solids vary in characterization depending on the treatment process they use (Freitas 
et al. 2017; Silveira et al. 2019). The bio-solids source may alter the interactions of P.

11  Biochar for Plant Stress Tolerance for Climate-Resilient Agriculture



248

3 � Manufacturing of Biochar

Biochar is made by pyrolyzing biomass under anoxic or anaerobic conditions 
between 300 and 800 °C. Before pyrolysis, it was subjected to a variety of pretreat-
ment procedures, such as crushing, sieving, and air-drying. The final product is 
made by processing the pyrolysis products. The process itself can be categorized as 
“slow,” “medium,” or “fast” pyrolysis based on the time and temperature of pyroly-
sis. Biochar is the primary product of slower pyrolysis (residence time greater than 
1 h), as well as bio-oil and tiny amounts of syngas (including CO, H2, CH4, and CO) 
are also produced. The yields of syngas, biochar, and bio-oil range from 13%, 12%, 
to 75%, respectively, during the fast pyrolysis (residence time less than 2 s) (Ahmad 
et  al. 2014; Jin et  al. 2016). Syngas can be reused as a clean fuel. Bio-oil, also 
known as biodiesel, is regarded as an eco-friendly alternative to diesel fuel due to its 
similar molecular weight and other properties to diesel fuel (El-Dalatony et  al. 
2017). So, when it is heated to high temperatures, all three products produced by 
biomass pyrolysis are highly recoverable. The physicochemical properties of bio-
char, which vary significantly depending on the feedstock used and production con-
ditions, determine its adsorption and activation performance. Consequently, it is 
essential to comprehend the biochar production processes and control parameters 
that effects on the biochar’s physicochemical characteristics.

4 � Biomass Feedstock

The yield, elemental content, and microstructure of the biochar are all determined 
by the composition of the biomass. Higher the amount of lignin in the raw materials 
derived from plants more yield of biochar. Therefore the biochar that is made up of 
solid wastes including manure from animals and sludge is higher than those from 
crop residues as well as wood biomass, due to the nature of the material, which 
includes high amount of inorganic compounds. Enders et al. (2012) and Cantrell 
et al. (2012) found that metal content in feces of animals slows down the process of 
removing volatile substances to some extent. In addition, releases of volatile com-
pounds aid in the formation of a fully ordered mesoporous or microstructure in 
biochar, thereby increasing the surface area as well as the number of locations that 
are active (Bruun et al. 2012). However, the surface structure and reaction properties 
of the biochar may be significantly impacted if the feedstock contains an excessive 
amount of mineral ash, even though the yield may rise. Additionally, the surface’s 
functional groups may be reflected in the mineral content of the biochar. The prop-
erties of adsorption and activation in the biochar are closely linked to double-bond 
oxygen-, nitrogen-, and double-bond groups (Rajapaksha et al. 2016). The study 
found that high-temperature burning alters the elemental content of raw materials. 
The change is most obvious in the increase of C content and decreases in H and O 
content, both of which improve the aromatic properties and decrease the polarity of 
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biochar. Biochar made from livestock manure and sewage sludge has a high S and 
N content, whereas biochar made from plant matter typically has a lower C and O 
content than biochar made from solid waste.

5 � Role of Biochar in Plant Stress Tolerance

Biochar not only helps in plant growth and performance, but it also helps to protect 
them from the impacts of abiotic stresses like drought or salinity (Rizwan et  al. 
2016; Shaaban et  al. 2018). According to recent research, the use of biochar is 
quickly reducing the negative effects of trace metals (Yuan et  al. 2019). This 
approach is less expensive and has less impact on the environment (Younis et al. 
2016). According to the most recent research, applying biochar to contaminated soil 
significantly enhances the antioxidant activity and boosts up plant growth. By 
absorbing soil contaminants within the plant, such as trace metals, biochar aids in 
the reduction of soil pollution (El-Naggar et al. 2020).

Although a lot of research has been done on the properties of biochar, the role 
that biochar plays in the removal of soil pollution and environmental sustainability 
has not been thoroughly explored (Yuan et al. 2019; Haider et al. 2022). The research 
studies concentrate on a specific kind of pollutant or the procedure for remediating 
it. Therefore, it is essential to highlight the pollutant removal induced by biochar in 
support of the actual efforts of soil remediation. This chapter examines recent devel-
opments regarding the application of biochar to the remediation of trace metal-
contaminated soils. The environmental and agricultural effects of biochar’s in the 
removal of trace metals from soil are discussed in greater detail in this study. Due to 
the toxicity of trace metals in plants, the potential effects of biochar on the produc-
tion of reactive oxygen species (ROS) are also discussed.

6 � Biochar Provides Abiotic Stress Tolerance

The biochar’s reaction to various abiotic stresses (the heavy metal (HM) stress, 
drought stress, temperature stress, lodging stress) is described below in 
sub-headings.

6.1 � Heavy Metal Stress

Biochar is a material that is negatively charged that has high cation exchange capac-
ity (CEC) mineral elements and differs within functional groups. Biochar has abil-
ity to reduce the uptake  of heavy metals in soil  through the electrostatic effect, 
which is accompanied by adsorption precipitation and complexation. In particular, 
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the electronegativity of biochar improves the attraction of negatively charged ele-
ments (Cu, Zn, Cr, Zn, etc.) and decreases the bioavailability of soil. In the same 
way, the large CEC of biochar could absorb heavy metals that are on their surface 
via the ion exchange mechanism (He et al. 2019). A number of researchers (Gonzaga 
et  al. 2018) have reported previously that biochar is made from waste materials 
which dramatically reduce the bioavailability of heavy metals by the electrostatic 
attraction and adsorption process which in turn increases crop’s growth and grain 
yield. In addition, the use of mineral-104-loaded biochar can precipitate metals, 
transforming to an insoluble form. In addition, the functional group found in bio-
char offers an excellent site of active binding of heavy metals that reduces the avail-
ability of metals and creates healthier conditions for plant growth. Biochar’s effects 
on plant growth and resistance to stress in metal-contaminated soil.

6.2 � Drought Stress

Drought is regarded as to be one of the most significant factors that negatively 
impact the growth of plants and their productivity. Biochar is being viewed as a tool 
for mitigation to alleviate the stress of drought and to encourage the growth of 
plants. When there is condition of drought, the plant suffers from severe water defi-
cit because of the loss of soil’s water retention capacity that significantly impacts 
the growth of plants and their metabolism. However, the use of biochar in the form 
of soil amendment can increase the ability to hold water and the amount of moisture 
in the soil by altering the soil’s pore size distribution as well as the stability of the 
soil’s aggregate (Tanure et  al. 2019). The porous nature of biochar enhances the 
retention of water in soils through expanding the micropores distribution within the 
soil. Additionally, the application of biochar can increase the active substances in 
the osmotic system that reduce the loss of water from leaves as in addition, the cat-
ionic character of the biochar improves plant’s ability to absorb water. Additionally, 
biochar decreases the density bulk of soil, which affects water infiltration process 
and helps to facilitate soil aeration as well as the process of microbial respiration, 
which in turn boosts the growth of plants in conditions of drought (Tanure et al. 
2019). Recently, it was reported that the use of biochar can reduce some of the reac-
tive components of thiobarbituric acid and electrolyte leakage from leaves. 
Furthermore, it boosts the antioxidant capacity of wheat that is grown in drought 
conditions which result in increased yield and stress tolerance of the plant (Abbas 
et al. 2018; El-Mageed et al. 2020). In a separate investigation, Hashem et al. (2019) 
found that biochar’s amendment has increased the amount of osmotic-active chemi-
cals like K+ in the tissues of plants, resulting in an increase in the amount of water 
absorbed by plants which in turn increases the water content in the leaf under the 
stress of water condition and also protects the plant from losing water. In this 
instance, the increase in the quantity of osmotic-active substances may be related to 
the high cation content in biochar. In addition, it is the fact that the modification of 
biochar enhances the polyphenolic and proline-containing compounds, which is an 
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antioxidant and cleanses drought-related ROS, and consequently enhances the 
plant’s survival and yield (Afshar et al. 2014). The porous nature of biochar enhances 
the retention of water in soils by increasing the distribution of micropores in the 
soil. In addition, the use of biochar enhances the active substances in the osmotic 
system that reduces the loss of water from the leaves, as the cationic nature of the 
biochar improves plant’s ability to absorb water. Additionally, biochar decreases the 
density bulk of soil, which alters the water absorption and aids in the aeration of soil 
and the process of microbial respiration, which in turn boosts the growth of plants 
in a condition of drought (Tanure et al. 2019). Recently, it was reported that the use 
biochar can reduce those reactive compounds of thiobarbituric acid and electrolyte 
leakage from leaves. Additionally, it enhances the antioxidant activities of wheat 
that is grown in drought conditions that resulted in improved resistance to stress and 
increased growth (Abbas et al. 2018).

6.3 � Temperature Stress

Stress on temperature (heat or cold) impacts plant growth through reducing effec-
tiveness of water of photosynthetic rate, photosynthetic efficiency, and conductance 
of the stomata. Furthermore, the increased temperatures trigger the production of 
ROS and lower antioxidant activity that triggers cell death, which in turn hinders the 
growth of plants (Bruno et al. 2020; Rajkumar et al. 2017). Biochar’s use aids in 
protecting the plant by limiting the negative impacts caused by temperature stress in 
119 conditions. Biochar will increase the osmotic adjustment and reduce loss of 
water. In addition, biochar enhances the antioxidant capacity of the plant, which 
assists the plant in reducing ROS accumulation caused by stress. It also improves 
the plant’s growth (Abbas et al. 2018; El-Mageed et al. 2020). Yet, only a few stud-
ies have addressed the effect of biochar on temperature stress responses. For 
instance, Fahad et al. (2015) examined the impact of biochar application on rice 
under conditions of heat stress and found that the application of biochar reduces the 
negative impact of heat stress on plants by the increased photosynthesis and water 
efficacy of the plants. Similarly, Yuan et al. (2017) examined the effects of biochar 
application on the cold tolerance of rice seedlings and found that biochar applica-
tion enhances the interaction between organic molecules with stress-related pro-
teins, which improves the sensitivity of the rice seedling.

The stress of temperature (heat as well as cold) impacts on plant growth by 
reducing water efficiency, photosynthetic rates, and the conductance of stomata. 
Additionally, the alteration in temperatures triggers the production of ROS and 
reduces antioxidant activity, which causes cell death, which in turn hinders growth 
of the plant (Bruno et al. 2020; Rajkumar et al. 2017). Biochar’s use is aid in pro-
tecting the plant by limiting the negative impacts that are induced by stress condi-
tions at 119 °C. Biochar could increase osmotic adjustments and stop loss of water. 
Additionally, biochar increases the antioxidant capacity of the plant. This helps the 
plant reduce the ROS accumulation caused by stress and boosts the growth of the 
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plant (Abbas et al. 2018; El-Mageed et al. 2020). But, only a handful of studies have 
explored the effect of biochar on temperature stress responses until now. For 
instance, Fahad et al. (2015) examined the impact of biochar application on rice 
under conditions of heat stress and found that the application of biochar reduces the 
negative impact of heat stress on plants by enhanced photosynthesis and increased 
water usage efficacy of the plants. Similarly, Yuan et al. (2017) examined the effects 
of biochar on the cold tolerance of rice seedlings. They discovered that the applica-
tion of biochar improves the interaction between organic molecules with stress-
related proteins, which enhances the tolerance of rice seedling.

6.4 � Stress Caused by Plant Diseases

A number of studies have looked at the possibility of biochar soil amendments to 
affect the resistance of plants to pathogens causing disease. In relation to soil patho-
gens (Matsubara et al. 2002), although primarily concerned with the effects in the 
effects of AM fungal inoculations in the development of asparagus resistance to 
fusarium root rot, they also found the charcoal amendments could have an inhibi-
tory effect on pathogen that is borne in soil Fusarium sp. They discovered that 
charcoal made from coconut fibers slowed the growth of fusarium root and crown 
rot and also the increase in AM the growth of asparagus seeds.

This confirms earlier findings that root lesions caused by Fusarium sp. asparagi 
and+ F. proliferatum the oxysporum were reduced when biochar made from ground 
hardwood was added to the asparagus field soil as compared to a control with no 
amendments (Elmer and Pignatello 2011). Additionally, biochar application 
enhanced colonization of AM in the asparagus root which in turn helped suppress 
the disease, even when they were supplemented with allelopathic substances which 
are known to inhibit AM colonization within aspen (Elmer and Pignatello 2011). 
These results support the notion that biochar could help in awarding against allelo-
pathic effects through the adsorption and detoxification process of allelopathic 
agents, a process that was previously discovered by Wardle et al. (1998). Apart from 
detoxification of chemical agents, the reduction of soil pathogens may be the result 
of a number of mechanisms that include (i) supplying nutrients and enhancing their 
uptake and solubility nutrients. This helps improve the plant’s growth and resistance 
and enhancement of soil microorganisms that cause pathogenic stress; (ii) stimula-
tion of microbes, which offer an immediate defense against the soil’s pathogenic 
organisms by antibiosis and parasitism, or competition; (iii) biochar-associated 
organic compounds can suppress the soil’s sensitive microbiota, resulting in growth 
resistance of microbial populations; (iv) biochar could trigger the defense system of 
plants and elicitors could be either biochar-borne chemicals, or biochar-induced 
microorganisms.

Biochar lacks an indigenous population of microorganisms that could aid in dis-
ease prevention. It is initially sterile. However, biochar can impact the microbes and 
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communities, as mentioned in the previous paragraphs, and these changes could be 
beneficial. Graber et al. (2010) identified a variety of biochar-derived compounds 
that are believed to negatively impact microbial growth and viability. They include 
ethylene glycol, propylene glycol, hydroxypropionic and butyric acids benzoic 
acid, o-cresol and benzoic acid as well as the quinones (resorcinol as well as hydro-
quinone) and 2-phenoxyethanol. The presence of low levels of these harmful sub-
stances could disrupt sensitive soil microbiota and lead to an increase in resistant 
microbe communities (Graber et al. 2010).

Biochar’s potential to trigger resistance in plants against pathogens that cause 
disease is being investigated in different systems that deal with pathogens that 
cause foliar damage. The severity of disease caused by the necrotrophic (Botrytis 
cinerea) and biotrophic (Oidiopsis sicula (originally called by its teleomorphic 
term: Leveillula taurica)) plant pathogens that cause foliar damage in tomatoes 
and pepper (Elad et al. 2010) was significantly decreased in treatments with bio-
char amendments. The reduction in damage caused by broad mite 
(Polyphagotarsonemus latus) in plants of pepper treated with biochar was also 
noted (Elad et al. 2010).

6.5 � Stress Caused by Insecticides in the Plant

In this chapter devoted to the phytopathological side of the addition of biochar to 
soil, it is remiss not to highlight the fact that biochar can adversely affect the effec-
tiveness of pesticides applied to soil such as insecticides, fungicides, and herbicides, 
because of the large adsorption affinity and the capacity that biochar shows toward 
a variety of organic compounds. Additionally, the organic component that is soluble 
of biochar could create complexes with herbicides applied to soil and increase their 
downward transportation from the zone of soil (Cabrera et al. 2011). For the fungi-
cide Pyrimethanil, it has been demonstrated that an increase in biochar content 
causes a gradual increase in adsorption (Yu et  al. 2010). Biochar may inactivate 
pesticides due to the strong pesticide adsorption (Graber et  al. 2011; Nag et  al. 
2011). Consequently, high amount of pesticides could be required to achieve the 
same degree of protection against pests such as in an investigation of the effective-
ness of fumigants against the many nematodes (Graber et al. 2011).

Biochar with large surfaces area (specific surface area, also known as SSA) can 
be especially problematic for controlling pests because their adsorption power for 
various chemicals is typically much higher than that of lower SSA biochar (Wang 
et al. 2010; Yang et al. 2010). The SSA content of biochar typically rises with the 
increase in temperature of the pyrolysis. When soils were altered by 22% (52 T 
per ha) biochar with a high SSA biochar (SSA of 242 m2/g), the control of the 
plant green the foxtail (Setaria viridis) was greatly reduced even when the maxi-
mum herbicide (S-metolachlor and sulfentrazone) labels were applied (Graber 
et al. 2011).
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6.6 � Stress Caused by Plant Microorganisms

According to a recent review by Lehmann et al. (2011), the evidence of soil biochar 
was increased which have significant effects on soil microorganisms. In most of the 
studies that were looked at in that review, the biochar-amended soils had more 
microbial biomass as compared to soil without biochar. Biochar additions can cause 
significant alterations to the composition of microbial community as well as enzy-
matic activity in many soils as well as the rhizosphere. In particular, the biochar 
amendment was typically characterized by increased number of members belong-
ing to the Actinobacteria and Bacteroidetes phyla (Jesus et al. 2009; Kolton et al. 
2011). Although there is not much information about how biochar influences micro-
bial abundance as well as population structure widely acknowledged that soil 
microorganisms can be extremely influential on the productivity of plants, changes 
induced by biochar to soil microorganisms can contribute to “The Biochar Effect” 
(Graber et al. 2010).

Biochar addition to soils often leads to significant increases in mycorrhizal fungi 
and plant interaction (Warnock et al. 2007). For example, mycorrhizal colonization 
of wheat roots and grain yield significantly increased when biochar was applied in 
conjunction in conjunction with mineral fertilizer. The application of biochar as 
well as fertilizer increased mycorrhizal colonization within clover bioassay plant 
species, and it was found that biochar provides adequate conditions for mycorrhizal 
mycoflora to infiltrate the roots of plants. Solaiman et al. (2010) and Warnock et al. 
(2007) described four ways through which biochar can influence mycorrhizal 
growth and/or function: (i) alteration of soil’s physicochemical characteristics; (ii) 
indirect effects on mycorrhizae due to impacts on other soil microbes; (iii) the inter-
ference of plant fungi in signaling and the detoxification of toxic chemicals by bio-
char; and (iv) providing refuge in the face of fungal invaders (Warnock et al. 2007). 
These mechanisms can also impact other soil-dwelling bacteria, including plant 
pathogens. Beyond the well-known roles in arbuscular mycorrhizal (AM) organ-
isms in stimulating growth in plants, it is recognized that microorganisms of the 
rhizosphere in general and certain strains from groups like Pseudomonas, Bacillus 
as well as Trichoderma in particular may improve the growth of plants in a variety 
of cultivation systems. For instance, the growth increase was caused by the different 
species belonging to Trichoderma that are found in tomatoes tobacco, radish, and 
tomato (Windham et al. 1986) as well as by different species belonging to Bacillus 
(Kloepper et al. 2004) and in various crop species. There are not many studies that 
have looked at the growth of plant growth-promoting rhizobacteria/fungi (PGPR/F) 
in soils that have been amended with biochar. One of the most notable work cultures 
was bulk soil and rhizospheres taken from peppers that were mature that had their 
growth improved by biochar inclusions (Graber et  al. 2010). Of the 20 distinct 
strains collected, phylogenetic characterization using the partial analysis of 16S 
rRNA genes found that eight of the strains shared high similarity in sequence and 
Pseudomonas, Mesorhizobium, Brevibacillus, and Bacillus strains that have been 
identified for their capability to act as growth-promoting agents (Graber et al. 2010). 
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However, this study, which is being the only one in the world is not definitively 
proving the role of biochar-stimulated bacteria in promoting plant growth, could 
suggest an important research direction that could aid in understanding this “Biochar 
effect.” A variety of PGPR/F organisms have been found to boost plant health as 
well as plant growth, either directly tackling plant pathogens or by stimulating the 
plant’s systemic resistance to pests and diseases (Kaewchai et al. 2009).

7 � Conclusion and Future Perspectives

Soils contaminated with trace metals interrupt numerous physiological, biochemi-
cal and morphological processes that impose severe concerns after being absorbed 
and transported to various plants’ parts. Most noticeably, too much production of 
ROS causes membrane degradation through lipid peroxidation and has negative 
effects on the cellular level. These processes are controlled by plants through the 
production of antioxidants, both enzymatic and non-enzymatic, which help the 
plants defend themselves against soil contamination stress.

On the other hand, metals like Cd, Al, Ni, Pb, Cr, and Hg cause oxidative stress, 
which causes the organelles of plants to completely break down. We attempted to 
explain the mechanisms that involve in the reclamation process and increased pro-
ductivity crop in this chapter by addressing several studies that support the signifi-
cant function of biochar amended in the rhizosphere in response to plant stress 
caused by trace metals. In addition, under stress, the use of biochar to plants can 
strengthen the immune system if done at the right level. The use of biochar in con-
taminated soils may be a promising way to increase agricultural productivity and 
protect plant biodiversity. However, future strategies must also conduct a thorough 
analysis of the best ways to promote, produce, and improve suitability of biochar. Its 
adsorption potential and sustainability act as the best tool for removing trace metals 
from contaminated agricultural soils.
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Chapter 12
Chitosan for Plant Growth and Stress 
Tolerance

Muhammad Saad Ullah, Athar Mahmood , Muhammad Mansoor Javaid, 
Maria Naqve, Safura Bibi, Zain Ul Abidin, Ikram ul Haq, 
and Shahid Raza Khan

Abstract  The human population is increasing at an exponential rate and plants 
make the base of the food chain. All inhabitants including human beings are primar-
ily dependent on plants, and the production of these plants or crops primarily 
depends on various environmental conditions prevailing around the atmosphere. 
Climatic change imposes many stresses on plants including biotic and abiotic stress 
with a drastic impact on the productivity of plants. Various synthetic chemicals 
cause irreparable environmental problems and may lead to the metabolic transmuta-
tion of microorganisms. Increase in plant productivity with minimal use of chemical 
fertilizers is direly needed. In this context, chitosan-based biopolymers are consid-
ered best in their action, which is commonly isolated from shells of shrimp, shell-
fish, and crabs, as well as cell wall of fungi. Chitosan has the ability to increase the 
growth of plants by stimulating their many growth parameters such as the uptake of 
nutrients, division, and elongation of cells. In short, chitosan inclusively increases 
plants’ yielding capacity by activating its enzymes involved in various biochemical 
courses such as enzymes involved in protein production. Chitosan responds like a 
plant growth promotor, modifying various growth features, and has the ability to 
stop the growth of various kinds of plant pathogens. Chitosan is capable of alleviat-
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ing the negative impacts of various environmental stresses by activating the stress 
transduction mechanism with the help of primary and secondary messengers 
involved.

Keywords  Chitosan · Climatic changes · Synthetic chemicals · Biopolymers · 
Abiotic stress

1 � Introduction

Plants provide the base of the food chain and have the capacity to make food materi-
als for consumption. Environmental factors are the main determinants that have a 
decisive role in the somatic and propagative growth of plants. Prevailing unsuitable 
environmental factors can cause various deficiencies and irregularities in plant 
growth, poor crop production, long-lasting damage, and even in severe conditions 
death of plants (Duque et al. 2013; Mahmood et al. 2022). Environmental stresses, 
both biotic and abiotic have remarkable effects on plant production. These stresses 
include heat, salinity, drought, and rising temperature while some biotic stresses 
induced by fungi, bacteria, viruses, and nematodes, may affect plant growth by 
disrupting the uptake of nutrients. The human population has increased vigorously 
and of course, there is a terrific rise in it day by day while resources are limited and 
under constant exploitation pressure. Due to a confluence of factors, comprising the 
burgeoning global hunger for sustenance, the swiftly shifting climatic conditions, 
the disquieting degeneration of fertile land, and the perpetually surging consumer 
craving for high-caliber, ecologically sound food products, there has been an 
upsurge in emphasis on the creation and promotion of environmentally friendly 
food items (Carvalho 2006; Wasaya et al. 2021). Today’s major concern is to explore 
alternative biological methods that can fulfill the needs of the emerging world’s 
population. But it clearly demands the vast use of chemical fertilizers, pesticides, 
and large-scale land consumption. However, these chemicals are problematic as 
they have a leaching or volatilization impact of considerable gathering inside the 
soil particles, organic molecules, or in the atmosphere, also cause metabolic trans-
formation of microorganisms (Ali et al. 2020a; Padhan et al. 2021). Consequently, 
there exists a pressing necessity to discover alternative methodologies that facilitate 
the secure and efficient utilization of these chemicals (Shahzad et  al. 2018). In 
recent times, the utilization of nanocarrier and nanosensor advancements has enrap-
tured the scrutiny of erudite individuals hailing from diverse fields encompassed by 
the purview of plant sciences (Tanveer et al. 2012; Wani 2019). Biopolymer-based 
compounds exhibit significant activity against pathogens with minimal human tox-
icity and negligible environmental implications. The utilization of these materials 
can provide safeguarding against an extensive array of plant diseases and augment 
levels of agricultural productivity (Ali et  al. 2020b; Hartmann and Six 2022). 
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Additionally, these substances showcase the prospect of augmenting the yield of a 
plethora of cultivated crops, via ameliorating and preempting the onerous reliance 
on chemical fertilizers and precarious agricultural techniques (Balal et al. 2016). 
Among the experienced biomaterials, the best outcomes were obtained using chito-
san biopolymers, because of its unlimited biological features such as antibacterial 
and growth-regulating action, biodegradability, biocompatibility, and human non-
toxicity. It has garnered exceptional eminence as one of the most extensively scruti-
nized substances in the domain of nanotechnology (de Sousa Victor et al. 2020).

Chitosan (CHT) is a good choice because of rich sources, environmental con-
cerns, and the subsequent simple manufacturing process (Mujtaba et  al. 2019). 
Many studies have exposed of chitosan’s role in prompting plant resistance 
responses, comprising defense genes and enzymes, antioxidant enzymes, and total 
phenolics (Shahid et al. 2014; Chandra et al. 2015). It is also described that chitosan-
created nanomaterials have prospective to excite plant growth and yield by promot-
ing the growth of seedlings, photosynthesis, and also have the potential to increase 
nutrient uptake.

2 � Chitosan

CHT is a chitin derivative, having a molecular weight of about 300 and 1000 kilo 
Daltons. The molecular mass varies, with the source from which it is derived (Balal 
et al. 2017). The chemical structure of Chitin comprises 1–4 linked 2-Acetamido-2-
deoxy-β-D-Glucopyranose. Its unique characteristics as biocompatibility, biode-
gradability, and mammalian nontoxic behavior are because of its straight structure 
(Teng et  al. 2001). Chitosan is a copolymer of N-Acetyl-D-glucosamine and 
D-glucosamine. Chitin deacetylation is done through chemical hydrolysis or some-
times through enzymatic hydrolysis in the existence of certain enzymes including 
chitin deacetylase in the presence of strong alkaline conditions (Venkatesan and 
Kim 2010). Chitin is widely distributed and is supposed to be the world’s second 
most abundant biopolymer after cellulose. It could be found in some invertebrates, 
crustaceans’ shells, the cuticle of insects, sheaths of molds, and also traced in cell 
walls of green algae and yeast. Commercial or industrial-scale production of chito-
san has two main sources: (1) from crustaceans and (2) from fungal mycelium 
(Kannan et  al. 2010). The shells of a crustacean as crab and shrimp comprise 
30–40% proteins, 30–50% CaCO3, and 20–30% chitin (Ibrahim and El-Zairy 2015). 
The major sources of chitin and chitosan are insects (cuticle) crustaceans, squid 
(Loligo abdominal wall), and centric diatoms and mushrooms (Mucor rouxi and 
Aspergillus nidulans) (Kaczmarek et al. 2019). Chitosan is among the chief chitin 
derivatives produced in the prevalence of specific conditions (alkaline in presence 
of NaOH) by enzymatic hydrolysis (Fig. 12.1; Escorcia et al. 2009).
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Fig. 12.1  Chitosan deacetylation from chitin (Escorcia et al. 2009)

2.1 � Methods of Preparation of Chitosan

Chitosan is prepared by two following methods:

	1.	 Chemical treatment
	2.	 Enzymatic treatment

Chitosan is extracted from crustaceans by the chemical deacetylation procedure 
(Cheung et  al. 2015). Demineralization, deproteinization, decolorization, and 
deacetylation are all phases of this process. In this procedure, mineral and protein 
residues are removed from crustacean shells by demineralizing them with HCl and 
deproteinizing with NaOH, respectively. Then, treatments with potassium manga-
nese oxide eliminate molecules that are colored, leaving behind transparent chitin. 
The chitin is treated with alkaline to create chitosan. In the second technique, chitin 
deacetylase is used to generate chitosan enzymatically (Tsigos et al. 2000). We may 
get chitin deacetylase from different bacterial, fungal, and insect species (Zhao et al. 
2010). The enzyme dissolves the N-acetamide bond found in the chitin molecule. 
Chitin is physically and chemically altered before being hydrolyzed because raw 
chitin is a poor substrate for enzymes. Enzymatic methods pose significant limita-
tions in comparison to chemical methods, with their foremost drawback being the 
exorbitant cost of operation, particularly worrisome in the context of large-scale 
industrial production. This is primarily because the enzymes used for deproteiniza-
tion and deacetylation are considerably more costly than their chemical counter-
parts. Furthermore, enzymatic methods exhibit lower efficiency than chemical 
methods due to their incapacity to achieve substantial reduction of the final 10% of 
residual proteins present in shells during the deproteinization process (Younes and 
Rinaudo 2015). Owing to the rapid growth and constant secretion of enzymes by 
microorganisms in reactors under the most favorable reaction conditions, the tech-
nique of fermentation has been devised as a remedy for the exorbitant cost of 
enzymes. The crux of the matter is that by harnessing the potential of fermentation 
processes, it is feasible to manufacture enzymes with greater efficiency and at a 
reduced cost in comparison to conventional methods. Furthermore, this approach 
facilitates the development of a more sustainable and ecologically sound mode of 
enzyme production (Younes and Rinaudo 2015). The diagrammatic demonstrations 
of chitosan formation by an enzymatic and chemical technique were shown in 
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Fig. 12.2  Diagrammatic demonstration of chitosan formation by enzymatic and chemical tech-
nique (Madni et al. 2021)

Fig. 12.2 (Madni et al. 2021). The employment of the chemical method is prevalent 
due to its cost-efficiency and vast magnitude of yield in extracting chitosan from 
crustaceans. This methodology involves the use of chemicals to bearkdown the chi-
tin present in crustacean shells, which is then deacetylated to produce chitosan. The 
process is economical and feasible for large-scale production, making it a popular 
choice in industrial applications (Cheung et al. 2015).

2.1.1 � Chitosan Important Derivatives

Chitosan has many reactive amino side groups; these side groups increase the utility 
of chitosan and provide an opportunity to develop many chitosan by-products. 
Oligochitosan is an important water-soluble derivative of chitosan that can be estab-
lished through many methods such as acid hydrolysis, oxidative degradation, and 
enzymatic hydrolysis (Kasaai et al. 2008). When CHT reacts with epoxide, hydroxy-
alkyl CHTs are formed. Ammonium tri methyl chitosan is another cationic deriva-
tive of water-soluble chitosan that is shaped due to the quaternization of the chitosan 
by reaction with CH3I (methyl iodide) and NaOH (sodium hydroxide). 
N-carboxymethyl chitosan (CHT) is a water-soluble derivative of chitosan that finds 
wide application in diverse fields like food, medical, and gene therapy. Due to its 
high solubility and biocompatibility, it is extensively used in medical applications. 
Additionally, it is used as a food additive for improving texture, viscosity, and shelf 
life. N-carboxymethyl CHT shows promise for the development of new gene deliv-
ery systems owing to its excellent gene transfection properties, thus making it a 
popular choice in various industries (Khanjari et al. 2013). Another derivative of 
chitosan is N-methylene phosphonic chitosan, which demonstrates amphoteric 
properties, meaning that it can act as both an acid and a base. This unique feature 
gives it a wide range of potential applications, including use in water treatment and 
as a biomedical material.
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3 � Chitosan Role in Plant Growth

3.1 � Chitosan Biopolymer Versus Plant Growth

CHT promotes the growth of various crops such as beans, potatoes, soybeans, rad-
ish cabbage, and other crops. When plant growth is promoted and allowed to grow 
luxuriously, yields also increase. Chitosan’s major contribution is promotion of the 
growth rate of numerous types of plants (Ma et al. 2014). Described role of oligo-
chitosan is that it can effectively stimulate the growth of wheat, germination capa-
bility, root length, seedling height, and strength that also enhances the activity of 
roots. It was also observed that early priming with chitosan causes good results as 
noted in case of pear millet, where it enhanced germination rate and seedling vigor. 
A similar enhancing effect was found in rapeseed where many growth attributes 
were seen positively enhanced when early seed soaking in chitosan was done. It 
improved sprouting rate, enhanced length, mass of hypocotyl and radicle were also 
increased (Sui et al. 2002). CHT molecules can lower water content in plants and 
boost many biological activities so overall play significant role in lowering the dam-
age caused by stressful situations. Experiments on orchids were performed to con-
clude the effects of CHT on organogenesis chitosan-positive results were observed 
in this experiment even using very low concentrations (Nahar et al. 2012). Daikon 
radish, cabbage, sweet basil, soybean sprouts, and ornamental crops like gerbera 
and dendrobium orchids have all shown significant growth improvements in numer-
ous studies using a variety of treatment methods, including in vitro, in vivo, soil 
application, pot application, and biofertilization (Choudhary et al. 2017). Chitosan 
and rhizobacteria together boost maize yields because they can spur plant develop-
ment and function as organic fertilizer (Agbodjato et al. 2021). It is being used in 
freesia pot culture as a biostimulant (Salachna and Zawadzińska 2014). Chakraborty 
et al. (2020) show the modes of applications of chitosan and its promoting results on 
various crops (Fig. 12.3; Table 12.1). Even many crops, including cabbage (Brassica 
oleracea), bean sprouts, potatoes, strawberries, maize, and rice benefit from the 
growth-promoting effects of CHT. A CHT derivative called Chitogel has been dis-
covered to promote vines’ vegetative growth (Sani 2021). Tomato plants fed varying 
amounts of chitosan that showed greater shoot biomass, more flowers, and lower 
mycorrhization percentages (El Amerany et al. 2020). The spraying of CHT to foli-
age is known to boost the process of photosynthesis, which leads to improve overall 
plant growth and development (Rendina et al. 2019). CHT boosts agronomic prop-
erties of vegetables and improves mango tree fruit yield and growth. CHT is popular 
in agriculture for its ability to enhance plant growth, defend against diseases, and 
boost nutrient uptake, leading to sustainable and productive farming (Sajid et al. 
2020). CHT application to leaves at the vegetative stage stimulates plant growth and 
development, boosting maize seed production (Mondal et al. 2013). CHT treatment 
to strawberry plants improves plant growth and productivity (Abdel-Mawgoud 
et al. 2010).
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Fig. 12.3  Summary of chitosan-mediated disease alleviation in plants (Chakraborty et al. 2020)

3.2 � Chitosan Role in Plant Disease Suppression

Plant development and productivity are negatively impacted by infections, diseases, 
and pests. To treat plant diseases or stop the spread of plant pathogens, a variety of 
synthetic chemicals, biocontrol agents, natural products (microorganisms, higher 
plants, and animals) are also utilized. These include viruses, nematodes, fungi, bac-
teria, and protozoa (Yoon et al. 2013). CHT is preferred and has certain benefits 
over other biocontrol agents since it has the ability to both control diseases and 
boost the capacity of the target plants to become resistant to them. Moreover, it also 
boosts the biodiversity in the rhizosphere. CHT has operative antimicrobial activity 
against an extensive variety of microorganisms, which include bacteria, fungi, 
viruses, and nematodes. Antimicrobial components have the capability to eliminate 
or restrain the growth of microorganisms. As the world battles the spread of infec-
tions and pathogens, these substances have gained significant importance. They 
function by targeting the essential components of microorganisms, leading to their 
demise or arrest. Antimicrobial agents can be obtained from natural or synthetic 
sources and are often used in producing antibiotics, disinfectants, and other medical 
interventions. Antimicrobial agents play a vital role in upholding public health and 
preventing drug-resistant strains from emerging (Reygaert 2018).
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Table 12.1  Chitosan effects on plant growth and development

Plants species Chitosan effects
Application 
method Reference

Rice Higher photosynthesis rate 
and increased plant growth

In vivo Phothi and 
Theerakarunwong 
(2017)

Soybean Increased plant growth Soil application Chibu et al. (2002)
Zea mays (corn) Increased plant growth also 

grain weight
Biofertilization Choudhary et al. (2017)

Improved germination of 
seed

In vivo Shao et al. (2005)

Improved seed sprouting and 
staying power

In vivo

Potato Enlarged tuber size In vivo Falcón-Rodríguez et al. 
(2017)

Amended growth and yield In vitro and 
in vivo

Kowalski et al. (2006)

Solanum 
lycopersicum 
(Tomato)

Improved fruit productivity 
along its quality

In vivo Sathiyabama and 
Charles (2015)

Increased seed germination 
and vigor index

In vivo Saharan et al. (2015)

Phaseolus vulgaris 
(Bean)

Increased leaf area, 
chlorophylls level, and 
carotenoids

In vitro Santo Pereira et al. 
(2017)

3.2.1 � Chitosan Antifungal Activity

In 1979, Allan and Hadwiger originally characterized CHT as a biofungicide. 
Subsequently, this substance has garnered significant recognition and has been thor-
oughly investigated in the field of plant protection research. The fungicidal utility of 
CHT has been seen in many molds and oomycetes (Pandey et al. 2018). The efficacy 
of chitosan has been observed to be highest in vitro for hindering the proliferation 
of numerous pathogenic fungi, including Penicillium digitatum, Alternaria alter-
nata, Botrytis cinerea, and Rhizopus stolonifera. CHT performs through suppress-
ing the growth of numerous pathogens in their different developmental stages, such 
as the hyphal growth stage, spore formation phase, spore viability germination, and 
at the end when the virulence factor is produced (Lemke et al. 2022). Chitosan is 
capable of quashing the growth of Pythium aphanidermatum. Against Phytophthora 
capsici, it causes disturbance in its endomembrane system, especially affecting its 
vacuoles’ integrity (Chakraborty et al. 2020). The damping-off disease was success-
fully controlled by chi and its products (El-Mohamedya et  al. 2019). Moreover, 
chitosan is being used as an antifungal mediator in the form of nanoparticles 
(Chouhan and Mandal 2021). Reports showed that root rot in wheat and kernel rot 
in maize are effectively controlled by chitosan (El-Gamal et al. 2021).
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3.2.2 � Chitosan Role as Antibacterial Agent

CHT derivatives are very effective against bacteria. Chitosan’s antibacterial proper-
ties are often observed in human bacterial infections, which are frequently brought 
on by Staphylococcus aureus, some species of Escherichia coli, and occasionally 
other species of Bacillus (Shi et al. 2016). CHT is effective against various types of 
infections caused by bacteria and enhances plant strength against these infections. 
Chitosan efficiently controlled various plant pathogenic bacteria, like Xanthomonas 
spp. and Pseudomonas spp. (Toan et al. 2013). Chitosan inhibitory action and effi-
cacy vary depending on the amount of chitosan material used, its molecular weight, 
the kind of bacteria utilized, the configuration of the bacterium’s surface and cell 
walls, and the type of solvent used (Rabea and Steurbaut 2010). Chitosan has the 
best antibacterial activity against both gram-positive and gram-negative microor-
ganisms. The presence of bi-charged cations on gram-positive bacteria’s outer 
membrane helps to balance the central negative charges on LPS (lipopolysaccha-
ride) molecules. Chitosan is thought to shift these divalent cations from the binding 
site, causing membrane disruption and cell death. Because chitosan binds to gram-
positive bacteria more easily, the inhibitory result is more effective against these 
gram-positive bacteria as compared to gram-negative bacteria (Matica et al. 2019).

3.2.3 � Antiviral Activity of CHT

Chitosan does not make up the virus’s structural elements. Typically, chitin and 
similar polysaccharides are absent in viruses. Chitosan could only cure a small 
number of plant virus diseases, making it ineffective for use on plants (Iriti and 
Varoni 2015). It is yet unsure if CHT directly incapacitates viruses. Numerous 
investigations have demonstrated that CHT enhances the host’s oversensitive reac-
tions to contamination and stops viroids and viruses from completely multiplying in 
the plant (Badawy and Rabea 2011). Chitosan as a suppression response identified 
in Tobacco mosaic and necrosis viruses X, and peanut stunt viruses. According to 
Firmansyah (2017), CHT is also the best defense against the squash mosaic virus 
(SMV), which protects many plant species from both general and local infection. 
The impact of chitosan on several viruses is listed in Table 12.2 (Chakraborty et al. 
2020).Nematocidal Activity of CHT

Numerous nematodes that function as pathogens in plants and cause a variety of 
illnesses that impact growth and development can be controlled by CHT (Kalaiarasan 
et al. 2006). The application of CHT to soils encourages the growth of chitinolytic 
bacteria that break down the chitin found in plant parasite tissues. Chitosan fre-
quently decreases the ability of Meloidogyne javanica and Heterodera schachtii to 
lay eggs as well as the survivability of their larvae and adults. Chitosan has a signifi-
cant quantity of nitrogen, so when it is applied, it produces large amounts of ammo-
nia gas, which acts as a poisonous agent for nematodes and hinders their ability to 
survive. As a result, ammonia emission is lethal to nematodes (Maluin and Hussein 
2020). By promoting full and selective confrontation of tomato plants with 
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Table 12.2  Chitosan effect on different viral infection (Chakraborty et al. 2020)

Plant species Viruses Effect
Inhibition rate 
(%)

Phaseolus vulgaris TNV Reduction in the number of local lesions 75–100
Phaseolus vulgaris TNV ------------------ 75–100
Chenopodium 
quinoa

CNV ------------------- 20–50

Chenopodium 
quinoa

ALMV-S ------------------- 50–75

Phaseolus vulgaris PSV Reduction in number of systemically 
infected

75–100

Phaseolus vulgaris ALMV Plants 75–100
Pisum sativum (pea) PSV -------------- 50–75
Pisum sativum --------------- 50–75

root-knot nematodes, CHT exemplifies elicitor activity. One of the stem nematodes, 
the pinewood nematodes (Bursaphelen chusxylophilus), was successfully controlled 
by chitosan-founded nanoparticles of avermectin (Liang et al. 2018).

4 � Chitosan Application on Plant Responses with Distinct 
Position to Environmental Stresses

Plant stress is a state that exists around us and is unsuitable for plants to survive. 
Plants typically encounter and develop under less than ideal growing circumstances 
(Chadha et al. 2019). As they cause numerous abnormalities and shortages in growth 
patterns, crop yields, eternal damage, or death if they persist for a long time, beyond 
the plant tolerance boundaries, stress impacts are fatal for plants (Mehmood et al. 
2018). Plant stresses are broadly classified into “abiotic” stresses that are triggered 
by nonliving causes (including drought, variations in temperature and salinity), and 
“biotic” stresses that are initiated by living organisms (such as microbes, insects, 
and plants).

4.1 � Chitosan Effects on Abiotic Stresses

Drought, salt, and severe temperatures are the three main abiotic stressors that con-
tribute to agricultural yield losses because they negatively affect plant growth, sur-
vival, and productivity (Javaid et al. 2018). Chitosan oligomers are good at helping 
plants to develop tolerance to a wide range of abiotic challenges, including water 
scarcity, heat stress, the predominance of salty environments, and the toxicity of 
heavy metals (Malerba et al. 2012). Although, how chitosan combats all of these 
factors is still not fully understood, it is evident from several papers that CHT 
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triggered numerous defense-related functions in plants (Iriti and Faoro 2008). 
Application of chitin-built substances activates the defense system in plants because 
the cell membrane of plants has unique chitin receptors on its surface that perceive 
and create defense-involving responses. Chitin Elicitor-Binding Proteins (CEBiP), 
which have been identified from a variety of crops, can directly influence the course 
of gene expression to elicit an immune response. Similarly, chitosan-binding glyco-
protein that belongs to the lectins family is removed from mustard leave (Brassica 
campestris L.) (Chen and Xu 2005). Vesicles were isolated from Mimosa pudica 
L. and Cassia fasciculate when analyzed by experts showed rapid activation of 
H-ATPase present on the plasma membrane, conforming to the importance of CHT 
receptors (Amborabé et al. 2008).

4.1.1 � Effect on Drought Stress

Drought conditions are one of the obstacles to inclusive agricultural production 
(Wasaya et al. 2021). The quantity of CO2 in the atmosphere has increased gradually 
since industrialization and has already surpassed 400 mol−1 (Xu et al. 2018; Javaid 
et al. 2022). This is a significant contributor to global warming, which alters the 
subsurface water table that plants can access and hence has an impact on unpredict-
able rainfall patterns. Drought has reduced the yield of many commercial crops 
globally as maize 75% (Kamara et al. 2003), wheat 22%, barley 50%, canola 30% 
(Masoud 2007). Reactive oxygen species (ROS) produce when drought shock 
boosts their production, and these ROS cause substantial damage to plants under 
stress by directly interacting with several macromolecules and peroxiding mem-
brane lipids. Plant development is negatively impacted by drought stress, and its 
revenue is also affected (Yang et al. 2009). CHT treatment during drought condi-
tions has the function of reducing the detrimental effects of stress by boosting the 
synthesis of antioxidant enzymes. By promoting root development, antioxidant 
enzyme synthesis boosts roots’ capacity to absorb water. CHT application boosts 
plant nutrient absorption efficiency and soil fertility (El Amerany et al. 2020). Under 
controlled conditions, it also increases crop yield and other growth factors for a 
variety of crops, such as cowpea, potato, common beans, and wheat (Hidangmayum 
et  al. 2019). CHT treatment in common beans impacts mineral accretion in the 
plant’s body as well as the morphology of the roots and shoots. Drought stress is 
significant abiotic stress that restricts the functioning of many plants, damages their 
physiology, and alters their molecular and biochemical makeup (Salehi-Lisar and 
Bakhshayeshan-Agdam 2016).

In the instance of apples, chitosan was shown to be effective and produces ade-
quate outcomes. Spraying chitosan on apple seedlings increased antioxidant activ-
ity, stopped electrolyte leakage, and preserved moisture levels for 35 days under 
persistent dry conditions. Increased antioxidant activity was observed in several 
other plants, resulting in changes such as higher H2O2 levels, improved root system 
growth, and a variety of other activities in potato, rice, grapes, and white clover 
(Chouhan and Mandal 2021). CHT controls stomata opening and the rate of 
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Fig. 12.4  The impacts of drought stress on plants and their corresponding adjustments (Seleiman 
et al. 2021)

transpiration in the stress phase by inducing ABA (abscisic acid) activities 
(Hidangmayum et al. 2019). CHT may therefore contribute as an antitransparent 
substance in several horticultural crops to help them to resist in stressful situation. 
The impacts of drought stress on plants and their corresponding adjustments are 
shown in Fig. 12.4 (Seleiman et al. 2021).

4.1.2 � Influence on Biochemical Activities

Proline, an active osmoprotectant, controls osmotic pressure, quenches ROS, and 
maintains redox equilibrium under abiotic stresses. Leaf metabolic-free proline 
contents notably increase and leaf water potential decreases under extreme dry 
stress, reducing water loss (Ejaz et al. 2020). It raises the turgor of the leaves and 
assists in the delivery of water to them. MDA levels rise when there is a water 

M. Saad Ullah et al.



271

shortage, which might lead to membrane leakage from the accumulation of free 
radicals. CHT functions in these situations as a constructive controller for osmotic 
regulation and eliminates the negative effects of drought stress conditions 
(Hidangmayum et al. 2019). Sara et al. (2012) reported that priming with chitosan 
decreased lipid peroxidation, removed ROS, and also helped to enhance membrane 
integrity in seedlings of beans, potatoes, thyme, and apples. In chitosan, an abun-
dance of hydroxyl and amino groups are present that react with ROS and form firm, 
nontoxic macromolecular radicals. CHT can scavenge OH and O2 radicals and pos-
sesses DNA-protective properties (Prashanth and Tharanathan 2007). When SOD 
level is enhanced, it promotes the manufacturing of malondialdehyde and dimin-
ishes lipid peroxidation in apple plantlets facing drought stress. Chitosan can also 
scavenge SOD and superoxide anion (Mudassir et al. 2018). When plants are treated 
with chitosan, various forms of carbohydrates including glucose, fructose, man-
nose, sorbitol, and myoinositol increase, even some extra perceived sugars also 
regulated (Li et al. 2017). These may improve drought resistance through an increase 
in osmotic modification and conservation of carbon stability in reaction to desicca-
tion stress. CHT has been found to alleviate the impaired photosynthetic activity 
under drought stress in cowpea, chlorophyll, and carbohydrate contents that were 
increased when drenched by chitosan using 250 mg L−1. Farouk and Amany (2012) 
reported that application of chitosan (at 250 mg L−1) caused an increase in the thin-
ness of the leaf blade through the increasing thickness of the mesophyll tissues, and 
water storage tissues. As a response of chitosan application, procambial activity of 
xylem tissues is stimulated during the differentiation phase of division, so it results 
as increased in xylem area for conductance.

4.2 � Salinity Stress

One of the main biological issues impacting the quality and quantity of agricultural 
products is salt stress. Salinity stress is worsening day to day, affecting around 20% 
of the area that is farmed and more or less 30% of the irrigated area (Shrivastava and 
Kumar 2015). According to creation, there are typically two types of salinization: 
natural (caused by salty lakes and salts discharged from rocks and minerals), and 
manmade (by chemical contamination, unplanned crop rotation, inappropriate irri-
gation practices, and floods). It alone resulted in a 50–70% reduction in rice yield 
(Hussain et al. 2019). Based on the biology of the plant, different species have dis-
tinct salt sensitivity levels. According to previous research, halophytes are less vul-
nerable than glycophytes (Gupta et al. 2021). Yet many physiological processes in 
plants require sufficient salt, but excessive salt content has a negative impact on 
physiological development (Rasheed et al. 2022). Salinity retards the uptake of a 
number of major nutrients from soil because it alters the concentration around roots 
and interferes with the proper mode of diffusion and mass flow mechanisms 
(Shrivastava and Kumar 2015). According to Aravinthasamy et  al. (2021), salty 
soils are defined as soils having an electrical conductivity of more than 4 dS m−1 at 
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25 °C. When there is a considerable amount of salt present, the external osmotic 
potential around the roots decreases, which might change the gradient and produce 
ex osmosis, and causes the plant to wilt. High salt and chloride ion concentrations 
cause toxicity near roots that affects the conductivity. Salt stress alters metabolic 
functions and encourages ROS, which interferes with cellular activities and results 
in oxidative stress (Ilangumaran and Smith 2017). Ion toxicity is the term used to 
describe the excessive buildup of MDA (malondialdehyde) in plants in salt condi-
tions due to the peroxidation of membrane lipids. The application of chitosan might 
reduce these negative alterations. However, to mitigate these alterations, a low con-
centration is needed. Safflower and sunflower seeds treated with a small amount of 
CHT help to reduce the oxidative damage brought on by salt conditions 
(Hidangmayum et al. 2019). Both of these crops’ enzymatic activity was altered by 
this treatment (Jabeen and Ahmad 2013). The harmful effects of salt stress on rice, 
maize, and mung bean were also observed to be mitigated by chitosan pretreatment 
in salinity, which resulted in increased antioxidant enzyme activities and reduced 
levels of malondialdehyde content (Ray et al. 2016). A hydroponic experiment car-
ried out on wheat with 0.0625% oligochitosan gives progressive effects by a mean-
ingfully cumulative antioxidant enzyme (POD, CAT, and SOD) during salt-prompted 
stress and may be capable to improve oxidative stress (Ma et al. 2012).

4.3 � Effect on Biochemical Activities

Stress has an impact on a plant’s metabolic processes, for example, by accumulating 
chlorophyllase and unstable protein complexes, which decrease the amount of chlo-
rophyll in the leaf and cause the stomata to close (Pirasteh-Anosheh et al. 2016; 
Liaqat et  al. 2019). This is further connected to low levels of carbon dioxide in 
leaves, which slow down photosynthesis and, as a result, reduced output and yield. 
When seeds are primed with oligochitosan (0.0625%), as was the case with wheat, 
the rates of photosynthesis and stomatal conductance both increase. This is due to 
stomatal conductance, which, along with a variety of other factors, is necessary for 
photosynthesis and depends on a protein involved in chlorophyll metabolism 
(Mahmood et al. 2022). Contrarily, several data indicate that even the administra-
tion of chitosan has little impact on the amount of internal CO2, even if stomatal 
conductance is seen to be decreased. The reason for this is that the effectiveness of 
chitosan depends on several additional factors, including its molecular weight, the 
mode of application, the degree of deacetylation, and most importantly the responses 
of various plant species have to CHT (Joseph et al. 2020). Chitosan spraying some-
time leads to decrease photosynthesis and constricted stomatal conductance without 
affecting internal CO2 concentration. These contradictory findings could be attrib-
uted to the fact that the function of chitosan is dependent on a variety of factors such 
as application method, degree of deacetylation, molecular weight, and the percep-
tive abilities of different crops (Bhattacharya 2022). CHT role against alleviating 
drought and salinity stress has shown in Fig. 12.5 (Abdellatef et al. 2022).
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Fig. 12.5  Chitosan alleviating role against salinity and drought stress (Abdellatef et al. 2022)

4.4 � Heavy Metal Stress

Anthropogenic activities that facilitate heavy metals’ easy accessibility into plant 
bodies are a dominant contributor to their accumulation in soil. Typically, heavy 
metals are needed by plants to execute a variety of functions rather than posing seri-
ous risks by contaminating the whole food chain (Hassan et al. 2022). Plants utilize 
Cu, Fe, Mn, Ni, and Zn, but only in very small quantities; when these levels are 
exceeded, they become very hazardous (Chaffai and Koyam 2011). Chitosan’s 
structure makes it suitable for carrying out a variety of crucial tasks. Chitosan cou-
ples amino and (OH) functional groups. These groups support CHT’s ability to 
interact with many ions, nonnutrient elements, and heavy metals to create com-
plexes. The symmetry of the metal adsorption rates on chitosan is Hg>Cu>Zn>As. 
ROS increases and alters the characteristics of cell membranes. In one instance, 
when Brassica rapa was grown hydroponically, metal stress was eliminated by 
using chitosan foliar applications of varying molecular weights to alleviate Cd 
harmful effects (Zhang et al. 2002). Similarly, a defensive result of cadmium (Cd) 
toxicity was shown in another experiment (Kamari et al. 2012). Silver (Ag), zinc 
(Zn), Cd, and lead (Pb) may all bind with chitosan, which provides evidence of 
metal accumulation in Lolium multiflorum L. and Brassica napus seed upon chito-
san treatment. These findings open up a new path for mitigating phytotoxicity in the 
presence of heavy metals, leading one to the hypothesis that CHT can absorb toxi-
cants in larger concentrations. It is also possible to increase the uptake and absorp-
tion of crucial minerals by plants. The running metabolism in the roots and shoots 
of plants alters when they are exposed to hazardous conditions, especially metal 
poisoning. Additionally, it disrupts intracellular processes, resulting in a variety of 
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anomalies, as was seen in instances of Cd poisoning where it decreased stomata’s 
conductivity. CHT was applied topically to the plant to reduce this toxicity, which 
eventually enhanced gas exchange and photosynthesis (Xu et al. 2017).

4.5 � Heat Stress

Plants require an optimal temperature to flourish and yield well, but anthropogenic 
activities have caused disturbances in weather patterns. Climate change has become 
intensive for plant survival and a major threat to crop yield globally (Wang et al. 
2018). Heat stress is essentially a situation that occurs when a temperature increase 
lasts long enough to cause enough permanent alterations in plants. Although some of 
them are well suited for their survival adaptations, it always has an impact on their 
growth and development traits (Wahid et al. 2007). Plants produce at their peak levels 
only under ideal environmental conditions. Denaturation of proteins interrupted 
enzyme activity, and fluidity of membrane lipids are all effects of temperatures that 
are excessively high. Additionally, the chloroplast contents in leaves are also 
impacted, and mitochondria may also be unable to adequately perform their func-
tions. Consequently, it may be said that any change caused by stress, specifically heat 
stress, affects the order in which biochemical processes occur in plants. Long-term 
exposure to high temperatures damages cells at the cellular level, many of which are 
lethal to cells, causing them to die. High temperatures are hazardous as they harm 
lipids, proteins, and the fluidity of membranes. Continual exposure to high tempera-
tures and extreme heat stress may cause cellular damage and cell death (Verma et al. 
2020). Heat stresses effecting different plant aspects is shown in Fig. 12.5 (Ali 
et al. 2020b).

Heat stress is cited as a serious concern that frequently coexists with drought 
conditions. Under these situations, it is difficult to control and keep a record of 
because they change drastically with fluctuating conditions (McKersie and Lesheim 
2013). Late-season sowing with chitosan, zinc, and humic acid mixture improves 
the crops’ capacity to deal with heat stress; typically, foliar applications are recom-
mended for this purpose (Ronga et al. 2021). However, it is confirmed that ABA has 
the capacity to activate genes associated with heat shock, such as ABF3 upregula-
tion, which is responsible for boosting tolerance to heat stress. Therefore, it can be 
concluded that chitosan application lowers temperature stress by enhancing ABA 
action, which is responsible for closing the stomata in the best interest of avoiding 
plant (Bittelli et al. 2001).

5 � Future Challenges and Perspective Outlooks

CHT is a significant, safe substance with a variety of mechanisms of action that 
benefits plant health. Its usage in agriculture can, at least in part, reduce the wide-
spread consumption of chemical pesticides. This is enough evidence to prove that 
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applying chitosan to plants have the expected positive effects concern with the con-
cept of sustainable agriculture. It also results in resistance to numerous illnesses 
brought on by the presence of pathogens in them. Another plus point is that CHT is 
environment friendly, as it does not show any harmful impact. There has undoubt-
edly been a lot of work done, and many helpful aspects have been investigated, but 
more research is still needed because the mechanism underlying the restriction of 
pathogen development is not entirely known. Similarly, there is also a need to find 
out how plants acquire immunity against various stress conditions. Numerous deriv-
atives used in agriculture had significant effects against worms, bacteria, and fungal 
assault, spurring the development of other derivatives. Overall, it can be said that 
using contemporary chitosan-based technology in agriculture has a bright future 
and will benefit crops in ways that are sustainable for the environment and persis-
tent. Although there is yet no information on how chitosan is used to repel insects in 
important gardening crops, maybe it will be investigated shortly. Chitosan’s useful-
ness against rising temperatures also needs to be investigated. Chitosan has a dual 
action: in addition to preventing pathogen development, it also changes the host 
plant’s defensive mechanisms. The ideal operational concentrations and application 
techniques for CHT products are still unknown and not widely used.
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Chapter 13
Exogenous Application of Biostimulants 
and Commercial Utilization

Bushra Sarwar, Ahmad Sher, Muhammad Ijaz, Muhammad Irfan, 
and Sami Ul-Allah

Abstract  Plant biostimulants are specialized goods that are used to boost crop pro-
ductivity and swiftly spreading throughout the agricultural chemical and seed 
industries. Biostimulants are distinct from conventional crop inputs like fertilizers 
or pesticides can influence the plant growth and development through many chan-
nels from a single substance for influencing crop growth and development depend-
ing on both the timing and the location of application. However, there is wide 
variation in the effectiveness of biostimulants and little knowledge of the mecha-
nisms underlying situations where variations are seen in field-tested experiments. 
These unidentified pathways might coincide with established indices of soil health, 
opening doors to untapped biostimulant potential regarding growth and develop-
ment of the crop. Therefore, it is most frequently employed to provide the nutrients 
required to achieve the ideal yield at desired level, regardless of the fertilizer source 
and mode of administration used. The initial distinction between biostimulants and 
other agricultural inputs is in the adaptability of particular products in terms of the 
wanted response. The primary categories of crop biostimulants, known mechanisms 
of action, instances of their current field efficacy, and a future perspective are all 
addressed in this chapter.
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1 � Introduction

Other categories are named for these products as plant biostimulators, probiotics, 
metabolic enhancers, and biofertilizers (Swift et al. 2018; Garca-Fraile et al. 2017). 
Plant biostimulants (PBs) are the most popular term used in beneficial manner for 
crop production. Although biostimulants have been used in commercial agriculture 
for many years, growers now have access to a much wider range of these com-
pounds. Organic acids, seaweed extracts helpful microorganisms (fungus and bac-
teria), chitosan, and amino acid or protein hydrolysates are examples of goods that 
are frequently mentioned as biostimulants (Kauffman et al. 2007; du Jardin 2015; 
Halpern et al. 2015) and less popular but expanding categories include of concen-
trated enzymes, charcoal, and microbial extracts. The composition of individual 
products for the remaining biostimulants, which, more often than not, is not fully 
known, varies substantially with the exception of concentrated enzymes.

This information gap results from the biological origin of these goods, which 
contain several constituents. It is anticipated that the product’s beneficial activity is 
caused by synergy among the elements rather than by the individual constituents 
acting alone (Yakhin et al. 2017; Bulgari et al. 2015). According to Yakhin et al. 
(2017), synergy among product ingredients makes it challenging to pinpoint the 
precise processes that trigger a crop response. As a result, a better method for defin-
ing biostimulant action should be based on their application and efficacy. 
Consequently, the remainder of this analysis will concentrate on applied biostimu-
lants’ agronomic effects on the production of row crops and their putative connec-
tions to soil health and is acknowledged.

Plant biostimulants (PBs) are not considered fertilizers or plant protection 
products because their main purposes are not to give nutrients or shield plants 
from pests and pathogens (Rouphael and Colla 2018). These items include ele-
ments and/or microbes that improve the availability of nutrients to plant roots 
and, subsequently, their uptake, promote the plant’s ability to absorb nutrients, 
and, in some cases (Calvo et al. 2014), help the plant adapt to abiotic challenges. 
Less use of fertilizers is allowed by PBs that are frequently used in agriculture 
due to their effectiveness in enhancing plant nutrient uptake. Consequently, by 
potentially reducing the vast amounts of synthetic substances consumed by this 
activity, this could also help to increase the environmental sustainability of agri-
culture (Puglia et al. 2021). Starting with basic materials with incredibly various 
compositions and sources, it is possible to create compounds that have stimula-
tory effects on plants (Rouphael and Colla 2018). This is why various families of 
biostimulants have been established, including inorganic salts, complex organic 
materials, humic and fulvic substances, plant extracts and seaweed, chitosan, 
chitin derivatives, protein hydrolysates, amino acids and organic acids, animal/
vegetable protein, and helpful microorganisms (yeast, filamentous fungi, and 
microalga bacteria like Bacillus and Azotobacter spp.) (Du Jardin 2015; La Torre 
et al. 2016). The beneficial impacts of biostimulants’ various components may 
work in concert to enhance plant growth, productivity, yield, and quality. Because 
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of this, it is still unclear how biostimulants work in general (Koleka et al. 2017). 
This is why a biostimulant is only considered to be such if it has been shown to 
boost plant nutrient uptake, production, and resilience to unfavorable environ-
mental circumstances (Yakhin et al. 2017).

2 � Role of PBs Coping the Toxic Effect of Compounds

Biostimulants can increase a tolerance of a crop to challenging environmental fac-
tors such as drought, UV radiation, high heat, and salinity by applying them spar-
ingly to rhizosphere, plants, and seeds (Du Jardin 2015; Yakhin et  al. 2017; Del 
Buono 2021). The production of chlorophyll and pigments, relative water content, 
leaf gas exchange or the activity of antioxidant enzymes, which control lipid mem-
brane oxidation and water loss are a few essential biochemical physiological pro-
cesses which are impacted by salt and drought stress in plants. According to recent 
studies, PBs may be able to mitigate these damages (Del Buono et al. 2020; Goñi 
et al. 2018). Furthermore, as biostimulated crops are more effective at getting and 
utilizing nutrients, PBs may enable a reduction in the usage of artificial fertilizers 
(Del Buono 2021).

3 � Categories of Biostimulant

3.1 � Seaweed Extracts

3.1.1 � Proposed Mechanisms and Composition

The group of biostimulants known as seaweed extracts is made by processing sev-
eral types of algae, most frequently macroalgae (seaweeds). Macroalgae are a 
renewable resource, and the species that are utilized to make the biostimulants 
(Ugarte et al. 2010) are meticulously watched to enable for continuous harvesting to 
keep the supply steady. The components of commercial products vary widely, 
depending on the species used, harvesting stage, and the specific extraction method 
used by each company (Goñi et al. 2016). Alkaline hydrolysis is the most widely 
used extraction technique while others include super-critical fluid, water-based, 
microwave, pressurized liquid extractions’ ultrasound, acid hydrolysis, and enzyme 
(Shukla et al. 2019).

Seaweed extracts include betaines brassinosteroids, polyamines, and plant hor-
mones in addition to the carbohydrates (Stirk et al. 2020). These chemicals work 
in concert to provide favorable effects in plants, including increased plant growth, 
resistance to biotic and abiotic stressors, and higher crop quality due to increased 
nutrient uptake. While it is easy to assess an interest crop response (nutrient 
absorption, plant growth, grain yield, etc.), it is exceedingly challenging to 
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pinpoint the precise metabolite and mechanism at play in field experiments 
because of how the environment and agronomic techniques interact. Therefore, 
crop growth and yield response provide the best indicators of their treatment 
efficacy.

3.1.2 � Efficacy and Field Application

The Roman Columella used seaweed extracts as organic manure amendments to 
their crops and as mulch throughout the first century, according to historical 
records (Newton 1951). The alleviation of alterations in environmental condi-
tions regard as abiotic stress which mostly comprises of tolerance of water stress, 
is the targeted mode of action for seaweed extracts’ foliar application of row 
crops. Additionally, there is a transformed emphasis on soil treatments to improve 
root development and root zone microbial activity. Phytohormones included in 
the product, stress reduction, and/or stimulation of plant metabolism have all 
been linked to increased nutrient uptake, grain yield, and plant growth when 
seaweed extracts are used (Calvo et al. 2014; González et al. 2013; Craigie 2011; 
Khan et al. 2009).

However, the absence of issued studies showing decreased yields and growth 
pattern do not imply that products enhance performance of crops if treated with 
seaweed extracts. Earlier studies concentrated on the differences between untreated 
and treated crop plants, and there is little information on how seaweed extract inter-
acts with field conditions and other agronomic strategies.

3.2 � Humic and Fulvic Acids

3.2.1 � Proposed Mechanisms and Composition

The complex process of microbial breakdown of organic matter results in a 
wide range of different by-products along the course of degradation (Nardi 
et al. 2007). The final outcome of this route is traditionally thought to be soil 
organic matter (SOM), which is made up of refractory components that are not 
degraded due to resistance and is thought to contain stable chemical com-
pounds collectively known as humus. These molecules are frequently catego-
rized as humic acids (HA), fulvic acids (FA), and humin (acid insoluble and 
alkali), and the organic matter made in the soils is up to 60%. Humic acids are 
acid insoluble and alkali soluble (Lamar 2020). Traditional theories hold that 
these substances have degradation resistance, but a more recent theory holds 
that dynamically decomposition of organic matter is present and that sub-
stances that were once believed to be gone under stable reversible reactions. As 
a result, these substances have the potential to influence the soil microbiome 
(Lehmann and Kleber 2015).
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3.2.2 � Efficacy and Field Application

For many years, HA and FA have been employed as inputs in agricultural produc-
tion, and their effects on communities of microbes, availability of nutrients, and 
growth of plants have been thoroughly researched (Celik et al. 2010; Jindo et al. 
2016). Depending on the intended purpose, there are many different ways to use HA 
and FA. The two main uses in row crops are to improve nutrient uptake or amend 
the soil. It is frequently remarked that the performance of HA and FA treatments for 
enhancing grain production is not constant even applied in a comparison with com-
mon commercial fertilizers.

In addition, there are several accounts of applications of FA or HA at the field 
level having no advantages or even negative effects (Hartz and Bottoms 2010; de 
Santiago et al. 2010). Though, FA and HA can improve soil structure, preserve soil 
ammonium, and have an impact on soil biochemistry that is connected to nitrogen 
(N) and phosphorus (P) cycling. Alternative viewpoints for the HA and FA market 
might therefore be best centered on nitrogen management and the potential to 
enhance soil health.

3.3 � Nitrogen-Fixing Bacteria

3.3.1 � Known Mechanisms and Common Species

All living microbes require nitrogen, which is crucial for the creation of important 
substances including proteins and nucleic acids. The biggest source of readily avail-
able nitrogen is dinitrogen gas (N2) in the atmosphere, but only a small number of 
bacteria (diazotrophs) can use nitrogenase to change N2 into a bioactive form (NH3). 
The metal cofactors of the three different nitrogenase enzyme complexes are 
vanadium-iron (V-Fe), iron-iron (Fe-Fe), and molybdenum-iron (Mo-Fe) (Zehr 
et al. 2003). Because not all microorganisms use all three nitrogenases, even if the 
Mo-Fe cofactor is the most prevalent, N fixation may be hampered by the availabil-
ity of cofactor minerals (Vitousek and Howarth 1991).

Because oxygen irreversibly inhibits nitrogenase function, bacteria must find 
ways to safeguard the enzyme from oxygen while they are in aerobic settings. 
The creation of a heterocyst, which is common to cyanobacteria in aquatic set-
tings, or a nodule are the two most prevalent ways for bacteria to isolate them-
selves from oxygen (Rhizobia–legume symbiotic association). In order to 
successfully integrate the diazotroph of interest into an agronomic system and 
maintain optimal product efficacy and biological nitrogen fixation (BNF), it is 
essential to understand how the diazotroph defends itself against high-oxygen 
concentrations.
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3.3.2 � Efficacy and Field Application

The possible replenishment of N to the growing crop, which reduces the require-
ment for N to be supplied as fertilizer, is the clear agronomic benefit for the usage 
of N-fixing microorganisms. Placement of these bacteria close to the growing crop’s 
roots via in-furrow treatments or seed treatment is essential for maximizing their 
efficacy. In order to ensure a favorable crop response, the use of these bacteria will 
necessitate recommendations tailored to each particular farm to identify the suitable 
microorganism with the right administration method and with the necessary agro-
nomic management.

3.4 � Phosphorus-Solubilizing Bacteria (PSB)

3.4.1 � Known Mechanisms and Common Species

Although P makes up only 0.1% of the water-soluble portion of soil content (w/w), 
this low availability makes fertilizer P necessary to meet plant need of nutrients for 
a particular crop yield (Sharma et  al. 2013). Phosphorus that is applied to soils 
might become fixed there, making it unavailable for plant absorption while still 
contributing to the soil’s P reservoir is only up to 90%. Microorganisms primarily 
achieve the solubilization of inorganic phosphates by the production of organic 
acids (Kalayu 2019) which can improve P availability in two different ways: (1) by 
preventing cations like Ca2+ (Calcium) and Fe2+/3+ (Ferrous/Ferric Iron) from fixing 
accessible P; and (2) releases mineral P-complexes by lowering the soil pH, particu-
larly Ca (Walpola and Yoon 2012). Through the development of extracellular 
enzymes, organic phosphates can be hydrolyzed to increase the amount of soil-
available P (Tarafdar et al. 2002). Although the mechanisms of P solubilization are 
well established, there is far less information available regarding the effectiveness 
of boosting those systems through inoculation or management to improve crop 
production.

3.4.2 � Efficacy and Field Application

Numerous studies have been undertaken on phosphorus-solubilizing bacteria in 
both natural ecosystems and lab settings over a long period of time (Alori et al. 
2017; Saeid et  al. 2018). The phosphorus solubilizing microorganisms (PSM) 
have only lately been introduced as an agronomic input, hence their full com-
mercialization potential has not yet been attained (Kalayu 2019). Because differ-
ent soil types and agronomic activities (rotation, tillage, and fertilization) affect 
the amount and the source of soil P differently, it is essential to utilize the right 
microorganism to maximize P solubilization in the specific system. When three 
PSM strains were applied, wheat yield increased by 19–24% when compared to 
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an uninoculated control, but by 33% when the three strains were co-applied 
(Turan et al. 2012). When used in conjunction with other agronomic methods, 
PSM in agronomic systems clearly has the ability to boost crop P uptake, crop 
grain yield, and soil-available P, the difficulty is to comprehend the species by 
environment interactions to maximize their usage. In addition, using PSM to 
provide P for crop growth rather than fertilizing with external P reduces P con-
tamination of streams and can promote the establishment of more soil 
microorganisms.

3.5 � Arbuscular Mycorrhizal Fungi (AMF)

3.5.1 � Known Mechanisms and General Morphology

The symbiotic relationships between soil fungus and crop plants are widely recog-
nized, and studies of these relationships have been conducted for a variety of crops, 
including rice, wheat, maize, and soybean (Mbodj et al. 2018; Sugiyama 2019). Due 
to the physical characteristics of vesicles and arbuscules that are created by these 
creatures, endophytic mycorrhizal fungi (AMF) are the most prevalent fungal/plant 
interaction. According to theory, these fungi coevolved with plant roots to enable 
adaptability to grow on dry land (Willis et al. 2013).

While genetic analysis enables the isolation and species-level differentiation of 
bacteria, AMF taxonomy frequently relies on the physical traits of the asexual rest-
ing spores. The synergistic link between soil bacteria and AMF and plants is another 
something that has been better understood as a result of advances in microbiological 
research, leading to the idea of potential co-inoculation (Miransari 2011). Future 
crop production will benefit from the understanding that AMF can interact with soil 
bacteria and impact how biostimulants, which support plant development and soil 
health, are produced or function.

3.5.2 � Efficacy and Field Application

AMF’s potential as applied biostimulants has been assessed by a number of research 
and reviews, with the main functions being to reduce the stress of saline conditions, 
defend against plant diseases, and boost nutrient availability and absorption, par-
ticularly connected to P (Plenchette et al. 2005). Increased uptake of Mg, P, N, Ca, 
and Kin maize in saline circumstances when AMF were present reduced salt stress 
(Lee et al. 2015). Additionally, stronger photosynthetic upregulation and a decrease 
in the generation of and in reaction to ROS were two additional ways that local 
AMF present alleviated salt stress more than inoculation with foreign species 
(Estrada et al. 2013).
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4 � Emerging Biostimulant Categories

4.1 � Enzymes

A new class of biostimulants, which are pure enzymes, has been launched with the 
commercial usage of phosphatases in crop fields. Extracellular enzymes produced 
by organisms are found in soils; this is particularly evident in plants and microor-
ganisms (Spiers and McGill 1979). These enzymes function as biological catalysts 
to speed up biochemical reactions, which are sometimes reliant on organic N or P 
chemicals in soils. Enzymes that can be applied to soil in cropping systems have 
recently been produced and purified by industrial manufacture of enzymes through 
microbial fermentation techniques (Nielsen et al. 2007).

Enzymes associated with the carbon (C) cycle are also of interest because, like 
phosphatases, they can catalyze the breakdown of residues and offer a potential tool 
for better management in high-organic matter systems like no-till or cover cropping. 
Hemicellulose and cellulose are two of the enzymes that are used to break down the 
polymers in plant tissues. These larger polymers become more hydrolyzable by 
microbial communities when they are broken down into smaller polymers or mono-
mers. This decomposition may set off a series of events that speed up the mineral-
ization of extra nutrients for upcoming crop absorption. The development of a 
perfect mixture with numerous enzymes targeting a certain organic component’s 
disintegration and the release of a specific nutrient is theoretically possible.

4.2 � Biochar

Pyrolysis, which is the thermochemical degradation of a fuel source without the 
addition of oxygen, produces biochar through high-heat processes (Weber and 
Quicker 2018). The final product is a highly carbonaceous substance with different 
properties depending on the source, the processing temperature range, and the pro-
cessing duration (Leng and Huang 2018). Charcoal, which comes from woody bio-
mass, is one of the most popular types of biochar. Hemicellulose, cellulose, and 
lignin are the main components of biomass, and when the structures degrade at 
different temperatures, the biochar’s stability and activity change (Yang et al. 2007).

As a fuel source, construction material, filtering method, and most recently as an 
agricultural soil supplement, biochar is utilized in a wide range of industries. When 
applied to an agricultural land, biochar is extremely resistant to deterioration and 
functions as a steady carbon source. It can chelate with soil ions because it is porous 
and has a wide surface area. Higher plant productivity, improved soil treatment’s 
ability to retain nutrients, and increased water holding capacity are all considered 
agricultural advantages of biochar (Biederman and Harpole 2013).
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However, the potential of biochar as a long-term solution for increased crop pro-
duction, improved soil health, and increased soil productivity is largely unexplored. 
Ongoing research into its use in conjunction with good strategies may lead to most 
direct biostimulant applications that are focused in growing season of plant by 
boosting the yield and plant growth.

5 � The Biostimulant and Soil Health Potential

Numerous factors contribute to soil health, many of which are biologically medi-
ated and can therefore be altered by the use of biostimulants. A few examples of the 
consistent procedures being developed by the USDA NRCS in collaboration with 
academic researchers across the United States and soil enzyme activity, total soil 
organic carbon, and soil respiration rates are considered as soil health evaluation 
and testing of indicators (USDA-NRCS 2021). These characteristics have the ability 
to simultaneously affect crop development and soil health since, as was previously 
said, they can be indications of biostimulant action in row crops. Many farmers use 
biostimulants in search of a yield response during the growing season, paying less 
attention to the possibility of long-term effects on their soils and repetitive applica-
tions over time.

A biostimulant may not produce a quick effect, but it has the ability to improve 
the health of the soil over time, increasing harvests in succeeding years. Long-term 
analyses of the effects of biostimulants on soils are, however, scarce. The possibility 
for greater carbon sequestration is in addition to a direct effect on soil biological 
activity for improved soil health.

Long-term studies of bioimpact stimulants on soil carbon soil health and nutrient 
cycling are therefore necessary. However, the long-term addition of C can modify 
the C:N ratios of soils, which may trap more N and lower crop performance. 
Although it might seem like the ideal solution, it will take time and a variety of 
techniques to fully realize and comprehend the value of using biostimulants to 
improve agronomic management for long-term improvements in soil health and 
crop yields.

6 � Application Methods and Common Uses

Commercial biostimulants are often first applied to specialty crops since these crops 
frequently have better potential for profit per acre than row crops (Neill and Morgan 
2021). Because specialty crops are often more vulnerable to environmental stressors 
(Kistner et al. 2018). Since there is no additional expense for application, including 
the biostimulant application with a current standard management practice gives the 
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product a so-called “free ride.” For instance, planting provides the chance to provide 
biostimulants via in-furrow or seed treatment to all planted acres.

Product compatibility with other agronomic inputs like pesticides and fertilizers 
is one of the biggest obstacles to the integration of biostimulants into a farmer sys-
tem. There is a lack of understanding and a need for study defining the potential 
interactions that may happen during field application because there are so many 
distinctive chemistries and products on the market. Additionally, the reaction to 
biostimulants may vary depending on the stage of crop development at the time of 
application or the interactions with the climate, where extremes in precipitation and 
temperature may affect crop response.

7 � Future Perspectives and Conclusion

The market for biostimulants faces major obstacles because of the countless poten-
tial uses for these substances. The intended aim of the application is frequently 
straightforward, even though all agronomic inputs (such as rotation, fertility, soil 
amendments, seed genetics, tillage, and pesticides) contain a variety of alternatives 
for product or method selection. For instance, the four distinct pesticide inputs her-
bicides, fungicides, insecticides, and nematodes each have a single-intended use 
that is the eradication of the consistent pest outbreak in form of nematodes, insects, 
and weeds of other microbial diseases. To stimulate signal pathways for mitigating 
abiotic stress, foliar spray at vegetative stages is considered to be best, however 
applying the same biostimulant, such seaweed extract, at planting may alter the 
microbial communities in the application zone. Growers have a wide range of 
options on the fertilizer market (Table 13.1).

The initial distinction between biostimulants and other agricultural inputs is in 
the adaptability of particular products in terms of the desired response. Boosting 
attention is being paid to increasing grain yield, which is frequently the outcome of 
more effective nutrient usage, and the primary research method for biostimulant use 
in row crop systems is now focusing on fertilizer recovery potential. While many 
biostimulants are intended to be applied to row crops in order to boost production, 
many products really produce these effects through having an impact on the biology 
of the root zone and the soil. A more thorough analysis of the impact of biostimu-
lants on biological indicators and soil quality may uncover previously unrecognized 
advantages of their use. The use of biostimulants as a remedy for more sustainable 
practices and improved soil quality quantifiable yield increases as a result agro-
nomic strategies are improved for public and governments sectors’ awareness and 
the effects through which water quality is maintained and nutrient management 
is done.
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Table 13.1  Role of plant biostimulants in mitigating heavy metal toxicity

Plant 
species PB

Heavy 
metals

Recommended 
dose of PB Results Reference

Zea maize Humic 
substances

Cr 4 mM C HA 
L−1

Higher biomass 
production, higher 
stress signaling, and 
gene response in 
transcription, CAT, 
and proline increases

Canellas 
et al. (2020)

Zea maize Silymarin-
based 
biostimulant

Cd 0.24 g L−1 Improves 
photosynthetic activity 
with enhanced 
antioxidant 
mechanism and 
expression of gene, 
restored hormonal 
homeostasis

Alharby 
et al. (2021)

Zea maize Megafol Metolachlor 2.5 L ha−1 Enzymes (CAT, APX, 
GPX), lower levels of 
lipid membrane 
peroxidation, 
production, improved 
antioxidant activities 
increased germination, 
biomass

Panfili et al. 
(2019)

Helianthus 
annuus

Protein 
hydrolysates

Imazamox 3 L ha−1 Improved plant 
growth, enhanced 
photosynthetic 
activity, increased 
chlorophyll contents, 
and improved stomatal 
conductance

Balabanova 
et al. (2016)

Glycine 
max

Fertiacyl Pòs Glyphosate 0.4 L ha−1 Slightly low yield 
losses and little 
symptoms of chlorosis 
and necrosis

Constantin 
et al. (2016)
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Chapter 14
Cross Talk of Biostimulants with Other 
Signaling Molecules Under Abiotic Stress

Shruti Rohatgi, Riya Jain, Shivangi Mathur, Deeksha Singh, 
and Rajiv Ranjan

Abstract  Abiotic stresses adversely affect plant growth, reproduction, deplete soil 
quality, and threaten food security. Plants mount extensive stress-specific reactions 
in response to abiotic stresses that involve signal transduction cascades, transcrip-
tion of the appropriate responsive genes, accumulation of numerous transcripts, and 
metabolites specific to the stress, as well as coordinated biochemical and physiolog-
ical adjustments tailored specifically to the stress. However, a plant’s natural 
defenses are not always enough to assure plant survival in the presence of abiotic 
stress. Protein kinases that are similar to the Saccharomyces SNF1 and mammalian 
AMPK are involved in the main stress-signaling pathways, which suggest that stress 
signaling in plants is developed from energy sensing. To maintain cellular stability 
as well as ion-water equilibrium under stressful circumstances, stress signaling con-
trols the expression of genes and the metabolism of proteins that are essential for 
ions and water transport. Biostimulants are nonnutrient chemicals or microorgan-
isms that can enhance plant health and growth. They serve multiple purposes, 
including protection against the negative consequences of abiotic stress. In this 
chapter, we discuss the potential of various biostimulants on the activities of the 
plant defense system under stressful conditions and also their additional functions 
in controlling abiotic stresses. Biostimulants can resolve abiotic stresses, through 
the regulation of signaling molecules. These can provide long-term, cost-effective 
strategies that could raise agriculture productivity in the context of abiotic stress.

Keywords  Abiotic stress · Signaling molecules · Biostimulants · Reactive oxygen 
species · Plant defense mechanism · Transcription: melatonin
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1 � Introduction

Plants are trying to survive in the environments where environmental conditions are 
continuously evolving negatively and frequently unfavorable for their growth and 
developments. These unfavorable environmental factors include biotic stress, like 
pathogen attack and herbivore assault, and abiotic stress, like heat, drought, frost, 
nutrient deficiencies, excess salt, or heavy metals like aluminum, cadmium, and 
arsenate in the soil. These significant environmental stresses, drought, salinity, and 
temperature affect the geographic diversity of plants in nature, restrict agriculture 
productivity, and adversely affect global food security. Climate change, which is 
expected to lead to an increase in the frequency of extreme weather, enhances the 
negative consequences of these abiotic stresses (Fedoroff et al. 2010). Practically 
everywhere in the world, drought, salt, unfavorable temperatures, and poor soil fer-
tility are the most significant abiotic factors that restrict agricultural productivity. 
The majority of these issues, including drought and nutrient deficits, affect develop-
ing nations where agriculture is the primary source of income for rural residents 
(Verma and Deepti 2016). Actually, according to the FAO’s “The State of Food and 
Agriculture 2007,” only 3.5% of the world’s land area is unaffected by environmen-
tal restrictions. Boyer predicted that yield losses brought on by unfavorable sur-
roundings could reach 70% in 1982 (Boyer 1982; La Pena and Hughes 2007). 
Unfavorable stimuli can generate stress, which causes plants to respond by utilizing 
their energy to resist the stress rather than focusing on yield (Drobek et al. 2019).

To increase agricultural productivity and environmental sustainability, plant 
stress resistance must be improved. Crops with low-stress tolerance need excessive 
amounts of water and fertilizer, placing a heavy strain on the environment (Zhu 
2016). In response to abiotic stresses, plants initiate a series of biochemical activi-
ties at the molecular level. Specific gene families are transcriptionally regulated to 
confer stress tolerance (Joshi et al. 2018). Based on how they function, these gene 
families are divided into three categories. The first category includes osmoprotec-
tive genes including heat shock proteins, late embryogenesis abundant (LEA) pro-
teins, antioxidant enzymes, and osmoprotectants. The second category consists of 
the gene for ion transporters such as aquaporins and Na1/H1 channels. The third 
category consists of genes that control transcriptional regulation and signal percep-
tion, such as mitogen-activated protein kinases, salt-overly sensitive kinases (Ji 
et al. 2013), heat shock transcriptional factors, ethylene-responsive element-binding 
proteins, CBF/DREB, NAC, MYC/MYB, WRKY protein domains, and Cys2/His2 
zinc-finger motifs (Umezawa et al. 2006).

Biostimulants are produced from several organic or inorganic materials and 
microbes that can increase the productivity and growth of plants and mitigate the 
impacts of abiotic stressors (Du Jardin 2015; Rouphael and Colla 2018). As of 2019, 
the EU regulation’s definition of a biostimulants is “a substance that improves plant 
nutrition processes, regardless of the substance’s nutrient content, with the primary 
objective of enhancing one or more of the following characteristics of the plant or 
the plant biota: (a) resistance to abiotic stress; (b) nutrients use efficiencies; (c) 
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quality characteristics; or (d) presence of constrained soil nutrients or rhizosphere 
(García et al. 2020).” Biostimulants are natural or synthetic substances that can be 
applied to seeds, plants, and soil. To affect the growth of plants via improved resis-
tance to abiotic stresses and enhance seed or grain quality and yield, these chemi-
cals alter fundamental and structural processes. Biostimulants also decrease the 
requirement for fertilizers (Du Jardin 2015). Zhang and Schmidt (1997) introduced 
the term “biostimulant” to describe “materials that, in minute concentrations, 
enhance plant growth.” It has been 25 years since researchers and commercial enti-
ties began to pay significant attention to biostimulants derived from natural sources 
(Herve 1994; Maini 2006; Zhang and Schmidt 1999; Crouch and Van Staden 1993; 
Sharma et al. 2014; Apone et al. 2010; Yakhin et al. 2016).

Biostimulants can be made up of both organic and inorganic substances and most 
of the constituents are still unknown. The omics technique, which includes deter-
mining the transcriptome, proteome, and metabolomic changes in treated plants, 
can be used to characterize the molecular mechanisms of action of biostimulants 
(Franzoni et  al. 2022). Biostimulants are advanced agricultural resources which, 
based on the doses used, are placed between plant growth regulators and fertilizers. 
Exogenous applications of biostimulants are analogous to those of recognized plant 
hormones, the main ones of which are auxins, cytokinins, and gibberellins (Rouphael 
and Colla 2020; Yaronskaya et  al. 2006). To alter the physiological processes of 
plants and increase productivity, biostimulants are progressively being used in pro-
duction systems (Yakhin et al. 2017). Biostimulants can be produced chemically or 
organically composed of phytohormones and hormones precursor by plants. It can 
potentially promote growth, development, and adaptability to osmotic stress, salin-
ity, and toxic chemicals like toxic aluminum when applied properly because it 
directly affects physiological processes in plants (Du Jardin 2012; Couto et al. 2012).

Biostimulants are categorized into two categories based on their formation: non-
microbial plant biostimulants and microbial plant biostimulants. Nonmicrobial bio-
stimulants are made from various organic matrices that have undergone various 
extraction methods, allowing the concentration of phytochemical compounds that 
promote crop development or increase a crop’s resistance to harsh environmental 
circumstances (Mrid et al. 2021; Zulfiqar et al. 2020). It is extremely challenging to 
determine which substances are the most effective and essential for metabolic activ-
ities due to the complexity of the basic organic substances and, consequently, the 
nature of the final product. The substances that have a biostimulant effect can 
include chitin, chitosan, amino acids, vitamins, poly and oligosaccharides, nonnu-
tritional minerals (like silicon and selenium), and traces of natural plant hormones 
(Mrid et al. 2021; Du Jardin 2015; Battacharyya et al. 2015; Xu and Geelen 2018).

Food waste and agricultural industrial by-products can also be used to make 
biostimulants. Utilizing by-products as a source of raw materials for the creation of 
biostimulants is one of the strategies used by the circular economy to make agricul-
ture more sustainable (Xu and Geelen 2018; Franzoni et al. 2022). Microbial bios-
timulants, like plant growth-promoting rhizobium and arbuscular mycorrhizal 
fungi, are widely recognized as efficient and sustainable ways to ensure yield stabil-
ity under low-input conditions, especially nitrogen and phosphorus deficit, as well 
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as cutting-edge technology to increase crop tolerance to abiotic stresses, including 
extreme temperatures, salinity, and drought (Rouphael and Colla 2020).

Biostimulants when exogenously applied to these plants show physiobiochemi-
cal effects on plants. They regulate several cellular processes of plants like signal 
transduction, the activity of antioxidant enzymes, transcriptional regulation, and 
activation of signaling molecules which increases tolerance to abiotic stresses. The 
aim of this chapter is to increase plant growth and productivity under abiotic stress 
by the application of biostimulants and the activation of signaling molecules.

2 � Types of Biostimulants

Biostimulants are compounds that are derived from various natural substances, such 
as bioactive compounds of plants, amino acids, and microorganisms 
(BorhannuddinBhuyan et al. 2020). Various authors have postulated several catego-
ries of biostimulants throughout the years depending on their source, mechanism of 
action, or primary component (Du Jardin 2015; Bulgari et al. 2015; Yakhin et al. 
2017). The existing classification system is based on the origin of the raw materials, 
despite the fact that this decision does not always give accurate information about 
the product’s biological activity. In accordance with Du Jardin, there are several dif-
ferent categories of biostimulants (Fig.  14.1), including fulvic and humic acids, 
seaweed and botanical extracts, N-containing compounds and protein hydrolysates, 
inorganic compounds, chitosan and other biopolymers, and beneficial microorgan-
isms such as bacteria and fungi (Du Jardin 2012).

Fulvic and humic acids

Seaweed and botanical extracts

N-containing compounds and
protein hydrolysates

Inorganic compounds

Filamentous Fungi

Bacteria

Types of Biostimulants

Chitosan and other biopolymers

Beneficial Microorganisms

Fig. 14.1  Different types of biostimulants
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2.1 � Fulvic and Humic Acids

Humic substances (HS) are naturally occurring organic compounds that are mainly 
found in soil, and they are synthesized by plant and animal decomposition, micro-
bial wastes, and the activity of microbes in the soil (Ukalska-Jaruga et al. 2021). HS 
is the group of heterogeneous compounds that were first divided into fulvic acids, 
humic acids, and humin according to their solubility as well as molecular weight. 
Consequently, interaction of td4r, md4r, and the plants’ roots with microbes and soil 
organic matter leads to the production of humic substances and their complexes in 
the soil (Gautam et  al. 2021). There are several natural sources of humic acids, 
including volcanic soils, peats, vermicompost, and mineral deposits (such as leon-
ardite, an oxidized form of lignite) (Du Jardin 2012). Because of the long-standing 
capacity to affect the physical, chemical, biological, and physicochemical proper-
ties of soil, humic compounds play an important role in increasing soil fertility.

The effects of a variety of humic substance-based biostimulants are directed 
toward enhancing root nutrition in various ways. There are several reasons for this, 
such as an increase in macronutrient and micronutrient uptake, caused by the soil 
that contains poly-anionic humic substances, having a higher cation exchange 
capacity, and increased phosphorus availability caused by the interfering of HS with 
the precipitation of calcium phosphate. In addition, HS stimulates the H+-ATPase of 
the plasma membrane to produce an electrochemical potential in the membrane that 
can be used to import nitrates and some other nutrients. Along with nutrition intake, 
ATPase’s proton pumping through the plasma membrane also aids in cell wall thin-
ning, cell expansion, and organ development (Jindo et al. 2012). The activity pro-
posal of the biostimulation of HS also mentions stress management. The metabolism 
of phenylpropanoid is essential for biosynthetic pathways and several stress 
responses, as well as for the synthesis of phenolic chemicals. Humic substances of 
higher molecular mass have been shown to boost the activity of the key enzymes in 
this pathway in maize seedlings grown in a hydroponics system, showing that HS 
may affect the response to stress (Eyheraguibel et al. 2008; Olivares et al. 2017).

2.2 � Seaweed and Botanical Extracts

Fresh seaweeds have long been used in agriculture as the main source of organic 
fertilizers and organic matter, but it has only recently been discovered that they also 
contain biostimulant properties. This leads to the commercial usage of seaweed 
extracts and refined compounds, such as alginates, carrageenans, and laminarin, as 
well as the by-products of their breakdown. Micronutrients, macronutrients, sterols, 
and N-containing substances like hormones and betaines are additional components 
that support plant development (Craigie 2011; Khan et al. 2009). Numerous of these 
chemicals are exclusive to their algal source, which explains why the research com-
munity and businesses are becoming more and more interested in these taxonomic 
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families. Ascophyllum, Fucus, and Laminaria are the three primary genera that 
make up the phylum of brown algae, which contains the majority of the algal spe-
cies. However, carrageenans are descended from red seaweeds, which represent a 
separate evolutionary branch. Khan et al. (2009) have identified the product names 
of around 20 seaweed products that have been used as biostimulants in recent times 
for better plant growth.

Seaweeds have an impact on plants and soil. They can be used as foliar treat-
ments, hydroponic solutions, or on soils. Their polysaccharides aid in the aeration, 
water retention, and gel formation of soils. The fixation of heavy metals and soil 
remediation both benefit from the polyanionic compound’s role in the exchange and 
fixation of cations. In suppressive soils, pathogen antagonists and bacteria that pro-
mote plant development are encouraged, which have positive impacts on the soil 
microflora. In addition to their various functions, macronutrients and micronutrients 
have nutritional effects on plants, which show that they operate as fertilizers. 
Hormonal impacts, which are considered to be key contributors to biostimulation 
activity on agricultural plants, harm the plant establishment, seed germination, and 
subsequent development and growth of the plant. Although bioassays and immuno-
logical methods have discovered auxins, cytokinins, gibberellins, abscisic acid, and 
other classes of hormone-like chemicals in seaweed extracts (Ghaderiardakani et al. 
2019), there is scientific proof of the hormonal effects of the brown seaweed 
(Ascophyllum nodosum) extract, that is mostly explained by the up- and downregu-
lation of the genes involved in hormone biosynthesis (Wally et al. 2013).

2.3 � N-Containing Compounds and Protein Hydrolysates

Proteins from the by-products of agroindustry, such as animal wastes (such as epi-
thelial tissues and collagen) and plant sources (crop leftovers), are hydrolyzed 
chemically and enzymatically to produce amino acids and peptide combinations 
(Du Jardin 2012; Calvo et al. 2014; Halpern et al. 2015). Single or combined mol-
ecules can also be made through chemical synthesis. Polyamines, betaines, and 
nonprotein amino acids are other nitrogenous compounds that are diverse in higher 
plants but little understood in terms of their ecological and physiological functions 
(Vranova et al. 2011). A unique instance of the derivatives of amino acids along 
with the well-known antistress benefits is Glycine betaine (Chen and Murata 2011). 
Case by case, it has been demonstrated that these substances serve a variety of func-
tions as plant growth biostimulants (Du Jardin 2012; Calvo et  al. 2014; Halpern 
et al. 2015). It modulates nitrogen absorption and assimilation and can have direct 
impacts on plants by controlling the structural genes and the enzymes that are 
involved in nitrogen assimilation as well as by affecting the signaling route for 
nitrogen acquisition in the roots. They also participate in the cross talk amongst 
carbon and nitrogen metabolisms by controlling the enzymes of the tri-carboxylic 
acid (TCA) cycle. Tissue hydrolysates and complex proteins have been found to 
have hormonal actions as well (Colla et al. 2014).
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Some amino acids, including proline, have chelating properties that could protect 
plants from heavy metals while simultaneously assisting in the mobility and uptake 
of micronutrients. Scavenging of the free radicals by various nitrogenous chemicals, 
such as proline, betaine, and glycine, confers antioxidant action and helps to reduce 
environmental stress (Du Jardin 2015). There are several commercial goods avail-
able that are made from hydrolysates of protein from both animal and plant origin. 
In horticultural and agricultural crops, there have been varying reports of consider-
able gains in production and quality features (Calvo et al. 2014). In a recent assess-
ment of the hydrolyzed proteins safety of animal origin, no ecotoxicity, phytotoxicity, 
or genotoxicity was noted based on the bioassays using the plants and yeasts traits 
as test organisms (Chaudhari 2017).

2.4 � Inorganic Compounds

Beneficial elements are the inorganic substances that encourage plant development 
and may be necessary for some species but are not necessary for all plants (Brown 
et al. 2022). Cobalt, aluminum, silicon, sodium, and selenium are the five primary 
helpful elements. They are found in plants and soils as inorganic mineral salts and 
also as insoluble states as amorphous silica which is present in the gramineous spe-
cies. These advantageous properties can manifest under specific environmental con-
ditions, such as osmotic stress for sodium, and pathogen assault for selenium, or 
they might be fundamental, like the hardening of cell walls by the deposition of 
silica. Fungicides have been made from inorganic salts of helpful and necessary 
elements, such as chlorides, silicates, phosphates, and carbonates. These inorganic 
substances have an impact on osmotic pressure, pH, hormone signaling, redox 
homeostasis, and stress responses via enzymes such as peroxidases, while the exact 
mechanisms of action are still not entirely understood. More consideration should 
be given to their role as biostimulants of plant development, working on nutritional 
productivity and stress tolerance, which is separate from their fungicidal activity 
and their role as fertilizers and suppliers of nutrients (Deliopoulos et al. 2010; Du 
Jardin 2015).

2.5 � Chitosan and Other Biopolymers

Deacetylated chitin is a biopolymer that is generated both naturally and artificially 
in the form of chitosan. Food, esthetics, pharmacy, and agriculture all employ poly-
mers and oligomers of varying, regulated sizes. The physiological responses of 
oligomers of chitosan in plants are derived from their ability to bind a variety of 
cellular constituents, such as the components of the cell wall, plasma membrane, 
and DNA, as well as to bind particular receptors that are involved in the expression 
of defense genes, similar to the mode of action of elicitors in plant defense (El 
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Hadrami et al. 2010; Hadwiger 2013; Katiyar et al. 2015). The signaling mecha-
nisms and receptors used by chitosan and chitin are different. Accumulation of H2O2 
and the leakage of calcium ions into the cells have both been shown to be biological 
effects of chitosan binding to more or less particular receptors of the cell. These 
effects are anticipated to result in significant physiological changes since they are 
key participants in stress response signaling and the regulation of cell development. 
This hypothesis is supported by an examination of the proteomics or transcriptomics 
of plant cells that are treated with chitosan (Ferri et al. 2014; Povero et al. 2011). As 
a result, chitosan has been used in agriculture for many years, with a focus on pro-
tecting plants from fungal pathogens. However, applications of broader agriculture 
also concerned about the tolerance to abiotic stresses (such as salinity, drought, and 
cold stress), as well as quality characteristics referring to both primary and second-
ary metabolic activity. Chitosan induces closure of the stomata through an ABA-
dependent mechanism, which contributes to the defense from environmental stress 
that is provided through this biostimulant (Iriti et al. 2009; Kannan 2019).

2.6 � Beneficial Microorganisms

Microorganisms are obtained from plants, soil, and some other organic substances. 
They can increase crop yields either directly or indirectly depending on whether 
administered to the seeds or the soil (Castiglione et al. 2021). Microorganisms can 
influence agricultural crops directly by creating a symbiotic relationship (such as 
Mycorrhiza) or inadvertently by making nutrients more available to plants (Colla 
et al. 2015). This category mostly consists of – filamentous fungi, yeasts, and bac-
teria (Kour et al. 2019).

2.6.1 � Filamentous Fungi

There are many ways that fungi can associate with a plant’s roots, including parasit-
ism or mutualism or in other words when both organisms thrive in close proximity 
to one another and form mutually beneficial relationships (Zamana et  al. 2022). 
Since the beginning of land plants, fungi and plants have co-evolved, and the idea 
of a continuity of parasitism or mutualism is useful for describing the wide variety 
of connections that have emerged during evolutionary ages (Johnson and Graham 
2013). Over 90% of all species of plants have symbiotic relationships with mycor-
rhizal fungi, which constitute a varied collection of taxa. Arbuscular-forming 
mycorrhiza (AMF) is a common endo-mycorrhiza that is associated with horticul-
tural plants and crops, where Glomeromycota species develop arbuscules, branch-
ing structures built when fungi hyphae invade the cortex of plant roots (Bonfante 
and Genre 2010).
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2.6.2 � Bacteria

Bacteria participate in a variety of interactions with plants. (i) Similar to fungi, bac-
teria have continuity between parasitism and mutualism; (ii) bacterial habitats range 
from the cells interior to the soil; (iii) relationships can be temporary or long-lasting; 
and certain bacteria can even be transferred vertically through seeds; (iv) functions 
affecting plant life include participating in nutrient delivery, biogeochemical cycles, 
improved utilization of nutrients, induction of disease resistance, increased abiotic 
stress tolerance, and control of morphogenesis by the growth regulators of plants 
(Durán et al. 2021). Regarding the usage of biostimulants in agriculture, two pri-
mary categories should be considered inside this functional, taxonomic, and eco-
logical diversity: (i) rhizobium-related mutualistic endosymbionts and (ii) 
rhizospheric plant growth-promoting rhizobacterium (PGPRs). The Rhizobium 
genus and its related taxa are sold as microbial inoculants or “bio-fertilizers” that 
assist plants in absorbing nutrients (Berg et al. 2014). Many functions of PGPRs 
affect various facets of plant life, including development and morphogenesis, 
growth and nutrition, reaction to abiotic and biotic stress, and collaboration with 
some other species in an agroecosystem (Philippot et al. 2013; Vacheron et al. 2013).

3 � Role of Signaling Molecules Under Plant 
Defense Mechanism

The rapid changes in the global climate have led to an increase in the frequency and 
severity of abiotic stress on plants (Surabhi 2018; Ali et al. 2019). Plants frequently 
encounter various abiotic stresses that interfere with developmental processes and 
cellular membranes during their life processes (Jeandroz and Lamotte 2017; Aamer 
et  al. 2018; Cheng et  al. 2018; Ghaffari et  al. 2019; Hasanuzzaman et  al. 2019; 
Kerchev et al. 2020; Mohammadi et al. 2020). Unfavorable conditions such as salin-
ity, cold, drought, pathogen attacks, wounding, heavy metals, excessive exposure to 
light, and nutritional restriction provide challenges (Fig.  14.2) to these plants 
(Okazaki and Saito 2014). To survive under these conditions, plants must recognize 
the environmental stresses and quickly exert several defense reactions, such as the 
peroxidation of lipids, overproduction of reactive oxygen species (ROS), accretion 
of osmolytes, and activation of antioxidant systems (Kazemi-Shahandashti and 
Maali-Amiri 2018; Yang and Guo 2018; Khan et  al. 2019; Sharma et  al. 2019; 
Ghosh et al. 2021).

An essential amino acid called proline is crucial for maintaining plant develop-
ment and metabolism in the presence of abiotic stress. Numerous findings suggest a 
positive correlation between the accumulation of proline and plant tolerance to dif-
ferent abiotic stresses. It works like a molecular chaperone, an antioxidative defense 
molecule that acts as an antioxidant reactive oxygen species (ROS), and also has the 
signaling ability to activate particular gene activities that are necessary for the 
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Fig. 14.2  Role of signaling molecules under abiotic stresses

recovery of plants from stresses due to its metal chelator capabilities. Furthermore, 
it serves as an osmoprotectant, a major carbon and nitrogen source, and is vital for 
growth and blooming of plants. Plant cells produce a large amount of proline to 
maintain water absorption, cellular homeostasis, osmoregulation, and redox equi-
librium to repair cell structures and reduce oxidative damage. Numerous studies 
show that transgenic plants, especially those which overexpress genes that are 
designed for the accumulation of proline, are more tolerant to abiotic stress factors 
(Ghosh et al. 2022). Cells may react quickly to a variety of stimuli due to the reac-
tive oxygen species (ROS), which are important signaling molecules. In plants, 
ROS plays an important role in the incorporation of various environmental signals, 
the stimulation of stress-response systems, and the detection of biotic and abiotic 
stresses. These processes support the development of plant resilience and defense 
mechanisms. Recent developments in the research of ROS signaling in plants also 
included the discovery of essential regulatory centers and ROS receptors that link 
this signaling to other critical stress-response processes for signal transduction and 
hormones, along with new functions for ROS in cell-to-cell signaling and organelle-
to-organelle signaling (Mittler et al. 2022).
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The primary components of biomembranes that can detect extracellular circum-
stances are lipids. Responses to numerous environmental stresses, including the 
change in temperature, drought, salinity, and pathogen attack, are involved in the 
signaling of lipids. Many lipids have been suggested to serve as signaling lipids, 
including fatty acid, lysophospholipid, diacylglycerol, phosphatidic acid, oxylipins, 
sphingolipid, N-acylethanolamine, and inositol phosphate. Research on these stress-
induced lipid species has shown that the class of each lipid has unique biological 
significance, biosynthetic pathways, and signaling cascades that activate defense 
responses at the level of transcription. Lipids serve as mitigators of stress to lessen 
the severity of stresses in addition to their involvement in signaling. Under stressful 
conditions, it is common to witness the accelerated synthesis of particular lipids 
which accumulated in trace amounts under normal conditions of growth to counter-
act specific stresses. Recent findings have revealed that lipid remodeling leads to 
glucuronosyldiacylglycerol and oligogalactolipid accumulation. Interestingly, this 
process reduces freezing susceptibility and mitigates the detrimental effects of 
nutrition-depleting stress. Additionally, components generated from lipids such as 
cutin, suberin, and wax do not make up the lipid bilayer but help to prevent tissue 
damage and drought stress. These characteristics suggest that lipid-mediated pro-
tection from environmental stress aids in the survival of plants (Eyheraguibel et al. 
2008; Okazaki and Saito 2014).

The plant’s defense response to a pathogen attack is activated by salicylic acid 
(SA). According to Klessig et al. (2000), several potential SA signaling pathway 
components have been identified, including (i) the H2O2-scavenging ascorbate per-
oxidase and enzymes catalase, (ii) SA-induced protein kinases (SIPKs), (iii) a 
higher-affinity SA-binding proteins (SABP2), (iv) OBF/TGA family members of 
bZIP transcription factors, and (v) NPR1, an ankyrin repeat-containing protein 
required for SA signaling. Several defense genes, including the pathogenesis-related 
1 gene (PR-1), have SA-responsive elements in their promoters which are physi-
cally bound by these bZIP factors (Klessig et al. 2000). Nitric oxide (NO) is another 
signaling molecule that activates defensive mechanisms in response to pathogen 
infection in recent research. Animal innate immunological and inflammatory 
responses have been demonstrated to be significantly influenced by NO (Schmidt 
and Walter 1994; Stamler 1994). The significance of NO in plants’ defense against 
pathogens has just lately been studied, in contrast to the significant research on 
animal defense that has been done over the previous decade or more (Durner and 
Klessig 1999). At least three separate plant-pathogen systems have so far shown 
evidence of NO’s involvement (Delledonne et al. 1998; Durner et al. 1998). After 
the infection of the tobacco mosaic virus, resistance but not susceptibility to the 
virus saw increases in the NO synthase (NOS)-like activities. The effects of NO on 
plant metabolism include modulating aconitase, guanylate cyclase, and mitogen-
activated protein kinases (e.g., SIPK) (Klessig et al. 2000).

Due to its newly discovered functions in the control of plant development and 
growth as well as reactions to abiotic stresses, hydrogen sulfide (H2S), a signaling 
molecule of gaseous nature in plants, has attracted a lot of interest in recent years. 
Recent studies have proposed that H2S may contribute to signaling of plant defense 
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by influencing the metabolic activity of glutathione, triggering the expression of 
defense- and pathogenesis-related (PR) genes, modifying the activity of enzymes by 
post-translational alteration, and interacting with the phytohormones like auxin, 
ethylene, and jasmonate (Choudhary et al. 2022).

Melatonin is a crucial phytohormone in the control of several plant functions, 
such as growth and stress response. Infections with pathogens seriously harm plants 
and lower agricultural output. According to recent studies, melatonin is crucial in 
preventing viral, bacterial, and fungal infections in plants and their postharvest 
fruits. In the interplay between plants and pathogens, reactive oxygen species, reac-
tive nitrogen species, and melatonin create a complicated cycle that controls plant 
disease resistance. Additionally, melatonin interacts with additional phytohormones 
including auxin, salicylic acid, jasmonate, and abscisic acid to further activate the 
genes of plant defense. Melatonin is not only beneficial to plant immunity but also 
reduces pathogenicity. It is recognized as being vital in interactions between plants 
and pathogens due to the variety of methods through which it affects plant pathoge-
nicity and immunity, emphasizing phytomelatonin as a crucial chemical in the plant 
immune function (Zeng et al. 2022).

4 � Combined Action of Biostimulant and Signaling Molecules 
Under Abiotic Stress

Exogenous use of biostimulants enhances resistance to abiotic stress (Table 14.1) 
through controlling signaling molecules (e.g., nitric oxide, ROS, antioxidant 
enzymes, hydrogen peroxide) as shown in Fig. 14.3.

4.1 � Relationship Between Melatonin and Nitric Oxide Under 
Abiotic Stress

Under biotic and abiotic stress conditions, melatonin, its derivatives, and precursors 
serve as powerful biostimulants, growth regulators, and antioxidants by scavenging 
ROS directly, delaying leaf senescence, undoing photosynthesis inhibition, and 
maintaining stable RNS and redox conditions (Debnath et al. 2019). Extracellular 
melatonin increases plant resistance to drought, high salt, heavy metals, harsh tem-
peratures, acid rain, and infections while promoting growth of plants, antioxidant 
activity, and photosynthesis. Physiological functions are improved by melatonin in 
several ways. Melatonin delayed the usual production time in Malus prunifolia 
(apple) and shielded the new tissue from damage and pressures from the environ-
ment. Extracellular melatonin treatment under stressful circumstances increases 
indigenous melatonin and NO synthesis (Yin et al. 2013; Zhu et al. 2019).
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Table 14.1  Comprehensive overview of biostimulants under abiotic stress

Sl. 
no. Biostimulants Plants

Abiotic 
stress Physiological changes References

1. Brassinosteroids Phaseolus 
vulgaris 
(French bean)

Heat 
stress

Improved NADPH 
oxidase activity, prevent 
photosynthetic machinery 
from oxidative stress

El-Bassiony 
et al. (2012)

2. Azospirillum 
brasilense

Triticum 
aestivum 
(bread wheat)

Drought 
stress

Increase auxin content, 
induce root length, 
increased hydraulic 
conductivity.

Pereyra et al. 
(2012)

3. Titanium dioxide 
and gibberellic 
acid

Ocimum 
basilicum 
(basil)

Drought 
stress

Increase CAT gene 
activity, enhance leaf 
relative water content, 
decrease peroxidation of 
lipids.

Kiapour 
et al. (2015)

4. 5-aminolevulinic 
acid

Capsicum 
annuum (chili)

Cold 
stress

Increase chlorophyll 
content, enhance 
glutamine synthetase and 
superoxide dismutase 
activity.

Korkmaz 
et al. (2010)

5. Melatonin Solanum 
lycopersicum 
(tomato)

Salinity 
and heat 
stress

Increase chlorophyll a 
and carotenoids, enhance 
glutamine synthetase 
enzyme activity and 
electron transport rate.

Martinez 
et al. (2018)

6. Protein 
hydrolysates

Lactuca sativa 
(Lettuce)

Salinity 
stress

Increase glucosinolate, 
osmolytes, nitrogen 
metabolism, and reduce 
oxidative damage in 
plants.

Lucini et al. 
(2015)

7. Protein 
hydrolysates

Zea mays 
(Maize)

Salinity 
stress

Increase antioxidant 
enzymes activity, enhance 
CAT gene, ascorbate 
peroxidase, and 
glutathione peroxidase 
enzyme activity.

Ertani et al. 
(2013)

8. Nanoanatase Spinacia 
oleracea 
(Spinach)

Ultra-
violet 
radiation 
stress

Increase the activity of 
CAT gene, superoxide 
dismutase, and ascorbate 
peroxidase enzymes.

Lei et al. 
(2008)

9. Achromobacter 
piechaudii

Solanum 
lycopersicum 
(Tomato)

Drought 
stress

Increase plant growth and 
yield and decrease 
ethylene content.

Mayak et al. 
(2004)

10. Pepton 85/16 Lactuca sativa 
(Lettuce)

Cold 
stress

Increases relative growth 
rate and specific leaf area 
of plants.

Polo et al. 
(2006)

14  Cross Talk of Biostimulants with Other Signaling Molecules Under Abiotic Stress



308

Fig. 14.3  Activation of signaling molecules by biostimulants under abiotic stresses

Melatonin works as a powerful antioxidant which upregulates the production of 
various antioxidative enzymes in the response to the abiotic stresses and raises the 
levels of Superoxide, peroxidase, glutathione s-transferase, glutathione reductase 
(GR), and sucrose (Foyer et al. 2001). Stress resistance is improved by antioxidant 
enzymes like glucose-6-phosphate dehydrogenase (G6PD) (Zhang et  al. 2014). 
Additionally, melatonin can improve tolerance by changing the ratio of Na+/K+ 
(Kaya et  al. 2020). In plant tissue, melatonin and NO have a similar method of 
action. The responses of abiotic stress involve NO as a crucial component. It inter-
acts with the ROS to increase antioxidant capacity, induce the oxidative stress toler-
ance, and improve redox homeostasis (Correa-Aragunde et  al. 2015). NO has a 
wide range of potential targets with which it may interact either indirectly or directly, 
changing the expression of genes and modulating protein activity (Zhu et al. 2019).

4.2 � Enhancement of Phytohormones and Bioactive 
Compounds Through Microbial Biostimulants to Combat 
Abiotic Stress

Microbial biostimulants (MBs) enhance the development and growth of plants 
either indirectly or directly. These activities may be active concurrently or sequen-
tially depending on the stage of plant growth and the surrounding environment. 
Gibberellic acids (GAs), abscisic acid (ABA), indole acetic acid (IAA), and cytoki-
nins are a few well-known examples of phytohormones that are produced directly 
by plants. Other direct methods include biological nitrogen fixation and enhanced 
solubilization of mineral nutrients. One of the indirect processes is the creation of 
1-amino-cyclopropane-1-carboxylic acids (ACC) deaminase. Other indirect 
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mechanisms are the generation of siderophores, antifungal and antibacterial chemi-
cals, antioxidant enzymes, exopolysaccharides (EPS), and biofilm development. A 
significant biotechnological strategy for reducing the negative impacts of abiotic 
stress on plants in various environmental contexts may be the development and 
implementation of MBs (Ali et al. 2022).

MBs mainly regulate the status of plant hormones by producing extracellular 
hormones and bioactive compounds which significantly lessen abiotic stress. The 
main plant hormone generated by MBs is auxin, which production takes place in 
several bacteria via different mechanisms. IAA, a signaling chemical generated by 
MBs and implicated in plant and microbe interactions, is well studied in both bac-
teria and fungi. Wheat roots grow more effectively when IAA-producing microbial 
biostimulant Azospirillum brasilense is present (Dobbelaere et al. 1999; Spaepen 
et al. 2008). Likewise, GA is a member of a significant family of phytohormones 
that is crucial for controlling the activity of leaves and root meristem, as well as cell 
proliferation and elongation. The development and resistance of plants to abiotic 
stimuli including heat, salt, heavy metals, and drought are improved by several 
GA-producing MBs (Choi et al. 2005; Kang et al. 2015; Backer et al. 2018).

4.3 � Chitosan Activates Signaling Molecules Under 
Abiotic Stress

Chitosan is a natural biomolecule adapted from chitins that respond like an elicitor 
and a potential biostimulant in agriculture. Chitosan is a natural biomolecule 
adapted from chitins that respond like a biostimulant and elicitor in farming. Since 
it is nontoxic, biodegradable, and biocompatible, a wide range of applications may 
be possible. The use of secondary messengers in the stress transduction pathway 
improves physiological reactions to abiotic stresses and reduces their negative 
effects. Chitosan application increases antioxidant enzymes through hydrogen per-
oxide and nitric oxide signaling pathways and causes the formation of organic acids, 
polysaccharides, amino acids, and other metabolites that are necessary for osmotic 
adjustment, stress signaling, and mitochondrial biogenesis under stress 
(Hidangmayum et al. 2019).

This is employed as an antitranspirant substance via foliar spray in several crops, 
thus minimizing water usage ensures prevention from other adverse effects. Chitosan 
application reduces the negative effects brought on by water stress in cases of 
drought by enhancing the synthesis of antioxidant enzymes (Hidangmayum et al. 
2019; Honglian et  al. 2003; Yin et  al. 2008). When chitosan is applied, defense 
responses are enhanced, activating oxidative burst, MAP-kinase, NO in the chloro-
plast, hydrogen peroxide through the octadecanoid pathway, and hypersensitive 
response (Rakwal et  al. 2002; Lin et  al. 2005; Hidangmayum et  al. 2019; 
Pichyangkura and Chadchawan 2015).
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4.4 � Regulation of Reactive Oxygen Species by Biostimulants 
Under Abiotic Stress

Plant development and metabolism are directly impacted by humic acid (HA), a 
by-product of the plant biodegradation and microorganisms. Numerous crops have 
reported its growth-promoting benefits, which cannot be entirely attributable to 
hormone-like action (Muscolo et al. 2013). It has been discovered that humic acid 
reduces oxidative stress within plants. By depriving millet seedlings of watering 
during the three to five leaf stages, it was possible to boost seedling development 
and antioxidant qualities. In the study, millet leaves had higher levels of H2O2 and 
O2 due to water stress; however, HA treatment lowered the pace at which oxygen 
radicals were produced and decreasing POD and SOD activity. Activities of photo-
system I, photosystem II, and stomatal conductance were all enhanced by HA, 
which also assisted in reducing ROS formation and maintaining membrane integ-
rity. These effects were shown even in the absence of antioxidant enzymes regula-
tion (Shen et al. 2020).

Different biostimulants can contribute to the reduced ROS production in salt-
damaged plants by improving their physiology. Again, the reduction of oxidative 
stress and ROS scavenging in plants under salinity is directly attributed to the 
increased antioxidant defense system contributed by biostimulant supplementation 
(Hasanuzzaman et al. 2021). According to reports, P. putida strain AKMP7, a ther-
motolerant bacterial biostimulant, improved root length and biomass under high 
temperatures. Additionally, according to experimental results, this bacterial strain 
reduces the production of ROS by enhancing the activity of the antioxidant enzymes 
SOD, CAT, and APX in wheat plants (Ali et al. 2011).

4.5 � Impact of Biostimulants on Drought Stress by 
the Activation of Signaling Pathways

Biostimulants encourage the growth of root biomass, especially in soils with mini-
mal levels of fertility and little availability of water. During a drought condition, at 
the beginning of the developmental stage, direct treatment of the seed promotes the 
recovery and growth of seedlings (Oliveira et al. 2015). When calcium and kinetin 
were used as biostimulants, they greatly increased the relative water content (RWC) 
and decreased the leakage of cellular electrolytes in soybean plants (Parihar et al. 
2015). One of the efficient management techniques that can be accomplished 
through the use of biostimulants is the development of drought resistance in Zea 
mays, a plant that is sensitive to drought. RWC in leaves is improved, and there were 
fewer temperature variations between the surrounding atmosphere as well as the 
internal leaf environment due to the foliar spray of the Carbonsolo biostimulant, 
which contains 2% water-soluble nitrogen, 20% amino acids, 25% fulvic acids, and 
50% humic acids (De Lacerda et al. 2010). By promoting suitable solutes (glycine, 
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betaine, and proline) to reestablish the desired water potential gradients as well as 
its absorption in soil with decreased water availability, biostimulants increase plant 
resistance by encouraging root development despite shoot growth, enabling the 
plants to explore the deeper soil layers during the dry season (Aktar et al. 2015).

4.6 � Effect of Biostimulants on Antioxidant Enzymes

The antioxidant defense system is directly impacted by biostimulants, particularly 
lycopene, phenolic compounds, and ascorbic acids. Antioxidant compounds, such 
as phenolic compounds and ascorbic acid, as well as antioxidant enzymes, such as 
superoxide dismutase (SOD), peroxidase (POX), and catalase (CAT), scavenge 
ROS, such as H2O2, OH, and O2

●− (Jindo et al. 2012). Despite their effect on lyco-
pene and ascorbate, protein hydrolysates are used as tomato biostimulants that have 
little effect on polyphenolic components (Ertani et al. 2013). The amount of antioxi-
dant activity was increased in plants by the application of biostimulants. After the 
usage of the biostimulants, the fruit’s antioxidant potential was stronger during the 
first season as compared to the second season. The changes in antioxidant capacities 
between the two seasons were found to be justified by climate change (Chen and 
Murata 2011). Antioxidative and enzymatic function in plants is positively impacted 
by chitosan-based nanoparticle biostimulants (CS-NP) and salicylic acid (SA). 
CAT, POX, and SOD activity in maize was enhanced by two levels after the 2 days 
of biostimulant administration, making them equivalent to plants treated with SA 
after various exposure durations (Ertani et al. 2013).

5 � Conclusion and Future Prospective

Abiotic stress triggers a wide range of problems at the molecular and physiological 
levels in plants, which significantly lowers productivity globally. The generation of 
ROS is a natural response to all stresses, and understanding their signaling and 
destructive effect will aid in the development of crop varieties that are tolerant to 
stress. Agricultural researchers are constantly searching for effective strategies to 
reduce negative impacts on crop yields and regulate or preserve those yields through 
economic measures. This achievement was made possible by the identification of a 
variety of biostimulants that upregulate the activity of signaling molecules to main-
tain and enhance plant productivity under abiotic stress. Modern agriculture is 
switching to improved crop quality and yield by utilizing the natural stimulatory 
concept in plants. The use of biostimulants to increase abiotic stress tolerance is 
thus increasingly being recognized by the science community and the agricultural 
sector as a useful approach. The use of biostimulants may be a viable alternative to 
chemical fertilizers in promoting plant growth and increasing stress resistance.
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Chapter 15
Abiotic Stress Sensitivity and Adaptation 
in Field Crops

Sukamal Sarkar, Saikat Saha, Saswati Ghosh, Sujay Kumar Paul, Saikat Dey, 
Debojyoti Moulick, Subhas Chandra Santra, and Koushik Brahmachari

Abstract  Agriculture production must be substantially increased in order to sup-
port the urgent requirement for food for the rapidly growing population. The deple-
tion of natural resources combined with a hiking tendency in climatic variability has 
already harmed the worldwide agricultural production system. Numerous factors 
have a major role in determining how well crops are produced (climatic, agronomic, 
and soil nutrient status), and stress is defined as any unfavourable climatic situation 
that impairs plant development. Under today’s changed scenarios of climate, abiotic 
stresses, such as drought, salinity, rising temperatures, submergence, and nutritional 
deficits, are becoming more common for crops. These stresses impede crop output 
by wreaking havoc on plant morphological processes, biochemical pathways, and 
physiological characteristics that are all intimately related to diverse plant develop-
ment and yield phenomena. Abiotic stress is viewed as a multi-factorial event 
involving various processes in field crops. Numerous field crops, including cereals, 

S. Sarkar · S. Dey 
School of Agriculture and Rural Development, Ramakrishna Mission Vivekananda 
Educational and Research Institute, Narendrapur, West Bengal, India 

S. Saha 
Hooghly Krishi Vigyan Kendra, Bidhan Chandra Krishi Viswavidyalaya,  
Indian Council of Agricultural Research, Chinsurah, West Bengal, India 

S. Ghosh 
Department of Environmental Science, Kachrapara Collage, University of Kalyani, 
Kachrapara, West Bengal, India 

S. K. Paul 
Department of Agriculture, MITS Institute of Professional Studies,  
Bhujabala, Rayagada, Odisha, India 

D. Moulick (*) · S. C. Santra 
Department of Environmental Science, University of Kalyani, Nadia, West Bengal, India 

K. Brahmachari 
Department of Agronomy, Faculty of Agriculture, Bidhan Chandra Krishi Viswa Vidyalaya, 
Mohanpur, Nadia, West Bengal, India

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
M. Hasanuzzaman (ed.), Climate-Resilient Agriculture, Vol 2, 
https://doi.org/10.1007/978-3-031-37428-9_15

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-37428-9_15&domain=pdf
https://doi.org/10.1007/978-3-031-37428-9_15


320

legumes, oilseeds, tuber crops, and other important cash crops, have seen drastic 
yield reduction due to abiotic stresses. Several abiotic stresses that plants experi-
ence, including temperature extremes, drought, salt, and heavy metals, will be dis-
cussed in this chapter. All of these are significant constraints on agricultural yield 
and sustainability. To address the challenges associated with elucidating the stress 
tolerance mechanism, this chapter also discusses several mitigating strategies 
involving improved breeding techniques, modern technology for field crop produc-
tion, and the use of various nanotechnologies in conjunction with ICT 
interventions.

Keywords  Abiotic stress · Stress types · Tolerance mechanism · Mitigating 
strategies

1 � Introduction

Severe occurrences of abiotic stress (i.e. crop loss, temperature increase, soil salin-
ity) significantly diminish agricultural production. The functioning of agroecosys-
tems is significantly impacted by the rise in air temperature brought on by 
human-caused climate change. According to the Intergovernmental Panel on 
Climate Change (2007), if human-caused global warming continues at its present 
rate, there is probability of the earth’s temperature to increase by at least 6.40 °C 
(Solomon et al. 2007). By the end of the twenty-first century, ocean position will 
have risen up to 59.0 cm as a result of glacier melting. In addition to altering the 
seasonal cycle, climate change raises the likelihood of new natural disasters such 
drought, flood, storms, and cyclones. Variations in temperature, moisture, and rain-
fall must negatively impact crop growth productivity because farming is primarily 
climate-dependent and sensitive to agroclimatic conditions (Yohannes 2016; Aryal 
et al. 2020; Choudhury and Moulick 2022).

An external event that negatively affects a plant’s growth, development, or output 
is referred to as stress (Kitano 2002). A wide range of responses are triggered by 
stress, including altered gene expression, altered cellular metabolism, altered 
growth rates, and reduced agricultural production. Generally, manufacturing stress 
is a result of unanticipated changes in environmental conditions. Still, in stress-
tolerant factory species, exposure to a given stress results in a time-dependent accli-
matisation to that particular stress (Feist and Palon 2008). There are two types of 
plant stress: abiotic stress and biotic stress. Abiotic stress is quantifiable by physical 
or chemical processes, while biotic stress is quantifiable through natural units such 
as circumstances and insects. Certain pressures on crops harmed them in the same 
way that crops exhibit a variety of metabolic dysfunctions (Bemis and Torii 2007). 
Plants may recuperate from damage if the stress is modest or transitory; however, 
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extreme stressors cause crop mortality by impeding blooming, seed conformation, 
and inducing anility. Stress-susceptible plants of a similar kind will be regarded 
similar (Feist and Palsson 2008).

Many different types of living things, most notably bacteria, fungi, nematodes, 
insects, arachnids, and weeds, can cause biotic stress in agricultural plants. The 
agents that cause biotic stress are directly reliant on their host for nourishment, 
which might result in the death of businesses. Significant biotic stress may occur as 
a result of pre- and post-harvest losses (Shavrukov et al. 2017). Despite the absence 
of an adaptive susceptible system, plants may compensate for biotic stressors via the 
evolution of some complex techniques (Fghire et al. 2015). The defense mechanism 
of plant that are activated in response to these shocks are genetically regulated by 
the restored inheritable law contained inside them. Hundreds of resistance genes 
against various biotic stressors are encoded from the industrial genome. Abiotic 
stress, which affects agricultural plants negatively due to non-living factors such as 
salinity, sunshine, warmth, cold, cataracts, and failure, is different from biotic stress 
(Shanker and Shanker 2016). The environment in which the crop thrives dictates the 
sort of biotic stress that can be evaluated on crop stores, as well as the capacity of 
the crop species to resist that form of stress. Numerous biotic stressors have an 
effect on photosynthesis, as biting insects diminish splint area and infectious agents 
lower photosynthesis rate per splint area.

Drought (water stress), flood (water logging), high heat, salinity in the soil atmo-
sphere, and mineral toxicity can negatively impact the development, growth, pro-
duction, and seed quality of a wide range of crops and other plant species (Browse 
and Xin 2001; Majumdar et al. 2023). Therefore, it is imperative to create crop types 
that can adapt to abiotic difficulties in order to ensure future food security and safety 
(Pearce 2001). A plant’s primary defence against abiotic stress is root growth. If the 
soil carrying the nutrients is healthy and biologically distinct, there is a greater 
chance that it will survive harsh conditions (Volkov 2015). The shift of the Na/K 
ratio in the cytoplasm of the factory cell is one of the primary responses to abiotic 
stress (Flowers 2004).

2 � Global Scenario of Yield Loss Due to Abiotic Stresses

Several academic articles predict that over the next 50–100 years, the earth’s tem-
perature will increase by 3–5 °C (Hall 2002). Temperature spikes and uneven rain-
fall, in combination with variations in rainfall and crop failure, are constantly taken 
into account. Anthropogenic conditioning, such as epidemics, unequal irrigation, 
and indiscriminate exploitation of natural resources, may contribute significantly to 
global abiotic stress (Schützendübel and Polle 2002). Under these circumstances, 
plants are probably exposed to abiotic stresses more frequently. Factory breeders 
have a responsibility to produce stress-tolerant cultivars in order to maintain food 
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security and farmer safety. Molecular research will be conducted at the inheritable 
position in order to build mechanisms in shops that will assist them in dealing with 
various sorts of stress scenarios (Wuana and Okieimen 2011). Unless and until 
adaptive mechanisms against biotic and abiotic pressures are found, the shops will 
continue to be subjected to similar challenges, ultimately posing a serious threat to 
global agriculture.

According to many studies published, approximately 38% of the world’s popula-
tion, or up to 45% of the world’s total arable land, experiences insufficient rainfall, 
and 3106 km2 of land is afflicted by salt deposition (Flora et al. 2008). Additionally, 
19.5% of irrigated agricultural land is classed as salty, and about 1% of global cul-
tivable land is damaged by salinity (two million ha) and performs poorly (Takahashi 
et al. 2013). Throughout their growth and development, agricultural plants experi-
ence significant abiotic stress due to water shortages brought on by insufficient rain-
fall, cold temperatures, and salt build-up in the soil profile. Abiotic stress on 
agricultural plants is therefore a critical subject that will encompass world food 
security. Abiotic stresses are interconnected and have an effect on the connections 
between factory water and cellular and also whole crop genetic regulations, influ-
encing both specific and ambiguous reactions that lead to a number of morphologi-
cal, physiological, biochemical, and molecular changes that have a negative impact 
on the growth and development of crops.

3 � Types of Abiotic Stresses in Plants

3.1 � Heat Stress

Climate change has a greater impact on the agroecosystem and global crop produc-
tion. During the past few decades, global warming has been creating a universal 
issue and leading to an enormous change in crop ecology and consequent yield loss 
(Mittler et al. 2012). Therefore, high temperatures are thought to be the main factor 
restricting crop development in general (Teskey et al. 2015; Ishimaru et al. 2016). 
Abiotic stress, particularly high-heat stress, has been identified when the extreme 
temperature imposed at their above threshold level over a certain period of time, 
imparts a detrimental harm to plant growth (Wahid et  al. 2007). All phases of a 
plant’s development could be affected by high-temperature stress, although some 
are more vulnerable than others, including the early seedling, flower blooming, 
gamete development, and grain filling stages (Wahid et al. 2007; Jagadish 2020). 
Plants exhibit a significant change in cell morphology and biochemical functions 
even when their ideal temperature for growth is exceeded by 5 °C. High tempera-
tures at night increase the respiration capacity, which directly effects the energy 
consumption of the plant. It reduces photosynthetic functions, increases biomass 
production, and ultimately reduces the crop yield.
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3.2 � Cold Stress

Abiotic stress, whether high-temperature stress or chilling injury, both have a nega-
tive impact throughout the entire crop’s growth and productivity. Extreme low tem-
perature leads to significant changes in different physiological functions and reduces 
the rate of various plant metabolic activities (Ruelland et  al. 2009). Kang and 
Saltveit (2002) showed that various field crops show susceptibility to cold injury, 
mostly at the root establishing and juvenile stages of the plant. Under cold stress, 
the percentage of germination is drastically reduced, resulting in yield loss (Kang 
and Saltveit 2002). Plant roots are very sensitive to cold injury, and it hinders root 
growth by altering the root morphology and root uptake pattern (Richner et  al. 
1996). Freezing injury generally occurs in the temperate regions. It reduces the 
water absorption capacity and deteriorates several enzymatic functions and cellular 
activities of the plant.

3.3 � Salinity Stress

Soil salinity stress poses severe environmental threat to global agriculture and crop 
production. According to reports, saline soil covers 20% of the world’s agricultural 
fields, diminishing crop productivity constantly (Van Schilfgaarde 1994; Munns 
2002; Flowers 2004) and that after a few decades, soil salinity stress will deteriorate 
nearly half of the arable lands (Hasanuzzaman et al. 2014; Hossain 2019). Salinity 
stress in the plants occurs when the NaCl, Na2SO4, and other soluble salts are 
absorbed with water in excess through the rhizosphere and give rise to severe toxic 
effects throughout the plant body (Munns and Tester 2008). By modifying cell 
integrity, lowering osmotic potential, causing ion toxicity, and jeopardising the pat-
tern of water intake, soil salinity stress has a detrimental effect on plants directly 
and ultimately results in plant cell death (Botella et al. 2007; Moulick et al. 2020a).

3.4 � Stress Due to Acidity and Alkalinity

The severity of soil acidity is induced when the soil pH decreases to an extreme 
level (below 5.0 pH) and the accumulation of Al3+ and Mn2+ ions in higher concen-
trations in the soil. It has been reported that 40–50% of all cultivated land around the 
world is acidic (Von Uexkull and Mutert 1995). Most of the available plant nutrients 
are found in neutral soil, but in extreme acidic conditions, essential plant nutrients 
get fixed and become unavailable to the plant, which leads to multi-nutrient defi-
ciencies and inhibits the growth of the plant (Hossain et al. 2023). Excess accumula-
tion of Al3+ ions prevent root growth and affect the absorption capacity of nutrients 
and water of the plant (Hiscox and Isrealstam 1979). Alkaline toxicity to the plant 
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occurs when an excess of NaHCO3 and Na2CO3 are present in the soil solution 
(Fang et al. 2021). In addition to altering the integrity of the cell membrane and the 
osmotic adjustment, increased soil pH with an excess of carbonate and bicarbonate 
ions also impacts plant water absorption and photosynthetic capacity (Zhang et al. 
2017; Kaiwen et al. 2020).

3.5 � Stress Due to Contamination of Heavy Metal, Metalloids, 
and Non-Metal

Several geologic and anthropogenic activities, such as extensive agricultural prac-
tices, mining, and industrialisation, have caused environmental harm (Tiwari and 
Lata 2018). One of the biggest contributors to soil contamination is heavy metals, 
which are long-term deposits from mining, chemical manufacturing, municipal gar-
bage, and sewage sludge. These activities lead to the deposition of heavy metals on 
the soil surface or leaching down into groundwater (Hakeem et al. 2015; Ozturk 
et al. 2015a, b; Basheer 2018). A reasonably dense metal, metalloid, or non-metal is 
considered to be hazardous if it has the ability to harm both the environment and the 
crop ecology (Asati et al. 2016).

Heavy metals, metalloids (substances in-between metals and non-metals), and 
non-metals are innate components of the environment, which arise in severe con-
centration due to various human-based activities. Some micro-elements such as 
boron, sodium, and chlorine are the vital micronutrients that are required in minute 
amounts to maintain various physiological and metabolic functions in plants, while 
some other elements including cadmium, arsenic, aluminium, and fluorine have no 
beneficial effects on plants and turn harmful when present in concentrations over 
their optimum levels. Generally, heavy metals cannot be decomposed and removed 
from the environment and some of them are immobile in nature, and they remain 
fixed where they are accumulated; however, movable metals are absorbed by the 
plant rhizosphere through diffusion and endocytosis (Ali and Jain 2004; Ashraf 
et al. 2010; Ali et al. 2015; Dehghani et al. 2016; Alharbi et al. 2018; Burakova et al. 
2018). The most significant aspect that determines whether heavy metals actually 
restrict or stimulate plant growth is the concentration of those metals in the soil 
(Abolghassem et al. 2018). Heavy metal stresses impair the substitutional processes 
of metal ions in biomolecules and deactivate a number of crucial enzymes and other 
proteins. Thus, membrane integrity is compromised, which negatively affects fun-
damental plant metabolic processes as photosynthesis, respiration, and homeostasis 
(Hossain et al. 2012).
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3.5.1 � Arsenic

Having no positive effects on plants, arsenic (As) is a poisonous metalloid (Zhao 
et al. 2009). It is detrimental to the plants as well as consuming arsenic-affected 
crops leads to hyper/hypopigmentation and abnormal tissue growth on human skin 
(Panda et al. 2010). The inorganic arsenic in the soil is primarily absorbed by plants 
in the form of arsenite (AsIII) and arsenate (AsV), which are readily available to the 
plant (Meharg and Hartley-Whitaker 2002). Inorganic sources of arsenic show com-
paratively high toxic effect than organic, while AsIII is extremely hazardous than AsV 
along with notable amount of As accumulation can also be seen (Moulick et  al. 
2016a, 2018d, 2020b, 2021, 2022, 2023a). For agricultural soil, the allowable limit 
of As is 20.0  mg  kg−1 of soil, and it is found to be toxic to sensitive crops at 
5.0 mg L−1in the soil (Garg and Singla 2011). It alters the plants’ anatomical func-
tions (Smith et al. 2010), decreases the biochemical reactions of plants, limits their 
metabolic processes, and eventually stunts their growth and development (Miteva 
2002; Stoeva et al. 2003).

3.5.2 � Boron

Boron is a helpful mineral for normal plant growth, but its toxicities and deficien-
cies are more common in most crops and environmental situations than any other 
micronutrient, which negatively impacts plant growth and development (Archana 
and Verma 2017). According to reports, boron shortage alters a number of physio-
logical processes and biochemical processes, which in turn impacts how plants 
grow and develop normally (Dell and Huang 1997; Camacho-Cristobal et al. 2008). 
Yellowing of the leaves, a loss of strength, a delay in maturation, inappropriate fruit 
form and size, and a decreased yield are some of the most noticeable indicators of 
boron toxicity (Muntean 2009).

3.5.3 � Sodium

A challenge to sustainable agriculture is posed by salt stress, also known as salinity 
stress, which is an excess of salt deposition in the soil and is regarded as one of the 
main environmental evils (Sahoo et al. 2019; Iqbal et al. 2020; Moulick et al. 2020a). 
Sodium salts such as NaHCO3 and Na2CO3 are causing alkaline toxicity to the plant 
(Fang et  al. 2021). Therefore, the stresses affect the osmotic adjustment, reduce 
photosynthetic capacity, and alter the integrity of cell membrane and water uptake 
(Zhang et al. 2017; Kaiwen et al. 2020). Globally, the stresses of soil salinity and 
alkalinity both seriously impair plant growth and crop yield (Wang et al. 2018).
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3.5.4 � Chlorine

Chloride (Cl−) is the monovalent anion of chlorine that is beneficial nutrient for 
some plants. Although, when it reaches the required amount in the plant, it becomes 
toxic. Excessive chloride stress affects the plant physiological functions, disrupts 
their biosynthetic processes, inhibits the photosynthetic capacity, therefore sup-
presses the root and shoot growth, necrotic lesions appear on surface and margin of 
leaves, and induces opposed effect between anions (Ahmed et al. 2020).

3.5.5 � Aluminium

One of the main issues with field crops is aluminium (Al) stress, which is toxic and 
detrimental under acidic conditions (Saha et al. 2019; Fan et al. 2022). It is esti-
mated that 40–50% of the world’s cultivated lands are occupied by acidic soil (Von 
Uexkull and Mutert 1995). Roots of the field crops have been found to be highly 
susceptible to Al toxicity (Ryan et  al. 1993). Thus, root growth is extremely 
restricted by Al toxicity and needs to be identified immediately after contamination 
(Barcelo and Poschenrieder 2002). The Al3+ toxicity will reduce the grain yield and 
can even cause the death of the plant.

3.5.6 � Cadmium

Cadmium (Cd) is an unessential heavy metal and one of the utmost pollutants which 
harms the environments (Zhao et al. 2010; Chowardhara et al. 2019a, b). Common 
anthropogenic activities that release Cd include significant industrialisation, munic-
ipal trash, excessive use of phosphatic fertilisers, and chemicals (Gupta and Gupta 
1998; Xue et al. 2009) and deposited to the soil, leading to a terrible issue for agri-
cultural land. It has been reported that 100 mg of Cd kg−1 of soil is acceptable for 
agricultural land (Salt et al. 1995). When the percentage of Cd present above their 
optimum limits, they become toxic and cause negative effect to plant such as leaf 
discoloration, discourage the plant growth, root rot and eventually destroy the plant 
(Mohanpuria et  al. 2007; Guo et  al. 2008). Excessive cadmium accumulation 
induces the iron deficiency, which affects the chlorophyll formation (Ghori 
et al. 2019).

3.5.7 � Fluoride

Fluoride (F−) is the most phytoavailable toxic non-metal that is known for its nega-
tive potentiality, even at very small amount to the plant (Choudhary et al. 2019). In 
general, Fˉ is released into the environment from parental rock, volcanic eruption, 
and bricks producing industries (Symonds et al. 1988). Fluoride is one of the most 
dangerous phytotoxicants found in common air pollutants (Haidouti et al. 1993). It 
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was observed that higher amount of fluorine in acidic soil, enhancing the aluminium 
and reducing the phosphate uptake, decrease the crop productivity (Elrashidi et al. 
1998). Inside the cell membrane, aluminium and fluoride are separated from each 
other to exert their toxic effects (Kinraide 1997). Fluoride is entered into the plant 
through vascular tissue and accumulates at the leaf edges (Threshow 1970). Amongst 
the all-toxic pollutants, gaseous fluorides are the major toxic and hazardous pollut-
ants to the farmland (McCune and Weinstein 1971). Generally, Fˉ toxicity is 
observed in the plant during germination to early vegetative stages and interferes 
with the plant’s morphology, physiology and metabolic activities (Panda 2015). The 
scorching and burning of foliage are the most prevalent apparent signs of Fˉ toxicity 
to plants. When a high concentration of Fˉ is absorbed and translocated to the 
shoots, it often leads to cell death (Miller 1993).

4 � Field Crops Sensitivity of Abiotic Stress

Increased human population combined with diminishing land resources has resulted 
in increased pressure on limited natural resources, which has been exacerbated by 
climate change, which affects plant growth and development by destroying biomass 
(Moulick et al. 2023c; Wallace et al. 2003). It is a significant impediment to agricul-
tural productivity. Abiotic stress is caused by the interaction of organisms with their 
physical environment (Vijayalakshmi 2015). Abiotic factors such as water shortage 
or excess, high or low temperatures, submergence of low-lying regions, salt, nutri-
ent deficiency, pollution, and wind commonly influence crops (Pereira 2016). The 
technological development, policy ramifications, social behaviour, patterns of land 
and water use, level of economic development, and cultural diversity are depending 
on the population’s structure (Dar et al. 2021). Numerous models based on multiple 
regression analysis are employed to determine the influence of varying agro-
environmental situations on yields (Spitters et al. 1989). However, based on statisti-
cal models, it is difficult to discriminate between crop production differences caused 
directly or indirectly by abiotic stress (Cho and Oki 2012). This chapter will go 
through how different abiotic stresses affect field crops.

4.1 � Cereal Crops

Abiotic stress has significantly affected the production of rice, wheat, and maize, 
three of the most important cereal crops in terms of daily calcium and protein con-
sumption (Dar et  al. 2021). Wheat and maize yields have decreased by 5.5 and 
3.8%, respectively, since 1980, as a result of higher temperature and rainfall 
(Borlaug Institute for South Asia 2015). The yield loss in rice, wheat, and maize 
induced by drought and heat stress is shown in Fig. 15.1. About half of the world’s 
rice-growing regions are affected by droughts of varied severity (Pandey and 
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Fig. 15.1  Yield loss in major cereals due to moisture and temperature stress. (Source: Modified 
after Pandey and Bhandari 2008)

Bhandari 2008), and these conditions are projected to deteriorate further in the near 
future. The shift from vegetative to reproductive phases is mostly influenced by 
environmental factors. However, the unpredictability and varied timing of abiotic 
stress throughout critical developmental phases severely reduce grain production 
potential.

Abiotic stress during the early phases of pollen generation in rice and wheat has 
the biggest impact on flower and grain growth (Dolferus et al. 2011). Rice’s vegeta-
tive growth and yield are adversely affected by drought (Ahadiyat et al. 2014). Low-
moisture conditions have a detrimental effect on rice by limiting floret emergence, 
decreasing grain test weight, and ultimately reducing production. In contrast to 
wheat and barley, rice panicles have an open structure that is readily impacted by 
abiotic stress (Bennett et al. 1973). Figure 15.2 illustrates the plant’s reaction to a 
water deficiency scenario schematically. Additionally, Chakrabarti et  al. (2013) 
revealed that rising temperature had a significant effect on wheat crop productivity 
(Fig. 15.3).

Climate change, irregular rainfall, and sea level rise all contribute to an increase 
in flooding intensity. Rice can endure floods to a certain amount because to the 
existence of aerenchymatic tissue, but not for more than 7 days (Dar et al. 2021). 
Submergence-related mortality and degradation of rice plants are dependent on the 
flood’s water quality, depth, and length (Mishra et al. 2010).
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Fig. 15.2  Response of plant to water-deficient conditions. (Modified after Barnabás et al. 2008)

Rice is affected by low temperatures at all developmental stages. It decreases 
germination percentage, vegetative development, and ultimately yield by causing 
mayhem on rice throughout the blooming stage (Dar et al. 2021). In rice, prolonged 
exposure to cold stress results in leaf necrosis and chlorosis as a result of reduced 
photosynthetic activity and oxidative damage (Xiao et al. 2011). Low temperatures 
and drought stress during the initial microspore stage of pollen generation make 
self-pollinating rice and wheat produce sterile pollen (Ji et al. 2010; Oliver et al. 
2005). However, since maize is a monoecious plant, drought stress is most severe 
during the reproductive stage (Dolferus et al. 2011). In maize, the incidence of ker-
nel abortion rises during the pollination phases owing to dryness (Hidangmayum 
et al. 2018). Increased atmospheric CO2 levels have been explored in laboratory and 
field environments in the absence of other limiting variables. In response to elevated 
CO2 levels, photosynthetic activity increased, stomatal aperture decreased, and total 
biomass increased (Cho and Oki 2012).

Barley is reasonably resistant to abiotic stress of varying degrees (Munns and 
Tester 2008). Abiotic stress has a substantial impact on plant growth and develop-
ment, reproductive time, and ultimately barley yield (Kazan and Lyons 2016). 
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Fig. 15.3  Effect of increasing temperature on yield of wheat crop. (Source: Modified after 
Chakrabarti et al. 2013)

Drought circumstances prior to tillering and blooming considerably affect barley 
output by reducing the number of tillers, the number of spikes and grains per plant, 
and the weight of individual grains (Samarah 2005).

Grains exhibit a variety of phenotypic features when subjected to abiotic stress 
(Fig. 15.2). Rolling of leaves is seen in drought-prone plants (Plaza-Wüthrich et al. 
2016). By contrast, stress has no effect on the length of cells in the internode. In 
finger millet, a reduction in plant height and lodging of the main stem were reported 
(Plaza-Wüthrich et al. 2016). Teff (Eragrostis teff) plants, which are produced in 
Ethiopia as a staple crop, also shown a detrimental impact of water scarcity 
(Fig. 15.4).

4.2 � Legumes

Following the Poaceae family of crops, Leguminosae are an important element of 
the human diet. While legumes can adapt to a broad variety of agroclimatic condi-
tions, the incidence of abiotic stress may be damaging to the crop’s growth and 
development (Kang et al. 2017). The majority of environmental disturbances result 
in a rise in reactive oxygen species (ROS).
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Fig. 15.4  Different traits of Tef plants (Poaceae family) grown under normal and stress situation 
in Africa. (Source: Modified after Plaza-Wüthrich et al. 2016)

Water stress damages legumes because it prevents photosynthesis, cell growth, 
and carbon metabolism (Araujo et al. 2015). In soybean, grown under controlled 
conditions, it has been demonstrated that drought has an impact on flowering, pod 
sterility, pod growth, yield, and individual seed weight (Desclaux et  al. 2000). 
However, moderate dryness has been reported to aid faba bean in restricting vegeta-
tive growth and increasing yield and harvest index (Grashoff 1990). Stomata are 
affected by water stress, which decreases their number and increases their size 
(Araujo et al. 2015). Water stress causes root thinning in field peas, which scouts 
deeper for water supplies, but the overall root surface area is decreased (Benjamin 
and Nielsen 2006). Legumes, including cowpea and groundnut, can alter their root 
architecture in reaction to variations in moisture levels, allowing them to adapt to 
stressful situations (Pandey et al. 1984). In drought-tolerant pea cultivars, the accu-
mulation of soluble sugars and proline caused by drought helps to maintain turgor 
pressure (Araujo et al. 2015). Pulses, on the other hand, such as pigeon pea and 
cowpea, can endure severe drought owing to their versatility. When faced with dry-
ness, pigeon pea develops deep penetrating roots and osmoregulates in the leaves, 
while cowpea sheds its reproductive systems (Odeny 2007). Khan et al. (2019) have 
observed that drought stress dramatically decreased chlorophyll fluorescence and 
relative water content (percentage) in chickpea cv. Punjab Noor 2009 (Fig. 15.5).

Legume development and growth are significantly hampered by salt stress. It 
was estimated that near about 80 million acres of fertile land are directly or indi-
rectly affected by soil salinity (Munns and Tester 2008). Pulses, on the other hand, 
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Fig. 15.5  Effect of irrigated and drought conditions on chlorophyll fluorescence (Fv/Fm) and 
relative water content (%) in chickpea variety Punjab Noor 2009. (Source: Modified after Khan 
et al. 2019)

are more susceptible to salt than grains and oilseeds (Hidangmayum et al. 2018). 
Salt stress impacts plant roots immediately, but moisture stress brought on by 
osmotic stress affects plant development over time (Munns 2005). Different degrees 
of salt tolerance and adaptation are noticed in legume crops such as soybean (Araujo 
et al. 2015). Adaptable genotypes exhibit increased root development in saline soil, 
but some exhibit sodium and chlorine ion compartmentalisation (Luo et al. 2005). 
Sodium ions are maintained primarily in roots, whereas chlorine ions reach shoots, 
impairing growth and, at deadly levels, resulting in plant death (Sanchez et  al. 
2011). Pulses build up too much salt, which accelerates the rate at which the leaves 
and stems turn anthocyanin-coloured, reducing seed germination and seedling 
establishment (Kumar et al. 2016). Due to salinity-induced moisture stress, pulse 
growth and development, particularly photosynthesis, are harmed. It occurs in con-
junction with an increase in photorespiration (Araujo et al. 2015). Due to salt stress, 
the primary root of peas is reduced and the number of lateral roots increases. In peas 
exposed to drought or salt stress, structural changes such as an increase in epicuticu-
lar waxes to reduce transpiration have been observed (Sanchez et al. 2011). In mung 
bean, yellow mosaic disease, stem- and pod-borers, and salt stress all contributed to 
yield losses of 80–100%, especially during the rainy season (Sehrawat et al. 2015). 
Naher and Alam (2010) reported similar findings about the influence of salt on 
mung bean (Fig. 15.6).

Temperature is critical in the symbiotic association between legumes and rhizo-
bium in soil (Araujo et al. 2015). Changes in temperature have an effect on crop 
growth and production potential as well. Temperatures over 25 °C have a significant 
effect on cool-season legumes such as chickpea, field pea, lentil, and faba bean, 
whilst temperatures above 35–40 °C have an effect on rainy season crops (Kumar 
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Fig. 15.6  Effect of different salinity concentrations in growth of mung bean cv. Bari Mung 5. 
(Source: Modified after Naher and Alam 2010)

Fig. 15.7  Effect of increasing temperature on yield of chickpea. (Source: Modified after 
Chakrabarti et al. 2013)

et  al. 2016). Similarly, terminal drought stress affects seed yields by 26–61% in 
chickpea (Kumar et al. 2016), and by 40–55% in pigeon pea (Kumar et al. 2016; 
Nam et al. 2001). According to Rainey and Griffiths (2005), heat stress significantly 
reduces yields of common bean (Phaseolus vulgaris L.) and peanut (Arachis hypo-
gea L.). Flowering, seed setting, and pod development are all critical phases that are 
significantly influenced by changes in moisture and temperature (Araujo et  al. 
2015). Chakrabarti et al. (2013) also investigated the detrimental effect of tempera-
ture increases on chickpea yields (Fig. 15.7).
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Pulses respond differently when exposed to suboptimal temperatures depending 
on their source. When temperatures drop to 0–15 °C, tropical and subtropical pulses 
are unable to function, although cold pulses can (Araujo et al. 2015). According to 
Antolin et al. (2005), growing pulses at temperatures as low as 20 °C lead to a two-
fold increase in stem and root dry weight without affecting leaf dry weight. Pollen 
sterility occurs at colder temperatures over 20 °C, which inhibits the germination 
and emergence of cowpeas (Araujo et al. 2015).

4.3 � Oilseeds

Oilseeds play a critical role in Indian agriculture and cuisine. Even with dramatic 
increases in output, there has always been a gap between demand for oilseeds and 
vegetable oils and supply (Chauhan et al. 2021). In India, rainy season groundnut, 
soybean, sunflower, niger, castor, and sesame are farmed. Oilseeds including lin-
seed, safflower, and rapeseed-mustard are widely available throughout the Rabi sea-
son. In the pre-Kharif or summer season, oil seeds such as sesame, castor, sunflower, 
and peanut are also cultivated. Abiotic stress is often caused by cultivating oilseeds 
primarily under rainfed conditions, climate change, and growing area of salty soils.

Depending on the length and stage of the crop, drought or water scarcity condi-
tions can affect oilseed crops to varied degrees. Drought initially affects the ger-
mination rate of seeds (Alqudah et al. 2011). In soybean, late-stage water deficits 
have a limiting influence on photosynthetic activity (El Sabagh et al. 2019). Under 
stress, a decrease in nitrogen transfer from roots to shoots was found, owing 
mostly to inadequate absorption (Hussain et al. 2008). Drought lowers stem elon-
gation, leaf area, blooming, and achene filling in sunflower (Baldini et al. 2000). 
Soybeans grown during a drought have different fatty acid profiles and include 
more soluble carbohydrates and proline (Alqudah et al. 2011). While the majority 
of oilseeds, such as sunflower, sesame, and safflower, can tolerate mild drought, 
water stress, and high temperatures from blooming to grain/seed filling have a 
detrimental effect on the crops, namely, decreasing yield and oil content (Hussain 
et al. 2008). Oilseeds such as soybean, canola, and flax exhibit a drop in protein 
and oil content when the temperature rises (Carrera et al. 2009; Mirshekari et al. 
2012; El Sabagh et al. 2019). However, drought has resulted in a decrease in oil 
content and an increase in protein content in safflower (Amini et  al. 2014). 
Depending on the severity and stage of the crop, drought may have an impact on 
the number of seeds per siliqua, the number of siliquae per plant, the weight of a 
thousand seeds, the yield of seeds, the oil content of the seeds, and the output of 
oil from oilseeds (Nasri et al. 2008). Under conditions of drought, the sunflower’s 
oleic, linoleic, and palmitic acid contents rise (El Sabagh et al. 2019). However, 
abiotic stress during flowering and seed development decreased both saturated 
(palmitic and stearic acid) and unsaturated fatty acids (oleic, linoleic, and linole-
nic acid) in safflower (Fernández-Cuesta et  al. 2014). Drought-affected plants 
develop early, and their low linoleic acid content is a result of the shorter time 
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required for oleic acid to be converted to linoleic acid. Dryness in the mid-season 
has little influence on groundnut, whereas drought in the late season increases 
stearic and oleic acid levels and decreases total oil and linoleic acid contents of 
groundnut seeds (Dwivedi et al. 1996).

Salinity stress has the potential to have a deleterious effect on oilseeds through-
out their life cycle, from germination through reproductive maturity (Nayidu et al. 
2013). Salinity stress is detrimental to crops because it causes physiological 
drought, ion excess, oxidative damage, and nutritional imbalance. Salinity hinders 
seedling growth and height development and lowers germination rates in the early 
stages of canola development (Sinaki et al. 2007). Brassica species vary in their 
tolerance for salinity stress, with B. napus being the most tolerant, followed by 
B. carinata and B. juncea, which can also withstand stress (Kumar et al. 2016). 
B. nigra and B. rapa are very salt tolerant (Kumar et al. 2016). The quality of seed 
oil extracted from oilseeds is directly proportional to the concentration and per-
centage of palmitic, oleic, stearic, and linoleic acids (Nayidu et al. 2013). Bergman 
et al. (2006) discovered that salt stress alters the proportions of palmitic, oleic, 
stearic, and linoleic acids. Di Caterina et al. (2007) observed that irrigation with 
salty water increases oleic acid content while decreasing linoleic acid levels in 
sunflower. Simultaneously, oilseed crop quality and productivity are negatively 
impacted by salt stress (Nayidu et al. 2013). Mensah et al. (2006) also observed 
that increased salinity has a detrimental effect on the pod and seed production per 
plant of rainy season groundnut.

Climate change causes crops to develop quicker, hence shortening their length, 
yet heat during the early and blooming phases may be very detrimental to the crop 
(Lobell and Gourdji 2012). Heat stress impairs the growth and development of oil-
seeds. In Brassica species, excessive heat stress results in poor seedling germination 
and development (Deol et al. 2003). CO2 levels are gradually growing, and it has 
been shown that elevated CO2 speeds up photosynthesis and also promotes rapid 
and healthy development (Lobell and Gourdji 2012). A temperature range of 
25–35 °C is ideal for the growth of oilseeds (Kaya et al. 2006). Numerous research 
on soybeans have shown that increased CO2 concentration has a fertilising impact 
and increases crop water use efficiency; however, the beneficial effect of raised CO2 
diminishes at very high temperatures (Lobell and Gourdji 2012). Proline content is 
increased by heat stress. Temperatures over 27 °C during blooming may result in 
floral sterility, reducing the quantity of flowers, seed size, and ultimate economic 
output (Morrison and Stewart 2002). Environmental extremes may have a signifi-
cant effect on the growth and development of a crop, depending on the length of 
their exposure, the area of the crop, and its stage of development (Shah et al. 2016). 
Spring and winter temperatures are required for several reproductive phases such as 
gametogenesis, pollination, fertilisation, and embryogenesis (Angadi et al. 2000). 
Low-temperature stress damages leaf tissues and causes bleaching, withering, and, 
in severe situations, plant death. Thus, drought, salt stress, temperature extremes, 
and excessive CO2 concentration all have a significant impact on the morphophysi-
ological processes of oilseeds at various phases of crop development.
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4.4 � Tuber Crops

Tuber crops such as potatoes, sweet potatoes, cassava, and yam are critical compo-
nents of the human diet and contribute significantly to global food security. Abiotic 
stressors such as severe heat, salt, and drought are unavoidable. Current circum-
stances necessitate producing crops that can withstand the challenges associated 
with changing environmental conditions.

After rice and wheat, the potato (Solanum tuberosum L.) is the world’s third most 
significant food crop. Potato, which originates in South America’s Andes, is subject 
to heat and drought stress (Singh et al. 2019). Tuber development requires an opti-
mal night temperature of 17 °C; however, if the temperature surpasses this level, 
vegetative growth accelerates significantly, lowering tuber output (Setayesh et al. 
2017). Sweet potato plants have decreased growth, stomatal conductance, nitrate 
reductase activity, and stomatal closure when water is scarce (Ravi and Indira 1999). 
Temperature increases have a physiological effect on tuber crops, slowing sprout-
ing, increasing the frequency of tiny tubers, and resulting in uneven, bitter, poison-
ous, and fractured tubers (Demirel et al. 2017). Increased soil temperature results in 
dark discoloration of tubers, tuber rot, and sprout damage (Singh et  al. 2019). 
Between 14  °C and 22  °C is the optimal temperature range for tuberisation and 
reduced haulm growth (Demirel et al. 2017). Above that, potato tuber growth and 
net assimilation both contribute to tuber yield reduction (Singh et al. 2019). Water 
deficit circumstances have a profound effect on sweet potato during the tuber initia-
tion stage, depending on the volume of available soil moisture or the severity of the 
stress (Ravi and Indira 1999). Drought during the tuber development stage results in 
tuber lignification. Under water-scarce circumstances, the chlorophyll concentra-
tion of sweet potato leaves drops, that is, total chlorophyll, chlorophyll a, and chlo-
rophyll b (Ravi and Indira 1999).

Around 20% of the world’s cultivable land is significantly impacted by salinity 
(Sairam and Tyagi 2004). Tuber crops such as potato, which are moderately salt-
sensitive, may flourish at soil salinity levels as high as 1.7 dS m−1 and irrigation 
water salinity levels as low as 1.1 dS m−1 (Chourasia et al. 2021). When exposed to 
salt, leaf and shoot tissues collect sodium and chloride ions, impairing metabolic 
function by lowering photosynthetic activity, protein synthesis, and inactivating 
enzymes (Tavakkoli et al. 2010). Exposure of plants to saltwater environments dur-
ing their first phases of sprouting, emergence, and development results in yield 
losses of between 21% and 59% (Levy 1992). Salinity extremes impair sugar trans-
location, reducing microtuberisation, rooting capacity, root number, root diameter, 
and root length (Faried et al. 2016). Reduced leaf number, leaf area, and leaf devel-
opment are found in tuber crops exposed to salt, resulting in leaf abscission and 
senescence (Chourasia et al. 2021). An increased sodium ion concentration in saline 
conditions hinders the absorption of other crucial elements such as potassium and 
magnesium (Ishikawa and Shabala 2019). Salt stress in tuber crops results in 
osmotic stress, which accumulates abscisic acid in the leaves, slowing photosynthe-
sis, shutting stomata, and lowering photoassimilates translocation (Chourasia et al. 
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2021). However, low-salt concentrations in cassava have facilitated development 
and resulted in an increase in total starch and total protein in shoots rather than roots 
(Cheng et al. 2018).

Flooding tuber crops reduces the oxygen concentration in the root zone, impair-
ing tuber development (Ravi and Indira 1999). Flooding increases haulm growth 
and decreases tuber number, size, and diameter throughout the formative phases. 
However, if excessive moisture stress happens during the crop’s first stages, the crop 
rebounds from the initial shock and resumes normal development (Ravi and Indira 
1999). During floods, tuber crops produce antioxidants in their leaves, which aid 
them in coping with the adverse conditions.

4.5 � Sugar Crops

Abiotic stresses such as drought, salt, excessive heat or cold, and a lack of nitrogen 
do not affect sugar crops such as sugarcane and sugar beet very much. They possess 
adaptive morphological, physiological, and biochemical mechanisms that enable 
them to withstand mild stress situations (Narwade et al. 2016). At the moment, cli-
mate conditions are undergoing a dramatic shift, increasing the probability of 
extreme weather events. Any kind of stress during crucial development phases has 
a detrimental effect on crops. Unlike cereals, sugar crops, on the other hand, have a 
lower risk of complete crop failure owing to stress at key periods (Ober and 
Rajabi 2010).

Temperatures between 17 °C and 25 °C are ideal for sugar beet (Ober and Rajabi 
2010), while temperatures between 18  °C and 40  °C are ideal for sugarcane 
(Narwade et al. 2016). Sugar beet is a reasonably resistant plant to drought and heat 
(Ober and Rajabi 2010). Moisture is vital in sugarcane throughout the key phases of 
tillering, internode elongation, and grand development, exerting a significant influ-
ence on crop growth. Sugarcane sett germination is influenced by soil moisture 
content, with both excess and deficiency reducing seminal root growth (Narwade 
et  al. 2016). The stomata’s ability to open and close and the activity of various 
enzymes are all influenced by moisture stress (Naik et al. 1993). Water availability 
in the soil has an effect on cell division, cell enlargement, and leaf growth in plants 
(Cosgrove 2000). Water stress has a detrimental influence on tiller development, dry 
matter accumulation, net photosynthesis, cane height, cane weight, internodal 
length, nutrient availability, root activity and production, and juice quality in sugar-
cane. Tillers in their infancy are particularly vulnerable to drought conditions (Naik 
et al. 1993). In drought-stricken sugarcane, a longer rope-like root system is visible, 
but in irrigated sugarcane, the root mass is less than 50 cm deep (Venkataramana 
and Naidu 1982). When sugar beet is subjected to both heat and water stress, it 
exhibits a decreased transpiration rate (Schubert et al. 2004). In tropical and sub-
tropical climates, water stress and drought may result in yield losses of 50–70% 
owing to poor growth and tiller death (Narwade et al. 2016). Withholding irrigation 
during maturity, on the other hand, aids in limiting growth and enhancing 
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photoassimilation (up to an 18% rise in sucrose) in sugarcane (Robertson and 
Donaldson 1998). High-moisture content in the soil and light soil with reduced 
nitrogen availability result in early blooming, thereby decreasing the sugar concen-
tration (Narwade et al. 2016). Robertson et al. (1999) observed that withholding 
irrigation for 5 months before to maturity diminishes leaf and stalk extension, dra-
matically decreases the leaf area index (from 1.8 to 0.9), and induces leaf senes-
cence in sugarcane. However, it has no effect on sucrose production.

Temperatures in the atmosphere and on the ground are increasing as a result of 
climate change. Due to increased mineralisation in the soil, this temperature rise 
boosts sugar plant nutrition uptake (Narwade et al. 2016). However, as the tempera-
ture rises beyond 25  °C, sugar beet leaf development, photosynthesis, and sugar 
accumulation are reduced mostly owing to higher respiration rate losses (Dambrosio 
et al. 2006). Critical factors in determining the degree of cell damage include the 
duration and intensity of heat stress (Narwade et al. 2016). Despite ambient water in 
the soil, a rapid reduction in the water content of the leaf tissues of sugarcane during 
heat stress was observed (Wahid and Close 2007). Internode growth, net absorption 
rate, and total biomass were all dramatically reduced by high-temperature stress, 
although tillering was improved (Wahid 2007). Heat stress results in protein dena-
turation, desiccation, dehydration, and membrane instability (Chalker-Scott 2002).

The sugar beet plant has a good tolerance for the stress caused by soil salt (Ober 
and Rajabi 2010). Sugarcane is fairly susceptible to salt, with a 1.4 dS m−1 threshold 
value (Tiwari et al. 2015). Sugarcane’s seed germination stage is the most tolerant; 
however, salt stress during the shoot development stage is most detrimental (Plaut 
et al. 2000). However, compared to soils with no sodium, sugar beet grows success-
fully at low-salt concentrations (Khavari-Nejad et al. 2008). However, sugar beet’s 
germination and early shoot development phases are salinity-sensitive (Jamil et al. 
2006). In sugarcane subjected to lengthy periods of salinity stress, yellowing of 
leaves and salt damage to leaves were found (Gomathi and Thandapani 2005). 
Sugar beet cultivation on salty soils resulted in a decrease in water absorption and 
cell growth (Ober and Rajabi 2010). Sugarcane shoots undergo a decrease in tiller-
ing, internode narrowing, shoot height reduction, and photosynthesis reduction in 
salty and sodic soils (Tiwari et al. 2015). Critical nutrient partitioning in sugarcane 
plants exposed to extended salinity revealed an increase in the concentration of 
hazardous elements (Na, Cl, B, and Mo) inside plant tissue (Gomathi and Thandapani 
2005). Crops cultivated on salty soils did not always result in a decrease in juice 
quality. The juice quality was mostly determined by the genotypes used, while toler-
ant genotypes (Co 94012 and Co 99004) exhibited minor quality degradation 
(Tiwari et al. 2015). When soil extracts had an electrical conductivity of 13.7 dSm−1, 
sugar beet yields were reduced by up to 50% (Morillo-Velarde and Ober 2006). 
Sugarcane showed an increase in non-sugar solids and salts in salty soils and a 
decrease in sucrose %, brix, and purity (Tiwari et al. 2015). While a low-salt content 
in the soil has little or no impact on sugar beet production, salt build-up causes 
stress, severely reducing output (Ober and Rajabi 2010).

Sugarcane sprouted stubble buds poorly at low temperatures, had a low amount 
of reducing sugars, decreased photosynthesis, and decreased sucrose-phosphate 
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synthase activity (Tiwari et al. 2015). Frost damage to young sugar beet plants is 
also a problem (Cary 1975). Under freezing circumstances, the majority of above-
ground immature parts die, and regeneration occurs through below-ground second-
ary shoots. The degradation of sugarcane juice quality is mostly determined by the 
length of cold stress, the genotypes planted, and the degree of freezing (Tiwari 
et al. 2015).

Waterlogging is a serious stressor that affects enormous swaths of cultivable land 
in India and around the globe. Sugarcane is prone to waterlogging during the first 
3–4 months of growth, but it is fairly resistant afterwards (Carter and Floyd 1975). 
Sugarcane roots get darkened when they are flooded, nutrition absorption and root 
respiration are impeded, and the whole subterranean root system becomes clogged 
(Gomathi and Thandapani 2005). However, adventitious roots that grow above the 
water layer have bigger intercellular gaps than original roots and provide the plant 
with the essential oxygen (Van Der Heyden et al. 1998). Flooding during the tiller-
ing stage results in tiller mortality, decreased tillering, elongation, and decreased 
leaf area (Gomathi and Thandapani 2005). Waterlogging reduces transpiration, pho-
tosynthetic rate, effective leaf area, leaf number, total chlorophyll content, and 
growth rate, while increasing respiration rate (Gomathi and Chandran 2009). 
Sugarcane afflicted by waterlogging might have yield reductions of up to 15–45% 
(Gomathi and Thandapani 2005).

4.6 � Other Important Field Crops

Cotton is salt tolerant to a degree and may also adjust to moisture stress via stomatal 
control. Drought is deleterious throughout the early phases of development, and it 
also impairs the ultimate output during blooming. Low light stress is another issue 
that impedes cotton growth and development during the monsoon (Sabesh 2022). 
Cotton needs a cool night temperature, yet high temperatures cause blooming to be 
delayed and enzyme activity and protein synthesis to be decreased (Tavakkoli et al. 
2010). Cotton’s early stages are sensitive to salt and waterlogging, which impairs 
leaf development, root growth, and ultimate production (Sabesh 2022).

Jute cultivated in hot and humid climates exhibits a range of morphophysiologi-
cal and biochemical changes in response to varied stress conditions (Rahman et al. 
2021). In Corchorus olitorius, salinity decreased root length, fresh weight, fresh 
weight per plant, plant height, and number of leaves per plant (Tareq et al. 2018). 
When C. olitorius was exposed to a salt level of 175 mM NaCl, we found a drop in 
net photosynthesis, stomatal conductance, transpiration rate, pods/plant, and seeds/
pods, as well as a decrease in pods plant−1 and seeds pods−1 (Yakoub et al. 2019). 
Rahman et  al. (2021) observed that when C. olitorius and C. capsularis were 
exposed to acute moisture stress, they decreased plant height (35–50%), leaf num-
ber/plant (30%), leaf area (25–67%), stem diameter (16–42%), and yield (50–80%). 
While flooding with up to 10 cm of standing water resulted in a rise in adventitious 
root development, an increase in aerenchyma tissue in the adventitious root, a drop 
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in fibre length (11–43%), a reduction in fibre strength (12–55%), and a 20–75% 
yield loss in jute (Rahman et al. 2021). Field circumstances for crop development 
are very complicated, necessitating the presence of abiotic stressors, and several 
stress situations may also arise, wreaking havoc on crops. Tobacco is a Solanaceae 
family plant. Salt stress in tobacco results in ion build-up at hazardous concentra-
tions, impairing mineral nutrient uptake, and oxidative damage (Sun et al. 2020). 
The quality, dry weight, chlorophyll content, and yield of tobacco leaves are all 
negatively impacted by drought throughout the crop’s growing stage, whereas the 
nitrogen and nicotine contents are positively impacted (Su et al. 2017). Whereas 
tobacco demonstrated decreased relative water content, transpiration rate, chloro-
phyll rate, and photosynthesis rate under flooding circumstances, as well as 
improved stomatal resistance and peroxidase activity in leaves.

5 � Role of Ascorbate Glutathione Pathway in Maintaining 
ROS Homeostasis in Plants Under Abiotic Stress Condition

5.1 � Generation of ROS

Aerobic activities will inevitably produce reactive oxygen species (Hasanuzzaman 
et al. 2019). The metabolism and ion balance of plants are significantly impacted by 
abiotic stresses. Plants accumulate ROS as a result of ion imbalance brought on by 
abiotic stress (Ahmad et al. 2009; Choudhury et al. 2021a, 2022a; b; c). Halliwell 
and Gutteridge (2015) discovered that in response to abiotic stress, plant cells create 
an excessive amount of ROS, including superoxide, hydrogen peroxide, hydroxyl 
radicals, and singlet oxygen (Halliwell and Gutteridge 2015). In plant cells, reactive 
oxygen species are mostly formed in the peroxisomes and chloroplasts (Ahmad 
et  al. 2009). In the presence of light, photorespiration generates reactive oxygen 
species, while in the absence of light, mitochondria do so (Moller 2001). In plant 
cell, non-cyclic electron transport chains at complexes I and III of mitochondria, as 
well as an excess of membrane bound NADPH oxidases, produce superoxide radi-
cals (Banerjee and Roychoudhury 2017). Due to the short life span of the superox-
ide radical, it does not cause much damage to plant cells. The cell membrane breaks 
down and lipid peroxidation occurs, when it becomes a hydroxyl radical (Halliwell 
2006; Moulick et al. 2016b, 2017, 2018c). When there is too much photosyntheti-
cally active light or photooxidative stress, singlet oxygen species are generated in 
the chloroplast. Singlet oxygen causes oxidation of proteins, nucleic acids, and lip-
ids in plant cells, leading to growth inhibition of plants (Krieger-Liszkay et  al. 
2008). Either univalent reduction or over-energising the electron transport chain 
produces hydrogen peroxide (Banerjee and Roychoudhury 2017). When ROS such 
as H2O2 is present in a higher concentration, it damages cellular macromolecules 
(Moller 2001). One of the most toxic ROS, hydroxyl radical, is produced when Fe2+ 
and Fe3+ act as catalysis in the Fenton reaction at neutral pH and when there is an 
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excess of photosynthetically active light (Banerjee and Roychoudhury 2017). 
Excess accumulation of these ions is toxic for cells and causes plant cell death.

5.2 � ROS Scavenging Mechanisms (Enzymatic 
and Non-Enzymatic Means)

Plants have special mechanisms for bearing abiotic stress and they comprise both 
enzymatic and non-enzymatic processes (Hasanuzzaman et al. 2019). The concen-
tration and balance of ROS and ROS scavenging systems determine the degree of 
damage to the plant system. The plant experiences abiotic stress if the ROS concen-
tration is higher than the level of scavenging ions (Hasanuzzaman et al. 2019). Non-
enzymatic antioxidants generally comprise ascorbate, glutathione, flavonoids, 
tocopherols, carotenoids, etc. (Gill and Tuteja 2010). Ascorbate peroxidase, mono-
dehydroascorbate reductase, glutathione peroxidase, dehydroascorbate reductase, 
glutathione reductase, superoxide dismutase, peroxiredoxin, catalase, and glutathi-
one S-transferase are among the enzymes that act as antioxidants (Hasanuzzaman 
et al. 2019). All organisms either produce ascorbate in their bodies or get it as food 
from outside (Hasanuzzaman et al. 2019). Ascorbate biosynthesis is one of the earli-
est known life processes and helps in cell wall formation in plants. Glutathione is 
another important antioxidant, which comprises glutamine, cysteine, and glycine.

5.3 � The Role of the Ascorbate Glutathione Pathway in Abiotic 
Stress-Induced ROS Homeostasis in Plants

Ascorbate and glutathione are an intrinsic part of the plant antioxidative system that 
catalases ROS in plants (Foyer and Noctor 2011). Plants accumulate antioxidants 
such as ascorbate and glutathione under abiotic stress conditions for maintaining 
ROS homeostasis in plants. The presence of ascorbate and glutathione has a detoxi-
fying effect on ROS produced during abiotic stress in plants (Lopez-Delacalle et al. 
2021). Higher ascorbate concentrations have frequently demonstrated that plant 
cells can withstand oxidative stress. Ascorbate peroxidase, dehydroascorbate reduc-
tase, monodehydroascorbate reductase, and glutathione reductase are the four 
enzymes that make up the ascorbate glutathione cycle, also known as the Asada-
Halliwell pathway (Costa et al. 2021). They help in ROS scavenging and also to 
save the plant from possible damage from abiotic stress conditions (Hasanuzzaman 
et al. 2019; Mazumder et al. 2022a, b). Ascorbate acts as an electron donor in the 
ascorbate glutathione cycle and performs hydrogen peroxide detoxification by con-
verting hydrogen peroxide into water, oxygen, and monodehydroascorbate (Foyer 
and Noctor 2011). This monodehydroascorbate is spontaneously converted to dehy-
droascorbate or to ascorbate by the action of monodehydroascorbate reductase 
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(Costa et al. 2021). Ascorbate and glutathione enhance osmotic regulation, water 
balance in plants, photosynthesis and other growth and yield attributes of plants 
(Lopez-Delacalle et al. 2021). The ascorbate glutathione cycle is an important ROS 
scavenging system that is mainly located in the cytoplasm and other cell organelles. 
Abiotic stress conditions result in a rise in hydrogen peroxide concentration and a 
fall in ascorbate and glutathione concentration.

6 � Mitigation Strategies

6.1 � Genetical and Breeding Improvement

To expedite breeding for desired genotypes, high-throughput phenotyping tech-
niques, marker-assisted selection, next-generation sequencing, metabolomic profil-
ing and genetic editing are applied (Choudhury et al. 2021b; Hossain et al. 2021e, 
f). The micronutrients, oils, phenolics, and other chemicals which modern cereal 
crop cultivars are enriched with are reviewed (Rasmussen 2020; Hossain et  al. 
2021e, g, h; Hossain et  al. 2022). In recent years, the CRISPR/Cas9 system has 
become the most popular and commonly utilised method for altering the genome 
because of its ease of use and high efficacy. With the CRISPR/CAS9 system and its 
derivatives, new cultivars of field crops with increased yield potential are being 
developed (Araus et al. 2008).

For centuries, stress resistance cultivars of field crops development have relied 
on the technique of cultivating the plants that are capable of coping with a wide 
range of environmental challenges. Traditional breeding has resulted in several cul-
tivars that are resistant to a variety of abiotic stresses (Hossain et  al. 2021e). 
Conventional breeding, on the other hand, requires a lot of time and effort. An 
improved outcome may be achieved by selecting the best genotypes under stress 
conditions. Various abiotic stressors may affect the performance of different geno-
types. However, it is possible that just one genotype will provide a high yield in a 
very demanding growing environment. More than one stress may sometimes 
improve the production potential of a plant. To cope with combined stress, these 
genotypes are critical. A genotype may sacrifice its ultimate output in order to sur-
vive in a stressful setting. Selecting abiotic stress-tolerant/resistant cultivars should 
thus prioritise yield potential.

Plants’ resilience to abiotic stress may be improved by selecting a suitable habi-
tat. The testing setting should resemble the natural habitat in which the plant is 
being grown. Indirect selection of genotypes may be advantageous when selection 
and target environment are comparable (Anbessa et al. 2010; Cormier et al. 2013; 
Hossain et al. 2021f). The degree of stress should be exerted proportionately. Better 
resistant cultivars may be developed if testing is subjected to greater strain stress. 
Some abiotic stresses, such as heat and drought, have a synergistic impact on each 
other. The best breeding method for selecting germplasm that promotes stress 
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resistance in plants may involve researching the relationships between genotype and 
environment. Crop’s ability to withstand a variety of environmental stresses is a 
particularly nuanced characteristic. Using Genome-Wide Association Studies 
(GWAS), researchers across the globe are attempting to elucidate the biological 
mechanisms that underlie these complicated features (GWAS) (Araus et al. 2002). 
In most cases, it requires a large collection of diverse germplasm to perform high-
resolution gene mapping.

One of the most often used methods to identify genomic areas linked with target 
characteristics is QTL mapping. QTL mapping uses both the segregating and fixed 
populations from two parents to find genomic areas of interest. About 500 QTLs 
were reported in over 20 investigations looking for the QTL for salt tolerance (Azam 
et  al. 2015; Hassan et  al. 2018; Rasmussen 2020). Plant tissue culture-based 
approaches have been used in recent decades to address plant stress tolerance. The 
use of genetic engineering in crop development, particularly in response to varied 
stressors, is very effective. When compared to conventional breeding methods, it is 
a much faster solution (Hossain et  al. 2021f). Particle bombardment and 
Agrobacterium-mediated gene delivery are two common strategies for introducing 
desired genes into plant cells in order to enhance certain features (Tal 1994). 
Breeders and biotechnologists used one or combination of those technologies to 
develop suitable stress resistance cultivars. Modern plant breeding tools have sig-
nificantly curtailed down the time required for development and release a variety of 
a particular crop for location(s).

6.2 � Agronomic Interventions

Mitigation of various biotic stresses in field crops by adoption of best or suitable 
management practices is quite a complex process. Stress mitigation through agro-
nomic intervention requires holistic and whole-farm approaches (Hossain et  al. 
2021f). Abiotic stresses on field crops have greatly grown as a result of climate 
change and global warming (Sapkota et  al. 2015; Hossain et  al. 2021f). Abiotic 
stress in field crops is often classified as heat stress (high or low temperature); mois-
ture stress (excess or less); and stress due to contamination of metals, metalloids, 
and non-metals (Meena et al. 2017; Moulick et al. 2016a, 2017; 2018a, b, c, 2019, 
2023a, b, c; Hossain et al. 2021f; Moulick et al. 2022). In addition to reducing biotic 
pressures, agronomic management techniques including early planting, effective 
feeding and irrigation management, and the use of climate-smart technology can 
help increase wheat yield and production efficiency.

One of the most crucial elements that impacts the crop yield is the ideal sowing 
timing. Delays in sowing of the field crops beyond the optimal sowing window can 
negatively impact crop yield (Balwinder-Singh et al. 2016; Pal et al. 2017). Each 
site has an ideal planting date, and sowing before or after this time causes the yield 
to decrease (Sarkar et al. 2020a). Agrometeorological factors such as air tempera-
ture, solar radiation, and seasonal distribution of precipitation also play an 
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important role in determining the yield of the field crops (Chen et al. 2013). Selecting 
the optimal crop sowing window is one of the most important agronomic measures 
to ensure safe seed germination, stable seedling formation, and yield maximisation 
(Shah et al. 2020). Sowing wheat beyond the optimal sowing window can result in 
suboptimal production, even in favourable weather conditions. Winter cereals 
should be sown as soon as possible to avoid poor seed germination, vegetative 
development, and reduced tillering capacity caused by harsh growing circumstances 
and altered crop microclimates (Dreccer et al. 2013; Shah et al. 2020). Shah et al. 
(2020) reported that the grain yield of winter wheat in China decreased by 1% 
because the optimum sowing date was shifted every day, which could be due to 
plant growth inhibition and yield-attributable traits. These gains might result from 
healthy photosynthesis that builds up in leaves and then spreads to economic parts 
(cereals) (Balwinder-Singh et al. 2015; Gou et al. 2017). In reality, it is quite diffi-
cult to suggest a standard sowing window for crops grown in the various wheat-
growing regions of the world using the current cropping systems. Selecting the 
optimal sowing window for a site depends largely on agroclimatic conditions, exist-
ing cropping systems, and ultimately the ability of farmers to adapt to changing 
agronomic practices.

The source, timing, methods, and amount of phytonutrient application are the 
key factors behind the efficacy of phytonutrients in reducing abiotic stress in field 
crops. The wise utilisation of organic and inorganic plant nutrients is one of the 
most crucial elements of increasing abiotic stress resistance. Organic manures are 
more profitable than inorganic manures when exposed to high temperatures. 
Nitrogenous fertilisers have a lower volatilisation loss when administered in the 
organic form under high-temperature stress. Additionally, organic fertilisers boosted 
crop yields under conditions of temperature stress. A key agronomic input is straw 
mulching because it helps wheat plants that have been exposed to high temperatures 
by reducing moisture stress (Prasad 2005; Samui et al. 2020). When irrigation water 
is in short supply (Araya et al. 2019; Mondal et al. 2020a), organic plant nutrients 
can be used to increase wheat crop and water productivity. Additionally, it has been 
demonstrated in numerous papers that straw mulching reduces soil warmth, 
increases seed germination, and improves plant growth in field crops (Qin et  al. 
2020). Furthermore, it has been demonstrated that the majority of bulky organic 
manures contribute to moisture conservation in wheat under moisture stress. Organic 
fertilisers have been shown to boost the soil’s capacity to retain water under water-
stress conditions. Additionally, numerous studies have demonstrated that the use of 
organic manures in water-stressed conditions not only increases plant water use 
efficiency but also increases N availability in the root zone of wheat and potatoes 
(Wang et  al. 2017; Brahmachari et  al. 2019; Goswami et  al. 2020). Nitrogenous 
fertilisers are critical for the development and productivity of all field crops. 
Effective nitrogen management has been shown to possibly decrease drought stress 
in wheat by preserving several metabolic processes (Agami et al. 2018; Hossain 
et al. 2021a). Additionally, an adequate supply of nitrogenous fertilisers might stim-
ulate plant development, increase water use efficiency (WUE), and therefore miti-
gate the harmful effects of drought stress (Hossain et al. 2021a, b, d). According to 
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reports, proper use of inorganic nitrogen fertilisers and irrigation water significantly 
boosts wheat output and WUE while also reducing the effects of drought stress 
(Zhao et al. 2020; Hossain et al. 2021c).

In the crop production system, managing irrigation is essential for reducing 
osmotic stress brought on by heat stress (Rashid et al. 2009; Rana et al. 2017; Bell 
et al. 2018). Irrigation water application is critical not only for increasing output but 
also for reducing numerous abiotic challenges. Field crop reproductive and grain 
production stages are typically when moisture stress is most likely to occur. Plant 
root systems are critical for controlling moisture and nutrient absorption patterns; 
partitioning of photosynthates is highly dependent on the interaction between the 
soil moisture and the root system. Modified irrigation water delivery techniques, 
such as ridge-furrow planting in conjunction with plastic film mulching, greatly 
enhance moisture and nutrient absorption, resulting in less drought stress (Goswami 
et al. 2020; Aryal et al. 2020). Efficient nutrient management, especially external 
nitrogenous fertiliser supply, is inextricably linked to irrigation management in 
order to control crop stress in relation to wheat output. Thus, optimising irrigation 
and nitrogen management may considerably increase photosynthetic capacity and 
production potential in wheat while also assisting in the reduction of various abiotic 
stressors (Wang et al. 2017; Hossain et al. 2021d). Additionally, by implementing a 
drip irrigation system, moisture stress was alleviated and WUE was improved in 
wheat crops grown under rainfed conditions (Samui et  al. 2020; Mondal et  al. 
2020b). By regulating photosynthetic efficacy and antioxidant capacity, exogenous 
applications of osmotic balancing solutions such as glycine betaine and growth 
regulators such as methyl jasmonate, abscisic acid, and salicylic acid can success-
fully reduce WUE and drought stress in winter wheat under restricted irrigation 
conditions (Agarwal et al. 2005; Javadipour et al. 2019).

Seed priming and dipping of seedlings in various osmoregulatory and bioactive 
substitutes are one of the important agronomic interventions to mitigate the stress 
due to contamination of metals, metalloids, and non-metals substances (Wei et al. 
2017; Saha et al. 2019; Sau et al. 2019; Yadav et al. 2020). It was reported that effi-
cient seed priming techniques can successfully mitigate the negative impact of the 
metals, metalloids, and non-metals’ contamination as well as play a crucial role to 
improve the growth and yield of the field crops (Moulick et al. 2016b, 2018a, b, c, 
2021, 2023b, c Saha et al. 2019; Sahoo et al. 2019).

Seeds immersed in selenium (Se) solutions were shown to boost a variety of 
metabolic activities. When it came to rapid radical emergence in many crops, 
Se-soaked seeds outperformed unprimed seeds. Until now, seed priming technique 
has been effective in conferring resistance to a number of environmental challenges 
on a broad variety of crops (Moulick et al. 2021). Moulick et al. (2016a, b) pub-
lished the first evidence of successfully using seed priming method to minimise 
As-induced phytotoxicity in rice. Their findings showed that priming rice seeds 
with Se not only significantly reduces As content when compared to unprimed seeds 
grown under similar As-stress conditions, but also mitigates As-induced phytotoxic-
ity during germination and early seedling development.
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6.3 � Application of Nanotechnologies

Nanotechnology is seen as a developing area for overcoming abiotic stressors in 
various field crops, ensuring production, and addressing contemporary food secu-
rity and food system concern (Hossain et al. 2021g; Moulick et al. 2023c; Tyagi et 
al. 2023). Nanotechnology has the ability to revolutionise agriculture by detecting 
and measuring soil fertility, soil moisture content, nutritional levels in plants, as 
well as temperature and disease pests in field crops (Hossain et  al. 2021g). 
Additionally, these nanotools aid in monitoring crop development in real time and 
provide critical data for precision farming. Nanosensors and other sensing technolo-
gies provide vital information on the best times for planting and harvesting wheat as 
well as the best times to apply various agrochemicals (Panda et al. 2003; Hossain 
et al. 2021e). Numerous studies have demonstrated the crucial role that nanotech-
nology plays in reducing the negative impacts of abiotic stress on field crops (Liu 
et al. 2017; Hossain et al. 2021e, g). Additionally, in cereals, the multi-walled car-
bon nanotube (MWCNT) significantly influences seed germination and plant growth 
regulation (Lipșa et  al. 2020). Globally, crop output is significantly impacted by 
drought, which also significantly reduces grain yield. It has been demonstrated that 
adding analcite nanoparticles to soil in drought-prone areas boosted wheat germina-
tion and growth development characteristics (Khan et  al. 2017; Gutiérrez et  al. 
2017; Mahanta et al. 2023).

Silicon (Si) is regarded as a helpful element in plants that are subjected to abiotic 
stress. Si is not regarded as an essential nutrient in plants, but its high rate of accu-
mulation in monocots through the root system encourages the ability to withstand 
water stress by raising root hydraulic conductivity (Hossain et al. 2021e, f). Salinity 
is a well-known environmental danger to wheat production. Salinity has been shown 
to have a variety of effects on seedlings of field crops, ranging from decreased ger-
mination percentages to uneven absorption of various nutrients owing to root devel-
opment inhibition (Sarangi et al. 2015; Mondal et al. 2021a, b). It is found that soil 
application of green copper nanoparticles NPs (25 and 50 mg kg−1) substantially 
reduces the oxidative stress Cr translocation while considerably increasing winter 
wheat plant development and productivity (Broadley et  al. 2010; Hossain et  al. 
2021g). However, in wheat cultivated on salinity-stressed soil, the use of NPs 
improved both plant growth and germination performance (Panda et  al. 2003; 
Hossain et al. 2021f). By modifying antioxidant enzymatic activity, seed priming 
with Ag NPs has been found to help wheat that is suffering from salt stress. 
Additionally, it is noted that varying dosages of Ag NPs may alleviate a variety of 
symptoms associated with salt stress in wheat (Hossain et al. 2021f).
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6.4 � Use of IoTs and Modern Agro-Tools

Hybrid intelligence strategies based on the Internet of Things (IoT) assist in identi-
fying, detecting, and forecasting plant stress in agricultural production (Das et al. 
2019). It conducts a comparative analysis of several machine learning (ML) 
approaches for observing and analysing various plant stress data (Galieni et  al. 
2020). Qualitative approaches, such as fluorescence, thermography, and VIS/NIR 
reflectance, allow a non-invasive assessment of the stressors’ influence on plants, 
even over wide areas in a short period of time. Modern remote sensing methods 
such as satellite imaging and microwave remote sensors are increasingly being uti-
lised to measure the drought stress of field crops (Olivera-Guerra et al. 2020; Ghosh 
et al. 2021). Abdulridha et al. (2019) effectively used hyperspectral imaging and 
machine learning to identify citrus canker disease using a UAV-based remote sens-
ing approach. According to Puengsungwan and Jiraserccamomkul (2018), the chlo-
rophyll fluorescence (ChF) approach may be an effective instrument for determining 
the leaf stress characteristics of lettuce.

Modern crop simulation models, such as APSIM and DSSAT, may also be useful 
decision support tools for water scheduling in rainfed and irrigated wheat farming 
systems (Gaydon et al. 2017; Sarkar et al. 2020b, 2022). The most effective crop-
ping window for maximising yield while minimising abiotic stress in cereals may 
be predicted using crop simulation models that assess the complex connections 
between the plant-soil-atmosphere continuum and farmers’ management practices 
(Zhao et al. 2014; Sarkar et al. 2020a). The diverging rice-wheat cropping system in 
the Indo-Gangetic Plains may benefit from the use of APSIM, a dynamic cropping 
system simulation model (Balwinder-Singh et  al. 2015; Sarkar et  al. 2022). 
Additionally, utilising the APSIM Oryza and wheat models (Bai and Tao 2017), was 
able to simulate a rice-wheat rotation system successfully in order to maximise crop 
cultivar and sowing time, water and nitrogen usage efficiency, and environmen-
tal effect.

7 � Conclusion and Prospects

Over the past few decades, research trends regarding abiotic stress have been ori-
ented around the identification, documentation (biomonitoring), and, to some 
extent, modeling the adverse impact of abiotic stress, often focusing on a single 
stressor. On the other hand, in applied research domain, the major focus was on 
developing suitable mitigation strategies, considering a single stressor. In reality, 
field condition crops usually encounter multiple stress (biotic and/or abiotic) in dif-
ferent combinations. Obviously, there exists a significant knowledge gap in terms of 
crop’s response to multiple stress doses. In the era of drastic climatic fluctuations 
operating globally, consequences of climate change along with emerging stressors 
should be addressed with priority. Policymaking bodies should formulate long-term 
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mitigation options and encourage strategic research initiatives to minimise the gap 
between the basic research and the applied research.
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Chapter 16
Biostimulants for Plant Abiotic Stress 
Resistance and Climate-Resilient 
Agriculture

Anwesha Chatterjee and Harshata Pal

Abstract  Agriculture is the science of growing crops and rearing animals for sustain-
able food production and enhanced livelihood. Crops growing under favourable condi-
tions often go through different environmental stresses which can be biotic or abiotic. 
Plants synthesise protective compounds as a response to the abiotic stresses such as 
salt, temperature, drought and mineral regulation. These compounds are usually pro-
duced within the plant metabolic pathways. In modern agriculture, agronomists are 
focusing on the development of biological functional compounds or biostimulants 
which can contribute to the enhancement of plant abiotic stress tolerance and produc-
tivity in adverse environmental conditions. Biostimulant also regulates the nutritional 
quality of the crops making them fit to consume. Biostimulants ensure little or no use 
of chemical fertilisers. Although some of the biostimulant applications are widely 
practised by the farmers, some modern technologies, such as the use of microbial 
biostimulant, are still unknown to many. Therefore, in this chapter, we aim to give an 
overview of recent advances in the research related to the theory and practice of bios-
timulants which will impart knowledge among the young researchers, agricultural 
industries, farmers and business collaborators for better understanding of the molecu-
lar processes and implementation of biostimulants in growing different crops.

Keywords  Abiotic stress tolerance · Biostimulant · Nutrient use efficiency (NUE) 
· Plant growth-promoting microorganism (PGPM) · Sustainable agriculture

1 � Introduction

Agricultural sectors are broadening themselves by practising bio-based technolo-
gies integrated with circular economy (Colla and Rouphael 2015; Rouphael and 
Colla 2020a). Using Earth’s limited resources in a sustainable manner without 
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harming the environment and providing market to the farmers is the ultimate 
requirement for food security. Farmers should use improved novel technologies to 
uplift the crop yield and ensure resource use efficiency for food security without 
compromising with the soil pollution. Biostimulants are bio-based products which 
prove to be an essential alternative to synthetic fertilisers and establishes improved 
production of crops making them adaptable to the surrounding environmental con-
ditions (Jägermeyr 2020). Plant biostimulants can be natural substances or chemical 
derivatives of substances such as humic and fulvic acids, protein hydrolysates, sea-
weed extracts and also diverse classes of fungi and bacteria. Some inorganic com-
pounds also serve as plant biostimulants (Rouphael and Colla 2020b). Plant 
biostimulants enhanced plant resilience by overcoming nutrient deficiency and 
increasing uptake and assimilation of the nutrients thereby getting adopted in both 
organic and conventional cropping systems (De Pascale et al. 2017). Fruits, vegeta-
bles and cereals represent an important constituent of human diet due to their nutri-
tional value. Scientists have documented that various agricultural practices including 
plant-biostimulant application can greatly influence the quality of vegetables 
(Rouphael et al. 2018). While it is also documented that biostimulant application in 
fruit crops is limited as compared to vegetables and cereals which might be due to 
the perennial nature of the species. Despite having the limitations, selected bios-
timulants have been found to be effective with respect to increased fruit yield and 
quality (Basile et al. 2020). Apart from the earlier mentioned types, biostimulants 
can also be developed from food or agro-industrial waste products. This paves the 
way for recycling the waste products as the by-products are used as raw materials 
for biostimulant production thereby utilising the circular bioeconomy strategy in 
achieving sustainable agriculture. The by-products suitable for biostimulant pro-
duction should be free of pesticide residues, low cost for collection and storage of 
the products and finally adequate supply and efficient synergistic properties (Xu and 
Geelen 2018). Various high-throughput technologies are used to monitor the mode 
of action of biostimulants. It is documented that biostimulants directly take part on 
the plant metabolism by modifying the biochemical pathways and thereby improve 
the water and nutrient use efficiency (NUE) of the plants. They also stimulate plant 
morphology and restrain abiotic stresses by ameliorating plant primary and second-
ary metabolism (Bulgari et al. 2019a). According to researchers, the effectiveness of 
a biostimulant is not due to a single component but due to the synergistic effect of a 
combination of bioactive compounds. Scientists are aiming to develop second-
generation plant biostimulants by studying the chemistry behind the synergistic 
properties in order to deliver novel biostimulant consortia (Rouphael and Colla 2018).

Intensive research and effective results of biostimulant application have led to 
the continuous expansion of biostimulant market. European counties such as France, 
Italy and Spain are leading in producing biostimulants. Research showed that bios-
timulant market may reach approximately USD 6.7 billion by the year 2030 (Traon 
et al. 2014; Biostimulants Market Size, Share & Trends Analysis Report 2022). The 
fundamental plant-biostimulant interaction has been depicted in Fig. 16.1.
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Fig. 16.1  Correlation between plant and biostimulants

2 � Classification of Biostimulants

Scientists have classified biostimulants on the basis of their composition and mode 
of action. Some of the commercially available plant biostimulant and their contribu-
tion in agricultural science are listed in Table 16.1. In this chapter, we have classi-
fied biostimulant based on the origin of raw material (du Jardin 2015; Franzoni 
et al. 2022).

2.1 � Humic Substances

Scientists have characterised and proved that humic substances have unique struc-
tures from which it is possible to understand how humic substances enhance root 
growth by interacting with the cell and regulate plant metabolism forming an ideal 
bioactive compound or biostimulant (García et al. 2019). The molecular size of the 
humic substances has shown variable intensities of growth in Arabidopsis and maize 
seedlings. Humic substances have been proved to be effective in lateral root emer-
gence, root elongation and hairy root formation by interacting with the hormone 
signalling pathways. Humic substances also promote plant growth by their nutrient 
uptake and use efficiency (Nardi et al. 2021).

16  Biostimulants for Plant Abiotic Stress Resistance and Climate-Resilient Agriculture
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2.2 � Protein Hydrolysates

Thermal and enzymatic hydrolysis of proteins from animal and plant sources gives 
rise to protein hydrolysates. Protein hydrolysates obtained from plant sources 
showed positive results on plant growth and development by interplaying a role in 
plant defence mechanisms (Colla et al. 2017). Foliar spraying of protein hydroly-
sates derived from plant sources on lettuce plant increased plant performance under 
salinity stress (Lucini et al. 2015). Protein hydrolysates when combined with micro-
bial biostimulants showed enhanced growth and plant tolerance to alkalinity and 
salinity stress (Rouphael et al. 2017). Protein hydrolysates showed growth promo-
tion in maize seedlings under nutrient and oxygen deficiency as well as high salinity 
(Trevisan et al. 2019).

2.3 � Seaweed Extract and Phytochemicals

Brown, red and green multicellular marine algae belong to the class of seaweed 
extract and form an important source of plant fertiliser. Seaweed extracts have been 
used widely by the agronomists to stimulate plant growth. Scientists applied 
Ascophyllum nodosum extracts on seedless grapes which showed better quality 
fruits and higher yields (Norrie and Keathley 2006). Application of seaweed extract 
on broccoli plant showed a distinct increase in the yield and average weight of the 
curds. It also increased the macro- and micronutrient uptake and use in broccoli 
(Gajc-Wolska et al. 2012). The active mineral compounds such as laminarin, fucoi-
dan, alginates and plant hormones are present in marine seaweed which contributes 
to the growth and development of plants (Battacharyya et al. 2015). Microalgae or 
seaweed extract production require less amount of renewable resources and are suit-
able for metabolic engineering (Chiaiese et al. 2018).

Bioactive compounds present in the plants taking part in various physiological 
activities also sometime serve as source of biostimulants (Bulgari et  al. 2017). 
Scientists suspects that withanolides present in Withania somnifera might have bio-
stimulant effect (Jonathan et al. 2015).

2.4 � Chitosan

In agriculture, chitosan is considered to be an effective biostimulant for its plant 
protective and storage stability capacities. Chitosan interacts with plant defence 
mechanism and thereby regulates different biochemical pathways. The effective-
ness of plant-chitosan interaction depends on its origin, degree of deacetylation and 
acetylation patterns (Stasinska-Jakubas and Hawrylak-Nowak 2022). Due to the 
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film forming properties of chitosan, it is widely used in encapsulation. Chitosan 
with other agents forms binding substances and stimulates plant growth and gives 
protection against pathogens (Hadwiger 2013). Encapsulation with chitosan ensures 
proper water and gas permeability thereby stimulating germination (Korbecka-
glinka et  al. 2021). A study revealed that application of chitosan increased fruit 
yield and contents of carotenoids, anthocyanins, flavonoids and phenolics in straw-
berry plant (Rahman et al. 2018).

2.5 � Inorganic Compounds

Inorganic compounds such as selenium, silicon, cobalt, aluminium and sodium are 
some of the beneficial elements that are responsible for carrying out growth in 
plants. These inorganic compounds are present in the soil as well as inside the plant 
in the form of salts and often cause cell wall strengthening (Kalam et  al. 2020; 
Savvas and Ntatsi 2015).

2.6 � Microorganisms

Microorganisms such as bacteria, fungi, yeast and microalgae are considered as 
biostimulants also known as plant growth-promoting microorganisms. They 
enhance nutrient and water uptake through soil and induce plant hormone bio-
synthesis. They are also known to enhance abiotic stress tolerance and produc-
tion of volatile organic compounds (VOCs) that are responsible for carrying out 
several biological activities (Ruzzi and Aroca 2015). These organisms either 
establish a symbiotic relationship with the crop or increase the bioavailability of 
the nutrients to the plants for their proper growth and development (Colla et al. 
2014). A study showed that combined application of bacteria such as Azotobacter, 
Streptomyces and fungal strains of Trichoderma increased nutrient uptake ability 
in tomato plants (Allaga et al. 2020). It has also been documented that combina-
tional treatment of different fungal (Arbuscular mycorrhizal fungi) and two bac-
terial strains has enhanced water stress tolerance in tomato plants (Mannino et al. 
2020). Inoculation of plant growth-promoting rhizobacteria (PGPR) strain 
Bacillus subtilis CBR05  in tomato plant improved the fruit quality with high 
contents of lycopene and carotenoids in the fruits (Chandrasekaran et al. 2019). 
In a study, it is shown that arbuscular mycorrhizal fungi Rhizophagus intraradi-
ces and also combination of Rhizophagus intraradices and Funneliformis moss-
eae increased synthesis of anthocyanins, vitamin c and polyphenols in saffron 
(Caser et al. 2018).
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2.7 � Biostimulants from Waste

Extracts from food waste, industrial waste, sewage treatments, aquaculture, 
manures and composts are a different class of biostimulant. Biostimulants 
extracted from waste products are known to improve plant production by inter-
acting with several physiological processes giving rise to secondary metabolites 
(Xu and Geelen 2018). It has been reported that waste-based biostimulants 
enhance the activity of the enzyme phenylalanine ammonia lyase (PAL) (Ertani 
et al. 2011).

2.8 � Nanoparticles

Nanoparticles are the newest class of plant biostimulants and have been reported 
to improve the quality of the plant products and make the plants tolerant to abiotic 
stress (Juarez-Maldonado et al. 2019). A study revealed that nano-titanium diox-
ide promoted photosynthesis in tomato leaves (Qi et al. 2013). Titanium dioxide 
nano-anatase application has shown decrease in the accumulation of superoxide 
radicals, hydrogen peroxide and malonyldialdehyde thereby increasing the super-
oxide dismutase, catalase, ascorbate peroxidase and guaiacol peroxidase in spin-
ach under UV-B radiation (Lei et  al. 2008). Plant-nanomaterial interaction 
enhances transport and nutrient uptake ability. Scientists showed that zinc oxide 
nanoparticles increased overall growth, chlorophyll and soluble protein in tomato 
(Raliya et al. 2015).

3 � Production and Preparation of Biostimulants

Different raw materials and their processing and purification lead to the formula-
tion of diverse classes of biostimulants. The technology for producing different 
types of biostimulant differs from each other. The methods frequently used for 
biostimulant production include cultivation, extraction, fermentation, hydrolysis 
cell rupture treatment and purification (Yakhin et al. 2017). Most of the research 
articles based on biostimulants did not clearly describe the composition of a bio-
stimulant since the compounds are not yet characterised and mere presence of a 
compound do not confirm that to be a growth stimulator. Also, the substances in 
biostimulant raw materials differ with season, species and growth condition of the 
source organism. The high-throughput analytical techniques used in the process 
of identification of the biostimulant and its bioactive components include finger-
print techniques, ELISA, GC-MS, HPLC, Immunoblot, NMR, spectroscopy, 
molecular taxonomical characterisation, plate count methods, thermochemolysis 
and chromatography. Due to lack of knowledge about a bioactive compound in a 
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biostimulant, the biostimulant composition changes over time and their function-
ality cannot be interpreted. Scientists perform high-throughput techniques to 
ensure the quality and stability of the product consistently (Shekhar et al. 2012). 
Yakhin et al. (2017) reviewed several studies and concluded that microbial bios-
timulants consist of auxin, cytokinins, betaines, gibberellins, amino acids, oligo-
peptides, peptidoglycans, lipopolysaccharides, melatonin, vitamins, siderophores, 
etc. Bacterial biostimulants are processed by means of cultivation, acid hydroly-
sis, alkali hydrolysis, enzymatic hydrolysis and fermentation while fungal bios-
timulants are cultivated by means of fermentation and lyophilisation. Seaweed 
extracts are obtained by acid and alkaline processing and extraction; alkaline 
hydrolysis; aqueous extraction; cell burst; cell rupture; freezing; alkaline and 
water extractions; cryoprocessing; enzyme-assisted extraction (EAE); fermenta-
tion; heated alkaline hydrolysis; microwave-assisted extraction (MAE); neutral 
extraction; pressurised liquid extraction (PLE); supercritical fluid extraction 
(SFE); ultrasound-assisted extraction (UAE). Humic substances and waste mate-
rials are extracted and undergo thermochemolysis for the formulation of 
biostimulants.

4 � Mode of Action of Biostimulants

Every agricultural fertiliser or growth enhancer must demonstrate a specific 
mode of action for effective marketing and also for legal acceptance before 
selling the product. Biostimulants, due to their diverse nature do not rely on a 
specific biochemical target and their mode of action remains unidentified in 
most cases (Khan et al. 2009; Rathore et al. 2009; Paradiković et al. 2011). 
Ongoing researches suggest that the basic mechanism of action of biostimu-
lant would be stimulating photosynthesis, enhancing nutrient uptake and regu-
lating stress signalling pathways (Khan et  al. 2009; Sharma et  al. 2012). 
Protein-based biostimulants are widely studied as the researchers are able to 
identify the metabolic pathways targeted and eventually identify the mecha-
nism of action (Nardi et  al. 2016). The overall action of biostimulants after 
their application in plants include penetration, translocation and transforma-
tion; signal regulation and gene expression which finally positively effect the 
plant. Scientists reported two commonly investigated methods: radiolabelling 
amino acids and mathematical modelling in order to investigate the penetra-
tion and absorption of amino acid or peptide-based biostimulants into plant 
tissue. Mathematical modelling also revealed the transport of the bioactive 
compounds present in the biostimulants to distant tissues. Protein hydrolates 
enter plant tissue through diffusion of proteins. These biostimulants are solu-
ble in water and other solvents which make them easier to penetrate into the 
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interior of the plants. Sometimes additives such as surfactants are added to 
improve solubility of the biostimulants (Kolomaznı et  al. 2012, Pecha 
et al. 2011).

After penetration and translocation, the biostimulants activate several signal-
ling pathways which result in effecting productivity. When the biostimulant 
binds to its receptor, activates the secondary messengers such as lipids, sugars, 
and ions, which activate several cellular responses (Wang and Irving 2011). 
Biostimulant uptake occurs usually by membrane-mediated actions while 
enzyme-based biostimulants interact via ‘Lock and key’ mechanism. Molecular 
methods such as microarray, metabolomic, proteomic and transcriptomic analy-
sis are done to identify the changes in gene expression (Jannin et  al. 2012; 
Santaniello et al. 2013).

Protein-based biostimulants are known to enhance plant growth and develop-
ment and defence mechanisms. Proteins contain a peptide site called ‘cryptides’ or 
‘cryptein’ which has been isolated from marine organisms by protein hydrolysis by 
the researchers and they confirmed that it triggers plant defence mechanisms 
(Yakhin et al. 2017).

Hormones regulate metabolic processes during plant growth and development. 
It has been reported that biostimulants directly effect the plant hormonal status 
(Kurepin et  al. 2014). Hormones could be present as an active compound in a 
biostimulant or application of biostimulant may activate the hormone synthesis 
pathways. Sometimes bioactive components present in a biostimulant may act as 
precursor of hormone synthesis (Paradiković et al. 2011). Therefore, hormones 
play an important role while understanding the mechanism of action of 
biostimulants.

5 � Role of Biostimulants in Agriculture

According to scientists (Yakhin et al. 2017), biostimulants can be defined as ‘a for-
mulated product of biological origin that improves plant productivity as a conse-
quence of the novel or emergent properties of the complex of constituents and not 
as a sole consequence of the presence of known essential plant nutrients, plant 
growth regulators, or plant protective compounds’ in order to differentiate biostimu-
lants from other growth enhancers. It has been reported that various biostimulants 
have increased plant growth and the possible mode of actions could be enhanced 
metabolism which directly stimulates growth and germination, increased nutrient 
absorption and biostimulants can also lower the effects of abiotic stress by interact-
ing with the signalling cascades associated with the controlling of various abiotic 
stress such as salinity, heat, drought and chilling. The possible functions that a bio-
stimulant targets are depicted in Fig. 16.2.
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Fig. 16.2  Possible mechanism of actions of biostimulants

5.1 � Crop Quality, Yield, Nutrient Uptake and Overall 
Physiological Performance

Agriculture is the science of production and maintaining of crops and livestock. 
Clinical researches have reported that fruit and vegetable consumption is the 
key to healthy and long human lives (Kyriacou and Rouphael 2017). Application 
of biostimulants is being currently suggested by various agronomists to enhance 
quality and yield of plants also making them tolerance to harsh environmental 
conditions. Scientists reported that seaweed extracts can be used as biostimu-
lants as they optimised the chlorophyll biosynthesis pathway as a result produc-
ing intense coloured leaves (Khan et  al. 2009) which is considered to be an 
essential parameter in crops for appealing the buyers. Studies have shown 
increased concentration of photosynthetic pigments in leafy vegetables when 
treated with biostimulants (Bulgari et al. 2014). Scientists reported the effects 
of using vegetal-based and protein hydrolysates that increased the antioxidant 
activities, metabolite contents and nutritional uptake in leafy vegetables, fruit 
and vegetable crops. Combined application of a number of commercial bios-
timulants improved fruit quality and metabolite accumulation (Soppelsa et al. 
2019; Caruso et al. 2019; Gugała et al. 2019; Cozzolino et al. 2020). The syner-
gistic effects of a number of commercial biostimulants whose primary ingredi-
ents are amino acids, organic acids and carbohydrates increased yield and 
improved fruit quality in pepper and tomato under stressful condition 
(Paradiković et al. 2011; Petrozza et al. 2013). Microbial biostimulants improve 
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crop quality and yield by interacting with the metabolic pathways responsible 
for producing metabolites and antioxidant enzymes. Studies confirmed that 
plant growth-promoting strains of Bacillus, Brevibacillus, Rhizobium, 
Pseudomonas, Azotobacter, Staphylococcus, Azospirillum and Kocuria have 
significantly altered the quality of the products in terms of physical growth and 
abiotic stress tolerance (Yildirim et al. 2011; Fasciglione et al. 2012; Karlidag 
et  al. 2013; Babu et  al. 2015; Chandrasekaran et  al. 2019). Brown seaweed 
extracts also stimulated plant growth and other metabolic activities in cabbage 
(Rengasamy et al. 2016). Apart from bacteria, arbuscular mycorrhizal fungi also 
function as biostimulant and have been reported to promote synthesis of metab-
olites and pigments and antioxidant enzymes (Caser et  al. 2018; Caser et  al. 
2019). Several reports concluded that bioactive molecules present in the bios-
timulants based on vegetal extracts, seaweed extracts and smoke influenced the 
growth and photosynthetic pigment accumulation (Luziatelli et  al. 2019; 
Kulkarni et al. 2019). Commercial biostimulants Goemar BM86 and Sesol have 
been reported to enhance macro- and micronutrients in broccoli along with 
increased leaf area, trunk diameter and total biomass (Gajc-Wolska et al. 2012). 
Moringa leaf extracts is being currently under examination. It has been reported 
that moringa leaf extracts when applied to the plants, it increases the vegetative 
growth and metabolite accumulation. It also regulates the stress responsive 
pathways and ensures improved growth under water stress (El Mageed et  al. 
2017; Abdel-rahman and Abdel-kader 2020).

Plant biostimulants increase the nutrient use efficiency which involves solu-
bilisation of nitrogen, phosphorus, potassium and other essential macro- and 
micronutrients (De Pascale et  al. 2017). Scientists showed that application of 
commercial biostimulants maintained plant growth under reduced nutrient supply 
(Papenfus et al. 2013; Koleška et al. 2017). The mechanism for nutrient uptake 
efficiency on biostimulant application is based on maintaining cell homeostasis 
and preventing oxidative stress. Studies showed that protein hydrolysates 
improved crop yield by enhancing nutrient uptake by the plants such as lettuce 
and baby spinach. It is also reported that nutrient uptake was associated with 
greater photosynthetic activity and secondary metabolite accumulation (Mola 
et al. 2019a, b, 2020). Application of a biostimulant containing both microbial and 
non-microbial products showed synergistic effects in growing lettuce. The yield 
increased under reduced nutrient supply and activation of various signalling path-
ways consequently improved the overall physical growth (Rouphael et al. 2020). 
The polysaccharide content in seaweed extracts increased iron uptake by plants 
thereby developing better root systems, increasing fruit production and leaf area 
(Vernieri et al. 2006; Spinelli et al. 2010). Improper nutrition often causes various 
diseases in plants. Biostimulant application may reduce the occurrence of the 
disease by enhancing nutrient uptake by plants. Scientists applied different bios-
timulant products that ensured increased yield and reduced the occurrence of 
Blossom-end rot in pepper caused due to calcium deficiency by efficient nutrient 
use (Parađiković et al. 2013).

16  Biostimulants for Plant Abiotic Stress Resistance and Climate-Resilient Agriculture



376

5.2 � Production of Secondary Metabolites and Abiotic 
Stress Resistance

The mechanism of stress tolerance by biostimulant is still under research. It is con-
sidered that the physiological effects caused in plants by biostimulants are due to 
the interaction of the bioactive molecules present in the biostimulant and the plant 
metabolic pathway. During stress, the plant metabolism gets activated which in turn 
helps the plant to adapt or recover themselves from the stress (Van Oosten et al. 
2017). Biostimulants increase metabolites in plants which have antioxidant proper-
ties and play a key role in reduction of free radical accumulation during stressful 
situations (Staykov et al. 2021; Alharby et al. 2021). A number of recent studies 
based on the relationship between biostimulant and abiotic stress tolerance are 
listed in Table  16.2. Plant secondary metabolites are also directly related to the 
response to abiotic stress in plants. Biostimulants control the production and accu-
mulation of the metabolites (Ashraf et al. 2018). The mode of action of biostimu-
lants for the type of secondary metabolite it will produce depends on the type and 
severity of the stress. For example, a study showed the production of different 
classes of secondary metabolites under different intensities of salinity stress (Saia 
et al. 2021). Mode of action of biostimulants also depends on the type of the bios-
timulant. Scientists reported that microbial biostimulants accumulate secondary 
metabolites, namely, by overproducing reactive oxygen species (ROS) thereby acti-
vating the de novo pathway for antioxidant compound production (Ganugi et  al. 
2021). Humic substances interact with the plants differently depending upon their 
origin, doses, molecular size and structure (Nardi et al. 2021). In a study, protein 
hydrolysate increased carotene and lycopene production under normal water condi-
tion whereas, their level decreased under limited water availability (Francesca et al. 
2021). Phenylpropanoid pathway is the major biochemical pathway that involves 
production of the secondary metabolites such as phenolic compounds. These phe-
nolic compounds are required by the plants in order to adapt themselves to stressful 
conditions by activating the antioxidant potential. Studies show that biostimulants 
stimulate the production of phenolic compounds (Bulgari et al. 2017; Mola et al. 
2019b). A study showed that amino acid and algal extract-based biostimulants 
increased the total phenolic acid content in Broccoli (Kałużewicz et  al. 2017). 
Biostimulant application also promoted the production and function of anthocyanin 
and phenolic compounds in grapes (Kok 2021). Carotenoids are essential plant pig-
ments taking part in photosynthesis. They also serve as nutraceuticals or antioxidant 
compounds. Scientists reported that carotenoid production in crops depends on the 
abiotic stress induction (Norshazila et al. 2017). A study revealed that biostimulant 
application on pepper increased the accumulation of carotenoids by activating the 
enzymes responsible for carrying out carotene biosynthesis (Barrajón-catalán et al. 
2019). Application of biostimulants on lettuce also increased carotenoid accumula-
tion on leaves (Mola et al. 2019a). Glucosinolates are an important class of second-
ary metabolites that play a major role in plant defence mechanism against stresses 
and also increase the nutritional quality of the plant (Hanschen and Rohn 2021). 
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Table 16.2  Some recent biostimulant-based researches revealing increased abiotic stress tolerance 
in agricultural products

Type of 
abiotic 
stress Biostimulant Model plant Possible mechanism of action References

Salinity 
stress

Diluted honey bee 
extract

Onion Enhanced activity of plant 
antioxidative defence systems

Semida et al. 
(2019)

Salinity 
stress

Azospirillum Lettuce Enhanced expression of genes 
involved in antioxidant 
activity

Fasciglione 
et al. (2015)

Salinity 
and 
heavy 
metal 
stress

Moringa oleifera leaf 
extract

Beans Increased activity of 
antioxidant enzymes

Howladar 
(2014)

Salinity 
stress

Liquorice root extract Beans Improvements in the activity 
of antioxidant defence 
systems

Rady et al. 
(2019)

Salinity 
stress

Dunaliella salina 
exopolysaccharides

Tomato Activation and/or inhibition 
of various metabolic 
pathways including jasmonic 
acid-dependent pathways

El Arroussi 
et al. (2018)

Salinity 
stress

Sargassum muticum 
and Jania rubens (sea 
weeds)

Chickpea Regulation of the four key 
amino acid (serine, threonine, 
proline and aspartic acid) 
metabolism

Latef et al. 
(2017)

Salinity 
stress

Azospirillum 
brasilense and Pantoea 
dispersa

Sweet 
pepper

The lower Cl– accumulation 
in the mesophyll tissue may 
have improved reduction in 
the stomatal conductance

Del Amor and 
Cuadra-
crespo (2012)

Drought 
stress

Ascophyllum nodosum 
(seaweed extract)

Spinach Improved leaf water relations 
and maintained cell turgor 
pressure and stomatal 
conductance

Xu and 
Leskovar 
(2015)

Drought 
stress

Azospirillum 
brasilense

Tomato Improved plant-water 
relationship through various 
mechanisms resulting in 
larger xylem vessel area of 
the stems, lower specific leaf 
area and a larger root system 
allowed a higher stem-
specific conductivity

Romero et al. 
(2014)

Drought 
stress

Moringa leaf extract Squash Maintained higher relative 
water content, water use 
efficiency, osmoprotectants 
and lower electrolyte leakage

El Mageed 
et al. (2017)

Drought 
stress

Ascophyllum nodosum 
(sea weed extract)

Tomato Maintenance of osmolytes 
and expression of tas14 
dehydrin gene

Goñi et al. 
(2018)

(continued)
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Table 16.2  (continued)

Type of 
abiotic 
stress Biostimulant Model plant Possible mechanism of action References

Drought 
stress

Fulvic acid Tea Regulation of starch, sucrose 
and phenylpropane activities, 
triterpenoid synthesis and 
heat shock proteins

Qiu et al. 
(2021)

Drought 
stress

Protein hydrolysate Tomato Increased accumulation of 
antioxidant molecules, 
carotenoids and lycopene

Francesca 
et al. (2021)

Heat 
stress

Ascophyllum nodosum Tomato Accumulation of soluble 
sugars and gene expression of 
protective heat shock proteins

Carmody 
et al. (2020)

Heat 
stress

Ascophyllum nodosum 
extracts and animal-
based L-α amino acids

Arabidopsis 
thaliana

Activation of specific heat 
shock proteins, antioxidant 
systems and ROS scavengers

Cocetta et al. 
(2022)

Heat 
stress

Glutathione Mung bean Controlling antioxidant 
defence and methylglyoxal 
detoxification system

Nahar et al. 
(2015)

Heat 
stress

Ascorbic acid Mung bean Reduction of oxidative stress Kumar et al. 
(2011)

Heat 
stress

Abscisic acid Chickpea Controlling the accumulation 
of osmolytes

Kumar et al. 
(2012)

Heat 
stress

Proline Chickpea Controlling the function of 
carbon enzymes and 
antioxidative pathways

Kaushal et al. 
(2011)

Chilling 
stress

Strains of 
Arthrobacter, 
Flavimonas, 
Flavobacterium, 
Massilia, Pedobacter 
and Pseudomonas

Tomato Decreased membrane damage 
and activation of antioxidant 
enzymes and controlled 
proline synthesis in the leaves

Subramanian 
et al. (2016)

Chilling 
stress

Pseudomonas strains Tomato Enhanced antioxidant activity 
and improved expression of 
cold acclimation genes: 
LeCBF1andLeCBF3

Subramanian 
et al. (2015)

Chilling 
stress

5-aminolevulinic acid Pepper Enhanced relative water 
content, stomatal conductance 
and superoxide dismutase 
(SOD) enzyme activity and 
reduced membrane 
permeability

Korkmaz 
et al. (2010)

Chilling 
stress

Asahi SL/Goemar 
Goteo

Coriander Increased L-ascorbic acid, 
phenolic concentration and 
antioxidant activity

Pokluda et al. 
(2016)
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Biostimulant application manipulates the production and accumulation of gluco-
sinolates in plants. Seaweed extracts elicited the crop quality by increasing the 
accumulation of glucosinolates in Broccoli (Hellı́n et  al. 2018). A similar study 
showed that a fungal-based biostimulant promoted glucosinolate level in various 
leafy vegetables (Velasco et al. 2021). Apart from edible crops, biostimulants were 
also able to promote the secondary metabolite production in medicinal plants 
(Bernstein et al. 2019; Abeed et al. 2021). A study revealed that sago bagasse hydro-
lysate allowed to grow tomato plants with increased rate of germination and metab-
olite accumulation by controlling the expression in genes responsible for nitrogen 
and carbon metabolism (Kumar et al. 2019).

6 � Global Market of Biostimulants

Biostimulants are newly discovered products and due to their effectivity and bene-
fits, the industry for biostimulant is growing rapidly. According to research, the 
market value of biostimulants in Europe grew from €200 to €500  million in 
2011–2013 with an annual growth potential of 10% or more. In Europe, France, 
Italy and Spain are leaders in biostimulant production. Biostimulant market in North 
America and USA valued $0.27 billion and $313.0 million in 2013 and 2014 respec-
tively and growing each year. The biostimulants’ market in the Asia-Pacific was 
valued at $0.25 billion in 2013 and India and China are considered to be contribut-
ing the poorest soil quality, increased soil degradation and use of chemicals in agri-
cultural fields are persuading the need of healthy and sustainable alternatives to 
boost plant growth in agricultural sector. With increasing population and soil pollu-
tion, the demand of organic quality products is increasing thereby positively impact-
ing the growth of global biostimulant market. In the year 2021, the global market 
size of biostimulants valued $2.79 billion and is expected that it will increase at the 
rate of 10.4% (compound annual growth rate) in the next 8 years. Europe is domi-
nating the global biostimulant market from the year 2021 and has the share of over 
37.5% of the total revenue. The second largest regional market in the year 2021 was 
achieved by Asia-Pacific with India and China having various production units and 
companies leading to rapid agricultural growth.

Although Central and South America is presently growing in a stagnant rate, 
agriculture-based country such as Brazil is having the scope of biostimulant market 
to grow exponentially in the coming years for a sustainable and eco-friendly agri-
cultural practice. The biostimulant market growth and share depends on the crop 
type, active ingredients in the biostimulant product, the number of manufacturers 
and the location. Several companies are associated with research and development 
programmes and other marketing strategies such as high investments and forming 
joint ventures to increase the market. Some of the major companies playing an 
important role in the global biostimulant market are as follows: Isagro Group, BASF 
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SE, Biolchim SpA, Sapec Agro S.A., Platform Specialty Products Corp., Novozymes 
A/S, Valagro SpA, Italpollina SAP, Koppert B.V., Biostadt India Ltd. Apart from the 
geographical location, biostimulant market size can also be valued on the basis of 
crop type, biostimulant type and method of application. In 2021, row crops and 
cereals dominated the market with a revenue share of more than 59.5%. While turf 
and ornamental crops were in the second position. Based on the type of biostimu-
lant, acid-based biostimulants played a significant role in the global biostimulant 
market. Seaweed extracts and microbial biostimulants are also gaining importance 
with time. In 2021, according to the method of application, foliar treatment influ-
enced the market with a revenue share of more than 79.5%. This is because foliar 
treatment ensured faster nutrient use. Seed treatment is also gaining insight for its 
efficiency and cost-effectiveness due to limited labour requirement (Biostimulants 
Market Size, Share & Growth Report, 2030).

7 � Limitations of Biostimulant

Due to unclear and unidentified mode of action of biostimulants, biostimulant mar-
ket is often considered to be not based on science. Some studies reported the nega-
tive effects of biostimulants. For example, an amino acid-based biostimulant 
obtained from animal when applied on plant, it showed depression in growth 
whereas amino acid derived from plant showed positive effects (Cerdán et al. 2013). 
The complex nature of biological systems and biostimulants leads to ineffective 
responses. However, huge literature supports the fact that biostimulants are benefi-
cial and are complementing the market growth thereby moving towards increased 
global food production. Development of biostimulants from broad range of raw 
materials, rigorous research and conferences and development of legal attributes is 
improving the market values. With growing market, the significant problem of bio-
stimulant industry including highly complex and unidentified products is making it 
difficult to understand the mode of action and legal support is gained only on the 
basis of composition and not on the mode of action.

8 � Conclusion

Despite having several beneficial applications, formulation of biostimulants is a 
complex procedure due the variable and heterogeneous nature of the starting materi-
als and the final products. Therefore, it is difficult to assign a particular mode of 
action to a certain plant biostimulant. The efficiency of a biostimulant may vary 
when applied to different plant species with genetic variability. Also, the severity of 
environmental conditions or abiotic stress may compel the product to act differently. 
Moreover, it is recommended to consider that a biostimulant activity is the result of 
synergistic or antagonistic effect of all the components concerned with its 
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production and application. Plant biostimulants are making notable offerings to sus-
tainable crop management technology for resilient agriculture by replacing syn-
thetic fertilisers. Although plant biostimulants are gathering importance and rapidly 
spreading its market, it is necessary to elucidate the molecular and physiological 
mechanisms of the biostimulants for a clear comprehensive knowledge among the 
agriculture practitioners. All the scientific outcomes that have been discussed in this 
chapter conclude that biostimulants are efficient growth-promoting compounds but 
cannot replace fertilisers completely on the present date. But the quantity of using 
chemical fertilisers can be reduced to some extent, thereby it can be considered as 
an initial step to reduce soil pollution besides sustainable agriculture. Scientists 
proposed that plant phenotypic, genomic and transcriptomic tools are opening new 
avenues for biostimulant formulation in order to amplify resource use efficiency and 
sustainable plant production (Briglia et al. 2019; Giovannini et al. 2020). The results 
obtained after biostimulant application both under greenhouse/laboratory or open 
field conditions are required to be validated depending on the guidelines proposed 
by the members of European Biostimulant Industry Council (EBIC) while justify-
ing the plant-biostimulant potentiality (Ricci et  al. 2019). Appropriate trials and 
data analyses depict plant performances and simultaneously acknowledge the qual-
ity of a plant biostimulant being suitable for commercial use.
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Chapter 17
Soil Salinity and Sustainable Agriculture

Muhammad Nauman, Safura Bibi, Athar Mahmood , 
Muhammad Mansoor Javaid, Muhammad Azeem, 
and Muhammad Ather Nadeem

Abstract  Climate change is the major cause of environmental stresses, which 
badly affect agricultural crops. Abiotic stresses such as heat, drought, and soil sali-
nization, among this soil salinity, are the main problem that is very dangerous to 
global food security and environmental sustainability. Soil salinity causes osmotic 
stress, led to an imbalance of nutrient uptake, and disturbs plant growth. It is neces-
sary to overcome this problem through different approaches like the use of compost, 
UV radiations, nanotechnology, integrated agro-farming systems, salty farming 
combined with subsurface drainage, tolerant bacteria combined with cultivars of 
tolerant plants, and other emerging reclamation strategies. This chapter focuses on 
the strategies in order to restore agricultural sustainability and ensure global food 
security in the face of climate change leading to an increase in soil salinity.
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1 � Introduction

Abiotic stress is the term used to describe how environmental factors negatively 
affect plants in a particular environment. Drought, salt, very low or high tempera-
tures, and others are some of the stresses. Abiotic stress causes changes in a plant’s 
morphology, physiology, biochemistry, and molecular structure that are harmful to 
its growth and productivity (Balal et al. 2016). Numerous genes that are activated by 
abiotic stress increase the concentration of a number of proteins and metabolites, 
some of which may have a role in the body’s ability to defend itself against different 
stresses (Wasaya et al. 2021). Plants are directly affected by many environmental 
conditions, which result in changes to their morphological and anatomical charac-
teristics (Tanveer et al. 2012; Tripathi et al. 2017). It has been stated that abiotic 
stress, such as water stress, flood, and heavy metal, causes about 50% of crop loss. 
Any external biotic (herbivore) or abiotic factor that decreases photosynthesis and 
makes it difficult for plants to turn energy into biomass is stress (Mustafa et  al. 
2022). The production of food must increase by 70% to feed the world expanding 
population. To meet the growing need for food, reducing agricultural losses caused 
by numerous environmental stresses is a serious challenge (Crist et  al. 2017) 
Salinization reduces the growth of the crop and yield. The stability, development of 
bioenergy, and yield of basic food crops are significantly impacted by the primary 
abiotic stresses like excessive salt, water stress, cold, and heat up to 70%. Salt stress 
produces toxic minerals on plants such as Na+ and Cl−. It has been established that 
soil salinity predated agriculture and humans, but the issue has only recently arisen 
as a result of agricultural methods like poor irrigation (Shahzad et al. 2018; Giordano 
et al. 2021). Low soil water is one of major problems in the world. Among various 
effects of drought on plants, the first is the prevention of cell growth and division. 
This has an impact on normal physiological and chemical activities, such as ion 
absorption, respiration, photosynthesis, translocation, and nutrition metabolism. 
This inhibition can impact seed germination and the reduction of cell elongation 
during the early phases of plant growth. Lack of water inhibits leaf growth, which 
lowers photosynthetic area and pigments (chlorophyll a and b). Additionally, reac-
tive oxygen species (ROS) production sets up oxidative damage in thylakoids. 
Chlorophyll and carotenoids in plants are affected, and the core complexes of pho-
tosystems I (PSI) and II (PSII) degrade as a result and inhibit crucial photochemical 
activities (Shahid et al. 2014; Guidi et al. 2017). Heat stress occurs at multiple time 
scales and with varying levels of severity and duration (Ishimaru et al. 2016). Heat 
stress has significant deleterious effects, especially on crops throughout the ther-
mally sensitive developmental phases of early establishment, flowering, and game-
togenesis (Jagadish 2020; Mahmood et al. 2022).
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2 � Sustainable Agriculture

Sustainable agriculture is a crucial component of world development (Janker et al. 
2018). Three distinct views, such as those of economic stability, social stability, and 
environmental balance, must be used to approach the idea of sustainable agriculture 
(Farooq et al. 2019). Achieving the Sustainable Development Goals (SDG) depends 
on preserving and enhancing the sustainability of deteriorating irrigated drylands 
(UNDP, 2017). It has been documented that agronomic advances are beneficial for 
raising specific parameters (Devkota et  al. 2015). However, because salinization 
impacts soils, crops, and the climate, a thorough assessment of innovations and 
technology is required to ascertain whether they have the potential to boost the sus-
tainability of agricultural production (Chattha et al. 2017; Hopmans et al. 2021). 
Multiple sustainability indicators should be systematically quantified and com-
pared, as various cropping systems, crops, and agronomic management techniques. 
This will give recommendations for adaptation and future steps to enhance the sus-
tainability of deteriorating irrigated drylands. Additionally, in many situations, 
combining simulation, experimental, and multi-criteria techniques is required to 
increase sustainability. CA-based techniques (no-tillage, crop rotation, and residue 
retention) could improve the sustainability of crop production in salinity-affected 
irrigated drylands in Central Asia. These techniques were paired with water-saving 
nitrogen fertilizer rates and alternative wet and dry (AWD) irrigation techniques 
(Devkota et al. 2022; Mukhtar et al. 2022).

3 � Soil Salinity

In order to feed the growing world population, which is expected to reach over 
9.8 billion people in 2050, the soil is a crucial resource (UN 2020). Too much salt 
in the soil has made it saline, which is dangerous for both the environmental health 
and agriculture outputs (Díaz et  al. 2021; Wei et  al. 2021). Loss of soil fertility, 
changes to the properties of the soil, and detrimental effects on the environmental 
functions of the soil are all caused by saline buildup in the lower area or soil surface 
(Gorji et al. 2020). Saline–alkaline soils have high salt concentrations, pH levels, 
and Na concentrations. Salinized soils have electrical conductivity values of more 
than 4 dS m−1 and ESP greater than 15. Acidic soils have similar values of EC less 
than 4 dS m−1, ESP greater than 15, and pH higher than 8.5, whereas alkaline soils 
have the opposite values of pH (Qamar et al. 2013; Seifi et al. 2020).

The main cause of the alkaline soil high pH is a high carbonate concentration 
(Decock et al. 2015). As a result, increased salinization levels cause the loss of the 
soil resources that are now accessible, which has an impact on agricultural growth 
and ecological well-being (Kumar et al. 2020). There are two main factors that con-
tribute to soil salinity, i.e., natural (primary salinization) and anthropogenic activi-
ties (secondary salinization). The main natural sources of soil salinization are 
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Table 17.1  Distribution of salt-affected regions around the globe (Million ha) (Shahid et al. 2018)

Area Sodic soil Saline soil Total Percent

Africa 26.9 53.5 80.4 8.60
America 69.3 77.6 146.9 15.8
Australasia 340.0 17.6 357.6 38.4
Europe 22.9 7.8 30.8 3.30
Asia 121.9 94.7 316.5 33.9

constituent elements, physical or chemical weathering of minerals, and marine 
water intrusion (Ramos et al. 2020). Poor drainage conditions exacerbate the condi-
tions of manmade salinization (Zain et al. 2017; Manasa et al. 2020).

Saline soils are soils with salt concentrations that impede plant growth (ECe > 4 
dS m−1). Salt stress refers to the effects that these salt accumulations have on the 
development, production, and seed quality of plants. Problems including improper 
agricultural land use, lack of rain, excessive evaporation, and poor drainage all 
cause the salinization of the land (Okur and Örçen 2020). Salinity stress is a crucial 
factor that lowers plant production. It is affecting 20% of irrigated soil and limiting 
food production by 30%. In salt-affected plants, nutritional issues and oxidative 
stress lead to hazardous levels of sodium and chlorine in the cell organelles and 
cytosol, which also have an impact on water uptake (Table  17.1; Machado and 
Serralheiro 2017).

The agriculture industry is essential to the nation’s economy (Khan et al. 2020). 
This specific sector is responsible for producing close to 20% of the country’s 
income. Its contribution to the GDP is 21%, and its employment as a whole is 43.7% 
of all employment. The country non-urban population, which makes up to 66% of 
the total population, depends on agriculture for at least some of their income 
(Abdullah et al. 2015; Elahi et al. 2022). 831 M ha of the world soil is influenced by 
salinity, of which 397 M ha is saline soil and 434 M ha is sodic soil (Kulshershthsa 
et  al. 2022). Different natural or human-induced processes led to 4.5 M ha salt-
affected areas in Pakistan (Aslam 2016). Natural processes include weathering of 
the original material and deposition of sea salt carried by rainfall and wind. As an 
alternative, human-induced activities such as irrigation using saltwater, a rise in the 
water table due to excessive irrigation, and poor drainage can also be considered. 
Because there is very little salt draining in these locations, salt builds up on the soil’s 
surface, which is a serious danger. After soluble salts have been moved into the 
subsoil through leaching, a secondary consequence of soil salinity occurs where 
sodium is bonded to the soil due to the negative charges on clay (Zara et al. 2017; 
Leogrande and Vitti 2019).

According to the analysis, approximately 66.4% of the samples exhibited top 
0–20 cm soil electrical conductivity (EC) values, and 72.8% showed sodium con-
tent (ESP) levels. Similar to this, 60.8% of the EC readings and 72% of the ESP 
values at soil depths of 20–40 cm exceeded safe limits. 56.8% of EC values and 
79.2% of ESP values for soil depths between 40 and 60 cm exceeded the permissi-
ble limits (Solangi et al. 2019). The increased soluble salt content of the soil inhibits 
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the uptake and metabolism of vital mineral nutrients for plants. The intake of vital 
nutrients such as P, K+, N, and Ca2+ decreased due to particular ion toxicities brought 
on by increased salt uptake, or by excessive Na+, Cl, or sulfate (SO4

−2) ions (Yarami 
and Sepaskhah 2016).

3.1 � Effects of Salinity on Plant

Salinity inhibits plant growth due to low osmotic potential of the soil solution and 
an inadequate intake of salt (Safdar et al. 2019). Plant growth is affected by salt in 
the soil and water for two reasons. Firstly, the presence of salt in the soil solution 
slows the plant’s ability to absorb water, which in turn slows its rate of growth. 
Second, if the plant absorbs too much salt through the transpiration stream, the cells 
in the transpiring leaves are damaged, which could result in further growth reduc-
tions. This is called the salt-specific or ion-excess effect of salinity (Parihar et al. 
2015). Plant growth may be adversely influenced by more acidity and toxicity of 
Na2CO3, HCO3, and other anions in sodic soils. In the end, this harms plant nutrition 
and metabolism. High salinity and high EC of soil have a number of detrimental 
effects that result in plant cell dehydration, reduced growth, and even fatality in 
more sensitive plants (Syed et al. 2021). The reduced osmotic potential of the soil 
solution in saline soils has detrimental effects that can result in nutritional imbal-
ances, ion toxicity, physiological drought, or a combination of all these issues. By 
building up salts in the shoots, it hinders the growth of plants and agricultural crops. 
Some distinct symptoms of salt-affected soils include restricted root growth, 
restricted flowering, marginal or leaf tip browning/burning, diminished vigor, and 
low crop yield (Sonon et al. 2015).

Osmotic stress, which is brought on by increased soil salinity, reduces the amount 
of water that plants need, resulting in physiological dryness. After these circum-
stances, the plant experiences ionic stress and its ionic balance degrades when an 
increase in Na+ and Cl− ions results from ionic stress in the medium, and they com-
pete with K+, Ca2+, and Mg2+ leading to nutritional deficiency in plants. Osmotic and 
ionic stresses are the primary effects of salinity, whereas structural changes and the 
production of hazardous substances are the indirect effects (Fig.  17.1; Shahid 
et al. 2020).

Plants are impacted by salt stress due to toxicity brought on by osmotic pressures 
and ions. These impacts cause some unfavorable alterations in plants (Hussain et al. 
2019). At the germination and seedling growth periods, plants are particularly sensi-
tive. Many processes that are anticipated to take place naturally as the plant devel-
ops slow down or stop during these stages. Physiological dryness, sterility, stunted 
development, decreased leaf area, slow or absent blooming, disrupted membrane, 
production of the ROS, and decreased photosynthetic activity are a few more con-
straints that can occur. High salinity inhibits plant growth by reducing the fresh and 
dry weights of leaves and the shoot and root development (Hussain et al. 2019).
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Fig. 17.1  Flow sheet diagram showing the effect of salt stress on plants (Hussain et al. 2019)

Although soluble salts are present in all soils, salty and sodic conditions cause an 
overabundance of salts in the root zone, which deteriorates the physical, chemical, 
and biological qualities of the soil. Salinity has a negative impact on plant growth, 
which is controlled by environmental factors such as the growing season, tempera-
ture, humidity, light, air pollution, and plant characteristics like growth stage, spe-
cies, and variety. Soil factors include salinity level, moisture content, heating rate, 
and levels of heavy elements (Zamin et al. 2019).

4 � Approaches to Mitigate Soil Salinity

4.1 � Use of Compost

Municipal solid waste compost and green manure compost increase soil salinity but 
subsequently noticeably decrease it over time (El Azzouzi et al. 2019). Composting 
techniques for recovering salty soils have included a mix of sugarcane compost and 
green waste compost. Since there were salts that are dissolved in the compost and 
there was not enough flushing initially, this enhanced the soil EC over the first 
100 days. The replacement of the Na+ with Ca2+, in soil exchange places and leach-
ing of the solute, however, caused the EC to drop to 2.8 from 16.65 dS m−1 after 
120 days, increasing the soil organic carbon content by 34.6% (Singh et al. 2019).
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4.2 � Phytoremediation

Phytoremediation is a widely used process in which we use plant species to reduce 
the salinity of the soil like Lycium chinense. Agroforestry and halophytic plants 
(Sauda vera) are available to overcome the salinity (Mukhopadhyay et al. 2021).

4.3 � PGPB

Plant growth-promoting bacteria (PGPB) are presented in the soil rhizosphere, the 
area of soil around a plant root. Due to the presence of exudates of root, which serve 
as an attractant for a variety of organisms in soil plant, rhizosphere is rich in PGPB 
(Singh and Strong 2016). The improved plant growth induced by PGPB under 
stressful conditions is accompanied by a decrease in stress induced ethylene levels, 
which is mediated by antioxidative enzyme activity (Naing et al. 2021). Creating 
siderophores, phosphate solubilization, and nitrogen fixation to improve plant nutri-
tion (Etesami and Beattie 2017). Exopolysaccharides are produced, which scavenge 
excess sodium ions and prevent their migration to plant leaves, thereby reducing 
sodium ion accumulation in plant roots (Qin et al. 2016; Etesami and Beattie 2017). 
Catalase (CAT) reduced glutathione (GR), superoxide dismutase (SOD), and ascor-
bate peroxidase (APX) are increased in plants to combat oxidative stress (Islam 
et al. 2016; Qin et al. 2016). The expression of ion transporters regulated a high 
sodium and potassium ratio and reduced ion toxicity (Fig. 17.2; Islam et al. 2016; 
Etesami et al. 2022; Mudassir et al. 2018).

4.4 � Mycorrhiza

Mycorrhiza is recognized for assisting in the mobilization and solubilization of nutri-
ents even in saline regions. There are reports on the positive effects of mycorrhiza, 
such as increased nutrient mobility and availability in soils (Chang et  al. 2018). 
Furthermore, the vesicular–arbuscular mycorrhiza fungus (VAM) maintenance of a 
high K+/Na+ ratio in salty soils revealed its salt-tolerance mechanisms (Zahir et al. 
2019). There are conflicting results that claim that rise in the concentration of salt in 
the medium reduced VAM colonization in wheat (Zafar et al. 2015; Zhu et al. 2016).

4.5 � Priming

Physical techniques to boost plant growth have the potential to be used on a large 
scale and have environmental benefits. These techniques are an alternative to the 
present chemical or biological-based ones. Physical invigoration techniques are 
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Fig. 17.2  Plant growth-promoting traits of PGPB for salinity stress tolerance in plants (Bhise and 
Dandge 2019)

also known as “physical priming.” Physical invigoration techniques have been 
proven to be a successful strategy for creating new biotechnology-based solutions 
for the expanding seed industry (Araujo et al. 2016). According to several reports, 
effective pre-sowing seed treatments include the use of elements including tempera-
ture, ultraviolet (UV), and ionizing radiation (Araujo et al. 2016). In general, pre-
sowing exposure to non-lethal concentrations of these physical agents has a good 
impact on plant health, which improves growth and yield in addition to encouraging 
germination. Breaking seed dormancy with pre-sowing temperature treatments is a 
common strategy that improves the general seed quality in batches (Liu and 
El-Kassaby 2015).

4.6 � Use of Sulfur and Salicylic Acid

The formation of glycine betaine, photosynthetic, nitrogen fixation, proline meta-
bolic activity, the control of the antioxidant defense system, and interactions among 
plants and water are only a few of the crucial physiological activities that salicylic 
acid controls in plants. As a result, it has been widely reported that salicylic acid 
protects plants from abiotic stresses (Khan et al. 2015; Wani et al. 2016). Numerous 
studies have demonstrated the role of salicylic acid in plant resistance to a range of 
abiotic stimuli, including drought, metals and metalloids, ozone, UV-B radiation, 
and temperature stress (Zhang et al. 2015) (Siboza et al. 2017). On the other hand, 
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keeping the levels of plant mineral nutrients can aid plants in their ability to with-
stand stress (Jahan et al. 2020).

Soils contain sulfur in both organic and inorganic forms. Elementary sulfur or 
any of its form (sulfide, sulfate, thiosulfate) serves as a representation for the inor-
ganically bound, which make up only 10–15% of the total sulfur. About 75–90% of 
all sulfur is organically bonded, which is found in organic substances such as amino 
acids, proteins, polypeptides, and others. Sulfur concentrations in soils are typically 
between 0.0% and 2.0% in humid regions, 1.0% in moorland soils, and up to 3.5% 
in marshland. The quantity of sulfur added by fertilizer and the content of organic 
matter are all important for the significant fluctuations in the total sulfur in soils 
(Morrison and Mojzsis 2021). The importance of the primary constituents and by-
products of sulfur absorption has been well documented in plants’ ability to with-
stand abiotic stressors, such as metals (Hussain et al. 2021), and chilling. Notably, 
in plants under stress, there is a strong relationship between salicylic acid and sulfur 
in terms of their physiological roles. For instance, the interaction outcomes of sali-
cylic acid and sulfur significantly influenced plant growth, metabolism, and stress 
tolerance; exogenous SA was associated with increased GR activity and S/Cys-
GSH concentration (Pal et al. 2014). Due to enhanced ATP-S and serine acetyltrans-
ferase (SAT) activity mediated by salicylic acid, cysteine and GSH levels were 
elevated (Nazar et al. 2015; Waheed et al. 2020).

4.7 � Use of Nanofertilizer

The requirement to use excessive amounts of fertilizers has significantly increased 
in the current scenario of changing climate and expanding human population, but 
using chemical fertilizers excessively has led to the discharge of potentially danger-
ous compounds into the environment. In this regard, nanofertilizers have been sug-
gested as a reliable solution to the issue (Yusefi-Tanha et al. 2020). According to 
reports, the use of nanofertilizers increases resistance to adverse environmental con-
ditions, such as salinity (Adibah et al. 2020). Zea mays and Arabidopsis thaliana are 
subjected to saline regimes in order to investigate the impact of a betaine-rich 
nanofertilizer (50  mM). Under salt stress, enhanced growth characteristics and 
development were observed in both plant species. Another study found that tomato 
plants cultivated in salt benefited from the foliar application of commercial nanofer-
tilizer based on the Lithovit VR standard (LITHO) to increase flower counts, leaf 
Ca2+, and Mg2+ and decrease cellular leakage (Sassine et  al. 2022). Zn-based 
nanofertilizer boosted growth and mitigated salt detrimental effects on plant and 
biomass in cotton. Si-based nanofertilizer improved the growth and output of 
cucumber plants, a potential worldwide vegetable crop (Yassen et al. 2017; Hussein 
and Abou-Baker 2018).
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4.8 � Ultraviolet Radiation

About 8–9% of all solar radiations correspond to the UV light component of the 
electromagnetic spectrum, which falls within the non-ionizing region (Coohill and 
Sutherland 1989). The amount of UV rising as a result of the stratospheric ozone 
layer thinning and research into the processes by which plants might defend them-
selves from this danger are growing as well. The molecular profile of these defen-
sive responses, which are triggered by UV radiation in plants, could be utilized to 
develop new therapies to enhance plant sensitivity to abiotic restrictions like salin-
ity. There is very little information on the subject of UV radiation’s potential role in 
salinity relief (Ouhibi et al. 2014). During the investigation, two UV-C radiation 
doses were applied: 0.85 kJ/m² and 3.42  kJ/m2. Fresh weights of roots and leaves 
decreased, K+ ion absorption was hindered, and Na+ ion concentrations increased in 
unprimed seeds under salt stress. UV-C therapy showed a dose-dependent impact, 
with its salt-mitigating effect being stronger at 0.85 kJ m2 than at 3.42 kJ m2. These 
impacts were decreased when plants were grown from UV-C primed seeds. The 
authors proposed UV-C priming as a quick and low-cost method for reducing stress 
brought on by NaCl in lettuce (Ouhibi et al. 2014). The production and concentra-
tion of phytochemicals are beneficial to health, the extending of the life span of 
fresh plant products, or the stimulation of plant defense against biotic stress Urban 
et al. 2016).

5 � Conclusion

Different approaches like biological (PGPRs, fungi), chemical (NPs, sulfur), and 
phytohormone (salicylic acid) applications to the plants proved to be the best growth 
stimulator under abiotic stresses like salinity, which induced oxidative damages in 
plants. The medium applications of PGPRs to plants have been known to directly 
better plant growth and development. To address the needs of a world with increas-
ing soil salinity problems, innovative ways for reducing saline in plants and promot-
ing the production of crop under salinity stress are being developed. Different 
chemical, biochemical, and phytohormone applications are used in stress tolerance. 
The nanoparticles, sulfur, PGPRs, and salicylic acid enhanced plant growth under 
salt stress conditions. Different mechanisms are applied to tolerate the salt stress. 
Application in roots, priming, or foliar applications are highly effective in mitigat-
ing salt stress.

References

Abdullah DZ, Khan SA, Jebran K, Ali ABS (2015) Agricultural credit in Pakistan: past trends and 
future prospects. J Appl Environ Biol Sci 5(12):178–188

M. Nauman et al.



401

Adibah FSF, Jahan MS, Fatihah HNN (2020) Betaine-rich Nano fertilizer improves growth param-
eters of Zea mays var. saccharata and Arabidopsis thaliana under salt stress. Bulg J Agric Sci 
26(1):177–185

Araujo SS, Paparella S, Dondi D, Bentivoglio A, Carbonera D, Balestrazzi A (2016) Physical 
methods for seed invigoration: advantages and challenges in seed technology. Front Plant 
Sci 7:646

Aslam M (2016) Agricultural productivity current scenario, constraints and future prospects in 
Pakistan. Sarhad J Agric 32(4):289–303

Balal RM, Shahid MA, Javaid MM, Iqbal Z, Anjum MA, Garcia-Sanchez F, Mattson NS (2016) 
The role of selenium in amelioration of heat-induced oxidative damage in cucumber under high 
temperature stress. Acta Physiol Plant 38:1–14

Bhise KK, Dandge PB (2019) Mitigation of salinity stress in plants using plant growth promoting 
bacteria. Symbiosis 79(3):191–204. https://doi.org/10.1007/s13199-019-00638-y

Chang W, Sui X, Fan X-X, Jia T-T, Song F-Q (2018) Arbuscular mycorrhizal symbiosis modulates 
antioxidant response and ion distribution in salt-stressed Elaeagnus angustifolia seedlings. 
Front Microbiol 9:652

Chattha M, Hassan M, Khan I, Chattha M, Munir H, Nawaz M, Mahmood A, Usman M, Kharal 
M (2017) Alternate skip irrigation strategy ensure sustainable sugarcane yield. J Anim Plant 
Sci 27:1604–1610

Coohill TP, Sutherland JC (1989) Free-electron lasers in ultraviolet photobiology. J Opt Soc Am B 
6(5):1079–1082. https://doi.org/10.1364/JOSAB.6.001079 

Costa SF, Martins D, Agacka-Mołdoch M, Czubacka A, Sousa Araújo SD (2018) Strategies to 
alleviate salinity stress in plants. In: Salinity responses and tolerance in plants, vol 1. Springer, 
pp 307–337

Crist E, Mora C, Engelman R (2017) The interaction of human population, food production, and 
biodiversity protection. Science 356(6335):260–264

Decock C, Lee J, Necpalova M, Pereira EP, Tendall DM, Six J (2015) Mitigating N 2 O emissions 
from soil: from patching leaks to transformative action. Soil 1(2):687–694

Devkota M, Martius C, Gupta R, Devkota K, McDonald A, Lamers J (2015) Managing soil salin-
ity with permanent bed planting in irrigated production systems in Central Asia. Agric Ecosyst 
Environ 202:90–97

Devkota KP, Devkota M, Rezaei M, Oosterbaan R (2022) Managing salinity for sustainable agri-
cultural production in salt-affected soils of irrigated drylands. Agric Syst 198:103390

Díaz FJ, Sanchez-Hernandez JC, Notario JS (2021) Effects of irrigation management on arid soils 
enzyme activities. J Arid Environ 185:104330

Elahi E, Khalid Z, Zhang Z (2022) Understanding farmers’ intention and willingness to install 
renewable energy technology: a solution to reduce the environmental emissions of agriculture. 
Appl Energy 309:118459

El Azzouzi M, El Idrissi Y, Baghdad B, El Hasini S, Saufi H (2019) Assessment of trace metal con-
tamination in periurban soils in the region of Kenitra-Morocco. Mediterr. J Chem 8(2):108–114

Etesami H, Beattie GA (2017) Plant-microbe interactions in adaptation of agricultural crops to abiotic 
stress conditions. In: Kumar V, Kumar M, Sharma S, Prasad R (eds) Probiotics and Plant Health. 
Springer Singapore, Singapore, pp 163–200. https://doi.org/10.1007/978-981-10-3473-2_7 

Etesami H, Li Z, Maathuis FJM, Cooke J (2022) The combined use of silicon and arbuscular 
mycorrhizas to mitigate salinity and drought stress in rice. Environ Exp Bot 201:104955. 
https://doi.org/10.1016/j.envexpbot.2022.104955 

Farooq M, Rehman A, Pisante M (2019) Sustainable agriculture and food security. In: Innovations 
in sustainable agriculture. Springer, pp 3–24

Giordano M, Petropoulos SA, Rouphael Y (2021) Response and defence mechanisms of vegetable 
crops against drought, heat and salinity stress. Agriculture 11(5):463

Gorji T, Yildirim A, Hamzehpour N, Tanik A, Sertel E (2020) Soil salinity analysis of Urmia Lake 
Basin using Landsat-8 OLI and Sentinel-2A based spectral indices and electrical conductivity 
measurements. Ecol Indic 112:106173

17  Soil Salinity and Sustainable Agriculture

https://doi.org/10.1007/s13199-019-00638-y
https://doi.org/10.1364/JOSAB.6.001079
https://doi.org/10.1007/978-981-10-3473-2_7
https://doi.org/10.1016/j.envexpbot.2022.104955


402

Guidi L, Tattini M, Landi M (2017) How does chloroplast protect chlorophyll against excessive 
light. Chlorophyll 21:21–36

Hopmans JW, Qureshi A, Kisekka I, Munns R, Grattan S, Rengasamy P, Ben-Gal A, Assouline 
S, Javaux M, Minhas P (2021) Critical knowledge gaps and research priorities in global soil 
salinity. Adv Agron 169:1–191

Hussain S, Bai Z, Huang J, Cao X, Zhu L, Zhu C, Khaskheli MA, Zhong C, Jin Q, Zhang J (2019) 
1-Methylcyclopropene modulates physiological, biochemical, and antioxidant responses of 
rice to different salt stress levels. Front Plant Sci 10:124

Hussain SJ, Khan NA, Anjum NA, Masood A, Khan MIR (2021) Mechanistic elucidation of 
salicylic acid and sulphur-induced defence systems, nitrogen metabolism, photosynthetic, 
and growth potential of mungbean (Vigna radiata) under salt stress. J Plant Growth Regul 
40(3):1000–1016

Hussein M, Abou-Baker N (2018) The contribution of nano-zinc to alleviate salinity stress on cot-
ton plants. R Soc Open Sci 5(8):171809

Ishimaru T, Xaiyalath S, Nallathambi J, Sathishraj R, Yoshimoto M, Phoudalay L, Samson B, 
Hasegawa T, Hayashi K, Arumugam G (2016) Quantifying rice spikelet sterility in potential 
heat-vulnerable regions: field surveys in Laos and southern India. Field Crop Res 190:3–9

Islam F, Yasmeen T, Arif MS, Ali S, Ali B, Hameed S, Zhou W (2016) Plant growth promoting bac-
teria confer salt tolerance in Vigna radiata by up-regulating antioxidant defense and biological 
soil fertility. Plant Growth Regul 80(1):23–36

Jagadish SK (2020) Heat stress during flowering in cereals–effects and adaptation strategies. New 
Phytol 226(6):1567–1572

Jahan B, AlAjmi MF, Rehman MT, Khan NA (2020) Treatment of nitric oxide supplemented with 
nitrogen and sulfur regulates photosynthetic performance and stomatal behavior in mustard 
under salt stress. Physiol Plant 168(2):490–510

Janker J, Mann S, Rist S (2018) What is sustainable agriculture? Critical analysis of the interna-
tional political discourse. Sustainability 10(12):4707

Khan MIR, Fatma M, Per TS, Anjum NA, Khan NA (2015) Salicylic acid-induced abiotic stress 
tolerance and underlying mechanisms in plants. Front Plant Sci 6:462

Khan I, Raza MA, Awan SA, Shah GA, Rizwan M, Ali B, Tariq R, Hassan MJ, Alyemeni MN, 
Brestic M (2020) Amelioration of salt induced toxicity in pearl millet by seed priming with 
silver nanoparticles (AgNPs): the oxidative damage, antioxidant enzymes and ions uptake are 
major determinants of salt tolerant capacity. Plant Physiol Biochem 156:221–232

Kumar P, Avtar R, Dasgupta R, Johnson BA, Mukherjee A, Ahsan MN, Nguyen DCH, Nguyen 
HQ, Shaw R, Mishra BK (2020) Socio-hydrology: a key approach for adaptation to water 
scarcity and achieving human well-being in large riverine islands. Prog Disaster Sci 8:100134

Leogrande R, Vitti C (2019) Use of organic amendments to reclaim saline and sodic soils: a review. 
Arid Land Res Manag 33(1):1–21

Liu Y, El-Kassaby YA (2015) Timing of seed germination correlated with temperature-based envi-
ronmental conditions during seed development in conifers. Seed Sci Res 25(1):29–45

Machado RMA, Serralheiro RP (2017) Soil salinity: effect on vegetable crop growth. Management 
practices to prevent and mitigate soil salinization. Horticulturae 3(2):30

Mahmood A, Bibi S, Naqve M, Javaid MM, Zia MA, Jabbar A, Ud-Din W, Attia KA, Khan N, 
Al-Doss AA (2022) Physiological, biochemical, and yield responses of linseed (Linum usitatis-
simum L.) in α-tocopherol-mediated alleviation of salinity stress. Front Plant Sci 13:867172

Manasa M, Katukuri NR, Nair SSD, Haojie Y, Yang Z, Guo RB (2020) Role of biochar and organic 
substrates in enhancing the functional characteristics and microbial community in a saline soil. 
J Environ Manag 269:110737

Morrison PR, Mojzsis SJ (2021) Tracing the early emergence of microbial sulfur metabolisms. 
Geomicrobiol J 38(1):66-86. https://doi.org/10.1080/01490451.2020.1812773 

Mudassir A, Muhammad A, Javaid MM (2018) Enhancement in cotton growth and yield using 
novel growth promoting substances under water limited conditions. Pak J Bot 50:1691–1701

M. Nauman et al.

https://doi.org/10.1080/01490451.2020.1812773


403

Mukhopadhyay R, Sarkar B, Jat HS, Sharma PC, Bolan NS (2021) Soil salinity under climate 
change: challenges for sustainable agriculture and food security. J Environ Manag 280:111736

Mukhtar A, Awan MI, Sadaf S, Mahmood A, Javed T, Shah AN, Shabbir R, Alotaibi SS, Shah AA, 
Adamski R (2022) Sulfur enhancement for the improvement of castor bean growth and yield, 
and sustainable biodiesel production. Front Plant Sci 13:905738

Mustafa M, Szalai Z, Divéky-Ertsey A, Gál I, Csambalik L (2022) Conceptualizing multiple 
stressors and their consequences in agroforestry systems. Stresses 2:242–257

Naing AH, Maung TT, Kim CK (2021) The ACC deaminase-producing plant growth-promoting 
bacteria: influences of bacterial strains and ACC deaminase activities in plant tolerance to abi-
otic stress. Physiol Plant 173(4):1992–2012

Nazar R, Umar S, Khan N, Sareer O (2015) Salicylic acid supplementation improves photosyn-
thesis and growth in mustard through changes in proline accumulation and ethylene formation 
under drought stress. S Afr J Bot 98:84–94

Okur B, Örçen N (2020) Soil salinization and climate change. In: Climate change and soil interac-
tions. Elsevier, pp 331–350

Ouhibi C, Attia H, Rebah F, Msilini N, Chebbi M, Aarrouf J, Urban L, Lachaal M (2014) Salt 
stress mitigation by seed priming with UV-C in lettuce plants: growth, antioxidant activity and 
phenolic compounds. Plant Physiol Biochem 83:126–133

Pal DK, Wani SP, Sahrawat KL, Srivastava P (2014) Red ferruginous soils of tropical Indian envi-
ronments: A review of the pedogenic processes and its implications for edaphology. CATENA 
121:260–278. https://doi.org/10.1016/j.catena.2014.05.023 

Palacios OA, Bashan Y, de Bashan LE (2014) Proven and potential involvement of vitamins in 
interactions of plants with plant growth-promoting bacteria—an overview. Biol Fertil Soils 
50(3):415–432

Parihar P, Singh S, Singh R, Singh VP, Prasad SMJEs, research P (2015) Effect of salinity stress 
on plants and its tolerance strategies: a review. Environ Sci Pollut Res Int 22(3):4056–4075

Qamar R, Rehman A, Ali A, Ghaffar A, Mahmood A, Javeed HMR, Aziz M (2013) Growth and 
economic assessment of wheat under tillage and nitrogen levels in rice-wheat system. Am J 
Plant Sci 4:2083

Qin Y, Druzhinina IS, Pan X, Yuan Z (2016) Microbially mediated plant salt tolerance and 
microbiome-based solutions for saline agriculture. Biotechnol Adv 34(7):1245–1259

Ramos TB, Castanheira N, Oliveira AR, Paz AM, Darouich H, Simionesei L, Farzamian M, 
Gonçalves MC (2020) Soil salinity assessment using vegetation indices derived from Sentinel-2 
multispectral data. application to Lezíria Grande, Portugal. Agric Water Manag 241:106387

Safdar H, Amin A, Shafiq Y, Ali A, Yasin R, Shoukat A, Hussan MU, Sarwar MI (2019) A review: 
impact of salinity on plant growth. Nat Sci 17(1):34–40

Sassine Y, Sajyan T, El Zarzour A, Abdelmawgoud A, Germanos M, Alturki S (2022) Integrative 
effects of biostimulants and salinity on vegetables: Contribution of bioumik and Lithovit®-
urea50 to improve salt-tolerance of tomato. The Estonian University of Life Sciences, Tartu, 
Estonia, EMU DSpace

Seifi M, Ahmadi A, Neyshabouri M-R, Taghizadeh-Mehrjardi R, Bahrami H-A (2020) Remote and 
Vis-NIR spectra sensing potential for soil salinization estimation in the eastern coast of Urmia 
hyper saline lake, Iran. Remote Sens Appl Soc Environ 20:100398

Shahid MA, Balal RM, Javaid M, Aquel MA, Abbas T, Mattson N, Islam S (2014) Mitigation of 
stress induced by salinity and nickel in pea (Pisum sativum L.) by exogenous application of 
synthetic proline and proline-enriched Lolium perenne (L.) leaf extract. In: 2014 ASHS annual 
conference

Shahid SA, Zaman M, Heng L (2018) Soil salinity: historical perspectives and a world overview 
of the problem. In: Guideline for salinity assessment, mitigation and adaptation using nuclear 
and related techniques. Springer, pp 43–53

Shahid MA, Sarkhosh A, Khan N, Balal RM, Ali S, Rossi L, Gómez C, Mattson N, Nasim W, 
Garcia-Sanchez F (2020) Insights into the physiological and biochemical impacts of salt stress 
on plant growth and development. Agronomy 10(7):938

17  Soil Salinity and Sustainable Agriculture

https://doi.org/10.1016/j.catena.2014.05.023


404

Shahzad T, Ashraf M, Javaid MM, Waheed H, Abbas T, Sattar F (2018) influence of field soil 
drought stress on some key physiological, yield and quality traits of selected newly-developed 
hexaploid bread wheat (Triticum aestivum L.) cultivars. Sains Malaysiana 47:2625–2635

Siboza XI, Bertling I, Odindo AO (2017) Enzymatic antioxidants in response to methyl jasmonate 
and salicylic acid and their effect on chilling tolerance in lemon fruit [Citrus limon (L.) Burm. 
F.]. Sci Hortic 225:659–667

Singh JS, Strong P (2016) Biologically derived fertilizer: a multifaceted bio-tool in methane miti-
gation. Ecotoxicol Environ Saf 124:267–276

Singh YP, Arora S, Mishra VK, Dixit H, Gupta RK (2019) Plant and soil responses to the com-
bined application of organic amendments and inorganic fertilizers in degraded sodic soils of 
indo-gangetic plains. Commun Soil Sci Plant Anal 50(20):2640–2654

Solangi GS, Siyal A, Babar M, Siyal P (2019) Spatial analysis of soil salinity in the Indus River 
Delta, Pakistan. Eng Technol Appl Sci Res 9:4271–4275

Sonon LS, Saha U, Kissel DE (2015) Soil salinity testing, data interpretation and recommenda-
tions. University of Georgia Extension 1019

Syed A, Sarwar G, Shah SH, Muhammad S (2021) Soil salinity research in 21st century in 
Pakistan: its impact on availability of plant nutrients, growth and yield of crops. Commun Soil 
Sci Plant Anal 52(3):183–200

Tanveer A, Arshad MS, Ayub M, Javaid MM, Yaseen M (2012) Effect of temperature, light, salin-
ity, drought stress and seeding depth on germination of Cucumis melo var. agrestis. Pak J Weed 
Sci Res 18:445–459

Tripathi DK, Singh S, Yadav V, Arif N, Singh S, Dubey NK, Chauhan DK (2017) Silicon: a poten-
tial element to combat adverse impact of UV-B in plants. In: UV-B radiation: from environ-
mental stressor to regulator of plant growth. Wiley, pp 175–195

UN (2020) The sustainable development goals report 2020. United Nations. https://unstats.un.org/
sdgs/report/2020/#sdg-goals 

Urban L, Charles F, de Miranda MRA, Aarrouf J (2016) Understanding the physiological effects 
of UV-C light and exploiting its agronomic potential before and after harvest. Plant Physiol 
Biochem 105:1–11

Waheed H, Khan MA, Khan HMT, Javaid MM, Rahman FU, Aslam MM (2020) Enhancement 
of some key physiological, morphological and biochemical traits of watermelon induced by 
Trichoderma harzianum fungi. Semina Ciências Agrárias 41:2047–2060

Wani SH, Kumar V, Shriram V, Sah SK (2016) Phytohormones and their metabolic engineering for 
abiotic stress tolerance in crop plants. Crop J 4(3):162–176

Wasaya A, Abbas T, Yasir TA, Sarwar N, Aziz A, Javaid MM, Akram S (2021) Mitigating drought 
stress in sunflower (Helianthus annuus L.) through exogenous application of β-aminobutyric 
acid. Soil Sci Plant Nutr 21:936–948

Wei Y, Ding J, Yang S, Wang F, Wang C (2021) Soil salinity prediction based on scale-dependent 
relationships with environmental variables by discrete wavelet transform in the Tarim Basin. 
Catena 196:104939

Yarami N, Sepaskhah A (2016) Effect of irrigation water salinity, manure application and planting 
method on qualitative compounds of saffron (Crocus sativus L.). Int J Plant Prod 10(2):197–219

Yassen A, Abdallah E, Gaballah M, Zaghloul S (2017) Role of silicon dioxide nano fertilizer in 
mitigating salt stress on growth, yield and chemical composition of cucumber (Cucumis sativus 
L.). Int J Agric Res 22:130–135

Yusefi-Tanha E, Fallah S, Rostamnejadi A, Pokhrel LR (2020) Zinc oxide nanoparticles (ZnONPs) 
as a novel nanofertilizer: influence on seed yield and antioxidant defense system in soil grown 
soybean (Glycine max cv. Kowsar). Sci Total Environ 738:140240

Zafar M, Tanveer A, Majeed MA, Safdar ME, Ali HH, Javed MM (2015) Reducing herbicide 
dose in sugarcane by application of plant water extract. Herbologia 15. https://doi.org/10.5644/
Herb.15.1.07

M. Nauman et al.

https://unstats.un.org/sdgs/report/2020/#sdg-goals
https://unstats.un.org/sdgs/report/2020/#sdg-goals
https://doi.org/10.5644/Herb.15.1.07
https://doi.org/10.5644/Herb.15.1.07


405

Zahir ZA, Nadeem SM, Khan MY, Binyamin R, Waqas MR (2019) Role of halotolerant microbes 
in plant growth promotion under salt stress conditions. In: Saline soil-based agriculture by 
halotolerant microorganisms. Springer, In, pp 209–253

Zain M, Khan I, Chattha M, Qadri R, Anjum S, Hassan M, Mahmood A, Ilyas M (2017) Foliar 
applied thiourea at different growth stages modulated late sown wheat. Pak J Sci 69:39

Zamin M, Khattak AM, Salim AM, Marcum KB, Shakur M, Shah S, Jan I, Fahad S (2019) 
Performance of Aeluropus lagopoides (mangrove grass) ecotypes, a potential turfgrass, under 
high saline conditions. Environ Sci Pollut Res 26(13):13410–13421

Zara Z, Iqbal J, Ayub K, Irfan M, Mahmood A, Khera RA, Eliasson B (2017) A comparative study 
of DFT calculated and experimental UV/Visible spectra for thirty carboline and carbazole 
based compounds. J Mol Struct 1149:282–298

Zhang Y, Xu S, Yang S, Chen Y (2015) Salicylic acid alleviates cadmium-induced inhibition of 
growth and photosynthesis through upregulating antioxidant defense system in two melon cul-
tivars (Cucumis melo L.). Protoplasma 252(3):911–924

Zhu X, Song F, Liu S, Liu F (2016) Role of arbuscular mycorrhiza in alleviating salinity stress 
in wheat (Triticum aestivum L.) grown under ambient and elevated CO2. J Agron Crop Sci 
202(6):486–496

17  Soil Salinity and Sustainable Agriculture



407

Chapter 18
Mechanism and Approaches to Enhance 
Salt Stress Tolerance in Crop Plants

Saima Asghar, Safura Bibi, Asif Mukhtiar, Muhammad Anjum Zia, 
Maria Naqve, Athar Mahmood , Muhammad Mansoor Javaid, 
and Muhammad Azeem

Abstract  Plants face different stresses in the environment, and among these envi-
ronmental stresses, salinity is more devastating stress due to its negative impacts on 
crop plants. Salinity is stress that affects growth, physiology, and nutrient uptake in 
plants, which ultimately leads to food scarcity. Soluble salts decrease the water 
potential, resulting in an aqueous medium unavailable for the plant retarding plant 
development. Increased imbibition of generated seeds changes due to the decreased 
solute potential of the growing media, which causes ion toxicity. Increased concen-
tration of reactive oxygen species (ROS) damages the lipid, protein, and nucleic 
acid; ultimately disrupts the cellular metabolism; and alters the enzymatic activities. 
The adverse effects due to the increased salinity levels can be mitigated via genetic 
diversity, osmoprotectant/osmolyte accumulation, hormonal regulation, and anti-
oxidant mechanisms. This chapter elaborates on the impacts of salinity stress on 
morpho-physiological attributes of the plant and also describes different mecha-
nisms and perspectives that can mitigate salt stress.
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Keywords  Antioxidants · Reactive oxygen species · Salt stress · Ion homeostasis · 
Osmo-protectant

1 � Introduction

The increased global population causes a rapid utilization of renewable and sustain-
able resources. The rapid increase in utilization of renewable resources due to 
increase in global population has been producing many problems for mankind. 
These problems include flooding, high temperature, salt stress, and water scarcity, 
which affect crop yield. Recent studies have shown that 20% of yield loss occurs 
because of salinity stress and low temperature, 40% due to elevated temperature, 
17% due to drought stress, and 8% due to other factors. Salinity is classified as pri-
mary and secondary salinity. Various salts that are released by the weathering of 
rocks are the main causes of primary salinity. The anthropogenic activities, i.e., 
deforestation, overgrazing, intensive cropping, and irrigation, are considered the 
main cause of secondary salinity. The nature of Pakistan’s soil is calcareous and 
alkaline with a low amount of organic matter (Mihoub et al. 2019). The soluble salts 
present in excess amounts in rhizospheric soil disturb plant growth, biochemistry, 
and physiology. The electrical conductivity of soil or irrigation water ranging from 
4 dS m−1 or higher that is equal to 40 mM NaCl is referred to as saline condition 
(Ferreira et  al. 2018). Globally, salinity has affected approximately 33% of total 
arable land (Mustafa et al. 2019), and about 0.2–0.4% of the cultivated area has 
been changed into barren land due to salinity (Zemni et al. 2022). The majority of 
crops that are utilized by humans as a food source are glycophytes sensitive to high 
concentrations of salt in the soil as compared to halophytes (salt-tolerant plants) in 
nature (Lombardi et al. 2022).

In the twenty-first century, the most emerging environmental issue is soil salinity. 
Increase in population demands more high food, so it is need of time to mitigate soil 
salinity to fulfill the need. The researchers are trying to discover different perspec-
tives for the tolerance mechanisms against salinity stress in tolerant plants along 
with the interest to apply these mechanisms to plants that are sensitive to salinity 
(Shah et al. 2021). Recent studies have decoded major elements of the entire defen-
sive mechanisms. This chapter is mainly based to discuss different mechanisms of 
salt tolerance.

About 30% of global agricultural productivity comes from 17% of irrigated land 
(Ortiz-Bobea et al. 2021). Approximately 6% land area constitutes 800 million hect-
ares of dryland area that is unsuitable for cultivation due to salinity stress (Nanduri 
et al. 2019). Globally, 45 million hectares of irrigated area are also affected due to 
salinity stress (Carillo et al. 2011). According to another estimate, 831 × 106 hect-
ares has been damaged by salts (Morris 2007). Furthermore, about one-half of the 
irrigated area (approximately 2.5 × 108 hectares) (Junpen et al. 2018) is affected by 
salinity. In 2050, approximately 50% of arable land area is expected to be vulnera-
ble to salinity (Schneider and Asch 2020). Kaya-Okur et  al. (2019) stated that 
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annually 10% of land area is being destroyed around the world due to salt stress 
(Arora et al. 2018).

The geographical area of Pakistan is about 79.61 M ha (Syed et al. 2021), where 
80% of which is irrigated through canal water. The sustainable agricultural practices 
of Pakistan are under continual threat due to many factors like change in water scar-
city climate, drought, and soil salinity. Major factors among these abiotic stresses 
are the salinity and sodicity that cause soil degradation (Hailu and Mehari 2021; 
Ondrasek et  al. 2011). In Pakistan, the potential of soil for crop production has 
declined due to salt stress. Soil erosion is mainly caused by the mismanagement of 
agricultural practices and improper cultivation practices. In Pakistan, almost 
1.4 M ha of agricultural area has escaped the cultivation practices, which is equal to 
25% irrigated area (Bhatt et al. 2019). In Pakistan, the growth and crop yield have 
declined notably due the salinity (Abideen et al. 2022).

2 � Plant Responses to Salinity Stress

The crop plants under salinity stress express some symptoms like slow growth and 
low germination rate (Gamalero and Glick 2022). Moreover, salinity disturbs the 
concentration of gibberellic acid and abscisic acid, which lead to retard seed germi-
nation (Bomle et al. 2021; Feng et al. 2020). With the emergence of radicle and root 
hairs, the osmotic stress affects the water absorption by roots and its uptake toward 
the aerial plant parts: firstly, the osmotic stress in which plant growth is inhibited by 
less water absorption. Then, the inoculation of salt ions in the plant transpiration 
stream results in ion toxicity, which inhibits photosynthesis, disturbs homeostasis, 
and increases lipid peroxidation (Gupta et  al. 2022; Abbaspour et  al. 2021). 
Oxidative stress, a secondary effect, is caused by salinity, due to accumulation of the 
ROS in the cells. It affects the normal functioning of plants by peroxidation of lip-
ids, proteins, and nucleic acids (Mushtaq et al. 2020). When the concentration of 
salts becomes high, it disturbs the mineral nutrition that causes the disruption of 
ions in the cell. The increased level of sodium results in the denaturation of proteins, 
modification in membrane solubility, and metabolism of ROS (Kaur et al. 2022).

2.1 � Osmotic Effect

Increased salt concentrations impose stress on the plants either by enhancing toxic 
ions concentration or by high osmotic potential (Dourado et al. 2022; Joshi et al. 
2022). The soluble salts retard water potential by making aqueous medium unavail-
able to the plants for absorption, and it is the main cause of the retardation for plant 
growth under salinity stress (Bukhari et  al. 2019). A moderate level of osmotic 
stress does not affect root growth but has an adverse effect on aerial parts of crop 
plants (Yadav et  al. 2020; Hosseinifard et  al. 2022). The osmotic effect causes 
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damage to cell, which is mainly dependent on various aspects like stress time dura-
tion, types of plant species, methods of the stress application, and type of cell and 
tissue (O’Flanagan et al. 2019; Zhang et al. 2019).

2.2 � Ionic Effect

The toxicity of specific ion mainly occurs due to the accumulation of excess ions 
like sulfate, sodium, and chloride. It affects the crop from germination to maturity. 
The effect of specific ion in the lateral growth stages results in the failure of crops 
(Bhattacharya 2022). With reference to tolerance against salinity various, crops 
show different degrees of responses. Higher plants that are mostly agricultural crop 
plants are highly diplomatic to salinity stress. In the salinity stress environment, 
high levels of chloride and sodium ion combined with low potassium ion level were 
reported. The senescence is due to the aggregation of salt ions in the older leaves of 
the plant (Ayuso-Calles et al. 2021). The root fresh weight (RFW) and the shoot 
fresh weight (SFW) were reduced by up to 50% due to increased levels of Na+ and 
Cl− ion accumulation in the interior leaf sap (Shahzad et al. 2022).

2.3 � Germination Effect

Salinity disturbs the germination process in many ways. The imbibition process of 
seeds alters with the decrease in the solute potential of growing media (Baha 2022; 
Uçarlı 2020) causing toxicity in the ionic concentrations, which disturbs the enzy-
matic mechanisms of metabolic processes of nucleic acid (Nowicka 2022) and 
changes the metabolism of proteins (Johnson et  al. 2020), variation in hormonal 
balance (Giersch et al. 2020), and depletion of seed reserves (Carter 2019). Among 
cultivars and species, the germination rate and the germinated seed ratio vary due to 
salinity stress (Goro and Sinha 2020). Salinity stress deteriorates both halophytes 
and glycophytes mainly at the germination stage. Seed germination is the main 
stage required for the successful growth and development of plant seedlings; these 
seedlings are much more sensitive to salinity stress in comparison with the vegeta-
tive growth stages. Accumulation of toxic ions due to salinity causes a mineral 
imbalance in plants. Due to the reduction in the uptake of essential ions, the plant 
physiological activities get disturbed. A low level of salt stress promotes seed dor-
mancy, while higher levels of salinity stress retard the germination of seed (Kataria 
et al. 2022).

To overcome these limitations of nutritional values, seeds developed mecha-
nisms to attain their decreased water potential or various tolerance mechanisms to 
cope with the disturbance produced by the salt stress. Plant germination is disturbed 
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in many ways due to salinity. Salnity leads to a decrease in soil osmotic potential, 
which declines the seed water imbibition (Mahpara et al. 2022). Due to the produc-
tion of ionic toxicity that changes the enzymatic actions involved in the metabolic 
process of nucleic acid. Salt stress also affects the germination of seed including 
modifications in protein metabolism (Johnson and Puthur 2021). The seeds are 
more sensitive to salt stress because of the direct contact with topsoil (Chen et al. 
2020). The germination rate of the seeds decreases due to the ionic stress acquired 
due to the accumulation of sodium chloride in the soil (Toderich et al. 2020). Due to 
low water potential, the water absorption capacity of seed is decreased; thus, salt 
stress produces deleterious effects on the development of embryo, resulting in late 
germination processes (El-Hendawy et al. 2019; Song et al. 2023). The time required 
for germination of the seed depends on the genotypes and strength of salinity stress. 
Salinity stress and seed germination are inverse to each other (Konuşkan et al. 2017; 
Bakhshandeh et al. 2020). Deleterious effects are pronounced on the seed size and 
germination index of the chickpea (Johal et al. 2022). The size and germination of 
seed show inverse relation under salinity stress (Farid et al. 2021).

2.4 � Growth and Physiological Effect

The decreased growth rate is one of the primary effects of salinity stress in plants. 
Accumulation of salts in soil retards plant growth in two ways. First, it diminishes 
the water uptake that results in stunted growth. Second, it enters the transpirational 
stream, leads to damage to the leaves, and further reduces plant growth. The salinity 
stress reduces many physiological processes of the plant such as photosynthesis, 
photomorphogenesis, respiration, photoperiodism, seed germination, plant nutri-
tion, circadian rhythms, and stomatal functioning nastic movements (Minorsky 
2019). Under salinity, stress plants show different deviations from the normal func-
tion, which results in a reduction in crop yield. Plant–water relation is disturbed 
when high amounts of salts accumulate in the root of plants. Salinity stress retards 
the turgor pressure and osmotic potential of plants when the level of water taken up 
by the plants is low. A decrease in the uptake of water retards the mechanism of 
stomatal opening and cell division, which ultimately lowers photosynthesis and 
affects plant tissues (Nawaz et al. 2010; El Rasafi et al. 2022). Lowering of turgor 
pressure results in closing of stomata, which retards the gaseous exchange via the 
transpiration process (Liu et al. 2019). Salinity affects physiological activities like 
modifications occurring in the membrane permeability, leads to denaturing of mem-
brane proteins (Rawat et  al. 2021), and inhibits the photosynthetic phenomenon 
(Sforza et al. 2020). A lower rate of photosynthesis occurs because of a lowering in 
pigments and denaturation of enzymes involved in photosynthesis (Farghaly et al. 
2015; Kreslavski et al. 2023).
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2.5 � Oxidative Effect

The greater production of ROS, for example, OH− and O2−, is the major outcome of 
salinity (Khan et al. 2022). ROS oxidatively damage the nucleic acids, proteins, and 
lipids, which ultimately disturb cellular metabolism. Production of ROS takes place 
due to decreased oxygen level, which disrupts the metabolic processes of the plants 
(Thorat et al. 2018; Sharma et al. 2020). Plants have distinctive ways to retrieve the 
ROS production as enzyme stimulation of the anti-oxidative pathway (Streyczek 
et al. 2022). During cell growth and normal body functioning, ROS are produced at 
a low level (Shin et al. 2020), but its production is increased during stress conditions 
(Bulgari et al. 2019). The osmotic effect regulates superoxide accumulation in the 
chloroplast, inhibits the required supply of CO2 for photosynthesis, and disturbs the 
opening of stomata. This superoxide accumulation stimulates photooxidation and 
photoinhibition in plant cells (Abdelaal et al. 2022).

2.6 � Nutritional Imbalance

The excessive production of sodium and chloride ions and low consumption of dif-
ferent minerals like Ca2+ and K+ are the major causes of ion discrepancy. If K+ and 
Na+ ion ratio exceeds the normal range, it disturbs the proper functioning and inac-
tivation of enzymes in the plants. The plant–water relation is disturbed when the 
deposition of salts is high; it results in the low consumption of major nutrients and 
limited uptake. Therefore, cellular metabolic activities and normal enzyme func-
tioning are affected (Lennicke and Cochemé 2021). Excess sodium ion uptake 
results in a reduction in potassium ion uptake. Inside the plant, maintenance of Ca2+ 
is necessary and is a vital parameter under salinity stress. The K is known as a major 
important element for protein formation, osmoregulation, photosynthesis, and regu-
lating turgor pressure of the plant cell. Potassium ions coupled with Ca2+ are essen-
tial for the proper functioning of the cell membrane and regulating the integrity of 
plant cell (Kohli et al. 2022).

3 � Approaches to Mitigate Salinity Stress

Salinity affects the plant physiology and enzymatic reactions in many ways ulti-
mately reducing the yield of crop plants. To minimize these losses, there are some 
approaches that mitigate the negative impacts of salinity. Some of these approaches 
are depicted here (Fig. 18.1).
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Fig. 18.1  Various approaches to mitigate salinity stress in plants. (Dhiman et al. 2021)

3.1 � Salt Tolerance Through Genetic Diversity in Plants

Many plant genera show the phenomenon of salt tolerance against salt stress through 
genetic diversity (Sarabi et al. 2017). Many crop plants are found salt-sensitive, and 
some are discovered as hypersensitive in comparison with that of halophytes, which 
are native to saline environment. Specific morphological and anatomical adapta-
tions or some avoidance mechanisms are present in various halophytes that have the 
potential to cope with extreme saline conditions (Aslam et al. 2011). However, these 
characteristics are suitable for crops in which gene introgression is difficult or 
impossible. Recent research has elaborated that most glycophytes and halophytes 
tolerate salinity (Lokhande and Suprasanna 2012). Cytotoxic ions of the saline envi-
ronment, mainly sodium and chloride ions, result in the compartmentalization of the 
ions occurring in the vacuole that is used as the osmotic potential (Djanaguiraman 
and Prasad 2013). A similarity is present between many molecular entities mediat-
ing the ionic homeostasis process and signaling of salinity stress among the plants 
(Ji et al. 2013; Zhu et al. 2021).
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Fig. 18.2  Depicting the negative impacts of salinity on physiological and enzymatic processes in 
plants. (Khan et al. 2020)

3.2 � Cellular Mechanisms of Salt Stress Survival, Recovery, 
and Growth

When the levels of salts are high, it can cause ion imbalance and hyperosmotic 
stress that cause cellular damage and secondary osmotic impacts (Singh et al. 2014). 
Consequently, plants survive by both tolerating and avoiding salt stress, i.e., few 
plants remain dormant during saline conditions, and some develop special mecha-
nisms to cope with such saline environment (Acosta-Motos et al. 2017). The growth 
and developmental processes of the plants ceased when the turgor of plant cell wall 
falls below the threshold yield (Kutschera and Niklas 2013) (Fig. 18.2).

3.3 � Osmolytes and Osmoprotectant

Osmotic adjustment is the cellular reaction to lowering the turgor of cell (Blum 
2017). As discussed earlier, salt tolerance needs suitable accumulation of solutes in 
the organelles and cytosol where they perform different functions like osmotic pro-
tection and osmotic adjustment (Farouk 2011). Some suitable osmolytes are benefi-
cial ions like K+, but a greater number of them are organic solutes. In response to 
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increased osmotic stress, the accumulation of suitable solutes is a universal process 
in all organisms as diverse as bacteria to animals and plants. Therefore, the accumu-
lations of solutes are dependent on the type of organism and even the type of spe-
cies. A broad range of organic compatible solutes include sugars (mainly sucrose 
and fructose), sugar alcohols (methylated inositol and glycerol), and complicated 
sugars (fructose, trehalose, and raffinose) (Conde et al. 2011; Yang et al. 2022). In 
plants, during stress conditions the abovementioned sugars act as metabolic signals 
by playing a crucial role in the detoxification of reactive oxygen species (ROS) and 
regulation of photosynthetic proficiency and cellular organization. Moreover, these 
sugars protect the plants by enhancing physiological responses, for example, by 
harmonizing antioxidant activity, regulating membrane integrity, and maintaining 
water efficiency under various abiotic stresses such as pesticide exposure (Koza 
et al. 2022).

Others include the derivatives of quaternary amino acids (glycine betaine, pro-
line, betaine, and β-alanine betaine), sulfonium compounds, and tertiary amines 
(Hill et al. 2010; Jouyban 2012). Several osmolytes are assumed as osmoprotec-
tants, as their range of concentration is not sufficient for the solute alignment. An 
amino acid, glycine betaine, involves in the protection of thylakoid and cell mem-
brane processes when exposed to extreme saline conditions and even high tempera-
ture or freezing (Bhandari and Nayyar 2014; Shah et al. 2017; Fell et  al. 2020). 
However, several osmoprotectants serve the function of tolerance mechanisms 
under saline environment in plants when they are expressed as transgene products 
(Omari Alzahrani 2021; Hossain and Islam 2022). An adaptive microbial activity of 
osmoprotectants is the hunt of ROS which are the results of ionic stress, hyperos-
motic conditions, causing dysfunction of membrane and necrosis (Onaga and Wydra 
2016; Guerrero-Rubio et al. 2020). A simple characteristic of compatible solutes is 
that they have the ability to deposit high salt concentration without disturbing the 
internal chemistry (Malda et al. 2013). The significant solute concentration has the 
ability to prevent the enzymatic functions that perform in saline environment. There 
is minimal effect on pH, luminal division of organelles, and net balance checking of 
cytosol due to these compounds. These solutes can be accumulated in the cell with-
out affecting normal functioning (Yancey 2005).

3.4 � Ion Homeostasis

The latest research has reported that molecular entities mediate the homeostasis of 
K+ and Na+ ions and also give an insight into the Ca2+ functioning for the adjustment 
of transport systems in plants. Recently, SOS, the stress signaling mechanism, was 
identified as a pivotal regulator for the salt tolerance mechanism and ionic homeo-
stasis of the plants (Basu et al. 2021).
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3.5 � Hormonal Regulation

Phytohormones play a vital role in growth, development, and sustainability of the 
plant. To mitigate salt stress at different developmental stages, phytohormones like 
gibberellic acid, indoleacetic acid (IAA), jasmonic acid (JA), abscisic acid (ABA),  
ethylene, brassinosteroids, and salicylic acid are induced (Chitnis et al. 2014). ABA 
plays a vital role under salt stress conditions because of greater production in 
response to stress environment. Abscisic acid (ABA) helps the plant to cope with 
the deleterious impact of salinity stress on translocation of assimilates, growth, and 
development of photosynthesis and promotes the plant–water status through the 
guard cells (Toh et al. 2021). During salinity stress, increased abscisic acid produc-
tion in the root and shoot takes place that suppresses the toxic effects of salinity 
stress on transportation of assimilates, photosynthesis, and growth (Ji et al. 2018). It 
is reported that ABA plays a crucial role during the cellular signaling process and 
regulates the expression of responsive genes for water and salt stress (Osakabe et al. 
2014). Production of ABA has been associated with improving the contents of Ca2+, 
K+, sugars, and proline in root vacuole to cope with salt stress (Shabala and Pottosin 
2014). Accumulation of ABA is suppressed under salinity stress, which means leaf 
and root tissues might have distinctive inducing mechanisms for ABA under water 
and salt stress (Ruiz-Sola et al. 2014; Redondo-Gómez et al. 2021). Ethylene is a 
gaseous hormone that promotes the development and growth of plant under the 
stress environment and interactions of ethylene signaling pathways with that of salt 
stress (Riyazuddin et al. 2020). Remarkable biosynthesis of ethylene was noticed in 
salt-tolerant genotypes of soybean in comparison with that of salt-sensitive geno-
types under salt stress (Freitas et al. 2018).

JA has been observed as a regulator for the production of tolerance mechanism 
against saline condition. In Arabidopsis, the over-expression of TaAOC1 genes of 
wheat encoding the enzyme AOC enhances the levels of JAs that upregulate the 
mechanism of tolerance under salinity stress (Xiong et  al. 2014; Pavlović et  al. 
2019). In tomato, a phytohormone, systemin regulates the production of JA and 
promotes the salt tolerance mechanism among dependent strategies of abscisic acid. 
Transgenic tomatoes express ProSystem, which shows enhanced biomass and sto-
matal conductance under saline conditions (Orsini et al. 2010; Bagues et al. 2021). 
Over-expression of numerous ethylene and JA-inductive genes was described for 
ordination of the salt tolerance mechanisms in several species without deleterious 
impact on plant growth reported (Kazan 2015) that can be considered initiating 
point for the genetic enhancement of tolerance under salt stress in the plants.

3.6 � Compatible Solute Accumulation

Under stress, many plants enhance the cellular activity of osmotically active chemi-
cals. Hydrophilic properties are present in compatible solutes, meaning they restore 
water on the protein complex surface, membrane, or protein while preventing to 
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disturb the normal metabolic processes. In this way, they reduce the inhibition of 
enzyme activity caused by high ion concentration. Compatible solutes include 
amino acid and certain derivatives of amino acid, cyclic polyols, sugars, fructans, 
ectoine, quaternary amino acid, and sulfonium complexes (Singh et al. 2015). There 
is an increase in compatible solutes under osmotic stress, but trehalose does not 
show any response under osmotic stress while it is preventive even at minimum 
concentration and acts as osmoprotectants (Velázquez-Márquez et al. 2015; Slama 
et al. 2015). Low quantities of mannitol in chloroplast aid to decrease damage by 
creating hydroxyl radicals and high concentration of other suitable solutes to mini-
mize the inhibitory responses of ions on enzyme function. The major purpose of 
suitable solutes is to stabilize proteins, membranes, and protein complexes and 
scavenge oxygen radicals. A frequent adaptive response to abiotic stressors is the 
accumulation of proline (Ghosh et al. 2022). The vacuoles, chloroplast, cytosol, and 
cytoplasm all contain high level of proline. It performs crucial functions such as 
detoxification of ROS, osmotic adjustment, antioxidant activity, and protein and 
protein complex stabilization (Lokhande et al. 2011; Bose et al. 2014). Likewise, 
Muchate et al. (2016) reported that the plants that are sensitive to salinity stress (EC 
of 16–20 ds m−1) had significantly high levels of glycine betaine and proline than 
plants not exposed to salt stress. In salt-sensitive barley cultivars, proline and gly-
cine butane were found to contribute significantly to cellular osmosis potential, 
maintaining the lower cytosolic potassium ions level (Zhonghua et al. 2011; Hao 
et al. 2021). The genes P5CS and proline-5 carboxylate reductase are joined to pro-
line aggregation as a result of salinity stress (Sarkar et al. 2021). Excessive expres-
sion of gene P5CS resulted in twofold rises in proline concentration (Nounjan et al. 
2012). Proline is a signaling or regulatory molecule that governs gene expression 
and maintains metabolite pools and redox equilibrium, in addition to its role in salt 
tolerance (Huang et al. 2022).

Glycine butane is located in chloroplast and performs a vital role in the preven-
tion of protection of chloroplast, thylakoid membrane, osmotic adjustment, and 
photosynthetic system under salt stress (Shu et al. 2015). Excessive expression of 
gene BADH in rice resulted in significant glycine betaine buildup under salt stress 
(Hussain Wani et al. 2013). The total rise of polar sugars is also observed in response 
to salt stress. Sugars contribute around half of the overall osmotic potential in gly-
cophytes exposed to salt environment (Rasool et  al. 2013; Misbah et  al. 2022). 
Trehalose, a deoxidizing sugar, is important for metabolic balance. Excessive 
expression of gene OsTPS1, which encodes this sugar, increased the capacity of rice 
cultivars in salt tolerance (Liew et al. 2011; Khan et al. 2015).

3.7 � Antioxidant Defense

Crop plants possess the ability to produce strong ROS scavenging metabolism, 
involving proteolytic or nonproteolytic mitigating pathways to show resistance 
against the harmful impacts of ROS reproduction. Enzymes that are antioxidant 
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including ascorbate peroxidase, glutathione peroxidase, glutathione-S-transferase, 
glutathione reductase, superoxide dismutase, catalase, ascorbate peroxidase, mono-
dehydroascorbate reductase, guaiacol peroxidase, and nonproteolytic antioxidants 
like phenolic compounds, ascorbic acid, glutathione, non-enzymatic amino acids, 
carotenoids, and alpha-tocopherols also protect free radicals (Ravisankar et  al. 
2015). Superoxide dismutase is an important antioxidant enzyme that dismutase 
superoxide radicals to produce H2O2 as part of defense strategy against free radi-
cals’ toxicity. Superoxide dismutase (SOD) is divided on the basis of metal cofac-
tor: Copper and zinc are the cofactors of Cu/Zn SOD, manganese is the cofactor of 
Mn-SOD, and iron is the cofactor of Fe-SOD, which are present in the mitochon-
dria, chloroplast, peroxisomes, and cytosol. Catalases scavenge hydrogen peroxide 
(H2O2) during the fatty acids oxidation and play a role in the photorespiration pro-
cesses under abiotic and salt stresses. Catalase enzyme is essential for the detoxifi-
cation of ROS because it possesses the ability to directly convert hydrogen peroxide 
into water and carbon dioxide. Catalase has the highest turnover rate of any enzymes, 
converting six million H2O2 molecules into H2O and carbon dioxide every minute 
(Gill and Tuteja 2010; Ighodaro and Akinloye 2018). Catalase activity decreases to 
varying degrees under salt stress in CAT-1, CAT-2, CAT-3, and CAT-4. The CAT-2 
activity dropped by 45 percent, while CAT-3 activity dropped by 29 percent 
(Yamashita et al. 2007).

Ascorbate peroxidase (APX) serves the identical role of catalase, but instead of 
employing ascorbate as a reductant and catalase as the elimination of H2O2. APX 
can be found in the stroma and thylakoid, the microbody that includes peroxisomes, 
glyoxysomes, the mitochondria, and cytoplasm. Stromal APX, cytosolic APX, and 
mitochondrial APX are the different types. After salt stress, several studies found an 
excess in ascorbate peroxidase activity in plants like cotton, pea, and rice. Therefore, 
ascorbate peroxidase activity is reduced in halophytes and mangroves (Shackira and 
Puthur 2017). It has also been reported that greater MDAR activity in transgenic 
tobacco contributes to greater tolerance to salt and osmotic stresses. Ascorbic acid, 
a polar antioxidant, is found in plant tissues with meristem and photosynthetic cells 
(Gallie 2013). The NADPH-oxidized reaction of oxidized glutathione is catalyzed 
by the glutathione reductase enzyme. When comparing salt-stressed plants to con-
trol plants, glutathione reductase activity was identified to be higher in the aerial 
parts of plants that are under stress conditions (Pessarakli et al. 2015).

4 � Conclusion and Future Perspectives

About 20% of crop yield is lost due to abiotic stress. Salinity stress in soil affects 
plants through oxidative, osmotic, and ionic stress. Increased concentration of salt 
in the soil has several negative results on the morpho-physiological parameters of 
the crop plants. Salinity stress hampers plant growth and germination at every 
developmental stage because salt stress affects protein synthesis, photosynthesis, 
and respiration. Salt tolerance mechanisms are via vacuole, sodium and potassium 
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discrimination, osmotic adjustment, and salt inclusion and exclusion. The applica-
tion of different mechanisms like salt tolerance through genetic diversity, cellular 
mechanisms, use of osmoprotectants and different osmolytes, ionic homeostasis, 
hormonal regulation, and antioxidant defensive mechanism is also discussed. It is 
concluded at the end of this chapter that despite various indices for the tolerance 
mechanisms against salinity stress, none of these can be a specific index in deter-
mining the level of tolerance against salt stress. In fact, all indices might be manda-
tory but are not abundant; therefore, further research is required for determining the 
efficient criteria for every plant species.
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Chapter 19
Mechanisms and Approaches of Enhancing 
Drought Stress Tolerance in Crop Plants

Nono Carine Temegne, Esaïe Tsoata, Godswill Ntsomboh-Ntsefong, 
Atabong Paul Agendia, Francis Emmanuel Ngome, and Emmanuel Youmbi

Abstract  Human accomplishments have been implicated in activating global 
warming, producing drought, which affects crops. Crops are more vulnerable to 
drought, and as a result, production is diminished. Producing varieties adapted to 
sustainable agriculture, in particular those more resilient to drought, is a challenge 
for geneticists. Based on a characterization of the climatic risk, a multidisciplinary 
approach combining ecophysiology and genetics can help define varietal ideotypes 
combining adaptive characters, which can be utilized in breeding. Selection aimed 
at better adaptation to water deficit relies both on the existence of natural diversity 
or diversity generated by hybridization and on the implementation of screening tests 
for adaptive traits. To reduce the impacts of water starvation on crops, it is also 
imperative to find a response machinery of crop drought tolerance. This mechanism 
comprises morpho-physiological, biochemical, cellular, and molecular processes. 
Enhancement of the architecture of roots, arrangement of leaves, osmotic equilib-
rium, relative H2O content, and adjustment of stomata are reflected as the most 
important traits of water deficit tolerance in crops. Signaling and reactive oxygen 
species are vital machineries to cope with water starvation through Ca2+ and plant 
hormones. Microorganisms (fungi, bacteria) have a key function in improving 
drought tolerance. The transgenic techniques and exogenous substances are also 
vital for increasing drought tolerance.
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1 � Introduction

Climatic modification is a significant defy, which menaces the durable production 
of grain cereals. It generates several abiotic constraints as drought. Drought affects 
about 1.43 billion people in the world (The World Bank 2021). It is the main limita-
tion of agricultural production. The overall reduction in the volume of rainfall can 
schematically result either from a diminution in the duration of the raining period, 
or from the more frequent occurrence of episodes when the rain is lacking through-
out the cycle (Lacape et al. 2015). It is commonly accepted that climate modifica-
tion is escorted by augmented menaces in rapports to inter-annual changeability and 
the occurrence of risky climatic happenings. The effects of epochs of drought on 
harvests vary according to the plants, particularly in their mode of development and 
reproduction, for example, critical stages of sensitivity differentiated between plants 
with continuous growth on one hand and cereals on the other hand (Lacape et al. 
2015; Sandhu and Kumar 2017). Drought, whether episodic, sporadic, or perma-
nent, is strongly linked to the loss of crop yield. Studies, carried out at the level of 
the plant, make it possible to understand the different strategies implemented during 
water deficit.

The mechanisms used by plants to adapt to drought can change with environ-
mental conditions. Similarly, genotypes deemed to be tolerant may present different 
mechanisms of adaptation to water deficit. Water deficit tolerance mechanisms 
comprise the physiology of physical stature and biochemical, cellular, and molecu-
lar processes. Improved knowledge of crop water deficit mechanisms is provided by 
numerous research studies on water deficit carried out crosswise organizations on 
plant roles, plant breeding, molecular genetics, biotechnologies, and cell and molec-
ular biology. They have aided researchers to plan better approaches to diminish crop 
return losses during water deficit period. These comprise several essential agro-
nomic characters linked to water deficit resistance, the quantitative trait loci (QTL) 
identification for return in water deficit conditions, marker-assisted pyramiding of 
genetic areas, which raise harvest in water deficit period, improvement of proficient 
practices for genetic modification, entire sequencing, gloss of genomes, and syn-
tonic researches (Sandhu and Kumar 2017).

2 � Selection of Crops Tolerant to Water Deficit 
and Genetic Breeding

2.1 � Plant Adaptation Mechanisms

Screening of cultivars and diffusion to producers of enhanced cultivars that are more 
suitable appear to be an appropriate solution simple to implement and diminish the 
influence of water starvation. This response by the “seed” must most often be rea-
soned in combination with an action on the technical itineraries and the conduct of 
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the culture. In cultivated plants, the adaptive response to drought is classically 
described as involving three key approaches (Blum 1988):

•	 Escape by adjusting the growth cycle. The water deficit escape tactic assembles 
mechanisms permitting crops to achieve their cycles before land and crop drought 
occurs. Mechanisms supporting developing plasticity, fast morphological 
growth, and redeployment of preanthesis osmolytes to generative plant’s struc-
tures permit crops to escape water deficit.

•	 Avoidance matches the crop’s capability to evade dehydrating, classically by 
monitoring H2O loss or preserving its absorption. Drought avoidance stratagem 
assembles mechanisms permitting crops to preserve moderately great tissue H2O 
potential notwithstanding H2O deprivation. Machineries for enhancing H2O 
uptake, H2O storing in cell, and reducing H2O damage favor water deficit evad-
ing. This comprises, amid further machineries, augmented asset in roots, 
restricted leaf surfaces via coming loose of elder foliage, rolling of leaves, fruit 
production, and cuticles of leaves and stomatal closing.

•	 Tolerance or ability of the plant to overcome a deterioration in its hydric state 
(avoidance of dehydration), for example, by osmotic adjustment. The water defi-
cit tolerance stratagem assembles mechanisms permitting crops to fight drought 
through mediocre cell H2O potential. The crops’ reply to cell drought governs 
their level of water deficit resistance. Growth of the effective antioxidant com-
plex and preservation of turgor via osmotic regulation are amid the machineries 
permitting water deficit resistance.

2.2 � Suitable Parent Selection

The pilot and essential phase of breeding programs implicates the selection of 
appropriate parents (donors). This selection from a great germplasm collection is a 
fundamental phase. The usage of a particular parent with exceptional features for a 
precise milieu might be conducted for the achievement of cultivars and feature 
improvement programs (Sandhu and Kumar 2009). The maximum of the old-
fashioned parent have numerous unwanted characteristics and consequently are not 
appropriate for immediate utilization in breeding programs. Rice, for example, has 
unwanted traits like high crop height, weak harvest potential, and poor grain quality. 
However, they have a required water deficit resistance feature. Contrarily, new rice 
cultivars have appropriate characteristics like great harvest, medium height, and 
good grain type, but they are water deficit susceptible (Sandhu and Kumar 2009). 
Breeding for a chosen feature to acquire novel gene combinations needs the utiliza-
tion of genetic variation, which is present in old-fashioned cultivars carrying wanted 
features and newly enhanced cultivars with great harvest potential (Ashraf and 
Akram 2009).
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2.3 � Toward Adaptation Trait Identification

Yield, an integrative feature at the crop and plot scales and over time, generally 
reveals feeble heritability and significant genotype×environment interaction com-
ponents. It is therefore indispensable for breeding to decompose yield into individ-
ual components that are simpler, more heritable, and can be utilized as selection 
tests that means more facile to evaluate than field yield, by correlation with it, and 
can be implemented on huge numbers. In function of varieties, the machineries 
implicated, or the scales of observation, different physiological traits are suggested 
for application in screening characterizations comprising general indicators (stress 
indices, rolling leaves, etc.), traits related to photosynthesis and gas exchange, water 
intake and efficiency of utilization, H2O status parameters, and osmotic balance 
(Lacape et al. 2015; Tsoata et al. 2016). Iqbal et al. (2021) stated that improved root 
architecture, structure of leaves, osmotic adjustment, H2O relative content, and reg-
ulation of stomata are looked at as the most important characteristics of drought 
tolerance crops. Additionally, signaling and ROS are vital machineries for surviving 
dryness through Ca2+ and plant’s hormones like abscisic acid (ABA) and brassino-
steroid. Belowground organisms, like fungi and bacteria, have a crucial function in 
enhancing drought tolerance. The amount of distinguishing loci, transgenic 
approaches, and the usage of osmoprotectants are too essential for increasing 
drought resistance.

The creation of varieties that perform better in drought conditions requires the 
implementation of multidisciplinary methods. It is found on the evaluation of 
genetic changeability for harvest in drought circumstances or for the physiological 
characteristics implicated, within a support plant material. In marker-assisted selec-
tion (MAS) methods, plant material (segregating populations or diverse genetic 
resources) is subject to simultaneous characterization of genotype using DNA and 
phenotype markers (in stressed versus unstressed conditions). The link between the 
two characterizations makes it possible to identify the regions of the genome 
involved, or QTL, and to select the progenies indirectly. Current advances in molec-
ular biology and genomics allow a significant modification of scale in terms of 
genetic dissection of characters, making it possible to analyze the variation in the 
expression of thousands of genes in large numbers of individuals’ underneath stress 
(Blum 2011). When candidate genes are recognized, genetic transformation repre-
sents a possible way to verify the effect of genes, or even to mature merchantable 
transgenic cultivars (Varshney et  al. 2011). Although such approaches, MAS or 
genetic transformation, applied to the improvement of plant tolerance to biotic and 
abiotic constraints are now widely developed by private sector seed companies, the 
known examples of applications are still few in number (Lacape et al. 2015).
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3 � Breeding for Improved Tolerance to Water Deficit

Several research structures have dedicated 10–30 years and more to mature drought-
resistant varieties via traditional and modern techniques linked to secondary traits 
(Table 19.1), and examples include International Maize and Wheat Improvement 
Center (CIMMYT), International Crops Research Institute for the Semi-Arid 
Tropics (ICRISAT), and International Rice Research Institute (IRRI) (Mondal et al. 
2020; Srivastava et al. 2022). Water deficit replies in crops are multifaceted physi-
ological and biochemical processes and imply modifications in anatomical struc-
tures (Tsoata et al. 2016, 2017). These features are controlled by groups of genes in 
the genome. It is indispensable to find drought-related genes or proteins. An assort-
ment of drought response-related proteins (OsMYBR57  in rice), phytohormonal 
regulators (salicylic, jasmonic, and abscisic acids, ethylene, auxin, gibberellin, 
brassinosteroids, peptide, etc.), signaling genes, and protective enzymes participate 
to drought resistance in crops (Yang et al. 2022a, b).

Breeders should emphasize these features when selecting drought-tolerant plant 
cultivars. Wild species of selected plants like tomato, chili, pumpkin, and onion can 
be used to create drought-tolerant cultivars. Further tools that are able to be used for 
drought breeding comprise concealing, marker-assisted selection (simple sequence 
repeat, cleaved amplified polymorphic sequences, single nucleotide polymor-
phisms, etc.), plant modification, phenotyping, and conventional breeding methods 
(Kumar et al. 2022). Advanced methods like RNA interfering, grouped constantly 
interspaced small palindromic replications, or transgenic gene silencing offer an 
enormous possibility for misuse (Rajput et al. 2021). So, climate-resilient breeding 
is the time required and should be made possible by establishing appropriate meth-
ods rendering to the requisite of drought conditions.

Identification of genomic regions participating in drought tolerance aids in 
developing cultivars adapted to rain-fed areas via marker-assisted breeding. Selamat 
and Nadarajah (2021) found it in rice. Marker-assisted backcross breeding (MABB) 
has allowed novel chances for the introgression of regions governing drought resis-
tance via cautious QTL identification and adequate mapping works. Selection for a 
well-built root system could increase water deficit resistance in rice, and these char-
acteristics could be fruitfully transferred to popular cultivars by MABB. Therefore, 
MABB was carried out to introgress root feature QTLs from a deep-rooted, drought-
tolerant japonica cultivar, CT9993, into common cultivars. These QTLs for basal 
root thickness, grain returns, and root tensile strength on chromosome 4 and pene-
trated root thickness on chromosome 9 of CT9993 were introgressed into the com-
mon cultivars by crossing and the offspring were carefully chosen for forefront 
analysis by the QTL flanking markers.

19  Mechanisms and Approaches of Enhancing Drought Stress Tolerance in Crop Plants
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4 � Morphological Mechanisms to Water Deficit Adaptation

4.1 � Root Morphology and Plasticity in Relation 
to Drought Resistance

The root system fixes the crops in the land and gets H2O and minerals from the 
rhizosphere and regulates lateral root emergence. Roots adjust their configuration in 
reply to water deficit to upsurge infiltration, sharing, and interaction with the land 
for enhanced H2O and nutrient uptake (Rongsawat et al. 2021). These adaptations 
guarantee required nutrition and H2O uptake, upholding crop physiological func-
tions, and production throughout water deficit. Numerous works were carried out on 
relationships amid root characters and crop outputs under water deficit. Pinpointing 
these characteristics in diverse crops in reply to water deficit will help in the selec-
tion of water starvation-resistant varieties.

Fonta et al. (2022) stated that the malleability of root phenotypes in Azucena 
cultivar (vs IR64 cultivar) participates to its water deficit resistance by decreasing 
the metabolic fee of land exploration and enhancing the effectiveness of H2O 
transportation.

The basic function of abscisic acid is to change the root system, its development 
shape, and restraint its development. So, ABA-lacking mutants (aba2-1 and aba3-1) 
show an improved level of lateral root emergence (Deak and Malamy 2005). 
Fascinatingly, ABA insensitive (abi4) demonstrates an improved no. of lateral roots 
(Quiroz-Figueroa et al. 2010). Consequently, as a substitute for abscisic acid rates, 
abscisic acid gesturing is too implicated in lateral root formation. ABA is implicated 
in preserving root meristem and root growth. Drought controls root cell integrity 
and elongation by checking respiratory burst oxidase homolog gene expression 
through ROS oozes (Zhang et al. 2014).

4.2 � Microorganisms and Tolerance to Drought

Rhizobacteria liberate substances like plants hormone (ACC deaminase, auxins, 
cytokinin, ethylene), volatile compounds (acetic acid), siderophores, osmolytes 
(sugars, proline, amino acids), and exopolysaccharides, which enhance crops 
drought tolerance by maintaining higher land dampness content (Shoaib et  al. 
2022). Exopolysaccharides secreted by Azotobacter sp., Bacillus sp., Klebsiella sp., 
Paenibacillus sp., Pseudomonas sp., and Sphingomonas sp. facilitate land water 
conservation and porousness, rise land aggregation, create a protective capsule 
around roots, and enhance water and nutrient uptake during the water deficit period 
(Costa et al. 2018). Butanediol produced by P. chlororaphis mediated stomatal clos-
ing in Arabidopsis (Cho et  al. 2008; Shoaib et  al. 2022). Cytokinin exsuded by 
P. fluorescens improved drought response on Solanum lycopersicum L. (Mekureyaw 
et al. 2022).

19  Mechanisms and Approaches of Enhancing Drought Stress Tolerance in Crop Plants
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Arbuscular mycorrhizal fungi (AMF) raise H2O deficit tolerance and decrease its 
vulnerability through enhancing H2O, P-uptake, soil-C, and photosynthetic rate; 
extending the land rhizosphere via extra radical hyphae; improving soil stability via 
glomalin secretion, which favors soil aggregation; and augmenting apoplastic H2O 
transportation and root hydraulic conductivity (Smith and Read 2010; Tsoata et al. 
2015; Temegne 2018; Verbruggen et al. 2021). Furthermore, they sporadically con-
trol lateral root development like in Citrus limon L. (Liu et al. 2022). AMF impact 
root hydraulic characteristics and improve crop water deficit tolerance by monitor-
ing the gene, which controls plasma membrane proteins (PIP). So, in common bean, 
AMF were intensely linked to the PIP2 protein control and diminished hydraulic 
conductivity underneath drought (Aroca et  al. 2007). AMF surge antioxidant 
enzyme actions, decreasing oxidative stress under water deficit, like bringing more 
H2O2 effluxes of the tap and lateral roots of Bitter orange (Huang et al. 2017).

5 � Physiological Mechanisms to Water Deficit Adaptation

5.1 � Stomatal Closure

Stomatal closure occurs a few minutes subsequently crop sensitivity of a drought. 
Stomata are tiny apertures in the epidermis of crop shoot, constituted of guard cells 
and the turgor state that regulates the pore size (Xu et al. 2022). They permit crops 
to enhance gas exchanges (carbon dioxide, oxygen, and H2O vapor) with the air 
reliant on the environmental surroundings. In drought, the decrease in H2O loss by 
transpiration linked to stomatal closing allows crops to maintain their H2O equilib-
rium. Nonetheless, this helpful influence derives at the expense of a decrease in the 
entry of carbon dioxide in the leaves and an upsurge of temperature of leaves, since 
the extra sun energy eliminated through open stomata below ideal irrigating milieus 
is no longer dissipated. In low carbon dioxide/oxygen ratio and leaf warming, pho-
torespiration is favored at the outlay of photosynthesis leading to a reduction in 
carbohydrate production (Zhou et al. 2007).

Physiological procedures that control stomata role have been determined. They 
include complex relations with external and internal elements. Abscisic acid is 
closely involved in monitoring the aperture and closure of stomata in reply to modi-
fications in cell water status, while it is still not clear by what means cell H2O short-
age provokes ABA synthesis. The pointer might be a weakened pressure of cells, 
membrane changes, solute contents, or cellular barrier pressure (Muhammad 
et al. 2022).

In guard cells of stomata, abscisic acid is accountable for the upsurge in the cal-
cium concentration that stimulates membrane anion canals and vacuolar potassium 
canals. The anion canals permit the discharge of anions out of the cells (Cl−, NO3

−), 
while the vacuolar potassium canals discharge the vacuolar potassium in the cyto-
plasm. This leads to a plasma membrane depolarization that neutralizes 
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inner-rectifying potassium (potassium in) canals, stimulates outward rectifying 
potassium (potassium out) canals, and conducts potassium efflux out of the guard 
cells. The anions efflux and potassium from guard cells participate to damage guard 
cell turgor that conducts to the closing of stomata. Abscisic acid deters the H+/
ATPases, the potassium in canals, and the importation of chloride, malate, and 
nitrate in the cytosol that are the machineries implicated in the stomatal aperture 
(Kim et al. 2010).

Apart from ABA, other plant hormones like auxin, brassinosteroids, ethylene, 
gibberellin, jasmonic acid, salicylic acid, or cytokinins are implicated in this 
machinery over a multifaceted interaction with ABA gesturing path. Jasmonate and 
brassinosteroids were revealed to bring stomatal closing and deter stomatal aperture 
underneath drought (Wang et al. 2021a, b; Iqbal et al. 2021; Xu et al. 2022).

Non-stomata restrictions might be as well implicated in the reduced photosyn-
thesis level perceived underneath drastic drought. They principally relate to the 
reduced synthesis of the enzymes implicated in C incorporation and photophos-
phorylation in low humidity environments (Bota et al. 2004) and to lesser circula-
tion of carbon dioxide through the mesophyll of leaves. A polemic exists on whether 
drought reduces photosynthesis principally via stomatal closing or via metabolic 
weakening (Bota et al. 2004). The efforts to reply to this query first of all displayed 
that the weakening of the Calvin cycle does not restrain photosynthesis until that 
water deficit is extremely drastic. Furthermore, the relative cell H2O content at 
which a photosynthetic metabolism is reduced will be intensely specie reliant on 
(Bota et al. 2004). Crassulacean acid metabolism and C4 crops specifically have 
settled machineries to enhance their photosynthetic machines underneath short H2O 
availability in comparison with the C3 crops (Hamim 2005).

5.2 � Defense Against Oxidative Damages

In drought, crop submission to sunlight intensity surpasses their ability of carbon 
dioxide absorption below low stomatal conductance that conducts to an extreme 
ROS secretion. The PS (photosystem) II action is decreased to match an existing 
carbon substrate when the carboxylation is reduced. The surplus of electrons from 
the photophosphorylation electron sequence is relocated to carbon dioxide at PSI in 
the Mehler reaction, conducting the liberation of ROS like O2

− and H2O2 inside the 
chloroplasts. Moreover, an improved oxygenase activity of the RuBisCO enzyme 
underneath drought leads to ROS liberation inside the peroxisomes (Apel and Hirt 
2004). ROS is able to engender main oxidative troubles in crops, and their harmful 
impacts comprise DNA deterioration, amino acid, protein oxidation, and lipid per-
oxidation. They disrupt cellular membrane and enzymes, disturbing the roles of 
cells. Therefore, crop endurance underneath drought is determined by an increase in 
a proficient antioxidant system, with enzymatic (superoxide dismutase, catalase, 
ascorbate peroxidase, etc.) and non-enzymatic (amino acid, pigments, and polyphe-
nols) constituents (Muhammad et al. 2022; Apel and Hirt 2004).

19  Mechanisms and Approaches of Enhancing Drought Stress Tolerance in Crop Plants
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5.3 � Osmotic Adjustment

To reduce water loss, crops can dynamically gather organic composites (osmopro-
tectants); it is the osmotic adjustment. Osmoprotectants are very soluble with weak 
molecular weight and non-noxious in great cytosolic contents. They comprise a 
large assortment of compounds that hinge on the type of drought, the crops, and the 
cultivars. Proteins and amino acids (aspartic acid, proline, etc.), quaternary amines 
(glycine betaine, alanine betaine, etc.), polyols and sugars (D-pinitol, mannitol, 
etc.), organic acids (malic acid, citric acid, etc.), hydrophilic proteins (LEA, heat 
shock proteins, etc.), and ions (Ca2+, K+, Cl−, etc.) are among the crop osmoprotec-
tants (Wang et al. 2004; Tunnacliffe and Wise 2007).

Osmoprotectant permits cell to lessen their osmotic potential, so preserving H2O 
consummation and cellular turgor underneath drought. These molecules safeguard 
the proteins, the cellular membranes, and the metabolic mechanism to fight dryness, 
by cooperating with H2O and avoiding harmful interactions of molecules (Sanders 
and Arndt 2012).

6 � Molecular Mechanisms to Water Deficit Adaptation

Three main groups of molecular mechanisms of drought adaptation are well-known: 
mechanisms implicated in signal detecting and transduction, those implicated in 
transcriptional regulation, and those implicated in protection machineries, compris-
ing osmotic adjustment, drought-responsive gene expression, protein and mem-
brane defenses, and H2O and ion uptake (Fig. 19.1).

6.1 � Signal Detecting

To have suitable physiological and molecular replies, crops need to perceive the 
drought via particular receptors like AHK1/ATHK1 osmosensor (Tran et al. 2007) 
and ABA receptors (Table 19.2).

6.2 � Signal Transduction

After discernment of drought signal by membrane receptors, secondary messengers 
(Ca signals, ROS, proteins kinases, protein phosphatases) are implicated in the ges-
ture transduction to the cytosol and nucleus.

Ca is one of the most essential secondary messengers in reply to extracellular 
incitements in crops. It has a vital function in drought signaling. The Ca2+ content in 
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Fig. 19.1  Crop molecular reactions to drought. ABA: Abscisic acid, bZIP: basic leucine zipper 
domain, DSP: desiccation stress protein, GlyBet: glycine-betaine, HSF: heat shock factors, LEA: 
late embryogenesis abundant, MAP: mitogen-activated protein, MYC/MYB: murine c-myc/murine 
c-Myb proteins, RAB: Ras-associated binding proteins, SOD: superoxide dismutase. Adapted or 
modified from Wang et al. (2003), Albert (2017), and Muhammad et al. (2022)

the cell is well-adjusted by the existence of Ca2+ similar to vacuoles, endoplasmic 
reticulum, mitochondria, and cell walls. In reply to drought, the Ca2+ canals sited in 
the vacuole and endoplasmic reticulum are stimulated by abscisic acid via the inter-
mediary of the secondary messenger inositol-1,4,5-triphosphate (IP3), conducting 
to the Ca2+ discharge in the cytoplasm. The Ca2+ is able to be returned back to the 
vacuoles and ER via the stimulation of the Ca2+ATPase and H+/Ca2+antiporters when 
the cell’s environment becomes ideal again.

The disparities in the Ca2+ cytoplasmic content are well-known by Ca2+-sensors 
or Ca2+-binding proteins that are principally calmodulins, calmodulin-like proteins, 
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Table 19.2  Selected genes/transporters for enhanced drought resistance via controlling ABA 
signaling way in crops

Receptors/genes /
transporters Roles Plants References

VaPYL4 Improved survival rate, fresh weight of 
seedlings and siliques, POD

Arabidopsis Ren et al. 
(2022)

MdPYL9 Increased photosynthetic rate, RWC Malus 
domestica

Yang et al. 
(2022a, b)

TaPYL4 Enhanced growth features, regulated (+) 
stomata movement, osmoprotectant 
biosynthesis, and root architecture

T. aestivum L. Zhang et al. 
(2022)

ZmbZIP33 Augmented chlorophyll concentration and 
root length

Arabidopsis; 
Zea mays L.

Cao et al. 
(2021)

AtSAUR32 Involved in the abscisic acid mediation 
gesture transduction

Arabidopsis He et al. 
(2021)

AtBBD1 Augmented proline concentration Arabidopsis Huque et al. 
(2021)

OsMADS23 Promoted ABA and proline biosynthesis O. sativa L. Li et al. 
(2021)

SIGRAS4 Modulated ROS homeostasis S. lycopersicum Liu et al. 
(2021)

OsSWEET13 Raised the sucrose concentration in leaf 
and root tissues and in phloem sap

O. sativa L. Mathan et al. 
(2021)

DcABF3 Enhanced stomatal density, root length, 
and germination percentage

Arabidopsis Wang et al. 
(2021a, b)

GmCIPK2 Improved drought resistance and hairy 
roots

Arabidopsis,
Glycine max

Xu et al. 
(2021)

RWC relative water content, POD peroxidase

calcineurin B-like proteins, and Ca2+-dependent protein kinases (CDPK). These Ca 
sensors can bring the manifestation of drought response genes (Tuteja and 
Mahajan 2007).

The ROS are unmistakably implicated like 2nd messengers amid drought recep-
tors and the downstream gesturing cascade. While Ca2+ gesturing is mainly regu-
lated in crops by packing and discharge, ROS gesturing is regulated by secretion 
and scavenging. Two diverse loops are stated to be implicated in the ROS gesture 
transduction path. A common protection reply is able to be stimulated to delete 
ROS; however, a step-up reply can be stimulated to improve ROS gestures through 
the NADPH oxidases action, which can dynamically produce H2O2 (Kwak et al. 
2003; Muhammad et al. 2022). H2O2 can be like ROS implicated in the drought-
reply gesture transduction ways, due to its relatively steady configuration and its 
readiness to diffuse from one cell part to another. The identified downstream actions 
controlled by H2O2 are Ca2+ deployment via stimulation of Ca2+ porous canals in the 
plasma membrane, protein phosphorylation via MAPK/CDPK cascades, and gene 
control (Chen et al. 2021; Mansoor et al. 2022).

Protein kinase is implicated in catalyzing the phosphorylation of other proteins 
corresponding to the addition of a PO4

3− ion. On the contrary, protein phosphatase 
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catalyzes the dephosphorylation of protein that signifies the subtraction of a PO4
3− 

cluster through hydrolysis. Phosphorylation/dephosphorylation machineries are 
implicated in the stimulation and deactivation of enzyme action and in controlling 
protein–protein exchanges inside gesturing nets. Among kinase proteins, CDPK-
stimulated MAPK and sucrose non-fermentation 1-related kinase (SnrK) (Chen 
et al. 2021; Mansoor et al. 2022) were stated to be implicated in the transduction of 
drought gestures from the plasma membrane to the nucleus. The MAPK protein is 
implicated in a controlling cascade constituted of principally three mechanisms, a 
MAPK kinase kinase, a MAPK kinase, and a MAPK, linked to everyone further via 
events of phosphorylation (Chen et al. 2021; Mansoor et al. 2022). SnrK proteins of 
clusters 2 and 3 have an important function in the abscisic acid signaling path via 
their contribution to the inhibition of the H+ATPase and in the stimulation of anion 
and K+ in canals implicated in stomatal closing machinery (Chen et  al. 2021; 
Mansoor et al. 2022). Among phosphatase proteins, two clusters are generally char-
acterized in collected works and termed conferring to their capacity to bind particu-
lar proteins rests: serine/threonine protein phosphatases and tyrosine-specific 
protein phosphatases. Many phosphatases, among the tyrosine-specific protein 
phosphatase, are implicated in the abscisic acid signalization path (Schweighofer 
et al. 2004).

6.3 � Transcriptional Regulator

Crop genomes hold numerous transcription factors, and the majority have their 
place in limited vast multi-gene groups. Single affiliates of an identical group fre-
quently reply in a different way to numerous abiotic stress stimuli (drought); none-
theless, many stresses reactive genes might distribute the identical transcription 
factors since significant overlays amid the drought signaling pathways. Naturally, 
the transcription factors implicated in reply to drought are well-known conferring to 
their sensitivity to abscisic acid, describing two kinds of transcriptional paths, the 
abscisic acid facilitated paths and the non-abscisic acid facilitated paths; however, 
there are proofs for multifaceted cross-talk amid sorts of paths (Golldack et al. 2014).

6.4 � Genes Induced in Reaction to Drought

Important analogous studies of gene expressions were piloted in crops by the 
improvement of the cDNA microarrays and the RNA sequencing expertise, permit-
ting the selection of genes diversely overexpressed in reply to drought in wheat 
(Chu et al. 2021). Certain of these genes were analyzed in reverse genetic research 
studies to clarify their role; however, a huge number of genes still have unidentified 
roles. Three main gene families defined in collected works for their participation in 
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reply to drought are heat shock and molecular chaperon proteins, LEA and dehy-
drins, and aquaporins. Nonetheless, as drought disturbs cell growth and prime and 
secondary metabolites, several other genes have their manifestation adjusted under-
neath drought conditions.

The inactivity of proteins and enzymes is typically produced in crops exposed to 
drought. Upholding proteins in their serviceable conformations, averting the accu-
mulation of denatured proteins, and rejecting worthless peptides are vital. It is the 
function of the molecular chaperones, specifically the heat shock proteins (HSPs) 
that are up-controlled underneath drought. Among the five main families of HSPs, 
the small HSPs are the most predominant in crops. Combined with their participa-
tion in membrane and protein defense, HSPs cooperate with numerous signaling 
compounds and with further drought response mechanisms like osmotic regulation 
and depollution machineries. Cross-talk machineries with HSPs, chaperon proteins, 
and other drought-reactive machineries will be discovered to make available a more 
comprehensive understanding of crop reply to drought (Wang et al. 2004).

LEA and dehydrins are proteins significantly produced in reply to drought for the 
duration of the last phase of embryogenesis in dehydrated kernels. Their roles are 
still generally unidentified. It was proposed that they might be implicated in binding 
H2O, ion requisitioning, macromolecule, and membrane steadiness (Tunnacliffe 
and Wise 2007).

Aquaporins are proteins permitting H2O and lesser neutral solutes to travel trans-
versely through cellular membranes. Conferring to amino acid sequence resem-
blance, they are grouped into four subgroups (Chaumont et al. 2005). Aquaporins 
have been presented to regulate the widespread H2O transportations from the roots 
to the leaves for the duration of transpiration flux, the transportation of solutes in the 
phloem, the closing or opening of the leaf stomata, the leaf movement, and the cyto-
solic homeostasis. They are stimulated via phosphorylation/dephosphorylation 
machineries brought by CDPK. Acid pH and free Ca2+ decrease the H2O porousness 
of the aquaporins (Albert 2017).

6.5 � Histone Changes and DNA Methylation

Following transcriptional controls via precise transcription factors, epigenetic pro-
cedures intensely impact the effectiveness of gene manifestation in reply to water 
deficit (Sun et  al. 2022). Epigenetic procedures comprise histone changes, DNA 
demethylation, and non-encrypting DNA-linked gene and transferrable component 
silencing machineries. Crucial enzymes implicated in demethylation machineries 
were described (Sahu et al. 2013). Small RNAs were as well stated to have a signifi-
cant function in epigenetic control in reply to drought through transcriptional gene 
silencing via RNA-assisted DNA methylation (Khraiwesh et al. 2010). Moreover, 
among other plant hormones, abscisic acid might be implicated in controlling epi-
genetic changes (Chinnusamy and Zhu 2009). Nevertheless, exhaustive information 
on the particular machineries, which triggered epigenetic control below disclosure 
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in the environment, is only gradually developing. Little is recognized about the 
mitotic and meiotic heritability of histone change and DNA methylation 
(Albert 2017).

7 � Biotechnologies for Enhancing Water Deficit Tolerance

Climate modification exacerbates a lesser favorable growth environment. It leads to 
an important rise in constraints generated by abiotic stresses like drought, limiting 
crop returns. Enhancement of varieties should be a path of solution. Breeding pro-
grams are presently set up to encounter novel challenges. In this situation, crop 
breeding in association with molecular biology and biotechnology presents prodi-
gious prospects for enhancement of worldwide farming. The progresses in plant 
molecular biology and biotechnology comprising tissue culture have been bearing 
up in the past.

Disentanglement of the genomes of numerous plants, the capacity to decipher 
many genetic networks below diverse conditions, and the arrival of new-generation 
sequencing tools have unlocked completely novel ways for improving the genetic 
potential of crop cultivars. Molecular marker helped breeding leads to enhanced 
cultivars in many cultivated plants via marker-assisted selection. Current develop-
ments in genomics, transcriptomics, proteomics, and bioinformatics promise con-
crete keys to improved drought tolerance. Bright usage of these tools is projected to 
help in the identification of genes and genomic areas accountable for controlling 
numerous essential characters that can be exploited for enhanced plant output and 
defense.

7.1 � Plant Cell Tissue and Organ Culture

The usage of tools of biotechnologies founded on in vitro crop tissue culture and 
genetic engineering has permitted us to address the serious difficulties of cultivated 
plant enhancement for durable farming. In vitro regeneration is a main tool in trans-
genic creation; meanwhile, progresses in molecular genetics, e.g., gene Nover 
expression, gene suppression, promoter analysis, and TDNA tagging, necessitate 
proficient modification schemes. Effective tissue culture is consequently an impor-
tant stage, necessary for the authentication and utilization of information produced 
by these great tools. Application of procedures for regeneration is consequently an 
essential prerequisite for genetic modification and other tissue culture derivative 
methods to produce diversity like somaclonal disparity, in vitro mutagenesis, dou-
bled haploid culture, and extensive hybridization (Singh et al. 2022).
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7.2 � Somaclonal Variation and In Vitro Mutagenesis

Tissue culture produces a varied sort of genetic variant in crops that may be inte-
grated into crop breeding programs. Somaclonal variance is well-definite as the 
genetic and phenotypic difference amid clonally propagated crops of a sole con-
tributor clone. Genetic differences happen in undistinguishable cells, lonely proto-
plasts, callus, tissues, and morphological characters of redeveloped crops. The 
reason for disparity is habitually credited to modifications in the chromosome num-
ber and structure. Usually, the word somaclonal variance is utilized for genetic 
instability existing amid all types of cells/crops gained from cells cultured in vitro. 
It is well-defined as genetic modifications, which ascend in vitro amid clonal regen-
erants and their matching donor crops (Leva and Rinaldi 2017). Crops redeveloped 
from tissue and cell cultures express genetic dissimilarity for qualitative and quan-
titative characters. Somaclonal disparity produced by the procedure of tissue culture 
is too named tissue culture-induced disparity to precisely delimit the activating 
milieu. The happening of unregulated and unstructured dissimilarity for the period 
of the culture procedure is an unforeseen and regularly unwanted happening when 
crops are micro-propagated at the profitable scales. Nevertheless, apart from these 
harmful impacts, its utility in plant breeding through the formation of new variants 
has been widely stated (Bhatia 2015).

The induced somaclonal disparity may be utilized for the genetic operation of 
plants with polygenic characters. The novel cultivars resulting from in vitro tissue 
culture might reveal drought tolerance and enhancement in quality and better return. 
Somaclonal variants are able to be detected utilizing numerous methods that are 
largely registered as morpho-physiological, biochemical, and molecular discovery 
methods. There are two principal methods for the loneliness of somaclonal variants: 
concealing and cell choice. Concealing implicates the scrutiny of a huge amount of 
cells or redeveloped crops for the discovery of variant entities. Modification for 
many characters may be far-off more effortlessly lonely from cell cultures than from 
the entire crop population. This is because a great amount of cells might be effort-
lessly and successfully concealed for mutant characters. Concealing several crops 
would be more problematic, normally tedious. Mutants might be efficiently chosen 
to enhance the adaptation to drought. Several works have stated that the in vitro 
culture or associated with mutagenesis, and physicochemical or biological media-
tors, might be used to upsurge genetic variability and mutants, as a possible basis of 
novel commercial varieties. In vitro culture milieus may be mutagenic and crops 
redeveloped from organ cultures, callus, protoplasts, and through somatic embryo-
genesis occasionally reveal phenotypic and genotypic disparities. It is vital to under-
line that tissue culture upsurges the effectiveness of mutagenic ministrations and 
permits the management of huge populations and fast replication of chosen variants. 
The impacts brought by the drought in the crop cultivated in vitro and in vivo envi-
ronments are similars. So, the in vitro method may be utilized as a substitute for 
farm assessments for learning the common influence of drought on crop growth and 
development. The greatest broadly utilized technique for the screening of genotypes 
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resistant to drought is the choice constraint method. This is founded on the in vitro 
culture of crop cells, tissues, or organ medium complemented by choosy agents, 
permitting choosing, and redeveloping crops using desired features (Bhatia 2015).

In vitro choice permits to gain the time necessary for regenerating drought-
tolerant lines. Mutants got from somaclonal variants may be successfully chosen for 
adapting drought resistance in several plants. Selection has been gainfully and 
broadly used for the seclusion of cell clones, which generate greater amounts of 
certain mutants. In the cell screening method, appropriate pressure is used to allow 
privileged survival or development of variant cells. Screening approaches have been 
effectively established for the salvage of genotypes tolerant against drought. When 
the screening pressure permits only the mutant cells to subsist or split, it is named 
positive screening. In negative selection, the wild-type cells split usually and then 
are destroyed by a counter-choice agent. The mutant cells are incapable to split, and 
as an outcome of that they are avoided as counter-choice agent. These cells are 
afterward saved by the exclusion of the counter-choice agent. This method has been 
carried out utilizing a number of crop material parts (callus, suspension cultures, 
somatic embryos, leaf and stem cultures, etc.) that have been selected for disparity 
in their aptitude to resist fairly great concentrations of salt in the medium of culture 
(Bhatia 2015).

7.3 � Transgenic Approaches

Transgenic methods are among the existing instruments for crop enhancement pro-
grams found on methods of biotechnologies. Currently, several machineries and 
gene groups that lead to enhanced output and adaptation to drought are documented. 
These gene groups may be used in new mixtures, expressed ectopically, or conveyed 
to plants in which they do not logically happen. Hence, the opportunity to change 
the plant accessions with genes from any biological source is a very great instru-
ment for molecular crop breeding. Achievements in genetic enhancement of drought 
have implicated the use of lone or limited genes implicated in signaling or control-
ling paths or which encrypt enzymes implicated in these paths like osmolytes or 
well-matched solutes, antioxidants, molecular chaperones or osmoprotectants, and 
H2O and ion transporters. The weakness of this method is the presence of several 
interconnecting genes implicated, and endeavors to enhance plant drought resis-
tance over the use of a single or a little of them are frequently linked with further 
frequently unwanted, pleiotropic, and phenotypic modifications. More proficient 
and reproducible regeneration and transformation methods can be established in 
main cultivated plants that are able to ease the transference of suitable genes. For the 
progress of transgenic tolerance against drought, isolation, and description of new 
genes from bacteria (Bacillus marisflavi CRDT-EB-1) and higher plants, host facili-
tated signal transduction in reply to stress, works on physiological, genetic, and 
molecular mechanisms underlying drought resistance, and identification, adequate 
mapping and cloning of genes accountable for imparting drought resistance can be 
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prolonged in future (Gowtham et al. 2021). The advancement of transgenic crops 
utilizing instruments of biotechnologies has come to be essential in drought stress 
biology. Workings on genetics and molecular methods have revealed that most of 
the drought-resistant characters are multigenic. Hence, to enhance drought resis-
tance many drought-related genes require to be transferred. Lately, the use of lone 
transcription elements has delivered a similar influence as the manipulation of man-
ifold genes. This has come to be a hopeful method to acquire drought to develop 
resistant plants.

ABA controls the adaptive reply of crops to drought through varied physiologi-
cal and developmental procedures. The abscisic acid bio-synthetic path has been 
intensely investigated, and several of the vital enzymes implicated in abscisic acid 
synthesis have been utilized in transgenic crops for enhancing drought resistance 
(Muhammad et al. 2022). Transgenic crops expressing the genes implicated in ABA 
production illustrated augmented resistance to drought (Ren et al. 2022). Likewise, 
several additional mechanisms implicated in crop defense against drought impli-
cates the up control of well-matched osmoprotectants. Their principal role is to 
preserve cellular turgor, nonetheless they are as well implicated in escaping oxida-
tive destruction and overseeing over and done with direct steadying of membranes 
and proteins. Several genes implicated in the production of these solutes have been 
identified for their prospect in engineering crop drought resistance. The usage of 
genes associated with solute production has been fruitfully utilized in creating 
drought-resistant cultivated plants, and the relocation of glycine-betaine intermedi-
ates has enhanced the water starvation-resistance of transgenic crops in several 
examples. Proline is an amino acid that happens extensively in higher plants and is 
usually amassed in huge quantities in reply to drought (Tsoata et  al. 2017). The 
osmoprotectant function of proline has been proved in many plants by over-express-
ing genes implicated in proline synthesis (Wang et al. 2022). Further methods effi-
caciously established in an assortment of cultivated plants to get drought-tolerant 
crops by transgenesis have been the use of transcription factors (TFs), late embryo-
genesis abundant (LEA) proteins, and antioxidant proteins (Tunnacliffe and Wise 
2007; Hu et al. 2022).

7.4 � Nanotechnologies for Enhancing Drought Tolerance 
in Crops

Nanomaterials are used in global positioning and geological information technol-
ogy and remote detection systems using satellite television aimed at PC imaging 
fields. They aid in assessing much localized environmental states, defining whether 
plants are developing at optimum effectiveness or pinpointing the precise type and 
position of dilemmas of crops and their environment. When a water deficit is sensed, 
an adjustment of the watering rates can be switched on immediately. Nanoparticles 
like ZnO have been established to be very effective in mitigating the impact of water 
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starvation in crops (Dimkpa et al. 2020). Carbon nanotubes have stimulated water 
transportation in dry and arid climates, improving plant biomass harvests and grain 
crop yields, comprising corn (Tiwari et  al. 2014). In addition, Ag nanoparticles 
improved the development of soybean seedlings below inundation by modulating 
the monitoring of protein attribute for misfolded proteins in the endoplasmic reticu-
lum (Hashimoto et al. 2020). Further studies are needed to investigate the function 
of nanomaterials in mitigating the harmful impacts of drought and the underlying 
mechanisms that allow crops to deal with the harsh impacts of suboptimal situations.

8 � Conclusion and Future Perspectives

Traditional breeding techniques alongside the suitable implementation of molecular 
markers for marker-assisted breeding, gene pyramiding, marker-assisted foreground 
and background selections, and latest methods of genotyping by sequencing may 
speed up the procedure of reaching improved crop cultivars in forthcoming years. 
So, information, precocity of cautionary schemes and farming of elevated yielding, 
great attribute, and drought-resistant cultivars might deliver a key to the problem of 
water deficit. Selection and introduction of appropriate characters which taper the 
break amid projected and real harvest; understanding accurate morphophysio-
molecular mechanisms of water deficit resistance; and scheming a standard screen-
ing process for a huge population might help for the growth of drought-resistant 
crops cultivars. Implementing suitable approaches might help breeders’ effort to 
create better water starvation-resistant cultivars. Conventional and marker-assisted 
breeding stratagems built on the usage of water deficit-resistant parents, and the 
advancement of appropriate plotting populations to recognize QTLs genes touching 
harvest might lead to return enhancement and steadiness during water deficit. 
Replies to drought implicate numerous genes and gene functions regulating water 
deficit resistance. The expression of water deficit resistance-associated characters 
and the network of water starvation-associated genes have been studied. The use of 
phytohormones and osmoprotectants for crop development, engineering for water 
deficit tolerance, and high-throughput new tools might be beneficial machineries in 
recognizing genes to enhance return during water deficit.
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Chapter 20
Conferring Plant Tolerance to Drought 
and Salinity by the Application of Biochar

Ayesha Batool, Maria Naqve, Muhammad Anjum Zia, Athar Mahmood , 
Sahar Mumtaz, and Muhammad Mansoor Javaid

Abstract  A variety of organic waste feedstock, such as municipal sewage sludge 
and agricultural waste, can be used to create the carbon-rich material known as 
biochar. Biochar has gained popularity owing to its unique properties, which include 
stable structure, cation exchange capacity, a sizable specific surface area, and high 
carbon content. With different types of feedstocks, biochar possesses different phys-
iochemical characteristics. Pyrolysis, hydrothermal carbonization, and gasification 
are the basic methods used frequently to produce biochar. Biochar can be remolded 
by gas purging, acid, steam, alkali, carbonaceous material, oxidizing agent, and 
metal ions. The environmental application fields determine the modification tech-
niques to use. It is crucial to investigate the biochar’s impact on soil microbes in 
order to identify the main reason for increased soil fertility under different soil and 
feedstock conditions. The emission of polycyclic aromatic hydrocarbons (PAHs) 
and heavy metals into the environment needs to be considered when using biochar 
to remediate the environment. Due to its numerous distinctive qualities, biochar is 
an effective, economical, and sustainable material to combat stress-induced toxicity 
in plants.
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Keywords  Biochar · Plant stress · Pyrolysis · Feedstock · Hydrothermal 
carbonization

1 � Introduction

The carbon-rich product, also known as biochar, is created from organic feedstock 
using specific thermal combustion techniques and little oxygen (Joseph et al. 2010; 
Mahmood et al. 2022). Two most commonly used organic wastes that can be uti-
lized as feedstock are agricultural waste and municipal solid waste (Wang and Wang 
2019). Adsorption is the main technique used by biochar to eliminate organic and 
heavy metal pollutants. Biochar’s adsorption capacity is directly correlated to the 
physiochemical properties, which include cation exchange capacity, surface area, 
functional groups, and pore size distribution. However, physiochemical properties 
of biochar are dependent on the conditions of preparation (Lonappan et al. 2016). In 
general, biochar manufactured at high temperature has more carbon content because 
volume of the micropores is increased by the elimination of volatile organic com-
pounds at high temperatures (Zhang et al. 2017). However, as the temperature rises, 
the yield of biochar declined (Xue et al. 2019).

The solid by-product of biomass pyrolysis known as biochar, most commonly 
used as charcoal, has been manufactured and used for many thousand years. Biochar 
has a wide range of uses, including the generation of heat and power, the purifica-
tion of flue gases, metallurgical uses, use in agricultural and animal husbandry, 
building materials, and even medical applications. It has grown in favor in recent 
years as a replacement for fossil carbon carriers in a number of these applications in 
an effort to reduce greenhouse gas emissions (Weber and Quicker 2018).

While some of the biomass is decomposed during carbonization, a significant 
amount of its carbon content is kept. The product’s characteristics change; it 
becomes more carbonaceous and, as a result, easier to substitute in technological 
procedures (Weber and Quicker 2018). Depending on the required char characteris-
tics, feedstock and carbonization conditions are selected. Torrefaction, or pyrolysis 
at temperatures up to 300 °C, greatly enhances a number of raw biomass problem-
atic qualities. These include mechanical characteristics such as grindability (Deng 
et al. 2009). They are frequently a limiting factor in co-firing and co-gasification 
applications, which involve processing biomass using machinery intended for coal.

As a soil additive, biochar has been used to increase soil fertility and sequester 
carbon. Fast pyrolysis and gasification both produce solids with higher carbon con-
tent as a by-product, but the quality is frequently insufficient for many uses. For 
example, the solid product of gasification may contain hazardous chemicals such as 
polycyclic aromatic hydrocarbons, while chars from flash pyrolysis may frequently 
have comparably low carbon concentrations (Weber and Quicker 2018).
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1.1 � Production of Biochar

The solid by-product of biomass pyrolysis is biochar. Since several thousand years 
ago, charcoal has been manufactured and used. It can be manufactured by using 
woody feedstocks (Quicker and Weber 2016). When a fuel is thermochemically 
broken down at high temperatures without the aid of outside oxygen, this method is 
called pyrolysis. The first step in the procedure is to dry the biomass. Further heat-
ing of the particle causes the solid to release volatile compounds. These volatile 
compounds (acetic acid and methanol) can result in condensable organic com-
pounds or long-lasting gases (e.g., CO2, CO, CH4, and H2).

Cracking and polymerization are examples of subsequent reactions that can 
change the entire product spectrum in the gas phase. The three distinct products are 
tar, one or more liquid phases, solid residue, and permanent gases. Due to the com-
petition between these reactions, it leads toward dissimilar products. Depending on 
the required product of the procedure, few basic rules can be adapted in order to 
maximize the outcome of required by-product. The objective of fast pyrolysis is to 
produce liquid oil. In order to prevent the condensable volatiles from polymerizing 
into char or cracking into light gases, it is crucial to cool them as soon as they are 
released from the solid feedstock. The biomass is quickly warmed up to the reaction 
temperature within seconds. Gases are extinguished to finish subsequent reactions. 
Seventy-five percent of the dry matter in the feedstock is the liquid yield.

1.2 � Biochar Preparation

The pyrolysis states, such as reactor type, residence time, temperature, and heating 
rate, as well as the many feedstock kinds, have a notable effect on the chemical and 
physical characteristics of biochar. Slow pyrolysis, microwave-assisted pyrolysis, 
traditional carbonization, flash carbonization, and fast pyrolysis are the basic ther-
mochemical practices used to produce biochar (Xiu et al. 2017). It has been observed 
that biochar manufactured at excessive temperatures between 600 and 700 °C has 
few H and O functional groups, but shows an extreme aromatic nature with well-
orderly C layers and has little ion exchange properties because of the oxygenation 
and dehydration of biomass (Lago et al. 2021). A higher assemblage of C=C and 
C–H functional groups can be found in the biochar manufactured at lower tempera-
tures ranging from 300 to 400 °C, which is also having a variety of organic proper-
ties, comprising of cellulose-type and aliphatic structures (Ko et al. 2015). Because 
of its complicated and diverse chemical and physical makeup, biochar has signifi-
cant characteristics for pollutant withdrawal through surface assimilation 
(Rajapaksha et al. 2016).
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1.2.1 � Feedstocks

Biomass is the raw material for microwave-assisted pyrolysis and conventional 
pyrolysis. The amount of lignin, cellulose, and hemicellulose tells the amount of 
bio-oil, gas, and biochar in pyrolysis by-products. It has been observed that raw 
material having more lignin manufactures the large amount of biochar when pyro-
lyzed at average temperature of 500 °C. Consequently, the selection of pyrolysis 
raw material might be affected by the required balance between the different pyroly-
sis outcomes, that is, bio-oil, gas, and biochar. Biomass is a biological material that 
is alive or has recently been alive and has the potential to produce energy. Biomass 
is expected to get more popularity among primary energy sources in the twenty-first 
century. Due to its carbon neutrality, renewable nature, accessibility, and low sulfur 
content, biomass has the capability to act as an excellent fossil fuel replacement. 
Changing from remnant fuels to biomass as an origin of energy will help to cope 
with the current energy crisis as well as reduce pollution and global warming. 
Municipal solid waste, residues, and virgin resources are the three main types of 
biomass resources. Among the virgin resources, seeds from cereal and oil crops as 
well as forests are included. Residential or nonresidential wastes are included in 
municipal solid waste (MSW). These types of biomasses have the potential to be 
promising future energy sources with the right conversion method. Agricultural 
residues, municipal solid wastes, and forest residues are being used as a successful 
substitute for microwave pyrolysis processes.

1.2.2 � Conventional Pyrolysis

In this process of heating system, heat is transferred to biomass by an external 
source by the process of convention, radiation, and conduction. The raw materials’ 
temperature is highest at the start of this process and gradually drops as it moves 
toward the center. The moderate heating rate and the prolonged fumes residence 
hour are the two key variables in the conventional pyrolysis process (Fisher et al. 
2012). This process has been used to manufacture charcoal for a long time. The 
yield and effectiveness of this pyrolysis are influenced by a few well-known vari-
ables. These parameters are related to the pressure and moisture content of the feed-
stock (Wang et  al. 2013). The highest temperature experienced during a typical 
pyrolysis process is referred to as the “peak temperature.” According to reports, the 
fixed-content characteristics of the manufactured biochar increase as the peak tem-
perature rises. A study of the pyrolysis of various biomass raw materials, that is, 
cane bagasse, eucalyptus wood, and radiata pine (Godwin et al. 2019), revealed that 
rise in operating pressure results in the reduction of whole surface size of the char. 
A slow pyrolysis of Miscanthus produced similar results, which was reported by 
Wafiq et al. (2016). They perceived a remarkable drop in the char’s BET surface size 
from 161.7 to 0.137 m2 g−1. Researchers claim that these results are a result of the 
tar deposits obstructing the char pores under intense pressure. Recent research 
showed that high moisture content increases charcoal yields at high pressures. 
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Because of this, it is preferable to use the majority of biomass with excessive vapor 
contents for producing biochar through conventional pyrolysis (Ghodake et  al. 
2021). This pyrolysis method depends on the system’s convection current and bio-
mass thermal conductivity in addition to being relatively slow and inefficient (Foong 
et al. 2020).

1.2.3 � Microwave-Assisted Pyrolysis

Instead of just heating, microwave pyrolysis of biomass involves energy conversion 
(Fig. 20.1; Kalt et al. 2020). In this method, dielectric heating transforms electro-
magnetic energy into thermal energy (Capodaglio and Callegari 2018). Additionally, 
rather than coming from an outside source, heat is produced throughout the biomass 
in bulk. In contrast to conventional pyrolysis, feedstock’s interior temperature is 
higher than its exterior and surface temperatures. The most successful technique for 
enhancing and accelerating chemical reactions is microwave-assisted pyrolysis. 
Compared to other thermochemical processes, the chemical reactions are completed 
more quickly and efficiently due to heat transfer profile (Patel et  al. 2021). This 
technique has the advantage over other pyrolysis methods because it saves energy 
by accelerating chemical reactions and cutting down residence time.

Fig. 20.1  Schematic diagram for microwave-assisted pyrolysis from feedstock to products. (Kalt 
et al. 2020)
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2 � Plant Stress and Its Consequence

Abiotic stress is the umbrella term for any environmental factor that can restrict 
plant growth and development. Plant scientists and agronomists have been focusing 
on plant abiotic stress from last 50 years because it has threatened global food secu-
rity due to the exponential growth in human populations. Scientists started estimat-
ing crop losses caused by environmental constraints and finding out the causes of 
these losses. Numerous reports mentioning crop loss as a result of various abiotic 
stresses have been published (Van Ittersum et  al. 2013; Zandalinas et  al. 2018; 
Javaid et al. 2022). Some of these stresses have an impact on cultivated lands for a 
long time, which eventually affects crop yield and variety. Despite the fact, it is hard 
to determine the impact of abiotic stresses on agriculture lands. Mohanta et  al. 
(2017) based their findings on FAO reports, concluding that approximately 96.5% 
of agricultural land is affected by abiotic stresses globally. The estimated percent-
ages of stress contributing toward crop loss were later broken down by him (Imran 
et al. 2021). A variety of unfavorable factors such as salinity, cold, drought, and heat 
can impact both farmland plants and crop, making it a continuously changing habi-
tat (Raza et al. 2019).

Numerous pests, parasites, and pathogens can infect plants and cause biotic 
stress. Necrotrophic (kill host cells by secreting toxins) and biotrophic are the two 
types of fungal parasites that rely upon feeding on living host cells. Biotic stress 
causes different symptoms on plants, that is, plant cankers, spots on leaves, and 
vascular wilting (Markell et al. 2015). The main causes of soil-borne illnesses that 
lead to nutrient deficiencies, stunted growth, and wilting are nematodes, which feed 
on plant tissue (Khan and Sharma 2020). Similar to bacteria, viruses can harm an 
area or an entire population resulting in stunted growth and chlorosis (Garcia-Ruiz 
2019). On the other hand, insects and mites also cause harm to plants by feed or 
laying eggs there. Insects also behave as transporters of bacteria and viruses (Tanveer 
et al. 2012; Berg et al. 2017). Plants contain a progressive immune system to over-
come these stresses (Iqbal et al. 2021). Plants contain defense system in the form of 
physical barriers such as cuticles, wax, and trichomes to fight against insects and 
pathogens. Moreover, plants produce chemicals to protect themselves from patho-
gens (Ali et al. 2013; Zaynab et al. 2019).

3 � Biochar and Drought Stress

It has been widely reported that using biochar is advantageous when there is little 
water available (Ali et  al. 2017). After applying biochar, drought-stressed plants 
grew and produced more biomass. In the case of maize (Tayyab et al. 2018) and 
okra, plant height and leaf area of plant increased by biochar under drought stress 
(Zheng et al. 2021). Similar to this, adding biochar to field-grown wheat increased 
its biomass under semi-arid Mediterranean regions (Ali et al. 2017). Fruit yield and 
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quality of drought-stressed tomato plants can be improved by the application of 
biochar (Gavili et al. 2018). Adding biochar to sandy soil can improve growth of 
tomato seedlings and help to develop resistance to wilting (Mulcahy et al. 2013). 
Application of biochar to silty soil resulted in clear increase in tomato growth in 
comparison to control tomatoes (Semida et al. 2019). Tayyab et al. (2018) investi-
gated that adding biochar to sandy loam soil can enhance tomato leaf quality. After 
receiving a 1% biochar treatment from straw gasification, barley grown in coarse 
sand exhibited increased growth of shoots and roots. However, when there was a 
water shortage in sandy loam soil, the gasification of biochar had no impact on the 
growth of barley (Hansen et al. 2016). Studies show that treating plants with biochar 
under drought condition improved their capacity to produce oxygen (Gogoi et al. 
2019; Hassan et al. 2021).

4 � Biochar and Salt Stress

The increased stomatal conductance brought on by biochar is frequently linked to 
the enhanced plant growth facing salt stress. Recent research has shown that adding 
biochar to saline soils increased stomatal conductance and density in plants such as 
herbaceous plants, wheat, and tomatoes (Dahlawi et al. 2018). Roots in soil treated 
with biochar become slightly resistance to osmotic condition because of improved 
soil properties, Na+ binding, and increased soil moisture (Patel et al. 2017). Then 
roots cause reduction in the amount of ABA produced, which resulted in an increase 
in leaf growth and stomatal conductance. Biochar remarkably decreases the concen-
tration of Na+ in potato xylem sap in comparison to control potatoes, while signifi-
cantly increases the concentrations of K+ and ratio of Na+ to K+ (Akhtar et al. 2015; 
Hassan et al. 2019). Similarly, biochar resulted in decrease of Na+ uptake in lettuce 
facing salt stress (Mehdizadeh et al. 2020). In another study, the uptake of Na+ and 
K+ under salt condition is also impacted by the application of biochar in maize 
(Akram et al. 2016; Gogi et al. 2018).

5 � Addition of Biochar to Saline Soils

Addition of biochar to saline soils reportedly improves photosynthesis, biomass, 
and growth of plants. For instance, biochar that is made from hardwood and soft-
wood resulted in increased tuber yield, shoot biomass, and root length in potatoes 
facing salt stress (Ali et al. 2017). Similarly, maize grow in soils with high level of 
exchangeable sodium and soluble salts produced more biomass when rice hull bio-
char was added to the soil (Dahlawi et al. 2018).

The biochar (Fagus grandifolia pyrolyzed at 378 °C at 50 t ha−1) used in a study 
allowed herbaceous species, Prunella vulgaris and Abutilon theophrastis, to grow 
and produce more biomass when subjected to salt stress (Honermeier et al. 2013; 
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Fig. 20.2  Key role of biochar in improving soil-plant-microorganisms interactions and mitigating 
greenhouse gases. (Tayyab et al. 2018)

Thomas et al. 2013). Biochar had no apparent effect on photosynthetic carbon gain 
or chlorophyll fluorescence and WUE in both species facing salt stress. Response of 
biochar to salt condition varied depending on the type of plant. Furthermore, using 
composted biochar could increase biomass production in saline environment. In an 
experiment of field study for 2 years, PS and BPC treatments in saline soil led to 
improvements in yield of maize grains, plant height, photosynthetic pigments, plant 
density, leaf area index, and root length (Singh et al. 2020). Similar to this, when 
exposed to composted biochar, two halophyte species produced more biomass (You 
et al. 2021). The addition of biochar and soil microbes improves plant biomass and 
growth in comparison to only biochar treatments under salinity stress (Fig. 20.2; 
Tayyab et al. 2018).

6 � Conclusion

Biochar application is thought to be a method of carbon sequestration to refine the 
characteristics of soil. Manufacturing of biochar takes place by heating the organic 
waste in incomplete or full absence of oxygen and resulted into a solid waste called 
biochar. The beneficial impacts of biochar on soil’s biological, chemical, and physi-
cal properties have already been studied. Nutrient retention, improvement in soil 
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cation exchange capacity, water holding capacity, as well as increase in enzyme 
activities of soil and diversity of microbial communities are directly linked with 
biochar application. Moreover, beneficial effects caused by biochar on soil modifi-
cations are much entangled. By modifying the biochemical characteristics, physio-
logical processes, and efficiency of photosynthesis, as well as enhancing the 
activities of antioxidant enzymes in plants, biochar supplementation can enhance a 
plant’s ability to withstand abiotic stress conditions. 
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Chapter 21
Accumulation and Toxicity of Arsenic 
in Rice and Its Practical Mitigation

Asanka Tennakoon, G. A. H. Galahitigama, P. W. M. Tharindi, T. Suthajini, 
N. P. M. Abeysinghe, Salinda Sandamal, Karthika Rajendran, 
Adel A. Hadifa, Ayman El Sabagh, and Disna Ratnasekera

Abstract  Arsenic (As) poisoning in agroecosystem is a major concern globally 
because rice is a main food source for a vital community in As-polluted areas. This 
effort is notable for its thorough examination of an extensive series of topics, includ-
ing the health concerns allied with As disclosure; As sources in soil-rice systems; As 
toxicity symptoms at various stages of rice growth; As uptake, metabolism, and 
detoxification; and strategies to reduce As bioaccumulation. Moreover, significant 
efforts are being made to reduce As accumulation. The effectiveness of mitigation 
strategies has been thoroughly investigated, with a focus on soil amendments, irri-
gation management, electrokinetic remediation, exogenous application of chemi-
cals and hormones, phytoremediation, bioremediation, transgenic variety 
development, and other agronomic techniques. Furthermore, among the various 
methods currently in use, biotechnology may be a good strategy for reducing As 
accretion in rice grains. Molecular engineering could be a feasible method for iden-
tifying the genes involved in the As metabolic route in plants. Despite this, the 
majority of these novel approaches are still being researched. As a result, this study 
explores into As accessibility in paddy soil, the mechanism of plant As uptake, the 
effects on humans and plants, and remediation approaches for mitigating As 
accretion.

Keywords  Heavy metal · Phytotoxicity · Reactive oxygen species · Remediation 
technique · Oxidative stress
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1 � Introduction

Arsenic is a noxious metalloid, and highly cancer-causing substance that accumu-
lates in food chains over time and can be found in almost every region of the world 
(Wang et al. 2019; Yang et al. 2022). As accumulation in terrestrial soils is caused 
by both human and natural processes. The main human actions that lead to As accu-
mulation in soil include metal excavating and smelting, application of As-containing 
agrochemicals, food additives, and wood stabilizers (Yu et al. 2017). Exposure to 
humans causes a wide range of other acute and long-lasting health issues; namely, 
skin lesions, diabetes, cancer, and liver issues (Shrivastava et al. 2020). The primary 
source of As exposure in humans is contaminated groundwater used for drinking 
(Majumdar and Bose 2018). Furthermore, consumption of packaged foods has 
recently been shown to exacerbate this problem (Fahad et al. 2016).

Plant phytotoxicity, on the other hand, which results in abridged root expansion, 
chlorosis in leaves, shrinkage, and necrosis in aerial plant parts, etc., also poses 
concerns to human health (Carbonell-Barrachina et al. 1998). As buildup inhibits 
plant metabolic activities, develops leaves scorching, prevents root-to-shoot trans-
fer, decreases biomass accumulation, and lowers fertility and total yield (Garg and 
Singla 2011). Additionally, paddy grown in soils with higher than 60 mg kg−1 of As 
concentration show phytotoxic symptoms as poor growth, brown acnes, and burn-
ing foliage (Bakhat et al. 2017). According to reports, rice production in traditional 
paddy fields in Bangladesh decreased significantly from 7.5 to 2.5 t ha−1 as a result 
of higher As in the soil (Stoeva and Bineva 2003). When As enters the cells, it 
causes significant damage to the cells because of the production of reactive oxygen 
species (Gupta et  al. 2013). For nutrition, most people depend on rice, which is 
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grown on As-polluted paddy soils. Additionally, it has been revealed that because 
rice is grown in flooded environments, the plants can accumulate as much as many 
folds more As than crops such as maize and wheat (Shrivastava et al. 2020). As a 
result, Asia, where rice consumption is frequently higher, would have a larger risk 
of human As poisoning (Dave et al. 2013).

Several types of As are present in the environment. Paddy fields contain more As 
(III) than As (V) under flooded paddy fields conditions (Meharg and Jardine 2003). 
Organic As is generally less toxic to plants than inorganic As (Abedi and Mojiri 
2020). As availability in soil impacted by various factors, comprising but not limited 
to pH, redox potential, dissolved organic carbon, organic matter, and biotic factors). 
However, As (III) and As (V) penetrate the rice plant through distinct pathways. 
Aquaporin channels (OsPIP2;7, OsPIP2;6), may allow As (III) entry, but activation 
of phosphate transporter proteins (PHTs) may be necessary for As (V) to enter the 
roots of rice plants. Lsi1 proteins have a role in the silicic acid transport system, 
which rice plants use to absorb organic As compounds such as dimethylarsinic acid 
(DMA) and monomethylarsonic acid (MMA) (Suriyagoda et al. 2018). Some genes 
including OsPT2, OsPIP1;2, and OsPHT1;1 are also involved in this procedure of 
As translocation from the root to the shoot. Genes such as OsPTR7 and OsNPF8;1 
are crucial for DMA accumulation and translocation in rice grains (Abedi and 
Mojiri 2020).

Because As bioaccumulation poses negative health hazards to humans and other 
organisms, many approaches have been developed to minimize As accretion in the 
ecosystem and living cells. Among them, adapting agronomic approaches can be 
applied effectively (Mitra et al. 2017). Changing irrigation schedules, nutrient man-
agement, and amendment application are all highly successful on a trial-and-error 
basis (Mitra et al. 2017). Intermittent irrigation, sprinkler irrigation, and alternate 
wetting-drying (AWD) are three water management methods widely regarded as 
crucial for reducing As bioaccumulation (Upadhyay et al. 2020). The absorption 
and movement of As in paddy plants was also decreased by inorganic fertilizers 
such as S, Fe, P, and Si (Mitra et al. 2017). Soil amendments, including organic mat-
ter (Suriyagoda et al. 2018), biochar (Kamali et al. 2022), and modified biochar (Lin 
et al. 2017; Qiao et al. 2018; Irshad et al. 2022a, b), nano-based amendments (Li 
et al. 2019; Wu et al. 2020) have shown positive outcomes in reducing As buildup in 
plants. Many hormones applied to plant leaves, or foliar application, reduced As 
buildup (Ramesh et al. 2015). Microbial (Hare et al. 2017) and plant-based (Mitra 
et al. 2017) bioremediation strategies are both viable options for reducing bioaccu-
mulation in rice. In addition to these methods, many cutting-edge technologies are 
now being used. Biotechnological methods, electrokinetic remediation, and batch 
and column operations are some examples of technologies (Chen et al. 2017; Ali 
2018; Zhang et al. 2022). Their ability to reduce plant As buildup has been studied. 
The majority of these cutting-edge methods, however, are still in the research stage. 
As a result, this study delves into As’ accessibility in paddy soil, the mechanism of 
plants’ As absorbtion, the effects on humans and plants, and remediation options for 
reducing As accumulation.
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2 � Health Risk of As Exposure

Given the trend of population expansion and the increasing demand for rice, farm-
ers’ increased use of pesticides to safeguard their crops may have an impact on the 
level of trace (metalloids) in soils (Okamura et al. 2002). Trace (metalloids) con-
tamination on a paddy field has grown significantly in importance as a major envi-
ronmental problem in recent years due to its bioaccumulation in the ecosystem and 
nonbiodegradability (Hojsak et al. 2015). Trace (metalloids), one of the most dan-
gerous substances, has repeatedly been considered a potential rice contaminant due 
to the tremendous potential harm for both the environment and human health 
(Hojsak et al. 2015). In nature, organic and inorganic trace elements (metalloids) are 
two distinct categories (Hite 2013). Inorganic As poses a greater threat than organic 
As owing to the presence of pentavalent inorganic As compound that dissolves in 
water to generate a weak acid and produces arsenate (Grund et al. 2008), which then 
contaminates groundwater and causes harm to humans (Chung et  al. 2014). 
Environmental heavy metals in their inorganic forms may undergo gradual decom-
position into less hazardous substances via chemical and biological processes 
(Ayangbenro and Babalola 2017).

Millions of people have suffered from chronic diseases as a result of drinking 
polluted water over the last several decades in the globe (Bundschuh et al. 2012; 
McClintock et al. 2012; Chakraborti et al. 2018). One of the most important sources 
of inorganic As exposure is rice consumption in humans (Chatterjee et al. 2010; 
Kumarathilaka et al. 2019), as soil and rice pollution is well-documented worldwide 
(Jahan et al. 2021). Rice provides for over 50% of the average person’s daily As 
intake, making it a significant source of As exposure (Kumarathilaka et al. 2019; 
Rahman et al. 2021). According to the recent risk assessments, it has been found 
that consuming As-contaminated rice and foods made with rice increases the threat 
to human health (Signes-Pastor et al. 2016, 2017). Inorganic As is toxic to humans 
when it is present in water and food due to interactions with protein sulfhydryl 
groups and phosphate substitution in ATP (Garbinski et al. 2019). Persistent low-
level As exposure has been linked to changes in the cardiovascular system, the 
digestive tract (Rahman et al. 2009), the nervous system (Mochizuki et al. 2019; 
Naujokas et al. 2013), the immune system, the developmental processes, metabolic 
issues, diabetes (Nizam et al. 2013), and liver fibrosis (Das et al. 2012). Chronic As 
exposure (>10  g/L) has been associated with skin (Leonardi et  al. 2012), lung 
(Smith et al. 2022), bladder (Meliker et al. 2010), and prostate (Bulka et al. 2016) 
cancers in humans because of As-induced oxidative stress, suppression of DNA 
repair, signal transduction pathway disruption, and chromosomal abnormalities 
(WHO 2017; Engwa et al. 2019). As is extremely toxic and can result in coma and 
death (Hu et al. 2021).

Dietary arsenic (As) is a serious public health issue worldwide. In humans, organ 
damage is a common complication of As poisoning. As may enter the body in a 
variety of routes, including ingesting (by food) it, breathing it in (inhalation), 
absorbing it through the skin (skin penetration), or/and contacting it with the mucous 
membranes. Its toxicokinetics are determined by the type and duration of contact, 
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the physicochemical properties (pKa and solubility) of the substance, the route 
obtained, and the living beings affected. Between 70% and 90% of ingested inor-
ganic As (iAs (III) and iAs (V)) is absorbed by the body through the digestive tract. 
The blood then carries it to the liver, kidneys, bladder, lungs, and other organs, 
muscles, and nerves. Most absorbed and distributed inorganic As is stored in the 
liver. Urine is the primary route for its excretion (Watanabe and Hirano 2013).

The metabolism of intestinal microbiota increases As bioavailability, systemic 
distribution, and toxicity. Similarly, where inorganic As and its metabolites are con-
centrated in the body is determined by the protein composition of different tissues 
and the extent to which they were exposed. As a consequence of their binding to the 
sulfhydryl groups of keratin proteins, trivalent arsenicals accumulate in hair, skin, 
and nails (Watanabe and Hirano 2013). First, it binds to keratin and buildups in hair 
and nails, which are early indicators of skin irregularities. Keratosis, a skin condi-
tion, is frequently one of the first signs of As poisoning. Recent reports from Asian 
countries including India, Nepal, and Bangladesh have described cases of melano-
sis, squamous cell carcinoma (SQCC), and keratosis associated with Bowen’s syn-
drome (Chakraborti et al. 2016; Hu et al. 2021). The amount of monomethylarsonate 
(MMA) and the amount of dimethylarsonate (DMA) in an As species directly cor-
relate with the risk of bladder, lung, and skin cancer (Chervona et al. 2012; Eckstein 
et al. 2017).

Chronic As exposure weakens cellular and humoral immunity, which is harmful 
to the immune system and may promote immunosuppression (Biswas et al. 2008; 
Dangleben et al. 2013). Similar study indicates that ongoing exposure raises serum 
levels of immunoglobulin IgA, IgG, and IgE, which may hasten the development of 
respiratory conditions such as pneumonia, allergic bronchitis, and chronic obstruc-
tive pulmonary disease (Islam et al. 2007). Chronic As exposure may also cause 
glomerulonephritis, acute tubular necrosis, hypercalciuria, albuminuria, nephrocal-
cinosis, and renal papillae necrosis (Roggenbeck et al. 2016). Both Chronic Kidney 
Disease (CKD) and the onset of incipient nephropathy have been linked to 
As-induced nephron damage (Robles-Osorio et al. 2015). 

Quansah et al. (2015) reported that the people who consume water contaminated 
with As have an increased incidence of spontaneous abortion, stillbirth, and neona-
tal and infant death. Placental insufficiency problems caused by chronic inorganic 
As exposure include preterm birth and intrauterine growth retardation. Inorganic As 
has also been discovered in meals made of rice that are taken by infants and young 
children, who are particularly susceptible to the negative consequences of As con-
sumption (Signes-Pastor et al. 2016; Islam et al. 2017).

Chronic As toxicity has been linked to many health problems, particularly cancer 
(kidney, lung, liver, bladder, prostate), cardiovascular diseases, skin rashes and can-
cer (hyperkeratosis), catarrhal changes, nutritional and gastrointestinal disturbance, 
diabetes mellitus, abnormal pregnancy outcomes, nervous system disorders (neu-
ropathies, psychosis, impaired intellectual function), and musculoskeletal disorders. 
Additionally, some of the most common acute As toxicities include hypotension, 
acute tubular necrosis, organ failure (heart, liver and renal failure), nausea, convul-
sions, pulmonary edema, diarrhea, vomiting, delirium, dehydration, lethargy, 
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abdominal pain, and a burning sensation in the stomach and esophagus (Rahaman 
et  al. 2021). Risks associated with chronic As exposure in rice may be reduced 
through a combination of agronomic and biotechnological methods, careful dietary 
management, and increased public awareness of the issue.

3 � As Sources in Soil-Rice Systems

As may contaminate rice-soil systems in a variety of ways, including both natural 
and anthropogenic sources (Afzal et al. 2018). Geothermal and volcanic activity and 
weathering of soils and rocks are among natural processes that exacerbate the As 
buildup. Industrial waste, medications, feed additives, metal mining, pesticides, fer-
tilizers, and irrigation with As-contaminated groundwater are only a few examples 
of the anthropogenic factors that cause an alarming rate of As accumulation in the 
environment (Suriyagoda et al. 2018). Natural As pollution is caused by geochemi-
cal pathways including alkali desorption, sulphide oxidation, reductive dissolution, 
and geothermal activity (Afzal et al. 2018). As accumulates in paddy soils as a result 
of irrigation with As-contaminated groundwater. Previous studies have shown a 
favorable association between the amount of As in irrigation water and As buildup 
in irrigated soil (Afzal et  al. 2018). South and southeast Asia has been severely 
affected with the natural As contamination in the ground water.

The parent material’s composition as well as the current geological circum-
stances can both have an impact on As levels in soil. As is frequently associated with 
sulfur in nature (Awasthi et al. 2017). As exists in three different forms—inorganic, 
organic, and gaseous—each with its own set of characteristics. Trimethylarsine 
oxide (TMAO), monomethylarsonic acid, dimethylarsenic acid, and other organic 
forms of As, as well as inorganic forms such as arsenate As (V) and arsenite As (III), 
are produced by biomethylation in paddy soils (Zheng et al. 2013). Additionally, 
paddy soils may contain organic forms of As, such as, arsenolipids, dimethylarsi-
nylriboside, arsenobetaine (AB), arsenosugars, and arsenocholine (AC), even 
though in much lesser concentrations (Suriyagoda et al. 2018). Arsine gas is the 
gaseous state of As. As is apparently more hazardous in its inorganic forms than its 
organic forms. The maximum permissible concentration of As in soil in the United 
States has been set at 24 mg/kg by the EPA. As (III) accounts for 87–94% of total 
As in anaerobic conditions in aquatic and soil habitats (Khan et al. 2022). It is com-
mon for As (III) to exist as H3AsO3 and As (V) to exist as H2AsO3 or HAsO4 2– at 
neutral pH (Suriyagoda et al. 2018). It has a strong affinity for hydroxides, oxy-
hydroxides, and iron and manganese oxides present in soil due to its negative charge 
(Saifullah et al. 2018). Despite organic trimethylarsine (TMA) being recognized as 
nontoxic, arsenite (III) is thought to be more mobile and hazardous than arsenate 
(V) (Zheng et al. 2013). In comparison to other As forms, As (III) and DMA are 
thought to be more soluble and bioavailable. As forms are transformed by oxidation, 
reduction, methylation, and demethylation. The physical, chemical, and biological 
features of the soil, in contrast, have a significant impact on determining the As 
content (Suriyagoda et al. 2018).
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4 � Toxicity Symptoms of As at Different Growth 
Stages of Rice

The assimilation of As has a significant negative impact on rice plant growth, and 
As stimulates the normal metabolic process. It frequently manifests as a wide range 
of symptoms at various phases of development, resulting in stunted growth and 
decreased productivity. Because plant hormone controls and regulates the growth, 
development of plant, and abiotic stress responses, when stress is applied to rice 
plants, the level and distribution of endogenous phytohormone are altered. Indeed, 
Indole-3-acetic acid (IAA) has been related to the responses of the rice plants to 
environmental stress (Choudhury et al. 2011).

4.1 � Seedling Stage

Germination is one of the most susceptible phases and is easily disrupted by abiotic 
problems. In general, a rice plant that has accumulated As exhibits the following 
symptoms during the germination phase: slower elongation, low dry matter, shorter 
roots and shoots, fewer leaves, narrower leaf blades, and lower levels of chlorophyll 
(Shaibur et al. 2009). The statement recently expressed is supported by numerous 
studies. Shaibur et al. (2006) revealed a 43% and 33% decline in shoot height and 
root height, respectively. Additionally, leaf blade size and the number of leaves also 
decline. Furthermore, when As intake increases, leaf number and width of the leaf 
blade decrease, which affects the dry matter yield (Shaibur et al. 2006). Begum and 
Mondal (2019) investigated the negative effects of As at 5 ppm or greater in nutrient 
solutions on seed germination. The length of the root and shoot is also reduced by 
40% in seeds treated with As (Bastías and Beldarrain 2016). According to a prior 
study, treatments with 50 μM and 100 μM As caused a 70% decrease in root length 
because roots are more sensitive to As than shoots at the seedling stage of rice plant 
(Mlangeni et al. 2020).

4.2 � Vegetative Stage

Arsenic accumulation generally limits plant height, root length, and leaf number, 
similar to the seedling stage. Furthermore, it has a direct impact on the biomass and 
chlorophyll synthesized during the vegetative development stage (Shaibur et  al. 
2009). Using higher As concentrations (2–8 mg/L) alters the rice plant height from 
91.1–84.1 cm to 79.2–63.8 cm (Mecwan Neha et al. 2018). According to Begum 
and Mondal (2019), the symptoms of chlorosis are caused by an increase in As (V) 
and As (III) concentrations as well as a consistent decrease in chlorophyll content. 
When the Fe plaque forms on the surface of the rice root, the chlorotic symptoms 
become more pronounced (Mitra et  al. 2017). In addition to chlorophyll, other 
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pigments such as xanthophyll and carotene are also drastically diminished in the 
rice plant (Choudhury et al. 2011). Root symptoms such as yellowing of the roots 
and a decline in root vigor were occasionally noticed when rice plants were sub-
jected to 60 mg/Kg (Bhattacharya et al. 2021).

4.3 � Reproductive Stage

Shaibur et al. (2009) reported the following symptoms for the As accumulation dur-
ing reproductive growth: Reduced tiller number, poor grain filling, less productive 
tillers, and yield loss due to sterility. Das et al. (2013) recorded productivity declines 
of 55.5% and 54.8% during the tillering and harvesting periods, respectively. Above 
60  mg  kg−1 As concentration, a significant production decline of approximately 
80% was observed (Bhattacharya et al. 2021). Abedin et al. (2002), on the other 
hand, demonstrated a low grain yield and found a significant correlation between 
grain yield and arsenate treatment. Nevertheless, the application of arsenate did not 
significantly decline the straw yield.

5 � Factors Determining As Mobility and Bioavailability

The physiochemical parameters and biological properties of soil, as well as the 
affinity of metal soil particles, are the primary determinants of metal interaction in 
soil (Liu et al. 2018; Srivastava et al. 2021). The presence of metal ions in the soil 
also alters the microclimate of the root rhizosphere. Environmental and soil factors 
have been linked to bioavailability and bioaccumulation of As in rice (Mesa et al. 
2017). Consequently, it is critical to understand the factors that influence As 
mobilization.

5.1 � As Speciation

Arsenic discussed previously like arsenate and arsenite are the commonly available 
forms of As, whereas monomethyl and dimethyl arsenic are organic As species 
found in soil and groundwater (Mitra et al. 2017). However, the selective assimila-
tion of specific As forms by paddy roots affects the state of the soil in paddy fields 
(Han et al. 2017), with inorganic species being absorbed much faster than organic 
species (Liu et al. 2018). Arsenate (V) predominates in submerged environments, 
whereas As (III) predominates in soil under aerobic conditions. According to Han 
et al. (2017), arsenate, monomethyl arsonic acid, arsenite, and dimethyl arsenic acid 
are the compounds that are more bioavailable to As in rice plants.
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5.2 � Soil pH

The pH of the soil has a potential influence on plant mobility, bioavailability, and 
accumulation (Roy et al. 2015). Because soil pH has a direct impact on As leaching 
and speciation, it also has a direct impact on bioavailability. As absorption is facili-
tated by low pH because it makes the molecule that binds As, Fe-oxyhydroxide, 
more soluble (Liu et al. 2018). In addition, a high pH raises the negative surface 
charges and encourages As desorption from Fe oxide and enhances As mobilization 
and buildup (Liu et al. 2018). A negative correlation between the As concentration 
in rice grains and soil pH was reported by Yao et al. (2021), in contrast to the posi-
tive correlation observed for wheat and pepper.

5.3 � Organic Matter

Soil organic matter and As buildup are highly correlated (Huang et al. 2021). It has 
been demonstrated that rice plants contained high levels of As in soils that were rich 
in organic matter. It guarantees that organic matter in the soil regulates the move-
ment of As (Liu et al. 2018). Organic matter, according to Syu et al. (2019), increased 
the release of As into the soil, which caused rice plants to absorb a large amount of 
As. The degree of increase is determined by the decomposition capacity and pace of 
organic matter application.

5.4 � Soil Texture

The increased surface area and decreased particle size of the soil both influence the 
reduced toxicity of As. Because silt and clay soil have finer textures than sandy soil, 
clay soil has five times less phototoxicity than sandy soil (Liu et al. 2018). But, 
under acidic pH, Yao et al. (2021) found substantial As accumulation in rice crops 
grown in soils which have higher clay content. The small particle size of clay pro-
vides an increased specific surface area to bind a notable quantity of As, and an 
increase in pH makes it easier for As that has been absorbed on clay particles to leak 
out, hence increasing the amount of As that has been absorbed and accumulated on 
clay particles (Roy et al. 2015).

5.5 � Genotype Variation

Plant genotype is another factor which influences the As accumulation in rice fields 
(Fu et  al. 2017). When compared to TD71 and Yinjingruanzhan, IAPAR9 and 
Nanyangzhan acquire more iAs and ToAs (Bastías and Beldarrain 2016). According 
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to study conducted by Bastías and Beldarrain (2016), the Nanyangzhan genotype 
includes more DMA than any other As species. Tolerance in shoot systems and 
grain As accumulation were studied by Murugaiyan et al. (2021), who found that 
the genotypes WTR1-BRRI dhan 69, NPT-IR68552-55-3-2, OM997, and GSR 
IR1-5-Y4-S1-Y1 were the most As-tolerant species (Cantamessa et  al. 2020). 
Results from the research conducted by Fernández-Baca et al. (2021) discussed that 
the amount of inorganic As in rice grains varied, suggesting that genotype variation 
influences iAs accumulation (Ma et al. 2018).

5.6 � Iron Plaque and Radial Oxygen Loss

Radial oxygen loss (ROL) refers to the transport of oxygen from the aerenchyma of 
rice roots into the rhizosphere. It is determined by the soil oxygen content and the 
depth of saturated soil (Karimi et al. 2009). As concentration is negatively related to 
ROL rates (Fu et al. 2017). This results in the precipitation of iron oxides or hydrox-
ides on the root surface, as ferric iron Fe (III) is produced from ferrous iron Fe (II). 
Iron plaque is a term used to describe this phenomenon. The As content in rice tis-
sue is affected by iron plaque, which is a prime sink for As (III) oxidizing bacteria 
(Karimi et al. 2009).

5.7 � Microbial Contribution for the As Availability 
in Paddy Soils

The toxicity and availability of As in rice soil are significantly impacted by the bio-
logical, chemical, and physical characteristics of the soil. In As reduction, oxida-
tion, methylation, and volatilization, microbes are therefore crucial (Chen et  al. 
2019). Although As is regarded as a harmful substance, the majority of living things 
have evolved a resistance to it or a mechanism to use it in their physiological func-
tions. Microbes have the capacity to oxidize As (III) to As (V) and reduce its toxic-
ity. Furthermore, As (III) contributes electrons to bacterial metabolism as an electron 
donor (Zheng et al. 2013). According to recent research, the As (III) concentration 
is greater than 80% in paddy soils due to this microbial activity. According to 
reports, bacteria, anaerobic archaea, halophiles, and many cyanobacteria and algae 
influence As biomethylation in paddy soils. The methylcobalamin-dependent non-
enzymatic methylation of As has been attributed to anaerobic prokaryotes and cya-
nobacteria. This As methylation is crucial to the As cycling process (Huang et al. 
2016). The methanogenic archaea and sulfate-reducing bacteria (SRB) were recently 
discovered to be actively involved in the methylation and demethylation of As 
(Chen et al. 2019).
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The incorporation of organic matter potentially alters the diversity of microor-
ganisms in the soil. Dissimilatory iron-reducing bacteria (DIRB) are abundant in 
paddy soils, according to Zeng et  al. (2013). If the activity of these bacteria is 
reduced, ferric oxide may become available in the soil and As may become immo-
bilized (Yi et al. 2019). The activity of ferrous iron-oxidizing microorganisms may 
reduce As bioavailability in rice plants by increasing the adsorption of more As ions 
to ferric minerals under flooding conditions by oxidizing ferrous ions.

When symbiotically associated with rice plant roots, arbuscular mycorrhizal fun-
gus (AMF) can enhance the plant’s tolerance to As. Rice roots may be prevented 
from absorbing As (V), As (III), and MMA by mycorrhiza (Hussain et al. 2021). 
According to some studies, mycorrhizal roots release signaling molecules that 
downregulate the Lsi1 gene (Si transporter), which is responsible for As uptake and 
transportation (Abedi and Mojiri 2020). Furthermore, bacteria play a unique role in 
the release of As sequestrated by an iron plaque in the rice rhizosphere during the 
decomposition process shortly after harvesting. The soil solution and groundwater 
table may become contaminated as a result of this process, which may quickly raise 
the As percentage in paddy soils (He et al. 2020).

5.8 � Effect of Redox Potential

As mobility is highly dependent on soil redox conditions. The oxygen consumption 
by rice roots and microorganisms in flooded paddy fields may cause a quick deple-
tion of the soil’s available oxygen, leading to a reduced condition (Bakhat et  al. 
2017). These biological transformations may result in a decrease in soil redox 
potential (Yamaguchi et al. 2011). In oxidized state, As (V) is dominant and has a 
higher affinity for Fe-oxy-hydroxide, reducing mobility and limiting bioavailability 
of rice roots. In contrast, under anaerobic/reducing conditions, As (III) exhibits 
higher mobility and bioavailability (Afzal et al. 2018).

Through their participation in the reactions, microorganisms can significantly 
contribute to redox processes. As (III) and As (V) both adsorb into Fe, Al, or Mn 
oxides and clay minerals during the adsorption and desorption processes that con-
trol the mobility of As in the soil. Among these, As (V) and As (III) have a high 
affinity for iron (hydr)oxides (FeOOH) (Afzal et al. 2018). Because the redox con-
dition may affect the behavior of the FeOOH, the redox condition of ferrous is 
crucial in determining the As behavior in the soil (Bakhat et al. 2017).

6 � As Uptake, Metabolism, and Detoxification

Since As is a class I carcinogen and a factor in a variety of human diseases, its accu-
mulation in soils and subsequent entry into human diets pose a significant threat to 
human health. Rice is the staple food of South Asians. It has a higher As uptake 

21  Accumulation and Toxicity of Arsenic in Rice and Its Practical Mitigation



474

tendency than other cereals because it is grown in submerged soil, which causes 
reductive dissolution of iron oxyhydroxide minerals and a subsequent decrease in 
As adsorbed on soil minerals, thereby increasing dissolved concentrations and plant 
availability (Biswas et al. 2018; Muehe et al. 2019). As is absorbed by rice plants 
from the soil and water systems; it ultimately culminates in the cooked grain 
(Fig. 21.1). As accumulation in rice roots is dependent on soil-water concentration 
levels and plant absorption caused by ROL and the formation of Fe plaques in the 
rhizosphere and on root surfaces.

Arsenate and inorganic phosphate share the same phosphate transport pathway in 
higher plants and have chemical structures that are very similar, according to physi-
ological and electrophysiological research. As (V) absorption in Arabidopsis thali-
ana is mediated by phosphate transporters (PHTs), such as AtPHT1;1, AtPHT1;4, 
AtPHT1;5, AtPHT1;8, and AtPHT1;9 (Cao et al. 2017; Fontenot et al. 2015; Remy 
et al. 2012; Shin et al. 2004). DiTusa et al. (2015) discovered PvPht, which belongs 
to the phosphate transporter 1 (Pht1) family, in Pteris vittata. This gene boosted As 
(V) absorption and accumulation due to its strong combined ability for As (V). 
There are 13 OsPT (OsPT1 to OsPT13) genes that consist of rice phosphate trans-
porter belonging gene family (Paszkowski et  al. 2002). Among these genes, the 
roles of OsPT1, OsPT4, and OsPT8 were discovered (Cao et al. 2017; Kamiya et al. 
2013; Wang et al. 2016; Ye et al. 2017). When certain phosphate genes are overex-
pressed, As (V) is taken up more readily, but when these genes are knocked down, 
As (V) is taken up less readily and accumulates less. When the OsPT4 gene was 
overexpressed, the amount of As in the roots and shoots went up by 40–66%. It also 
caused to raise the As levels in the straw and grain by 22–30%. As (V) sensitivity 
increased at high As (V) levels, knocking down the gene with CRISPR/Cas-9-
reduced As accumulation in roots by 17–30%. As (V) either undergoes reducing to 
As (III) by arsenate reductases such as OsHAC1;1, OsHAC1;2, and OsHAC4 when-
ever it enters the cell (Shi et al. 2016; Xu et al. 2017) or is fed into the xylem by 
phosphate transporters (Mendoza-Cózatl et al. 2011; Wu et al. 2011). Furthermore, 
high-affinity phosphate transporter proteins involve As (V) absorption and transport 
in Oryza species. There are a few different types of aquaglyceroporins and a Nodulin 
26-like Intrinsic Protein (NIP) of aquaporin channels that are responsible for arse-
nite (III) transport in plants. OsNIP2;1 (OsLsi1), a silicon transporter in rice roots, 
is responsible for the uptake of arsenite (III), while OsNIP2;1 (OsLsi2) is respon-
sible for its efflux to the xylem (Li et al. 2009a, b; Ma et al. 2008; Mosa et al. 2012).

Both exodermal and endodermal cells have the Lsi1 and Lsi2 proteins in their 
plasma membranes (Ma et al. 2007; Ma and Yamaji 2006). Because of the bidirec-
tional action of the Lsi1 protein channel, a portion of the As (III) taken up by root 
cells is released into the rhizosphere (Zhao et al. 2010). In contrast to the OsNIP2;1 
and OsNIP2;2 transporters, several other NIPs, such as OsNIP1;1, OsNIP3;1, and 
OsNIP3;2, have been linked to As (III) efflux (Bienert et al. 2008; Ma et al. 2008; 
Sun et al. 2018). Aquaporin subfamilies such as plasma membrane intrinsic proteins 
(OsPIP2;4, OsPIP2;6, and OsPIP2;7), natural resistance-associated macrophage 
protein (OsNRAMP1), Small Basic Intrinsic Proteins (SIPs), Tonoplast Intrinsic 
Proteins (TIPs), and uncategorized intrinsic proteins (XIPs) are associated with the 
transport of As (III) (Maurel et al. 2015; Mosa et al. 2012; Tiwari et al. 2014).
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The metabolism of As begins with the reduction of arsenate As (V) to As (III). 
Both enzymatic and nonenzymatic processes may have contributed to the decline. 
As (V) is transformed to As (III) nonenzymatically by oxidizing two reduced gluta-
thione (GSH) molecules into oxidized GSH, which may immediately be recycled 
into two GSH molecules via GSH reductase. Furthermore, this process is too slow 
to effectively diminish As (V). During enzymatic activities, arsenate reductase 
transforms As (V) directly to As (III) (Foyer et al. 2011; Mukhopadhyay et al. 2000; 
Mukhopadhyay and Rosen 2002). Chao et al. (2014) found a High Arsenic Content 
1 (HAC1) gene employing genome-wide association (GWAS) mapping which may 
transform As (V) to As (III) and enable the efflux of As (III) into the soil, limiting 
its accumulation in roots and transport to the shoot in Arabidopsis. Numerous arse-
nate reductases in Oryza, such as OsHAC1;1, OsHAC1;2, and OsHAC4, have been 
identified and functionally characterized (Shi et al. 2016; Xu et al. 2017; Fig. 21.1). 
The role of these proteins in arsenite efflux from the root to the soil is well recog-
nized. When these genes overexpressed, enhanced arsenite efflux into the soil, and 
decreased As accumulation in paddy, their knockout reduced As (III) efflux and 
enhanced As accumulation in paddy shoots and grains.

As (III) levels rise; the plant metabolizes the residual As (III) by building com-
plexes with sulfhydryl-rich molecules. GSH concentrations in plant cytosol often 
rise with exposure. It substantially influences As tolerance since it is a precursor of 
phytochelatin (PC) biosynthesis, in addition to being a limiting factor for high phy-
tochelatin synthases (PCS) synthesis (Guo et al. 2008). Phytochelatin is produced 
from glutathione by phytochelatin synthases, and ABCC1/ABCC2 transporters sub-
sequently transport it into vacuoles when it forms complexes with As (Kumar and 
Trivedi 2018). Two PCS genes in Oryza species, OsPCS1 and OsPCS2, contribute 
to catalyzing PC biosynthesis (Yamazaki et al. 2018; Fig. 21.1). Additionally, As 
(III) and GSH are conjugated to form the As (III)-GSH complex, which is catalyzed 
by glutathione S-transferases (GSTs) enzymes, with GSH acting as a substrate 
(Kumar and Trivedi 2018). Once As (III)-GSH and As (III)-PC complexes have 
been formed in the cytosol, vacuolar transporters bring the complexes into the vacu-
oles, where they are sequestered and detoxified (Verbruggen et al. 2009). Vacuolar 
transport of these nonprotein thiol-independent As (III) complexes is mediated by 
C-type ATP-binding cassette (ABC) transporters. OsABCC1, an ABCC1 ortho-
logue from A. thaliana, is involved in As (III)-PC sequestration within rice vacu-
oles. The transporter gene (OsABCC1) was knocked out, resulting in significantly 
higher accumulation of As in paddy grains. The phloem is polluted with As due to a 
failure of nodal vasculature to properly compartmentalize the substance (Song et al. 
2014). The regulation of GSH homeostasis is also a crucial part of the detoxification 
process for As (III). Glutathione is produced in the plastids and transported into the 
cytoplasm by chloroquine resistance transporters (CRT). OsCLT1, a gene encoding 
a CRT such as transporter 1 in rice, was mutated, lowering GSH levels in the cyto-
plasm, and thus PCs. The Osclt1 mutant accumulates less As in its roots and more 
or equally in its shoots when exposed to As because its PC2 levels are much lower 
than those of the wild species (Yang et al. 2016).
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Fig. 21.1  Genes involved in As uptake and translocation in rice

7 � Strategies to Mitigate As Bioaccumulation in Rice

Various methods have been investigated to mitigate As uptake by rice plants. 
However, Awasthi et al. (2017) identified three key approaches for discouraging As 
absorption by plants: (a) sustainable agronomic practices; (b) molecular changes to 
the As transporters involved in uptake, and (c) lowering As mobility by using vari-
ous soil amendments. However, each method has its own restrictions, rewards, and 
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drawbacks (Srivastava et  al. 2018; Upadhyay et  al. 2020). Thus, an integrated 
approach involving multiple techniques would yield effective results in preventing 
As accumulation in grains. The following discussion is primarily focused on various 
techniques that can be utilized to limit As bioaccumulation in grains in relation to 
the three primary strategies stated above.

7.1 � Agronomic Practices to Mitigate As Accumulation

The primary objective of agronomic strategies is to reduce As absorption via appli-
cation of various techniques (Abedi and Mojiri 2020). Water management and irri-
gation methods, nutrient management, application of soil amendments, electrokinetic 
remediation, exogenous application of hormones and chemicals, phytoremediation, 
and bioremediation are major agronomic practices that could be utilized (Srivastava 
et al. 2018, 2019; Huhmann et al. 2019; Seyfferth et al. 2019; Upadhyay et al. 2020).

7.1.1 � Water Management and Irrigation Methods

Rice fields are frequently flooded during their vegetative phase in the traditional rice 
cultivation method (Srivastava et al. 2019) because rice is a water-dependent, semi-
aquatic crop. However, under flooding circumstances, anaerobic conditions are 
being produced; As mobility is enhanced as a result of the reductive termination of 
Fe-(oxyhydro) oxides (Majumder and Bose 2018), which changes the redox states 
of the soil. This situation eventually promotes As (V) conversion into As (III), 
whereas As (III) concentration in the soil increases rather than As (V) encourages 
plant availability of As (III) which is more noxious compared to As (V) (Majumdar 
et al. 2019). As a result, water management is critical in rice cultivation. Furthermore, 
by managing water supplementation in rice cultivation, higher yields with minimal 
As accumulation in grains are guaranteed (Upadhyay et al. 2020).

To mitigate As bioaccumulation, numerous water management strategies have 
been investigated, including intermittent irrigation, sprinkler irrigation, and alter-
nate wetting-drying (AWD). Periodical irrigation allows for minor As translocation 
from environment to plants (Mlangeni et  al. 2020). Furthermore, during the dry 
period, sporadic irrigation ensures fewer lowering circumstances, which reduces As 
accumulation in plants (Majumdar et al. 2020). However, a prolonged dry phase 
reduces As accumulation in grains while decreasing final yield and productivity 
(Upadhyay et al. 2020). Avoiding ground water irrigation and allowing rain-fed cul-
tivation is another effective way to reduce As bioaccumulation (Upadhyay et  al. 
2020). When compared to other irrigation techniques, this is a simple and effective 
process. Lower As was absorbed into the rice plant due to rain water irrigation 
(Sharma et al. 2014). Moreover, Majumdar et al. (2020) recommended that “rizi-
pisciculture” (A way of cultivating rice coculture with fishes) modifies the As bio-
availability in rice fields. Thus, As could be absorbed by fish and converted to less 
hazardous compounds such as “arsenobetaine” (Majumdar et al. 2020).
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7.1.2 � Nutrient Management

Fertilizer application is critical for maximum yield in rice cultivation. Farmers use 
a variety of fertilizers and mineral nutrients to increase yield. Several minerals, 
including S, Fe, P, and Si, have been shown to reduce As absorption and movement 
in rice plants (Mitra et al. 2017).

Iron (Fe) is a significant nutrient compound that reduces As absorption in rice 
(Nath et al. 2014). Thus, iron application encourages the development of Fe plaque 
around the roots, which lessens As absorption and precipitates both Fe and As 
(Bakhat et al. 2017). Fe plaque formation in the root zone of rice plant reduces As 
absorption and encourages As sequence in the root zone, reducing As uptake and 
translocation (Syu et al. 2014). Fe-oxide, which acts as a sink for As, has been used 
to grow rice, and the amount of As in the seeds has been observed to be abridged by 
47% (Matsumoto et  al. 2015; Mitra et  al. 2017). Simultaneously, Fe application 
would reduce As-arbitrated oxidative stress in paddy plants, which is considered an 
added benefit (Nath et al. 2014).

Phosphorous (P), in addition to Fe, is essential for the uptake of As by plants as 
well as the solubility of As in soil. Evidence from earlier studies on the incorpora-
tion of P into soil shows that decreasing the amount of As in Fe plaque causes the 
concentration of As in the soil to upsurge, which improves the bioavailability of As 
(Smith et  al. 2002; Bogdan and Schenk 2009). However, phosphorous competes 
with the same As transporter and reduces As uptake once a P concentration reaches 
a threshold level (Pigna et al. 2010; Rahaman et al. 2011). Thus, the amount of As 
accumulated in paddy plants relies on the As:P ratio in the soil.

Silicon (Si) is also regarded as a micronutrient for rice plants (Tavakkoli et al. 
2011). Si is available to rice plants as mono silicic acid, and soil physicochemical 
properties influence the Si bioavailability. The transporter gene “NIPs,” which is 
thought to be the same transporter for As, is involved in Si absorption and transpor-
tation; therefore, silicon application would reduce As absorption by paddy plants 
(Bogdan and Schenk 2008). According to early studies, applying Si to shoots 
reduced As uptake and accumulation while improving antioxidant defense responses 
(Li et al. 2009a, b; Fleck et al. 2013; Tripathi et al. 2013).

A soil application of sulphur (S) also reduced the absorption and translocation of 
As in rice plants (Zhang et al. 2011; Dixit et al. 2015). By promoting the develop-
ment of Fe plaques, increasing the desorption of As (V) from Fe plaques, and pre-
venting As movement into cells, sulphur application would limit As absorption and 
translocation (Mitra et al. 2017). Beside these pathways, sulphur metabolism is used 
in As detoxification to safeguard plants from As in the soil (Finnegan and Chen 
2012). The detoxification process begins at the cellular level with the production of 
low molecular mass sulfur-rich compounds such as glutathione and phytochelatin, 
which subsequently interact with As (III) and are deposited in vacuoles (Song et al. 
2010). However, it has been noted that applying a higher concentration of sulphur 
hindered the movement of As from roots to shoot (Dixit et al. 2016). Additionally, 
the use of sulphate fertilizers when growing paddy increases the chemistry of As in 
reducing environments, promoting the accumulation of insoluble As-sulphide 
(Signes-Pastor et al. 2007). Moreover, it was noted that the development of Fe and 
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Mn plaques in the soil by the application of elemental sulfur and gypsum highly 
abridged the rice seeds As level by further 39.1% (Zhang et  al. 2021a, b). 
Furthermore, the As in rice roots decreased when nitrogen fertilizer was applied 
(Srivastava et al. 2019).

7.1.3 � Reduce the Mobility of As Through Adding Amendments

7.1.3.1  Application of Biochar

Several eco-friendly immobilizing agents for reducing As mobility in rice plants 
have recently been investigated (Chen et  al. 2016). Biochar application has pro-
duced the best results, particularly in terms of reducing As mobility in soil. Biochar 
is made through a gradual pyrolysis process that uses organic materials such as 
wood chips, straw, paddy husk, and so on. Previous research findings showed that 
applying biochar drastically altered the physicochemical properties of soil, while 
immobilizing heavy metals such as As (Kamali et al. 2022). Interestingly, the mate-
rial utilized to prepare the biochar indicated that it had an impact on the movement 
of As in soil. Since biochar has a larger capacity for adsorption, it retains As on its 
surfaces (Khan et al. 2013). However, the majority of research have demonstrated 
that the final outcome of applying biochar to mitigate As depends on the amount 
applied, the temperature at which biochar is prepared by pyrolysis, and the sur-
rounding environment (Amen et al. 2020). For an instance, applying more biochar 
at a higher dosage increased the As mobility in potted paddy soil (Beesly et  al. 
2013). Additionally, sorption on biochar is limited because of its limited surface 
area and high negative charge (Amen et al. 2020).

Zerovalent iron (ZVI), which adsorbs relatively high As ions in the soil, signifi-
cantly decreased the As absorption by rice plants when soil amendments containing 
Fe were applied (Qiao et al. 2018; Mlangeni et al. 2020). In general, Fe is effective 
at removing As; consequently, Fe-modified biochar will assimilate more As than 
biochar alone (Yang et  al. 2022). The application of iron-modified biochar in 
As-contaminated paddy soils lessened the As concentration in rice seeds by altering 
the soil As fraction (Wu et al. 2022). Increased surface area and increased Fe func-
tional groups on biochar surfaces as a result of surface alterations would effectively 
remove As from polluted soil (Premarathna et al. 2019). Moreover, use of hematite, 
manganese salts, and KOH-mediated modified biochar created positive results 
(Cope et  al. 2014; Hu et  al. 2015). Concurrently, it was discovered that iron-
impregnated biochar reduced the bioaccumulation of As in rice (Yin et al. 2017). 
Furthermore, soil treatment with ferromanganese oxide-modified biochar (FMBC) 
reduced As accumulation in paddy seeds (Lin et  al. 2017). Similarly, bismuth-
coated biochar inhibited As accumulation in paddy soils under anaerobic environ-
ments (Zhu et al. 2019). Recent research on As remediation in paddy soil identified 
the use of goethite-modified biochar (GMBC) to reduce the movement and bioavail-
ability of As in paddy soils (Zhu et al. 2020; Irshad et al. 2022a, b; Table 21.1). 
Herath et  al. (2020) elaborated that rice husk biochar modified with Si fertilizer 
(Si-RHBC) decreased the quantity of As (III) in rhizosphere.
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7.1.3.2  Nano-Based Approaches

With the recent advances in science, nanotechnological methods for lowering the 
buildup of trace metals in rice plant have become widespread worldwide. In particu-
lar, metal oxides were used initially, but owing to poor adsorption capacities, nano-
metal oxides have been used instead (Mawia et  al. 2021). Iron (hydro) oxides, 
alumina, titanium dioxide, copper oxide, and zinc oxide nanoparticles evaluated to 
eliminate trace metal(loid)s from polluted areas (Lata and Samadder 2016). For 
instance, Wang et al. (2018b) and Ma et al. (2020) reported that ZnO-nanoparticle-
treated hydroponically grown rice plants reduced As (III) and As (V) in the roots 
(Table 21.1). Furthermore, nanostructured α-MnO2 (Li et al. 2019), SiO2 (Liu et al. 
2014), and TiO2 (Wu et  al. 2020) reduced the availability of As in rice plants 

Table 21.1  Different soil amendments used to mitigate As bioaccumulation in paddy

Amendment type
Decreasing level of As 
uptake Remarks References

Goethite-modified 
biochar (GMBC)

Roots sequestered the As 
by 174%

Increased the functions of 
soil peroxidase (POD) and 
catalase (CAT)

Irshad et al. 
(2022a, b)

Ferromanganese 
oxide-modified 
biochar (FMBC)

68.9–78.3% in rice grains Enhanced the Fe and Mn 
plaque content

Lin et al. 
(2017)

Rice husk biochar 
modified with Si 
(Si-RHBC)

76% reduced in 
rhizosphere and 16% 
reduction in paddy straw

Oxidation of As (III) 
adsorbed on Si-based 
ferrihydrite to As (V) by 
aioA gene activation

Herath et al. 
(2020)

Rice husk biochar 
modified with 
nano-montmorillonite 
clay (NMRHBC)

Reduced As (III) by 73% 
in root zone of the rice

As concentration of grains 
not changed significantly

Herath et al. 
(2020)

ZnO nanoparticles 
(ZnO-NPs)

Total As in rice roots 
reduced significantly from 
the rhizosphere

ZnO-NPs applied with 
100 mg/liter concentration

Wang et al. 
(2018b)

Decreased total As 
accumulation in rice roots 
by 39.5%

Ma et al. 
(2020)

CuO nanoparticles 
(CuO-NPs)

Total As concentration 
reduced in the rice plants

CuO-NPs applied with 
100 mg/liter concentration

Wang et al. 
(2019)

α-MnO2 nanoparticles 
(α-MnO2-NPs)

As accumulation in total 
plant including grains has 
been reduced

Application rate was 0.2–2.0 
w/w

Li et al. 
(2019)

SiO2 nanoparticles 
(SiO2-NPs)

Declined the total As in 
the grains by 28% and 
40% for pot

The oxidative destruction 
was reduced in roots and 
simultaneously antioxidant 
concentration augmented

Liu et al. 
(2014)

TiO2 nanoparticles 
(TiO2-NPs)

Reduced As 
bioaccumulation in rice 
seedlings by 40–90%

As adsorption to TiO2 
particles lower the As 
concentration in the media

Wu et al. 
(2020)
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(Table  21.1). By modifying the microbial activities in soil, the addition of nano 
zerovalent iron-modified biochar (nZVI-BC) effectively reduced As pollution in 
mine soil (Fan et al. 2020).

7.1.3.3  Application of Organic Matter

Incorporation of soil organic matter increases microbial development and promotes 
the closure of Fe-oxyhydroxides, which enhance the As mobility (Ma et al. 2018). 
Similarly, it has been suggested that the chemical conformation of soil organic mat-
ter may affect the mobility of As in soil (Suriyagoda et al. 2018). A number of stud-
ies have demonstrated and identified negative relationship between organic matter 
and paddy seed As accumulation (Rahaman et al. 2011; Kar et al. 2013). Due to the 
formation of an organo-As complexes, organic matter has strong sorption affinity 
for As (Paikaray et  al. 2005). However, dissolved organic carbon produced by 
decomposing organic matter would reduce As bioavailability in root zone due to As 
leaching deeper into the soil (Farooq et al. 2010).

Due to their potential for reuse, numerous organic and inorganic waste constitu-
ents have been identified as an excellent soil adjustments (Arco-Lázaro et al. 2016). 
As remediation techniques, organic amendments are considered vital and environ-
mentally friendly (Beesley et al. 2014). However, contradictory impacts of organic 
compounds on As dynamics have been described, and this probably depends on the 
chemical composition of the soil (Niazi et  al. 2011; Arco-Lázaro et  al. 2016). 
Rendering to Das et al. (2008), the application of farmyard manure in paddy cultiva-
tion significantly decreased the As content in soil. Contradictorily, Jia et al. (2013) 
found that incorporation of biogas slurry into soil significantly improved the As 
bioaccumulation in paddy plants.

7.1.3.4  Electrokinetic Remediation

Electrokinetic remediation (EKR) is regarded as the novel technology for the 
removal of As from fine-grained soils due to its fundamental functioning principles, 
electromigration, and electroosmotic flow (Zhang et  al. 2022). EKR is primarily 
dependent on soil particle size, redox potential, and As chemical speciation (Xu 
et al. 2021). By applying inorganic acids or reductive chemicals, As dissolution and 
release into the soil solution would be accelerated (Lee et al. 2016). Dithionite and 
thiosulfate are effective reductive agents, but dithionite is unstable in acidic environ-
ments (Kim and Baek 2015). Different concentrations of biogas slurry and sucrose 
have been used effectively to enhance As migration ability, resulting in a significant 
level of As removal from paddy soil (Zhang et al. 2022). However, this technology 
is still in the research phase, and field trials must be carried out before it can be used 
in open field cultivation.
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7.1.3.5  Exogenous Application of Chemicals and Hormones

In addition, numerous soil amendments, foliar application of inorganic substances, 
and hormones may reduce As bioaccumulation in plants by regulating the physio-
logical processes of plants (Srivastava et al. 2020; Mawia et al. 2021). Co-usage of 
auxin and selenium to As-exposed rice seedlings, for example, increased chloro-
phyll production and lipid synthesis (Pandey and Gupta 2015). This might be related 
to Se and auxin’s synergistic actions on the γ-Aminobutyric acid (GABA) bypass 
path in plants (Ramesh et al. 2015). Exogenous NO application has been shown to 
protect plants from As by decreasing As movement from root to shoot and modulat-
ing As-involved regulatory networks and detoxification (Singh et al. 2016a; Singh 
et al. 2017). Si foliar spray increases plants’ growth and protects against trace metal 
stresses such as As (Chen et al. 2018). Foliar application of Si, for example, abridged 
total As amount in As (V) and As (III)-exposed rice plants up to 67% and 78% 
respectively (Dwivedi et al. 2020). Simultaneously, Zhang et al. (2020) discovered 
that foliar Si application throughout the tillering phase considerably condensed As 
content of rice husk and grain. Furthermore, Syu et al. (2020) found that supple-
menting As-contaminated soils with CaO2, increased grain yield, while decreasing 
As accretion in brown rice by 25–45% in flooded paddy soil. Thus, As bioaccumu-
lation can be reduced with chemicals and hormones.

7.1.3.6  Phytoremediation

Phytoremediation is commonly used to accumulate harmful compounds from con-
taminated soil and aqueous media. It is a promising method for removing As from 
polluted paddy soil without negatively impacting soil quality (Mecwan Neha et al. 
2018). Plants use a variety of mechanisms in phytoremediation, including phytosta-
bilization, phytoextraction, phytoporation, and phytodegradation (Bhattacharya 
et  al. 2021). Phytoextraction, in general, allows As to be absorbed and stored in 
plant shoots and leaves, whereas phytostabilization causes As to be immobilized in 
soil by plant roots (Liu et al. 2018). Because of its low cost, ability to be used in situ, 
lack of secondary pollution, and preservation of soil quality, it is the most efficient 
and commonly used remediation method for recovering As. However, the extended 
time required is unavoidable (Ma et al. 2018). Due to the significance of rice con-
sumption in the human diet, phytoremediation of As in paddy fields will favor 
human health.

The use of hyperaccumulators in contaminated fields may gradually decline the 
amount of As in rice plant tissues. Hyperaccumulators have a number of desirable 
characteristics, including a rapid growth rate, a high biomass content, and a good 
potential for As accumulation. Furthermore, bioaccumulation and translocation fac-
tors should be greater than one for good hyperaccumulators (Srivastava et al. 2021). 
Because it has been difficult to find plants with all of the desired characteristics, a 
microbial association has been used to enhance biomass and plant growth, resulting 
in effective As accumulation (Mesa et  al. 2017). Hyperaccumulators also have 
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effective vacuole sequestration, quick translocation to shoots, and rapid root uptake. 
Pteris vittate has been used for As phytoremediation for the past 20 years because it 
concurs with the aforementioned statement. It has also been considered as a model 
plant to study how As is removed through photosynthesis (Han et al. 2017).

This study examines some previous studies on phytoremediation, which is used 
to lessen As accumulation in rice plants. Chinese brake fern (Pteris vittala L.), 
Pityrogramma calomelanos, and Mimosa pudica are a few of the recognized hyper-
accumulators (Mecwan Neha et al. 2018). According to Mandal et al. (2012) study, 
Chinese brake fern has the capability for the As phytoextraction, which results in a 
52% reduction in the amount of As in rice grains. Pteris vittata is the most researched 
and favored As-hyperaccumulating plant because of its unique characteristics, 
including its vigorous root system, increased biomass content, and fast growth rate. 
A study by Praveen et  al. (2017) found that when rice was planted beside three 
accumulators including Phragmites australis, Vetiveria zizanioides, and Pteris 
vitatta, the total As concentration in the rice shoot, root, husk, and grain decreased. 
The As content in grains was found to be within the WHO-recommended range 
(1 mg kg−1).

Additional studies have suggested remediation by intercropping with accumula-
tors. In the intercropping of rice plant with aquatic vegetables, water spinach 
(Ipomoea aquatica Forsk) outperformed water celery (Oenanthe javanica) and 
Guangdong white arrowhead (Sagittaria sagittifolia L.) (Huang et  al. 2021). 
Furthermore, Indian mustard and sunflower have the potential to be hyperaccumula-
tors due to their large biomass concentration (Mecwan Neha et  al. 2018). 
Phosphorous is the crucial element that encourages the buildup of As in contami-
nated soil. The phosphorus application is reported by Fu et al. (2017), and it may 
cause the plant Pteris to remove As.

Interactions between plants and microbes may hasten phytoremediation. The use 
of As-tolerant bacterial strains such as Staphylococcus arlettae (NBRIEAG-6), 
Staphylococcus sp. (NBRIEAG-8), and Brevibacillus sp. (NBRIEAG-9) in paddy 
fields on rice plant growth promotion and As uptake was studied by Singh et al. 
(2016). They found that there was a 30–40% reduction in As uptake compared to the 
non-inoculated plant.

7.1.3.7  Bioremediation

It is crucial to take the essential actions to get rid of or limit the As accumulation in 
rice in order to assure food safety. Reduced As uptake, translocation, or sequestra-
tion by biological agents throughout the plant is made possible via bioremediation 
(Panthri and Guptha 2019).

As was previously mentioned, soil microorganisms are crucial for As transport 
through paddy soil and rice plant absorption (Table 21.2). They assist the processes 
of sorption, precipitation, methylation, mineralization, immobilization, redox, and 
volatilization (Panthri and Guptha 2019). Several soil microorganisms including 
Bacillus, Rhodococcus, and Halobacterium species have been shown to sorb As via 
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Table 21.2  Different microorganisms tested in As bioremediation in rice plants

Name of the 
Microorganisms Type

Effects on As accumulation in 
rice plants References

Piriformospora indica Agaricomycetes 
rhizospheric 
fungus

Increased As immobilization in 
roots, translocation of iron to 
shoots, and increase the As 
stress tolerance

Ghorbani et al. 
(2021)

D. hansenii Yeast strain Under As stress modulates 
APX and SOD activity to 
scavenge reactive oxygen 
species and lower the grain As 
content by 40%
Enhances the development and 
nutrient condition

Kaur et al. 
(2020)

Kocuria flava AB402
Bacillus vietnamensis 
AB403

Rhizospheric 
microorganism

Reduce As absorption, and 
accumulation, in rice grains and 
increase seedling growth under 
As stress

Mallick et al. 
(2018)

Iron-reducing bacteria 
(FeRB), sulphate 
reducing bacteria (SRB)

Rhizospheric 
microorganism

Control the amount of As in the 
rhizosphere

Dai et al. 
(2020)

Arbuscular mycorrhizal 
fungi (AMF)

Soil fungi Inhibits the uptake and 
accumulation of AS (III) 
transporter by reducing its 
expression

Chen et al. 
(2013)

Chlorella vulgaris and 
Nannochloropsis sp.

Microalgae Enhance As accumulation in 
root and shoots

Upadhyay 
et al. (2016)

Anabaena azotica Cyanobacteria The movement and 
accumulation of several As 
species reduce by 43–70% in 
rice

Wang et al. 
(2018a, b)

Leonardite + Bacillus 
pumilus, Pseudomonas 
sp., Bacillus 
thuringiensis

Endophytic 
bacteria

Reduce As content and 
accumulation of grain As

Dolphen and 
Thiravetyan 
(2019)

their cell surface, which is a temperature and pH-dependent process (Mitra et al. 
2017). Bacillus subtilis contributes to As detoxification by forming Fe hydroxides 
on its cell surface via the inner-sphere complex formation. Recent research has dis-
covered new rhizospheric bacterial strains that act as plant growth inducers and As 
remediators. The bacterial strains EA 106, BBAU/MMM1 TWD-2 and D54 prevent 
As from building up in roots and lower its concentration and also transport and 
accumulation in aerial plant components (Hare et al. 2017).

Through bio-oxidation processes, Leptospirillum ferrooxidans, Thiobacillus cal-
dus, A. ferrooxidans, and Thiobacillus ferrooxidans oxidize Cu3AsS4, FeAsS, and 
As4S4 (Bakhat et al. 2017). It is more effective than abiotic oxidation and is known 
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as bioleaching. Microbes convert ferrous to ferric ions, and the following chemical 
oxidation of sulfides by Fe results in As-containing sulfide minerals. Arsenic solu-
bilization in soil solution does, however, increase as a result of reductive dissolution 
(Bakhat et al. 2017).

Along with the aforementioned bacteria, the AMF, which live in symbiosis with 
rice plant roots, also perform a protective role by sending out a signal that inhibits 
the expression of the OsLsi1 and OsLsi2 genes, which are thought to be the mediat-
ing genes for As (III) transport. The AMF assists the rice plant in maintaining its 
natural biomass and yield even when exposed to As without accumulating As in the 
grains (Mitra et al. 2017).

Owing to their ability, introducing and encouraging the growth of these microor-
ganisms into As-contaminated soil could help to reduce As stress on plants via the 
As methylation and volatilization process. It has been demonstrated that 
Saccharomyces cerevisiae that has been genetically altered with the soil fungus 
(Westerdykella aurantiaca) gene WaarsM exhibits significant As volatilization and 
methylation (Khan et al. 2022). One of the most innovative agricultural methods is 
thought to be the use of rhizospheric bacteria to reduce As stress in rice.

Planting rice with As accumulating plants such as Pteris Vittata has also been 
shown to be a successful method. However, there is a possibility that the accumu-
lated As will enter the food chain because the plant does not use it for metabolism 
(Khan et al. 2022).

7.2 � Transgenic Rice Production for the As Tolerance

Transgenic techniques have increased As tolerance in rice plants. The upregulation 
of specific genes, such as the phytochelatin synthase gene (PCS), which produces 
chelators to detoxify As accumulated in plants. The PCS gene (CdPCS1) isolated 
from Ceratophyllum demersum was introduced into rice plants to reduce As accu-
mulation in shoots and roots (Shri et al. 2015). The arsenite-thiol complex has been 
shown to scavenge stabilized As forms in plant parts other than grain. The effective 
efflux of As (III) in rice grains was investigated in the ACR3 gene isolated from 
yeast cells (Roychowdhury et al. 2018). The ArsM gene isolated from Westerdykella 
aurantiaca soil fungus is used to create transgenic rice capable of producing mono-
methylarsonic acid MMA (V) and DMA (V) that can bind inorganic As via As (III)-
S-adenosyl methionine methyl transferase (Panthri and Guptha 2019). Due to 
glutaredoxin’s ability to decrease As (V) and control As (III) levels in cells, two rice 
glutaredoxins (OsGrx C7 and OsGrxC2.1) were crucial in As-stress response, low-
ering As (III) accumulation. To exploit the genes that produce low As rice, novel 
gene editing tools such as CRISPR/Cas9 can target the genes that are responsible 
for As uptake and transport within the plant tissues (Chen et al. 2017).
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7.3 � Breeding Rice for As Tolerance

Rice cultivars differ in their potential for accumulating As in grains and other plant 
parts. Several studies have shown that rice cultivars perform differently in As accu-
mulation when grown in similar soil conditions due to genetic variability (Khanam 
and Nayak 2021). More oxygen-releasing rice types may be able to keep the redox 
potential high in the root rhizosphere and increase the amount of Fe complexes on 
root surface while decreasing As accumulation. It has been discovered that rice 
genotypes with red bran in the seed accumulate more than genotypes with brown 
bran in the seed (Shakoor et al. 2019). The investigations show that japonica rice 
varieties with less As in the grains have a strong potential to contribute to the breed-
ing program for As-tolerant rice (Norton et al. 2008). Additionally, the World Rice 
Core Collection reported the existence of a rice cultivar with increased grain DMAV 
content (Panthri and Guptha 2019). A cross between low As rice accessions exhibits 
low As accumulation among 1/4th of the second-generation plants which has dem-
onstrated great potential for As tolerance rice breeding (Farooq et  al. 2016). To 
increase As tolerance in rice by lowering As accumulation in rice grains, it is crucial 
to adopt low As variants in the current rice germplasm.

8 � Conclusion and Future Works

As biomagnification has caused severe health issues, as well as prominent negative 
effect on plant development. Since rice has been identified as a primary dietary food 
source of As, scientists have investigated a variety of mechanisms to mitigate As 
absorption in paddy plants. Thus, to diminish As accumulation in rice, modern agro-
nomic, bioremediation, biotechnological, and nanotechnological approaches are 
used globally. However, molecular and physiological mechanisms relating to As 
absorption, translocation, and accumulation in Oryza sativa must still be elucidated 
in order to understand the whole picture. As a result, it is critical to use molecular, 
physiological, multi-omics, and bioinformatics approaches to understand As absorp-
tion, transport, and resistance in rice. Moreover, most of the studies were conducted 
in controlled laboratory conditions, which may not be representative of field condi-
tions. Therefore, more extensive field-level experiments are needed to obtain reli-
able results. Additionally, investigations regarding As behavior under combined 
stress situations are required for investigation. Arsenic accumulation in seeds will 
ultimately diminish grain quality due to nutritional imbalance, and research into this 
issue should be expanded.
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Chapter 22
Mechanism and Approaches to Enhancing 
Heat Stress Tolerance in Crop Plants

Maira Tanveer, Athar Mahmood , Bushra Sarfraz, Muhammad Anjum Zia, 
Muhammad Mansoor Javaid, Safura Bibi, Maria Naqve, 
Muhammad Ather Nadeem, Muhammad Azeem, and Abdul Jabbar

Abstract  Rising temperature is a major agricultural issue throughout most of the 
world. Heat stress has harmful effects on plants that vary depending on the species 
and affects their growth and development. Major tolerance mechanism tools include 
proteins, ion transporters, osmoprotectants, proteins, and antioxidants. High tem-
peratures may also have adverse effects, gas exchange parameters, photorespiration, 
evapotranspiration, and membrane stability, in later stages. Plants have many adap-
tations, avoidance, and tolerance methods to reduce the damaging effects of high 
temperatures. Plant species have developed a broad collection of adaptation meth-
ods for harsh environments, such as heat shock protein induction (HSPs). All of the 
main HSPs serve important roles in reducing protein aggregation and misfolding. 
Plants resist heat stress by generating antioxidants and stress proteins, and moreover 
sustaining membrane permeability. Recent advancements in omics techniques have 
increased our understanding of the molecular pathways producing heat stress. 
Choosing the right planting time, seed priming, nutrients, and water management 
are all important approaches for enhancing plant behavior under severe HS condi-
tions due to climate change.
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1 � Introduction

Heat stress is an environmental stress which plants experience, and it initiates the 
synthesis of various heat shock proteins (HSPs). Currently, an increase in global 
average temperature is brought by global warming, causing severe problems in agri-
culture across the world, with a predictable loss of agricultural output amounting to 
countless dollars annually. Heat shocks inactivate essential enzymes, disrupt the 
protein synthesis, and damage the membrane, ultimately harming the crop growth. 
High temperatures prevent plants from growing and cause oxidative stress, which 
lowers crop yields and nutrient quality. Heat stress has a significant influence on 
their activities because plants are sessile creatures that cannot move to more favor-
able conditions (Javaid et al. 2022a, b, c). Heat stress affects germination, growth, 
development, and reproduction, leading to reduced crop productivity. As a result, in 
order to survive under stressful situations, plants display a wide range of morpho-
logical, physiological, and biochemical reactions (Janská et al. 2010; Tanveer et al. 
2020). To achieve good productivity under challenging circumstances, specific field 
management techniques can be used. Abiotic variables are the primary determinants 
of yield production in crop plants (Sihi et al. 2022). High temperatures, salt, drought, 
and heavy metal stress, among other conditions, all have an impact on agricultural 
plant development (Waqas et al. 2019). The aforementioned pressures affect 90% of 
agricultural production and can result in up to 70% productivity loss for major food 
crops (Onaga and Wydra 2021). Integration of crop yield and climate change mod-
els estimated that, important crops, including rice, wheat, and maize, would con-
tinue to lose productivity, which might have an adverse effect on food security 
(Mehmood et  al. 2018b; Hussain et  al. 2020). HSPs support the transmission of 
stress signals, repair damaged proteins and membranes, and protect photosynthesis. 
It is widely acknowledged that the heat tolerance adaptive approach promotes the 
expression of various HSPs. Heat shock responses are regulated by transcriptional 
and translational levels. Heat shock element (HSE) and a cis-acting DNA region are 
required for heat-induced transcription (Asthir et al. 2015). In the presence of heat 
stress, such advancements enable plant growth and development. However, resis-
tance level for heat stress varied between and within the species. There is a great 
deal of variation both within and across species, offering chances to genetically 
enhance crop heat stress resistance. There have been some successful efforts to 
develop heat-tolerant genotypes using traditional plant breeding techniques (Wahid 
et al. 2007). Plants often produce heat shock proteins, osmoprotectants, and antioxi-
dants in response to high temperatures (Mudassir et  al. 2018; Khan and 
Shahwar 2020).
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2 � Loss of Productivity Due to Heat Stress

Drought conditions are linked to heat stress and affected the growth, development 
and ultimately reduce the farm income. At a 40% water reduction, maize yield was 
decreased by up to 40% and wheat by 21% (Daryanto et al. 2016). An important 
crop in Africa is cowpea where productivity reductions might vary from 34% to 
68% depending on when drought stress develops (Farooq et  al. 2017; Chadha 
et al. 2019).

Morphological, physiological, and biochemical changes occurred under stressful 
conditions that decreased crop development and growth (Wahid et al. 2007). High 
temperatures have a variety of negative effects on crops, such as poor germination, 
leaf senescence, drastically reduced pollen viability, and therefore, fewer grains 
with smaller grain sizes (Ugarte et al. 2007; Waheed et al. 2020). High-temperature 
stress damages the protein and cell membrane along with disruption of the protein 
synthesis and inactivates major enzymes (Smertenko et al. 1997). In general, the 
effects of heat stress are more pronounced throughout reproductive stage, which 
leads to reduction of the fertilization and causing flower abortion. The gas exchange 
parameters, water relation, and cell membrane stability are mainly affected by unfa-
vorable temperatures. Many studies have indicated yield reductions in several crops 
due to heat stress (Table 22.1).

3 � Plant Response to Heat Stress

In natural environment, both light and temperature have an impact on plants. 
However, when they are exposed to a temperature for a long time more than their 
optimum range, it disrupts the whole plant’s life cycle. The main difficulties for 
plants are extreme environmental conditions; they all have an adverse effect on their 
development and growth. Examples of these situations include diverse biotic and 
abiotic stressors (Onyekachi et al. 2019; Waheed et al. 2019). Plants have developed 
an astounding variety of methods for reducing their adverse environmental impacts 
because they are sessile and so unable to move to more favorable environments 

Table 22.1  Effect of drought and heat stress on yield reduction of different crops

Crop Stress Yield reduction References

Maize Drought, heat 62–86% Gabaldón-Leal et al. (2016)
Rice Drought, heat 51–89% Sun et al. (2022)
Wheat Heat 54% Akter and Rafiqul Islam (2017)
Soybean Drought 44–69% Cohen et al. (2021)
Chickpea Drought 42–66% Gaur et al. (2013)
Sunflower Drought 58% Van der Merwe et al. (2015)
Canola Heat 28% Lohani et al. (2022)
Potato Drought 11% Tang et al. (2018)
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(Thornton et al. 2014). Moreover, it has been shown that plant cells have sophisti-
cated systems to react to several stressors, including HSR, which has a positive 
effect which might boost agricultural production under conditions of climate 
change. Extremely high temperatures can cause devastating damage to crop and 
reduce crop production (Javaid et al. 2020b; Elahi et al. 2022). The heat response to 
stress generates a significant amount of reactive oxygen species (ROS), which 
causes oxidative stress as a secondary stress (de Castro Cavallari et al. 2019).

3.1 � Seed Germination and Plant Growth Under Heat 
Stress Conditions

The percentage of plant development is influenced by a major factor known as heat 
stress. Every species has a different temperature tolerance level (Khan and Shahwar 
2020). Heat stress has been associated to a decrease in germination percentages, 
which has a negative influence on the emergence, growth, and development of a 
wide range of plant species (Kumar et  al. 2011). Effects of high temperature on 
plant germination are elaborated in Fig. 22.1. Visual stress symptoms such as fruit 
and leaf discoloration and senescence can also be caused by high temperature 
(Vollenweider and Günthardt-Goerg 2005).

The seed germination inhibition takes place by HS by disrupting enzymes’ activ-
ity involved in starch breakdown and promoting the abscisic acid (ABA) production 
(Essemine et al. 2010). Heat stress affects plant phenology and plant life cycle. For 
example, above the optimum level, slight temperature rise (1–2 °C) shortened the 
duration of grain filling in cereals, resulting in lower productivity (Hassan et  al. 
2021). Protein denaturation at high heat stress caused cell death in particular regions 

Fig. 22.1  Various effects of heat stress on growth and development of plants. (Kumari et al. 2020)

M. Tanveer et al.



503

and tissues. As a result, both severe and mild heat stress cause plant death, fruit and 
flower abortion, and leaf falling.

A rise in temperature from the thresholds stimulates many mechanisms that 
affected the rate of development and shortening growing seasons, potentially reduc-
ing yield (Stöckle et al. 2018). In the embryo, temperatures beyond 37 °C prevented 
the production of proteins, which inhibited germination. Also, coleoptile develop-
ment stopped entirely at 45 °C (Khan and Shahwar 2020).

3.2 � Nutrients Absorption Influenced by Heat Stress

High temperatures inhibit plant development by reducing nutrient and water absorp-
tion (Huang et al. 2012; Shahid et al. 2015). It also influences the source-sink con-
nections between plants, production of enzymes, and nutrients imbalance in plants 
(Rennenberg et al. 2006). Heat stress reduces protein levels involved in assimilation 
and absorption of nutrients as well as the total protein content of roots. That is why, 
because of global warming, increased heat stress may lower crop production and 
nutritional quality. In future, plants are supposed to experience, more often, a hotter 
and longer season of abrupt heat stress (such as heat waves) because temperature 
increases the chances of global warming, which will have an unfavorable effect on 
plant function (Fatima et al. 2020).

Heat stress has a significant impact just because it typically affects the concentra-
tion of important nutrients in plants and, in certain cases, the overall nutritional 
contents (Soares et al. 2019). Heat stress affected key enzymes involved in food 
metabolisms, involved in nitrate and ammonium absorption as well as nutrient 
uptake (Lopez-Delacalle et al. 2020). In addition, the nutrient uptake ratio is low-
ered down by heat stress, because of a decrease in root hair surface and nutrient 
absorption (Calleja-Cabrera et al. 2020). The few prior studies have demonstrated 
that heat stress can be damaging, although it is unknown if heat stress has immedi-
ate or long-term effect on root systems (Lipiec et al. 2013).

3.3 � Yield Response to Heat Stress

Heat and drought have a number of damaging effects on agriculture production, 
including reduced leaf photosynthesis and increased leaf senescence (Wang et al. 
2013). The causes of the decreased yield in high temperatures are reduced reproduc-
tion components like pollen embryo and impaired meiosis (Pandey and Rastogi 
2019). Abiotic and biotic stresses cause more than 50% of crop losses. Crop produc-
tion is significantly decreased by HS during the grain filling process. The lower rate 
of seed filling ultimately reduced the potential for yield (Sehgal et al. 2018).

Heat stress also harms nutritional value of cereals and oilseeds because it signifi-
cantly drops the levels of carbohydrates, protein, and oil (Wahid et  al. 2007). 
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Sorghum studies demonstrate that during the flowering period, long exposure to 
high temperatures (above 36–38 °C) for 10–15 days inhibited pollen germination, 
prevented fertilization, and caused flower abortion.

3.4 � Impact of Heat Stress on Partitioning Assimilation

Plant development and final production, because of heat stress, reduced source-sink 
activities (Hassan et al. 2021). However, significant differences in assimilate parti-
tioning have been mentioned under heat stress (Yang et al. 2002). Heat stress influ-
ences plant source-sink interactions by decreasing carbon absorption and partitioning 
in plants (Hassan et al. 2021). Previous investigations showed that heat exhaustion 
resulted in callus development (Scharf et al. 2012). However, in the current investi-
gation, it seems that heat stress impacted the “sink strength,” or the capacity of early 
flower buds to absorb water to move around while absorbing under HS; the move-
ment of assimilates from leaf area to uptake is also disrupted (Kaur et al. 2021). 
Wheat photosynthetic rates were highest between 20 and 30  °C.  Temperatures 
above 30 °C inhibited photosynthesis and caused assimilates to be transferred from 
the leaf area to the reproductive organs (Abrol and Ingram 1996; Mehmood et al. 
2018a). Heat stress reduced water-soluble carbohydrate movement from stem to 
grain and caused a meaningful decrease in overall production (Hassan et al. 2021).

3.5 � Biochemical Responses Under Heat Stress Conditions

Among major environmental stress, heat stress has negative impact on crop growth 
and production (Beltagi et al. 2016). Temperature-sensitive biochemical processes 
are abundant in plant growth and development. Plant responses to high temperatures 
vary according to plant type, temperature intensity, and temperature duration (Fahad 
et al. 2015) (Fig. 22.2).

3.6 � Impact of Heat Stress on Plant Physiology

Temperature rises initially promote plant growth, photosynthesis, respiration, and 
enzyme activity; but, at a certain point, these factors tend to decline as a result of 
modifications to the plant’s cellular state, membrane fluidity, and organelle proper-
ties (Khan and Shahwar 2020). In a variety of developmental phases, plants may be 
exposed to various types of stress, and in different tissues, their stress response 
mechanisms may vary as elaborated in Fig.  22.3 (Queitsch et  al. 2000). It also 
reduces the crop’s relative water contents and leads to damage of cell structures and 
associated proteins.
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Fig. 22.2  Various physiological responses to heat stress. (dos Santos et al. 2022)

Fig. 22.3  Response of a plant system to increased stress in the context of ROS generation and 
oxidative stress. (Mullineaux and Baker 2010)

3.6.1 � Photosynthesis

High temperatures reduced photosynthesis, which influences the production and 
development of plants (Javaid et al. 2020a). Photosynthesis rate is heat-dependent 
physiological process. Photosynthetic pigments, glycolic metabolism, electron 
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transport system, CO2 fixation pathways, and photosystems all played critical roles 
in photosynthesis efficiency. Photosynthetic capacity may be reduced when any of 
these components get damaged (Ashraf and Harris 2013). The rate of photosyn-
thetic activity was reduced by heat stress (5 days, 33 °C) in rice plants. The 15–30% 
closure of stomata was the reason for the decrease in photosynthesis (Pandey and 
Rastogi 2019). Photosynthesis includes a particularly complex physiological mech-
anism in plants, especially gas exchange parameters (Ashraf and Harris 2013; 
Javaid et al. 2022a). High temperatures change intercellular CO2 concentration and 
leaf stomatal conductance. Stomata closure may also contribute to reduced photo-
synthesis by influencing intercellular CO2 concentration (Greer and Weedon 2012; 
Javaid et al. 2022c).

High temperatures also affect plant water relations, decreasing water potential 
and leaf area, which reduced photosynthetic activity (Netondo et al. 2004). Long-
term heat stress also caused a deficiency of carbohydrate reservoirs that disrupts the 
photosynthesis activity (Abbas et al. 2015; Hassan et al. 2021). Heat stress altered 
the activity of several enzymes and distribution of energy due to disrupting inacti-
vating oxygen-evolving enzymes and changing regeneration rate of RuBP (Sharma 
et al. 2020).

3.6.2 � Respiration

The rate of respiration increases dramatically as the temperature rises, reaching 
around 40–50 °C. Nevertheless, beyond 50 °C, respiration decreased significantly 
because of respiratory process damage (Hassan et al. 2021). Moreover, heat stress 
causes an increase in ROS production while decreasing ATP production (Zaboli 
et al. 2019). During heat stress, wheat leaf area respiration increased significantly, 
resulting in a considerable yield reduction (Almeselmani et al. 2012). Heat stress 
degrades kinetics of CO2 and O2 in Rubisco (Cossani and Reynolds 2012). Heat 
stress increased O2 and CO2 solubility in the leaves of crops, lowering the effective-
ness of CO2 concentration mechanisms. Rubisco is an important enzyme that is well 
known to catalyze photosynthesis and photorespiration (Keys 1986). The mesophyll 
CO2 concentration limits the carboxylase activity under HT conditions. Heat stress 
reduced photosynthetic efficiency due to CO2 loss from photorespiration (Hassan 
et al. 2021).

3.6.3 � Damage Due to Oxidative Stress

High temperatures are well recognized to cause oxidative stress in plants, which is 
due to an imbalance between photosynthesis and respiration brought by heat (Khan 
and Shahwar 2020). Proteins, membranes, lipids, and DNA are all damaged because 
of oxidative stress. The plasma membrane is disrupted at different levels by high 
temperature stress, which also generates activated oxygen species (Das and 
Roychoudhury 2014; Hassan et al. 2021). Membrane lipids and pigments peroxide 
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cause cellular damage by destroying membrane permeability and function. ROS 
damaged the photosynthetic machinery and other cellular components, which 
caused hindrance in metabolic activity and reduced metabolic flow activities, which 
affect plant growth and production and can cause cell death (Aamer et al. 2021; Ul 
Hassan et al. 2021).

Like other abiotic stimuli, accumulation of unwanted and damaging ROS species 
occurs due to heat stress (Javaid et  al. 2020b; Mahmood et  al. 2022). Different 
physiological problems in plants are brought on by ROS. For instance, DNA, pro-
teins, lipids, photosynthetic pigments, and even all components of the cell are 
reacted by OH radicals (Anjum et al. 2015). Plant plasma membrane surfaces accu-
mulate ROS because of prolonged high temperature. These circumstances lead to 
accumulating the ROS in cells which triggered the cell death (Petrov et al. 2015).

3.6.4 � Water Loss

High temperatures are typically linked to less water availability for the plants, which 
inhibits photosynthesis and depletes the reserves because respiration still requires 
substrates (Scafaro et al. 2021). This results in a reduction in nutrients supplied to 
the reproductive organs and a reduction in cellular activity. When water availability 
is high, plants typically try to regulate water contents in tissues regardless of tem-
perature. Nevertheless, a temperature rise can be harmful when water is scarce 
(Wahid et al. 2007; Rehman et al. 2022).

Although when water is abundant in the soil, fast decrease of water contents in 
the tissue of leaves of sugarcane occurred when exposed to high temperatures 
(Wahid 2007). Due to gas exchange processes like transpiration and photosynthesis, 
this loss of water is higher throughout the day than at night. Under heat stress condi-
tions, more water is lost during the day due to increased transportation rate than at 
night, causing stress in snap bean plants (Hassan et al. 2021).

3.6.5 � Reproductive Development

Although heat stress affects all plant tissues, reproductive organs are most suscep-
tible. For example, a few degrees higher in temperature during the blooming stage 
of plants caused a significant loss of grain (Jagadish et al. 2021). Heat stress leads 
to abrupt floral buds and flower abortion, though sensitivity varies greatly within 
and among plant species and varieties (Arnao and Hernández-Ruiz 2020). This ste-
rility under abiotic stress conditions inhibits the growth of endosperm and pollen 
tubes, lowers ovule viability, causes abnormalities in style and stigma positions, 
causes fewer pollen grains, and lowers the pollen fertility rate (Wahid et al. 2007; 
Mahmood et al. 2022). The aforementioned conditions cause a decrease in the quan-
tity of pollen on the stigma during the blooming stage (Wu et al. 2020).
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4 � Adaptation of Plants to Heat Stress

4.1 � Avoidance Mechanism and Tolerance Mechanism

The primary processes by which plants respond to heat stress are tolerance and avoid-
ance mechanisms, which are employed in several ways. Plants adopt short-term 
avoidance or assimilation strategies to deal with high temperatures, such as shifting 
the orientation of their leaves, cooling through transpiration, or modifying their mem-
brane lipid compositions. Frequent heat-induced plant aspects include stomata shut-
ting, less water loss, and bigger xylem vessels (Fig. 22.4; Srivastava et al. 2012).

Early maturity in a variety of agricultural plants is often linked to decreased yield 
losses in high temperatures (Adams et al. 2001; Rodríguez et al. 2005). Many plants 
showed varying degrees of leaf rolling in response to the temperature. The physio-
logical purpose of leaf rolling in maintaining adaptation potential was to boost the 
efficiency of water metabolism in wheat leaf tissues (Wahid et  al. 2007; Naqve 
et al. 2021).

4.2 � Antioxidant Defense

Antioxidant defense system is reliant on the effectiveness of the thermotolerance sys-
tem (Maestri et al. 2002). When plants are subjected to high temperature stress, they 
increase the activity of antioxidant enzymes and also accumulate more nonenzymatic 
compounds. However, most of the time, even in vulnerable genotypes, these increased 
activities are insufficient to help plants tolerate stress (Almeselmani et al. 2009). As a 

Fig. 22.4  Reactive oxygen species (ROS) production sites in plants. (Hasanuzzaman et al. 2013)
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defense mechanism against the damaging effects of ROS, plants have a variety of 
enzymatic and nonenzymatic antioxidants (Wahid et al. 2007; Nawaz et al. 2022).

Some of the enzymatic antioxidants are as follows:

•	 Catalase enzyme (CAT)
•	 Dehydroascorbate reductase enzyme (DHAR)
•	 Monodehydroascorbate reductase enzyme (MDHAR)
•	 Superoxide dismutase enzyme (SOD)
•	 Glutathione peroxidase enzyme (GPX)
•	 Glutathione S-transferase (GST) and glutathione reductase (GR)

Some of the nonenzymatic antioxidants are as follows:

•	 Glutathione (GSH)
•	 Carotenoids
•	 Anthocyanins
•	 Ascorbate (AsA)

4.3 � Reactive Oxygen Species in Heat Tolerance

Plant hormones can induce thermotolerance that is induced by plant hormones 
through ROS production, altering the redox signaling and production of NADPH 
oxidases (Mittler and Blumwald 2015; Mhamdi and Van Breusegem 2018). 
Hydroxyl radicals and superoxide anions are ionic forms while singlet oxygen and 
hydrogen peroxide are molecular states of ROS. Recent research has shown that 
ROS is a significant signal for regulating pathogen infection response and environ-
mental stressors (Mittler et al. 2004).

4.4 � Production Sites of ROS in Plants

During different processes like respiration and photosynthesis, ROS are produced in 
mitochondria, chloroplast, peroxisomes, and other cell sites. ROS are always pro-
duced because of electron leakage from chloroplasts, plasma membranes, and mito-
chondrial electron transport systems. ROS are a particular class of free radical and 
reactive molecule produced by oxygen (Asada 1987; Hassan et al. 2022).

4.5 � Heat Shock Proteins

F. Ritossa, an Italian scientist, discovered heat shock proteins in Drosophila mela-
nogaster in early 1960s while investigating high-temperature stress (Ritossa 1962). 
HSPs play a significant role in the life cycle of plants because their function goes 
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well beyond protection against biotic and abiotic stressors. However, HSPs were 
initially identified based on their capacity to tolerate high temperatures (Vierling 
1991). HSPs appear to be well-suited for their functions in protein folding, assem-
bly, translocation, and degradation during normal cellular growth and development 
(Park and Seo 2015).

4.5.1 � Classification of HSPs

Heat shock proteins are found in almost all species, including humans, microorgan-
isms, plants, and mammals (Haslbeck and Vierling 2015). HSP families have 
molecular sizes ranging from 10 to 100 kDa and are present in a variety of cellular 
compartments (Jee 2016). HSPs are classified into the following subfamilies based 
on their location and function (Table 22.2).

•	 Small HSPs
•	 HSP100
•	 HSP90
•	 HSP70
•	 HSP60

5 � Approaches to Enhance Heat Tolerance

Surviving to heat stress is a built-in mechanism in plants; however, heat tolerance 
capability differs by species and even within species (Poór et al. 2021). New genera-
tion molecular breeding, marker-assisted selection (MAS), genome editing 
approaches, and precision breeding are effective tools in the study of heat tolerance 
(Singh et al. 2019).

Thermo tolerance is a multigenic characteristic that is regulated by the interac-
tion of genotype and environment affecting the heat tolerance in plants and is 

Table 22.2  Location and function of heat shock proteins

Classification Location Function References

Small HSPs Cytosol, nucleus Prevent wrong protein aggregation Bakthisaran et al. 
(2015)

HSP100 Cytoplasm, nucleus, 
mitochondria

Thermo tolerance, facilitates 
reactivation of proteins

Tustumi et al. 
(2022)

HSP90 Cytoplasm Prevents from aggregation, 
facilitates signal transduction

Priya et al. 
(2019)

HSP70 Cytosol, endoplasmic 
reticulum

Protection against stress, protein 
refolding

Lubkowska et al. 
(2021)

HSP60 Mitochondria, cytosol Prevent aggregation of denatured 
proteins, help in protein folding

Deng et al. 
(2019)
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regulated by multigenic characteristics interactions. Traditional breeding is time-
consuming and a laborious procedure for developing heat-tolerant species (Rauf 
et al. 2016). Assistance of MAS significantly accelerates plant breeding programs in 
terms of heat tolerance development.

5.1 � Biotechnological Approaches in Enhancing Heat 
Stress Tolerance

Biotechnology has recently made significant contributions to the discovery of genes 
that are involved in heat tolerance in maize and tomato crops (Hassan et al. 2021). 
Changes in transcriptional and translational activity can control HS tolerance in 
plants. During the stressful phase, transcription is necessary to facilitate the neces-
sary translational processes (Hassan et al. 2021). Such plant activities change sig-
nificantly during seed germination, as well as during heat and drought stress 
(Khaleghi et al. 2019).

The major biotechnology techniques used to increase heat stress resistance in 
crops are genetic transformation and MAS.

5.1.1 � Genetic Transformation

The development and production of essential crops for agriculture are significantly 
hampered by heat stress, which occurs when high temperatures permanently harm 
plant development or function. To create “climate-smart” crops, it is essential to 
understand biochemical, physiological, and molecular processes of thermotoler-
ance as the world’s population expands and temperatures rise. Heat stress tolerance 
in plants offers comprehensive, multidisciplinary overview of the most recent find-
ings in this significant area of research (Akter and Rafiqul Islam 2017). This work 
investigates heat stress, its effect on agricultural plants, and numerous methods to 
modify tolerance levels. It presents contributions from an international team of plant 
scientists and researchers. Due to the detrimental effects it has on crop growth and 
output, high temperatures have gained international attention. Stress-related pro-
teins are abruptly expressed more when there is heat stress, and these proteins help 
plants defend themselves and offer tolerance. When plants experience heat stress, 
antioxidant enzymes and HSPs are crucial. Repression of regular cellular protein 
synthesis and stimulation of HSPs production are characteristics of the heat shock 
response (Boopathy et al. 2022). Under HT stress, numerous enzymatic and nonen-
zymatic antioxidants are upregulated, cell membrane stability is maintained, a vari-
ety of suitable solutes are produced, and hormonal changes take place. Plants are 
protected from damaging radicals that may otherwise harm lipophilic proteins by 
ROS, which involves numerous mechanisms such as glutathione peroxidase, Fenton 
reactions, and Haber Weiss (Asthir 2015). The quantitative trait loci and identified 
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genes imparting heat tolerance will be helpful in a marker-assisted breeding pro-
gram. These approaches will identify relevant genetic variables that may be 
exploited in plant engineering to increase heat tolerance (Nguyen et al. 2018). This 
review examines various protective mechanisms for HT tolerance. The impact of 
abiotic stress on plant productivity has been mitigated to a limited extent by conven-
tional plant breeding. This might be because qualities controlled by numerous genes 
located at QTL are complex (Monostori et al. 2017). Moreover, traditional breeding 
for better heat resistance qualities has been successful. For instance, Becker et al. 
(2016) created the “Ripper” type of wheat, which is drought-resistant. Under 
Colorado, this cultivar did well with greater grain yields in nonirrigated circum-
stances. Additionally, the cultivar offers excellent milling and bread-baking quali-
ties. The maize cultivars created by Badu-Apraku and Yallou (2009) produced more 
grain per acre than the control varieties when planted in drought-stricken areas. 
These maize varieties also did well when exposed to biotic stress.

5.1.2 � Marker-Assisted Selection (MAS)

Because HS is complicated and phenotypic selection for HS tolerance is difficult, 
MAS is a crucial strategy for enhancing heat tolerance in crops (Hassan et al. 2021). 
Therefore, using MAS, it is important to identify the genes, either at the level of the 
entire plant or of each component, that are in control of heat tolerance. Recently, 
multiple genetic markers have been discovered that diverse abiotic stressors. Using 
this approach, a significant number of QTLs with significant effects on HS at vari-
ous plant development stages have been identified and reported (Simko et al. 2021).

Many plants in large populations exhibit varying degrees of adaptability to a new 
environmental condition, and using this ability, plants change their phenotypic, 
morphological, physiological, and genetic orientation in response to heat stress 
(Gantait et al. 2019). It is necessary to identify, select, and employ plant populations 
in breeding programs that demonstrate sustainable growth under changing environ-
mental conditions (Gilliham et al. 2017). By using only phenotypical observations 
in conventional breeding programs, genotypes are chosen without knowledge of the 
choice of linked genes. To speed up the selection of plant populations with traits that 
improve their resistance to abiotic stress, molecular breeding approaches, in par-
ticular marker-assisted selection, provide a significant potential (Hasan et al. 2015). 
Increased accuracy through the discovery and use of DNA markers (spread across 
the genome) is connected to features of interest. Furthermore, because environmen-
tal conditions cannot alter molecular markers, which are readily observable at any 
stage of plant development, it is possible to screen for stress-tolerant plant popula-
tions even at the seedling stage without wasting time, space, or precious resources. 
The quantitative fingerprinting, germplasm screening, and marker-assisted selection 
techniques have all been used (Gantait et al. 2019).
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5.2 � Osmic Approaches to Enhance Heat Stress Tolerance

5.2.1 � Planting Duration

A management strategy to achieve maximum production under various heat stress 
conditions is planting duration (Hassan et al. 2021). Crop yield under HS is improved 
by choosing an appropriate planting or sowing period that prevents high tempera-
ture at anthesis and grain filling. Additionally, sowing timing influences crop growth 
and development, making choice of appropriate sowing timing a crucial strategy to 
achieve optimum yield under such challenging circumstances (Briak and Kebede 
2021). Crops should be planted at an appropriate period to alleviate the damaging 
impacts of high temperatures to increase the yield potential and this approach 
increases yield potential under elevated temperature conditions (Nyakane 2019).

5.2.2 � Nutrient and Water Management

Optimal nutrient availability protects plant integrity by assisting with a variety of 
physiological functions. Nitrogen and magnesium are necessary elements for pho-
tosynthesis. Phosphorus is a basic requirement in the production of energy, whereas 
potassium is needed for enzyme activation and gas exchange (Tränkner et al. 2018). 
Several authors demonstrate that silicon and potassium enhance the protective 
effects of several nutrients against abiotic stresses (Ahmad et al. 2019). ROS can be 
produced at both high and low temperatures, which is terrible for plants (Munjal 
2019). Additionally, selenium (Se) protects plants from damaging effects of ROS by 
serving a structural role in the synthesis of glutathione peroxidase (Chauhan et al. 
2019). An essential micronutrient that supports maintaining membrane health is 
zinc. Permeability and an ideal Zn supply mitigated the harmful effects of heat 
stress (Hassan et al. 2021). They are all essential for the body to function. This sug-
gests that sufficient mineral feeding is required to keep plants performing well 
under stress (Teklić et al. 2021).

5.2.3 � Seed Priming

Priming of the seed is an effective method for promoting crop stand establishment 
all over the world (Farooq et al. 2019). Seed priming greatly enhanced seed germi-
nation and emergence, which leads to improved growth and development. There is 
proof that seeds with normal or low vigor can be primed to increase the growth, 
size, and number of roots (Pawar and Laware 2018). Seed priming improved crop 
production against abiotic stressors, for example, heat stress, drought, and pests 
(Prodhan et al. 2022).
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6 � Conclusion

Heat stress has become a serious concern for agricultural production across the 
world because it has a considerable influence on plant growth, development, and 
output. Surprisingly, the frequency and duration of high temperatures determine the 
extent to which this occurs in different climatic zones. Heat stress, on the other 
hand, has the largest impact on reproductive development. As a result, the presence 
of HS throughout the reproductive stage is associated with the most severe decreases 
in final production. Moreover, excessive heat causes oxidative stress, damaged pho-
tosynthetic machinery, reduced photosynthesis, decreased ATP production, and 
increased membrane permeability. In high-temperature conditions, plants accumu-
late a variety of metabolites as well as metabolic pathways and activities such as 
antioxidants, osmoprotectants, and heat shock proteins (HSPs). These changes 
highlight the importance of physiological and molecular studies in understanding 
the mechanisms underlying stress responses. Under heat stress, plants may accumu-
late a variety of thermoprotectants, phytohormones, and signaling molecules that 
contribute to high temperatures.
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Chapter 23
Mechanisms and Responses to Enhancing 
Pollutants Stress Tolerance in Crop Plants

Arun Kumar Maurya

Abstract  Plants are very robust and tolerant group of organisms in the nature. They 
face all environmental changes in static conditions by evolving and developing 
morpho-anatomical structures and physio-biochemical mechanisms. Various man-
made substances acting as pollutants have entered into the environment and causing 
pollution have posed danger and risk to the ecosystem health and badly affected all 
organisms including the crop plants. The nature of pollutants is solid (paper, tin, 
heavy metals, toxic metals, metalloids, plastics); liquid (oil spills, pesticides, deter-
gents); gases (CO, CH4, NOx, SO2, SF6, CFC and PFC); and radiations (ozone, 
X-rays, UV-radiation, radioactive radiation). These pollutants are present in various 
concentrations and amounts and have different impacts on crop plants. The effects 
are visible ultimately as decline in production and productivity of crops. Plants have 
evolved diverse mechanisms in responses to pollutants to counteract the pollution 
stress. It can be seen as bioaccumulation, biomass partitioning, detoxification, mod-
ification, phytochelation, biotransformation, exclusion, increased hormone, and 
metabolites synthesis. Some of these mechanisms are general in nature, while oth-
ers are species-specific, depending upon the type and nature of the pollution stress 
that shows various responses in relation with nature and type of pollutants and inter-
action with plant. These responses are visible at morphological, anatomical, physi-
ological, biochemical, and molecular levels. These responses are an outcome of 
tolerance capacity of the plant. The pollutant and plant interaction further give rise 
to clues to help plant to evolve against the pollutant. The diverse and ever-rising 
threat of pollutant has made human being conscious to regulate, control, and protect 
the ecosystem. It has pushed to invent and use novel tools and techniques that help 
to overcome or clean up the environment. These innovative techniques are nano-
technology, bioremediation, use of unmanned aerial vehicle, and modern biotech-
nological tools. They help to develop tolerant crops by either classical or modern 
biotechnology tools to meet the rising need of human population across globe.
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1 � Introduction

Pollution is threatening every organism on earth in current scenario. Diverse nature 
and types of pollutants are released by man-made activities into the environment 
ranging from solid, liquid, gas, and radiation including noise. Pollutants are affect-
ing air, water, soil, and biological domain in various permutation, combination, and 
intensity. Plants are an integral component of biological domain of ecosystem and 
therefore are not intact from effects of pollutants. These pollutants affect the ecosys-
tem and develop stress on plants which have been classified as abiotic stress. It 
influences morphological, anatomical, physiological, biochemical, and molecular 
aspects of plants including crop plants. Current scenario of climate change, global 
warming, and environmental pollution are becoming lethal combination for induc-
ing various abiotic and biotic stress leading to sharp decline in plant growth, devel-
opment, and survival. Therefore, there is great need to act swiftly to mitigate such 
multifactorial stress and find ways to augment the tolerance of crops (Zandalinas 
et al. 2021).

Most of the pollutants causing environmental pollution and affecting crop plants 
are man-made and released by human being into ecosystem knowingly or unknow-
ingly. The pollutants can be classified as per their nature affecting crop plants as 
follows:

	1.	 Air pollutants (CO, CH4, NOx, SO2, SF6, VOx, CFC, and PFC)
	2.	 Water pollutants (oil spills, pesticides, detergents, sewage waste)
	3.	 Soil pollutants (e-waste, pesticide, heavy metals, metalloids)
	4.	 Radiations (ozone, X-rays, UV lights, radioactive pollutants)
	5.	 Pollutants having potential to pollute air, water, and soil.

Due to rapidly rising urbanization and industrialization, release of diversified pol-
lutants causing great threat and resulting into great impacts on crop plant physiol-
ogy and consequent effects are visible as crop loss. Depending upon factors and 
their interactions such as geographic zone, climatic conditions, anthropogenic activ-
ities, and time develops complex and variable air pollution compositions (Mishra 
et al. 2021). Air pollution considers harmful, reactive, gaseous fraction, and particu-
late matter which are above certain limit. Gases include carbon-based pollutants, 
carbon monoxides and dioxide (CO, CO2), methane (CH4), and volatile organic 
compounds (VOCs), nitrogenous pollutants include ammonia (NH3), ammonium 
(NH4

+), dinitrogen tetroxide (N2O4), nitrogen mono- and dioxide (NO, NO2); sulfur-
based (sulphur dioxide (SO2)); ozone (O3), mercuric vapours (Hg), chlorine (Cl2), 
and fluorides (HF, SiF6, CF4 and F2). Their interactions between and among them 
and with other atmospheric gaseous molecules can form other, even more harmful 
secondary compounds. Key gaseous organic carbon forms causing atmospheric 
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pollution belong to VOCs that include benzene, ethylbenzene, hexane (C6H6), 
xylenes (BTEX), and phenol vapours (Molina and Segura 2021).

Air pollutants are released from point as well as non-point pollution sources. 
They show great impact and spread rapidly in comparison with soil and water pol-
lutants. Air pollutants have widespread and greater impacts on the morpho-physio 
and biochemical changes in crop’s plants. It is important to note that all air pollut-
ants are not harmful; some have beneficial roles in plant growth and yields, but most 
of them modify physiological and morphological processes. To minimize negative 
impacts of air pollutants on crop plants, there is greater need for developing better 
understanding about interaction and uptake of air pollutants vis-à-vis response 
shown by crop plants for making policy and programme to protect crop plants 
(Shrestha et al. 2022). Heavy metals (HMs) and polycyclic aromatic hydrocarbon 
(PAHs) are another group of toxic atmospheric pollutants whose effects are depen-
dent upon different environmental conditions such as soil pH, temperature, and 
plants’ physiological and genetic status (Shrestha et al. 2022).

Ozone is a gaseous, highly reactive, triatomic oxygen molecule and prominently 
found in stratosphere, but considered as phytotoxic air pollutant when present in 
troposphere, causing decline in several important agricultural crops yield threaten-
ing food security (Shang et al. 2022). The fall of solar UV-B radiation in Antarctica 
peninsula is found to be enhanced many days due to ozone depletion which affects 
plants’ photosynthesis by impairment in the upper mesophyll cells as observed in 
Colobanthus quitensis (Kunth) Bartl. and Deschampsia antarctica Desv., which is 
associated with light-independent enzymatic reaction and consequently, biomass 
depletion is observed (Xiong and Day 2001). High concentration of ozone exposure 
to crops causes substantial reductions in yield as ozone enters into leaves through 
stomata and induces formation of ROS which develops oxidative stress, conse-
quently reduction in photosynthesis and accelerated senescence are observed 
(Montes et al. 2022). An estimate of yield losses attributed to ozone between 2014 
to 2017 for key crops across China showed production losses are 34–91 million 
metric tonnes (mt/yr) with highest losses in Henan provinces (Wang et al. 2022a). 
Looking into the gravity of matter, China has made commitment to cut down green-
house gases (GHG) emission from different sectors by rigorous planning for mitiga-
tion including agricultural activities (open burning of crop residues, rice farming, 
change in cropland, and associated emissions, machinery uses, nitrogen fertilizer, 
and pesticide production) for ensuring carbon neutrality by 2060 (Liang et al. 2021).

Ozone pollution affects vital plant-pollinator system by disrupting floral visuals, 
olfactory perception of volatile communication signals, learning memories, and 
behaviour of pollinators. It has been experimentally validated by adding air with 
ozone that has caused increased reduction in floral volatile concentrations with dis-
tance from volatile sources, degradation of floral scents, their ratios showing nega-
tive impacts on pollination, and pollinator relationships (Farré-Armengol et  al. 
2016). In addition to that ozone-induced oxidative stress, disturbance in olfactory 
coding in the honeybee brain was observed that link with the pollinators’ olfaction 
and foraging behaviours in addition to a possible long-term harmful effect on pol-
linator services (Démares et al. 2022).
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Soil pollution is another category of pollution causing great economic loss and 
environmental degradation. Key sources of soil pollutants are fertilizers, pesticides, 
solid waste containing heavy metals, e-wastes, and plastics. The excessive applica-
tion of nitrogen (N) fertilizers has given rise to numerous environmental problems 
such as excessive atmospheric N2O, ammonia (NH3) volatilization from crop lands, 
groundwater contaminations, and soil acidification which in turn give rise to eco-
nomic losses and serious threat to human health (Gou et al. 2022) along with NO 
emission which has greater role in climate forcing and air pollution (Wang et al. 
2022a, b, c). The magnitude and timing of ammonia emission are dependent upon 
agricultural practices adopted, climatic conditions, and edaphic factors. An estimate 
from China showed that total ammonia emission from fertigated cropland amounts 
to 4.3 Tg NH3 Yr−1 in 2017 with an overall ammonia emission factor of 12% where 
vegetable, maize, and rice were found to be largest emitter. Apart from that, more 
emission hotspot is reported in South China and temporally multiple emission peaks 
reported in a year (Wang et al. 2021a).

Many HMs and metalloids are reported to be present in nature and classified in 
three categories as per toxicity, such as ultra-highly toxic (Cd, Hg, Pb, Cu, Zn); 
highly toxic (Mo, Mn, Fe); medium toxic (Ni, Co); and low level toxic (Sr, Zr). 
HMs such as Cu, Fe, Zn, Mn, Co, and Se are required by organisms in small quanti-
ties, essential for metabolic and key enzymatic functions playing important oxido-
reductive roles. Rest of the HMs (Pb, Cd, Hg, and As) which do not play any role in 
life cycle of an organism induce negative impacts.

The pollutants released into atmosphere tend to fall on earth surface through rain 
or settlement over the period and cause soil and water pollution. Similarly, the soil 
pollutants have tendency to pollute surface water bodies, running, and ground water 
as they gradually enter into these sources by surface bodies by percolation or run off 
and leaching. Some soil pollutants have tendency to volatilize or become so small 
that in dried condition move to atmospheric domain as dust or particulate matter and 
cause air pollution. Thus, pollutants circulate in ecosystem among ecosystems and 
contaminate soil, water, and air. Some of these pollutants gain entry into biological 
systems from ecosystem through absorption by plants into their body which are 
eaten by herbivores. This way they become part of food chain and show biomagni-
fication phenomenon.

2 � Mechanisms Enhancing Pollutant Stress Tolerance

Pollution stress is a global problem whose effects are visible on crop plants too. To 
overcome this challenge, crop plants have devised several mechanisms and strate-
gies to adopt the stress conditions (Fig. 23.1). These mechanisms are as follows:

	 1.	 Bioaccumulation
	 2.	 Biomass partitioning
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Fig. 23.1  Various mechanisms evolved by plants for pollutant stress tolerance

	 3.	 Exclusion
	 4.	 Detoxification
	 5.	 Modification
	 6.	 Phytochelation
	 7.	 Enhanced phytohormones
	 8.	 Biotransformation
	 9.	 Enhanced antioxidant synthesis
	10.	 Melatonin synthesis
	11.	 MicroRNAs (miRNAs)

2.1 � Bioaccumulation

Plants have evolved mechanism of bioaccumulation for tolerance of several pollut-
ants. It is an increased pollutant concentration in certain tissues, organelles of ter-
restrial, or aquatic organisms following uptake from the ambient environmental 
medium. Bioaccumulation processes in plant are governed by uptake rate, assimila-
tion efficiency, and efflux of pollutants. Among plant species, Sorghum bicolor and 
Sedum alfredii are found to potential accumulator as hyperaccumulator of HMs 
having great value to be utilized for phytoremediation (Mishra et al. 2021; Ge et al. 
2022). The plant, Sedum alfredii, a perennial herb, Cd/Zn hyperaccumulator, native 
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to China, grows in abandoned Pb/Zn/Cd mines and highly tolerant to Cu, Mn, Ni, 
and Pb. There are two key issues that limit enhanced HMs tolerance are small plant 
biomass and slow growth rate of hyperaccumulator plants and consequently phy-
toremediation potential.

Phytoremediation technique involving plant growth-promoting bacteria (PGPB) 
is also used to clean up HMs contaminated soils such as Solanum nigrum, a Cd 
hyperaccumulator rhizospheric region led to isolation of Bacillus sp. PGP15 (Zhang 
et al. 2022a). HMs’ accumulation and amplification take place by consumption of 
such plant and induce health hazard (Hlihor et al. 2022) as seen in high Cd accumu-
lation in grains of wheat (Triticum aestivum L.). External application of protective 
chemicals such as spermidine (SPD) showed protective role in Cd + Pb combined 
stress on rice (Oryza sativa L.) seedlings grown under hydroponic experiment 
where spermidine enhanced tolerance to the HMs and many morpho-physiological 
traits (Gu et al. 2022). Mitigation strategies such as the omics, functional gene, and 
other strategies for uncovering Cd stress have been discussed in detail (Zhou and 
Li 2022).

2.2 � Biomass Partitioning

Biomass partitioning, though obscure, is an in vivo strategy of plants to tackle pol-
lution problems by petitioning their biomass between different organs. Three pos-
sible drivers identified for biomass partitioning are reduced plant size combined 
with allometric scaling between organs, early decrease in root surface affecting 
water uptake, and increased biomass allocation to root system compensating for 
lower soil resource acquisition (Delerue et al. 2022). Biomass allocation strategies 
in relation with Pb were observed in bamboo tissues where reduced biomass alloca-
tion was observed in new bamboo growth, whereas rhizome received increasing 
biomass allocation; consequently Pb accumulation trend was seen as rhizomes/old 
stems > new roots/old roots > new leaves > new stems among various tissue (Cai 
et al. 2021).

2.3 � Exclusion

Plants eliminate toxic material (metal, metalloids, organic materials) by employing 
various strategies such as exclusion, detoxification, modifications, or by accumulat-
ing diverse metabolites. Metalloids such as arsenic (As) are removed by glutathione 
(GSH) and phytochelatins (PC) like metabolites having thiol-containing groups. 
The GSH and PC act as chelators conjugates with As in cytoplasm, transport, and 
sequester them in vacuole. Anthocyanin, flavonoid, and a secondary metabolite 
have also been found to provide As tolerance by following the same strategy adopted 
by using GSH & PC. Exogenous application or enhanced endogenous concentration 
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of GSH by use of hormone conferred As stress tolerance in plants (Ahammed and 
Yang 2022). Therefore, this can be chosen as a strategy to minimize the impact of 
As tolerance. Current climate changed scenario, inducing the intense drying-
rewetting cycle affecting soil microbial community composition and function as 
these factors influence the enzyme responses (Dehydrogenase (DHA) and alkaline 
phosphomonoesterase (ALP)) and perturbation caused due to HMs. It helps in mak-
ing predictions related with microbial function in soils contaminated with HMs and 
climate change (Tan et al. 2023).

2.4 � Detoxification

Crop plants employ the detoxification mechanism for getting rid of their ill effects 
of HMs or other pollutant molecules by employing immobilization in vacuole or 
cell walls. Contrary to that, the ex vivo mechanism is employed by alfalfa (Medicago 
sativa L.) and sorghum (Sorghum bicolor) where pollutants are detoxified exter-
nally by action of tyrosinase, laccase, or peroxidase like enzymes exudated through 
their root systems. They cause polymerization of pollutants in humic acid in soil, 
making it immobilized and inaccessible for enzymatic detoxification. Apart from 
polymerization, the enzymes also oxidize the compounds (phenols, PAH by using 
H2O2 as electron accepter) into easily degradable compounds making indirect 
detoxification in the external environment. If the pollutant gains entry into plant 
body, immobilization strategy is the main detoxification mechanism. The enzyme 
cytochrome P450 monooxygenase detoxifies organic compounds by using electron 
from NADPH that activates molecular oxygen (O2) and inserts a single oxygen atom 
into the substrate making them hydrophilic and helping to detoxify easily by cata-
lysing diverse reactions involving variety of natural compounds. The enzyme has 
ability to oxidize aromatic compounds such as when plant A. thaliana was exposed 
to PAH (phenanthrene) by incorporating two hydroxyl groups in the substrate.

Another ex vivo strategy is based on degradation of pollutant in soil by root-
stimulated soil microbial enzymes and oxygen transport observed in alfalfa, fescue 
grass (Festuca arundinacea), maize (Zea mays L.), switch grass (Panicum virga-
tum), sorghum, and soyabean. Plants also get rid of HMs or pollutants either by 
excretion through use of diverse transporters such as aquaporins, pumps, or by che-
lation using low-molecular-weight molecules such as glutathione, metallothioneins, 
and phytochelatins which facilitate sequestration of the HMs or pollutants into 
vacuoles. The activation of cell signalling mechanism induces gene expression of 
genes involved in the HMs transportaion. Plant hormones also help overcoming 
HMs stress through their own signalling as well as activating other signalling path-
ways that induce enzymatic and non-enzymatic antioxidant defence responses help-
ing to scavenge ROS/RNS and supporting cellular activities, improving quality and 
productivity crops (Noor et al. 2022).
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2.5 � Modification

Modification is another strategy or mechanism to get rid of ill effects of pollutants 
or HMs. It is an efficient strategy, where backbone of chemical is undisturbed, but 
proteins posttranslational modification (PTM) occurs that help to regulate protein 
function. In response to Cd stress in turnip seedlings grown under hydroponic con-
dition, 547 succinylated sites on 256 protein were revealed which participated in 
various biological processes that can help developing Cd acclimation and tolerant 
crops (Li et al. 2022).

2.6 � Phytochelation

Potentially toxic elements such as As, Cr, Cd, and Pb can be cleaned up by eco-
friendly and cheaper technique called phytoremediation, used for ecological resto-
ration by plant-soil feedback (Zhu et al. 2022), but not yet achieved its full potential 
due to poor understanding of molecular mechanisms at proteomics level (Alsafran 
et al. 2022). Detailed discussions are made about proteomics and metabolomics vis-
à-vis HMs chelation, their toxicity, tolerance, and partitioning in food crops for 
better health (Anani et al. 2022).

Rising industrialization and urbanization leads to increase and accumulation of 
metals, metalloids, persistent compounds type pollutants, and plastics in environ-
ment and greatly affects highly productive ecosystem like coastal and wetlands. To 
improve such ecosystem, halophiles growing in coastal area and having high toler-
ance to meta(loid) toxicity stress can be used for phytoremediation in coastal area 
like Kosteletzkya pentacarpos (L.). Ledebour (Malvaceae) is found as a suitable 
species for controlling HMs contamination (Zhou et al. 2021).

As it is known that Cd is a nonessential HM, human uses are releasing Cd in 
environment causing high pollution leading to absorption into the body causing 
damage to kidneys. It occurs by damaging proximal tubule of nephrons that dys-
function electron transport chain in mitochondria, electron leakage, and consequent 
ROS generation. NADPH oxidase also got impaired and generated ROS developing 
oxidative stress which in turn damages DNA, proteins, and lipids, triggering epithe-
lial cell death and ultimately making kidney nonfunctional (Yan and Allen 2021). 
Research progress of HMs effects especially about Cd in plants is greatly discussed 
in relation with its uptake, transport, and accumulation along with the strategies to 
get rid of HMs (Yang et al. 2021b). Cd-contaminated soils have been phytoremedi-
ated by using Cd hyperaccumulator accumulating in root and xylem cell wall of 
willow species (Salix matsudana var. umbraculifera Rehd). The upregulation of 
differently expressed genes and proteins along with phenylpropanoid synthesis 
helped in upregulation of lignin content in roots by enhanced synthesis of lignin 
synthesizing enzymes (Yu et al. 2022). Salinity stress and HM stress (Cu) tolerance 
by halophilic Brachybacterium muris were observed by inducing increased amount 
of unsaturated fatty acid and associated content improving membrane stability 
along with transporter and antioxidants content (Liu et al. 2022).

A. K. Maurya



529

Chemical pesticides are one of the organic pollutants and environmental hazards 
to the biosphere, especially in the agricultural ecosystem. Phytoextraction is one of 
the eco-friendly, sustainable solutions of phytoremediation that can be used as a 
method for soil clean-up with the possibility of re-use of extracted metals through 
phyto-mining. Phyto-mining or phytoextraction technique helps in environmental 
clean-up by re-use of extracted metals using plant species having hyperaccumulat-
ing property. Usually, plants have limited ability to accumulate HMs or pollutants 
that limit phyto-mining. It can be improved by the process known as priming 
(Karalija et al. 2022). Silicon- (Si) based fertilizers are helpful improving soil qual-
ity and alleviated stress induced by abiotic (salt and drought) and/or biotic factors 
and remediated HMs such as Al, As, Cd, Cr, and Zn (Zhao et  al. 2022a, b, c). 
Similarly, sulfur amendments made on HMs phytoextraction from contaminated 
soils have shown positive response (Zakari et al. 2021).

Phytoremediation involving phytoextraction involves uptake and transport of 
HMs into aerial part of plants making the processes environmental friendly method 
to reduce the HMs load in soil. It is done by efficient and wide variety of transport-
ers and their regulators in the plant system for developing hyperaccumulator through 
transgenic or gene editing techniques (Yang et al. 2022a).

2.7 � Enhanced Phytohormones Synthesis

Phytohormones or plant growth regulators (PGR) are signalling biomolecules, act 
in nanomolar concentration, diverse chemical structure, and physicochemical prop-
erties, and get highly modulated during pollution or HMs stress (Kosakivska et al. 
2022). Widespread industrial uses of Cd have led to major environmental problem 
contaminating water and soil. Plants show Cd toxicity in seed germination, water 
and mineral uptake, and photosynthesis metabolic alteration because of oxidative 
stress. Cd stress modulates PGR such as abscisic acid (ABA), auxins, brassino-
steroids, cytokinin’s (CK), gibberellins, jasmonic acid, and NO. ABA is found to be 
involved in strengthening against HMs tolerance by improving osmolyte and anti-
oxidant levels (Kumar et al. 2022). Modern techniques have helped to develop 
Cd-tolerant plants by limiting Cd bioavailability and toxicity for long-term manage-
ment of Cd-polluted soils by identification of QTLs, CRISPAR/Cas9, and func-
tional genomics (Zulfiqar et al. 2022).

2.8 � Biotransformation

The phytoremediation technique under bioremediation is a low-cost, eco-friendly 
method, especially where pollutants have hazardous effect on the health of non-
targeted organisms, and uses macro- or micro-algae for removal of pollution and 
waste water treatment (Hejna et  al. 2022). Recently, emerging domains such as 
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algomics, potential characterization of biodegrading enzymes, and genetic engi-
neering can be combined to develop strategies for tapping the benefits of biotrans-
formation (Manzi et al. 2022).

2.9 � Enhanced Antioxidant Synthesis

Antioxidants are a group of low MW molecules such as AsA, GSH, α-tocopherol 
(vitamin E), phenolic compounds, flavonoids, alkaloids, and nonprotein amino 
acids. They help to regulate ROS generation and their scavenging. Enzymes such as 
superoxide dismutase (SOD), catalase (CAT), peroxidase (POX), polyphenol oxidase 
(PPO), ascorbate peroxidase (APX), monodehydroascorbate reductase (MDHAR), 
dehydroascorbate reductase (DHAR), glutathione reductase (GR), glutathione per-
oxidase (GPX), glutathione S-transferase (GST), thioredoxin reductase (TRX), and 
peroxiredoxin (PRX) are also involved in regulating ROS. CAT, APX, GPX, or 
AsA-GSH cycle helps in the conversion of harmful H2O2 into water. AsA-GSH 
cycle is a major antioxidant defence cycle and is also known as Asada-Halliwell 
Cycle (AHC). AsA and GSH are the two most abundant soluble antioxidants found 
in plants. (Hasanuzzaman et al. 2020). These molecules are generated, and enzymes 
get activated during stress induced by pollutants. Hg stress induced ion leakage, but 
overexpression of AsA-GSH led to Hg tolerance by improved photosynthesis, 
higher antioxidant level, and high osmolyte accumulation in tomato plant. Such 
strategies can lead to develop Hg-resistant tomato plants and can be applied to 
reclaim Hg-contaminated soils (Bashir et al. 2022).

2.10 � Melatonin Synthesis

Melatonin (MT) (N-acetyl-5-methoxytryptamine), a pleiotropic, is now considered 
as plant growth regulator, signalling, and biostimulator molecule that improves 
plant growth by enhancing HMs tolerance. MT helps positively against HMs by 
improving redox and nutrient homeostasis, primary and secondary metabolism, and 
osmotic balance in plant cell (Hoque et al. 2021). Exogenous supplementation of 
MT relieved Cd-induced oxidative stress in Brassica napus growing under Cd stress 
(Menhas et  al. 2022) and Cd and Pb tolerance when supplemented with NO by 
enhancing Ca++ and K+ uptake and increased exudation of organic acid into the rhi-
zosphere (Imran et al. 2022).
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2.11 � MicroRNAs (miRNAs)

MicroRNAs are small non-coding RNA and found to be involved in regulation of 
HMs stress along with other abiotic stress. Metal-regulated miRNAs and their target 
genes are part of a complex regulatory network and coordinate plant responses to 
HMs stress through antioxidant functions, hormone signals, metal transporters, root 
growth, and transcription factors (TF) (Yang et al. 2022a).

3 � Pollutant Stress Vis-à-Vis Responses Shown by Crop Plants

3.1 � Impact of Pollutants on the Morphological Characteristics

As the pollutants show diversity in nature, their responses on plant morphology are 
also variable. Consequently, plants have also evolved various strategies to overcome 
pollutants stress including HMs inducing cell death, chlorosis, physio-biochemical 
disturbances, epinasty, necrosis, stunted growth, and reduced biomass (Sandalio 
et al. 2001; Ortega-Villasante et al. 2005; Singh et al. 2020). Chromium (VI and III) 
concentrations causing Cr stress ranging from 0 to 100 ppm elevate putrescine level 
up to 10 time and their accumulation was quicker in Cr IV and reached 
3000–5000 ppm in leaves (dry wt). Initially, it led to reduced root growth, chlorosis, 
and after that, reduced shoot growth, low water content, and induction of leaf chi-
tinase activity occur (Hauschild 1993). Rice is susceptible to arsenic (As) contami-
nation under paddy soil conditions and depends upon uptake that in turn is dependent 
upon the rice genotypes where fine genotype was greatly affected than coarse geno-
type (Niazi et al. 2022). Ozone as air pollutant causes enhanced leaf senescence, 
leading to a loss of green leaf area and consequently affecting grain productivity 
(Soja and Soja 1995). Microplastics (MPs) pollution effects were studied in Radish 
and Broccoli where it was found that MPs affect plant biomass, tissue composition, 
and root traits (López et al. 2022). Deciduous tree species Callistemon citrinus in 
petrochemical polluted area and high temperature condition in South of Iran showed 
decrease in characters such as leaf area, length, and breadth of blade (Seyyednejad 
et al. 2015). Industrial and agricultural activities along with rapid urbanization are 
seen as key contributor for HMs stress problem (Hou et al. 2020).

3.2 � Effect of Pollutants on the Physio-biochemical 
and Molecular Changes

Pollutants enter into the plant body, start interacting with cellular components, and 
influence their physio-biochemistry. It is known that HMs inactivate biomolecules 
by blocking key functional groups or displace metal ions associated with them that 
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leads to induction of ROS (Ortega-Villasante et  al. 2005). Cu stress negatively 
affects seed germination, chlorophyll biosynthesis, antioxidant synthesis, and min-
eral nutrition that leads to plant growth and productivity (Mir et al. 2021).

Chromium (Cr) accumulation in Cr-sensitive variety of Chickpea crops led to 
reduction of yield which was associated with negatively regulated traits (chloro-
phyll content, enzyme activities, nutrient content) and upregulated traits such as 
proline and antioxidants levels along with reduced Cr uptake in tolerant cultivars 
(Singh et al. 2022). Glutamate, cysteine, and proline are the amino acids that confer 
protections against Cr(VI) which causes decrease in expression of glutamate recep-
tors that hampers protection against HMs (López-Bucio et al. 2022). Rice is very 
susceptible for As contamination which is one of the causes to decline in production 
of this important crop; shows upregulation of antioxidant level, high pigment con-
tent, and H2O2 in tolerant varieties (Niazi et al. 2022).

Plants employ detoxification, chelation, compartmentalization, excretion, and 
export using transporters and elevated level of antioxidant system including NO that 
are the key mechanisms to overcome pollutants and HMs at the physio-biochemical 
and molecular level. Both enzymatic and non-enzymatic mechanisms are employed 
by plants for NO generation (Corpas and Barroso 2013) which is oscillatory in 
nature during HMs stress and helps overcoming by induction of antioxidant level 
that lowers or eliminates the effects of oxidative stress generated by ROS or reactive 
nitrogen species (RNS).

NO is a small, gaseous, bioactive signalling molecules, involved in various regu-
latory physiological responses in plants such as flowering (Guo et al. 2003), senes-
cence (Crawford 2006), root development (Gupta and Kaiser 2010), pollen tube 
growth (Wang et al. 2012), posttranslational modification such as S-nitrosylation 
that regulates gene transcription (Mengel et al. 2013), gene expression, the mobili-
zation of second messenger (Astier and Lindermayr, 2012), programmed cell death 
(PCD) (Wang et al. 2013, Lin et al. 2012), seed germination, stomatal movements 
(Fan and Liu. 2012), seed dormancy (Arc et al. 2013), and induced during HMs 
stress (Cu) in mung bean (Gaur et al. 2021). The plant hormone abscisic acid (ABA) 
also plays key roles in mitigating HMs stress (Bücker-Neto et al. 2017). There are 
ample reports that crosstalk between NO and ABA signalling molecules occurs in 
higher plants (Prakash et  al. 2019). NO also modulates metal transporters (NIP, 
NRAMP, ABC and iron transporters, stress-related genes such as CytP450, GSTs, 
GRXs, TFs, amino acid, hormone(s), signalling and secondary metabolism genes 
involved in As detoxification (Singh et al. 2017), Cicer sp. (Yadav and Mani 2019) 
and Cr tolerance (Maurya and Sinha 2020), and in Arsenate (AsV)-induced stress in 
Vicia faba L. (Siddiqui et al. 2021).

Cadmium (Cd) is highly hazardous, toxic to living being even in low concentra-
tion, triggers oxidative stress in Glycine max (L.) roots (Pérez-Chaca et al. 2014), 
geno-cytotoxicity and lipid peroxidation in Allium sativum and Vicia faba (Ünyayar 
et al. 2006), and negatively affects growth and development of plants. Cd effects are 
being mitigated by use of the Fe-fortification that provides tolerance by upregulat-
ing antioxidant level in lentil (Bansal et al. 2021), by use of Si and iron nanoparti-
cles (Fe-NPs) (Ahmad et al. 2021a). Cadmium stressed plants synthesised proline, 
expression of proline transporters and malondialdehyde in response to exogenous 
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ABA application in pea plants (Zdunek-Zastocka et al. 2021), epigenetic modifica-
tion in root meristems cell nuclei of Vicia faba (Zabka et al. 2021), decreasing NO 
generation, improving iron homoeostasis and induction of HY1  in Arabidopsis 
(Han et al. 2014), change in growth and cell cycle gene expression in suspension-
culture cells of soybean (Sobkowiak and Deckert 2003), and DNA methylation 
(Chakrabarti and Mukherjee 2021). Cd induced NO that led to PCD in roots of 
lupine plants (Arasimowicz-Jelonek et  al. 2012), pea (Pisum sativum L.) roots, 
shown by imaging of ROS and NO accumulation in vivo (Rodriguez-Serrano et al. 
2006). Stress induced by Cd increased total soluble sugars, reducing sugars but 
decreased non-reducing sugars, concomitant increase in sucrose degrading enzyme, 
acid invertase, sucrose synthase, and decrease in sucrose phosphate synthase in rice 
(Verma and Dubey 2001). Exogenous supplementation of NO helped mitigating Hg 
stress (Ahmad et al. 2021a, b), co-inoculation of Rhizobia and arbuscular mycor-
rhiza fungi (AMF), which helped in coping Cd stress (Wang et al. 2021a, b).

Morphological, biomass, and gene expression associated with antioxidant activi-
ties showed negative effects in response to Cd and Hg2+ in Lolium perenne (Cruz 
et al. 2021). Tolerant Hydrangea strigosa plant upregulated SOD, POD, CAT, and 
AsA content in root and released root exudates containing sucrose, glycolic acid, 
and nonanoic acid, which showed potential to remediate Pb from rhizospheric 
region making it fit for rhizoremediation (Jin et al. 2022).

Indium (I), an element having great application in electronic industry, is an 
emerging component of e-waste and great environmental threat. It gets accumulated 
in root, restricting growth and perturbation of phosphate, magnesium, and iron 
homeostasis (Cheah et al. 2022), and activates HMs-tolerant genes and phosphate 
starvation responses including phosphate-regulated transcription factor and trans-
porters in roots. Exogenously applied phosphate alleviated I toxicity by reducing its 
uptake (Cheah et al. 2022). Deciduous tree species Callistemon citrinus growing in 
high temperature conditions in petrochemical area of South Iran, in comparison to 
unpolluted regions, where VOC released from plants led to rise in soluble carbohy-
drates, proline, chlorophyll a and b, and carotenoids (Seyyednejad et  al. 2015). 
Microplastics released in both aquatic and land ecosystems showed downregulation 
of glucosinolate (GSL), anthocyanin content, but upregulation of MDA contents 
affecting growth parameters (López et al. 2022). Radiation pollutant ozone causes 
chlorophyll fluorescence and decline in plastoquinone’s (PQ), affecting plant devel-
opment in wheat (Soja and Soja 1995) (Fig. 23.2)

4 � E-Waste, Indium (In) Pollution, and Responses 
of Crop Plants

E-waste is a new challenge of the present century posing great health and environ-
mental hazards. An estimate reports that around 50 million tonnes of e-waste are 
generated annually across the globe. The effects of e-waste are seen as infertility, 
endocrine, hormonal, and neurological problems in both animals and human 
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Fig. 23.2  Diverse physio-biochemical responses shown by plants against pollutant stress

(especially children’s) beings. E-waste disposal and management greatly vary 
across the globe in developing and developed countries. Only a small fraction (15%) 
is recycled annually and the rest are discarded unplanned as landfilling, burned, 
illegally traded, or thrown in nearby areas. Such practice leads to pollution of all 
components of nature, namely soil, air, and water. Such a situation has kept India in 
the 3rd largest e-waste contributor position. This e-waste is discarded without fol-
lowing proper disposal mechanism and almost 80% of this e-waste is dumped or 
burned into environment making situation worse (Forti et al. 2020).

Indium is a post-transitional metal placed in group 13 of periodic table, used 
mainly in electronics and related industries for making devices such as flat-panel 
display screens, touch panels, semiconductors, and heat reflectors. Indium demand 
for making such products has been pushed from 662 mt to 760 mt (~15% increase) 
within a decade (2011–19) (USGS 2020). Parallelly, an increase of ~111% e-waste 
was reported within a decade due to huge consumption of electronic devices. Apart 
from electronic waste, Indium is also released into the environment by coal burning, 
zinc smelters, semiconductor fabrication, and e-waste recycling sites, leading to 
environmental pollution (White and Shine 2016). The free released Indium gets 
entry into plants consumed by human being through soil or water taken up by veg-
etables like cabbage, garlic, lettuce and water spinach, Vietnamese vegetables, and 
beets, posing health risk after their consumption. Key staple crops such as rice and 
wheat show high accumulation of Indium in the roots and some reports show trans-
location into grains (Cheah et al. 2022). The reports suggest excess Indium accumu-
lation in plant tissues that restricts plant growth and delays development and changes 
in plant morphology. It is also seen causing breakdown of root outer layer and root 
elongation inhibition on Indium exposure in cow pea (Kopittke et al. 2009). Indium 
also inhibited root and shoot growth in Arabidopsis; the disrupted synthesis of 
transporters involved in phosphate uptake and translocation (Chang et al. 2020a). 
Similar effects were seen in rice (Oryza sativa L.) with additional symptoms like 
leaf necrosis and the acute perturbation of phosphorus, magnesium, and iron homeo-
stasis (Cheah et al. 2022). Treatment of C3 and C4 plants with In2O3 nanoparticles 
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(NPs) significantly reduced growth and photosynthesis, induced oxidative damage 
(H2O2, lipid peroxidation), and impaired P and Fe homeostasis, particularly in the 
young leaves of C4 plants (Shabbaj et al. 2022). Upon exposure to Indium, plant 
shows induction of oxidative-nitrosative stress, anthocyanization in the leaves and 
petioles, stimulates organic acid (citrate) that has overcoming effects (Chang et al. 
2020a, b), generation of Nitric Oxide (NO), and upregulation of S-nitrosoglutathione, 
S-nitrosoglutathione reductase activity, and glutathione contents in wheat (Zhao 
et al. 2022a, b, c). It is also reported that the effects of Indium on the growth and 
uptake by wheat plants grown in soils contaminated by Indium depend upon Al and 
acidic pH (Syu et al. 2021). Indium is mostly restricted by plants in roots by induc-
ing accumulation with small translocation into the grains that showed no adverse 
effects on human health, but further studies are required to ascertain the risk factor 
(Chang et al. 2020b). The above ground accumulation of Ga and In was found low 
in perennial ryegrass (Lolium perenne L.) and likely to be accumulated in soil from 
where it reaches to our food directly or indirectly (Jensen et al. 2018). Low doses 
exposure (25–2000 ppm) of indium had either no or minor effects on root elonga-
tion, total chlorophyll, and MDA development in Arabidopsis (Ma et  al. 2013). 
Using bioremediation technology, several organisms have potential to develop bio-
film attached to e-waste and promote substrate bioavailability, metabolite transfer, 
and cell viability that accelerates bioleaching and degradation (Bharathi et al. 2022).

5 � Soil Microorganisms/PGPR and Pollution Stress

Soil microorganisms play great role in HMs tolerance and removal and are deeply 
discussed (Mao et al. 2022). Research constrains like limited screening of strains, 
focus on single strain, non-evaluation of pathogenicity, and low field experiments 
are needed to be overcome to get maximum output from this domain. It has been 
reported that cloned cytochrome P450 gene was upregulated and downregulated by 
exogenous brassinolide (BR) by Cd stress in hybrid poplar. It led to Cd and brassi-
nolide accumulation and reduced oxidative stress (Tian et al. 2022). Priming is an 
effective, eco-friendly, cost-effective, and value-added technique in which plant or 
plant parts are traeted with novel compounds which helps in better performance that 
can be exploited (Wiszniewska 2021) such as seed priming resulted in improved 
seed germination, reduced seedling emergence time, shortened crop time, enhanced 
stress tolerance, and grain production. Priming uses extra-terrestrial physical agents, 
ionization radiation (X-rays, Gamma rays), nonionizing radiation (ultrasonic waves, 
magnetic fields, microwaves, infra-red radiation) and ensured enhanced production 
over conventional methods. (Bera et al. 2022).

Microbes also promote Se uptake and accumulation in crops and have been sug-
gested as biofortification agent (Yang et al. 2021a, b). Metal-resistant plant growth-
promoting bacteria (PGPB) promote biotic, abiotic, and alters metal bioavailability 
in soils reducing toxicity in plants and making them a better phytoremediation agent 
(Ma et al. 2022; Wang et al. 2022a, b, c).
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6 � Plastic Pollution, Mechanisms, and Responses

Microplastic pollution (MP) is an outcome of modern society and has become nui-
sance for ecosystem (Cholewińska et al. 2022) and induce cellular toxicity in mam-
mals (Banerjee and Shelver, 2021). Micro (~5 mm) and nano plastic (~1000 nm) are 
the types of MP causing serious water and soil pollution. These varieties of plastics 
make soil more porous and retain more water, but no correlation with stability or 
increase in microbial diversity. These MPs have changed soil dynamics by increas-
ing evapotranspiration, organic carbon, CO2 flux, water saturation, nitrogen content, 
and microbial biomass, but decreased the N2O, flux, water use efficiency, soil bulk 
density, and soil microbial diversity (Zhang et al. 2022a, b, c).

Plants are acting as sink for MP and NP as they are adsorbed on their surface and 
only NP sometime escapes to enter into plant body, inducing toxic effects, photo-
synthesis, and oxidative stress (Yin et al. 2021). It was reported that maize was more 
sensitive than rice and wheat in terms of phytotoxic effects within the Poaceae 
family, while wheat and lettuce were less sensitive to microplastics exposure (Zhang 
et al. 2022b). The hermetic effects of NP to Lactuca sativa showed that NP effects 
led to decline in water content, osmotic potential, the decreased stomatal limitation 
(Ls) and A/Ci, and increased mesophyll and low carboxylation efficiency leading to 
decline in photosynthesis as a non-stomatal limitation. NP also increased trapping 
fluxes; absorption with a decrease in electron fluxes that caused photosystem reac-
tion centres’ disruption (Yildiztugay et al. 2022). In addition to the fact of plastic 
accumulation in living organisms, there is a great and urgent need to minimize the 
influx of microplastics into the environment (Cholewińska et al. 2022).

7 � Modern Techniques and Strategies for Pollution Mitigation 
and Crop Improvement

There are various technologies that are getting applied for clean-up of the environ-
ment. These can be discussed in the following.

7.1 � Nanotechnology

Nanotechnology is an emerging high value technology having great potential in 
crop management and sustainable agriculture. Nanotechnology helps the element to 
bring it to a nano level and develops NPs that show better, efficient, and enhanced 
performance in comparison to their original atomic size of element. Application of 
nanotechnology in agriculture can be myriad, but currently seen as nano-fertilizers, 
nano-pesticides, and herbicides which are mainly responsible for agricultural pollu-
tion. With certain limitations, fungal organisms are found as potential sources for 
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synthesis of biogenic NPs due to their enhanced bioavailability, bioactivity, and 
high tolerance capacity for heavy metals in crop fields (Sonawane et  al. 2022). 
Diverse applications of nanoscale zero-valent iron particles (NZVI) are reported in 
a variety of industries, but negligently released into environment and taken up by 
living organisms (plants, soil animals, and microorganisms) which poses risk and 
induces toxic effects (Zhang et al. 2022a, b, c).

7.2 � Bioremediation

Pollutants or HMs-tolerant plant species are chosen for clean-up polluted soils or 
xenobiotic management present in the environment by phyto- or bioremediation. 
Such technology is augmented by using plant bio-stimulants (PB) making agricul-
ture sustainable by minimizing impacts of pollutants and enhancing phytoremedia-
tion efficiency of plant species. The PBs are derived from amino acid, humic 
substances inorganic salts, microbes, protein hydrolysate, plant extracts, and sea-
weeds (Bartucca et al. 2022). Widespread household application of formaldehyde 
(HCHO) as gaseous or liquid form as disinfectants, adhesives, and wood-based fur-
niture is leading to undesirable emissions becoming health hazard and environmen-
tal problems. Formaldehyde can be easily removed by phytoremediation technique 
using microbes contributing in making clean and healthy environment to achieve 
the UN sustainable development goals (Peng et al. 2022).

7.3 � Unmanned Aerial Vehicle (UAV) Technology

Unmanned aerial vehicle (UAV) technology is a very recent innovation which has 
gained diverse applications in short span of time. UAV is helpful for environmental 
management because of its cost effectiveness especially in large farmland with rug-
ged terrain as it does’t require specific take-off platforms. Pesticide application 
through UAV in large farmland areas with rugged terrain have contributed for better, 
efficient, and effective application with minimizing pesticide waste and environ-
mental pollution (Hu et al. 2022).

7.4 � cDNA Microarray

Plants are facing diverse environmental stress including pollutants. cDNA microar-
ray analysis is one of the modern tools used to detect changes in gene expression 
induced by pollutants including ozone, heavy metals, salinity, and temperature. 
cDNA microarray technology is very sensitive, reliable, and specific and has been 
applied in ozone-induced stress gene expression analysis (Calatayud and Barreno 
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2001). Environmental stressors such as acid rain, drought, high and low tempera-
ture, salinity, and UV-B radiation show shifts in gene expression and are found to be 
distinct from those in response to ozone. Diagnosis of stress such as drought, salin-
ity, UV-B, low temperature, high temperature, and acid rain and ozone have been 
made using cDNA microarray analaysis in Arabidopsis. (Tamaoki et al. 2004)

8 � Conclusion and Future Perspective

Pollution stress is inducing diverse negative impacts on the growth and development 
of crop plants in the current scenario. To cope up with the impacts, diverse defence 
mechanisms have been evolved by plants such as bioaccumulation, resource parti-
tioning, modification, detoxification, compartmentalization, which help plants to 
either neutralize the effects in vivo or excrete outside to get rid of toxic pollutants. 
Plants in response to these pollutants develop oxidative or nitrosative stress which 
further induces synthesis of antioxidant chemicals, secondary metabolites, and vari-
ous signalling molecules such as NO. Nitric oxide acts as cytoprotective or cyto-
toxic molecule, depending upon the cellular redox condition. The plants have also 
evolved several morpho-anatomical modifications as well as physio-biochemical 
adaptations such as antioxidant synthesis, proline, ascorbic acid, and lignification. 
These modification or changes help in survival of plants. The pollution stress has 
become critical issue and major concern in current scenario. To overcome this prob-
lem, various strategies and techniques have been evolved to clean up pollutants or 
carry out the process that harms less to the environment. These techniques include 
bioremediation including phytoremediation, nanotechnology, augmentation by use 
of beneficial chemicals, use of unmanned aerial vehicles (UAV), and cDNA micro-
array. These techniques are hoped to clean up the polluted environment to bring it 
back to natural and sustainable level.
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Chapter 24
Phytohormones as Stress Mitigator 
in Plants
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Abstract  Climatic change causes many stresses to crops such as drought, salinity, 
heat, cold, and heavy metal. Abiotic factors in plants have gained global attention 
and many strategies have been carried out to alleviate these factors in plants. Several 
protective mechanisms are developed by plants to alleviate stress. These mecha-
nisms include synthesis of phytohormones (organic substances) which are signaling 
molecules produced within plants at very low concentration. These include JA (jas-
monic acid), melatonin, abscisic acid, polyamines, IAA (indole acetic acid), SA 
(salicylic acid), ethylene, PGPR-mediated phytohormones, brassinosteroids, and 
GA (gibberellic acid). Some new growth regulators such as strigolactones have been 
discovered in plants. Phytohormones are plant growth regulators at different stages 
of development. Extreme conditions, such as stress, initiate signaling pathways of 
phytohormones that orchestrate adaptive responses even at very low concentrations. 
This hormonal initiation regulates series of reactions which helps plants to grow in 
suboptimal growth phases. During abiotic stress conditions, phytohormones’ appli-
cation helps plants to produce more osmolytes such as polyamines, proline, and 
others which protect cellular machinery of plants. This chapter deals with under-
standing the role and mechanism of phytohormones in plants for mitigation of stress.

Keywords  Phytohormones · Abiotic stresses · Strigolactones · Cytokinins · 
Ethylene
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1 � Introduction

World population level is rising up continuously, making it possible to increase by 
more than 2.4 billion by 2050 (DESA 2015). So, increase in production as well as 
quality of food is needed up to 70% by 2050 to fulfill the need of population. For 
this, there is need to expand the production of crops such as cereals, grains, and 
pulses. The production of crops mainly depends upon the environmental conditions 
(extracellular components and developmental signals), but with increase in the pop-
ulation the number of industries is increasing every day. This increase is destroying 
the nature and is a big cause of climate disturbance. Environmental stresses are the 
main factors limiting production of crops. Among various climatic changes, drought 
stress, logging of water, heat stress, low temperature, heavy metals stress, and salin-
ity are harmful for plants growth (Abbas et al. 2019; Sabagh et al. 2022).

Environmental stress conditions, such as heat and cold stress, have extreme 
effect on plants production (Gull et al. 2019). Abiotic stress is induced in plants by 
chemical or physical environment, while biotic stress is induced by some disease-
causing bacteria, fungi, viruses, insects, etc. These fungi, bacteria, nematodes, and 
viruses are the living organisms sometimes known as pathogens which cause biotic 
stress in plants. These pathogens cause disturbance in uptaking the nutrients which 
lead to the death of plants (de Oliveira and Bell 2022).

As plants cannot move, they have to face these drastic conditions. In these unfa-
vorable conditions, different types of stresses such as salinity, drought, and high 
temperature can co-occur. Different defensive mechanisms are developed by plants 
under stress. Plants have five defensive metabolites which protect them from 
extreme environment. These include cuticles, unsaturated fatty acids, oxylipin pre-
cursor, scavengers of reactive species, and molecular chaperones (He et al. 2018; 
Aqueel et al. 2015). The metabolic acclimatization response, in our opinion, is best 
viewed as a “Facultative metabolic adaptation” (Table 24.1; Rhodes and Nadolska-
Orczyk 2001; Asif et al. 2012).

Except for these defensive metabolites, some plant hormones are recognized that 
are helpful to plants in promoting growth under changing environment, called phy-
tohormones. Phytohormones are signal molecules that function at very less 
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Table 24.1  Facultative metabolic adaptations of plants to different stresses (Rhodes and Nadolska-
Orczyk 2001)

Stress Facultative metabolic adaptation Proposed function(s)

Heat Heat shock proteins’ induction HSPs can interact with proteins that become 
unstable due to heat stress, may act as 
molecular chaperones, and confer 
thermotolerance

Heavy 
metals

Copper induces the production of 
metallothioneins while cadmium 
activates phytochelatin synthase

Cadmium can be chelated and detoxifies by 
phytochelatin. Similarly, copper can be 
chelated and detoxifies by metallothioneins

Salinity
Water 
deficits

Osmotic adjustment (OA); active 
accumulation of solutes, including 
compatible organic solutes (sugars, 
polyols, amino acids, and onium 
compounds)

OA might help in limiting dehydration and 
maintaining turgor; organic solutes can act as 
osmo-protectants and cryoprotectants. 
Additionally, certain organic solutes can also 
act as antioxidants

concentration and act as chemical messengers having vital role in exposure of 
responses toward stress (Aziz et al. 2019; Zhao et al. 2021).

2 � Abiotic Stresses

Plants face several extreme circumstances that have effect on crops production. 
Abiotic stresses are interconnected and can occur in form of osmotic stress as well 
as homeostasis (Khalid et al. 2019). Under drastic conditions, several genes present 
in plants change their expression patterns. This change in genes pattern has effect on 
the growth rate and crop production. That is the reason to spot the genes that cause 
abiotic stress. This will be helpful in clarifying mechanism of stresses by identifica-
tion of genes. Abiotic stress affecting plants includes drought, salinity, heavy met-
als, heat, and low temperature stress described below.

2.1 � Drought Stress

Production of crops is restricted by drought stress. It refers to lack of rainfall that 
causes a shortage of water in groundwater. Lack of groundwater lowers the water 
table, which can hinder plant growth and survival. Drought stress can cause deleteri-
ous effects on plants by interfering with some activities such as assimilation of 
carbon, gaseous exchange of leaf, turgor pressure, ionic balance, activity of enzymes, 
elongation of stem, size of leaf, and root proliferation (Babar et  al. 2009; Ali 
et al. 2020).

Most of human nutrition is mainly provided through three different crops. Those 
three crops are grains, tubers, and legumes. Rice, maize, and wheat are main three 
grains. Some other grains which are consumed on daily basis are oats, great millet, 
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and cereal rye which are accounting about 50% of proteins and 56% dietary energy 
consumed on land. Drought stress causes increase in the osmotic pressure of leaf, 
decrease in transpiration, turgor pressure in leaves as well as decreased hydraulic 
conductivity and rate of sap flow in roots. Generally, drought stress has impact on 
plant-water ratio, which makes plants unsteady and affects plants growth (Yadav 
et al. 2021). Physiologically, drought stress minimizes photosynthesis, closing of 
stomata, and chlorophyll content reduction (Javaid and Tanveer 2014; Wahab et al. 
2022). By affecting enzyme activity and Calvin cycle, drought stress influences 
production of starch in plants (Uarrota et al. 2018).

2.2 � Salinity Stress

Salinity has adverse effects on crops and limits agricultural productivity. Salinity 
stress is total salts concentration in soil mainly sodium or potassium ions (Saberi 
Riseh et al. 2021). According to Javaid et al. (2012) and Gupta and Huang (2014), 
salt stress has affected about 20% of agricultural land. Soil salinity usually retards 
the metabolism of plants by reducing plants’ ability to absorb water (Akhtar 2019; 
Javaid et al. 2020). Salinity impairs plants’ morphological, biochemical, and physi-
ological processes, which involve the absorption of water, nutrients, and germina-
tion of seeds. Salinity stress can be ionic or osmotic stress. In both conditions, 
salinity has harmful impact on plants. The osmotic pressure of plant cell is increased 
with increase of salts present in soil solution because of salinity stress, which limits 
the nutrient and water absorption like Ca2+, K+ by plants from soil (Chaudhry and 
Sidhu 2021; Javaid et al. 2022).

2.3 � Heat Stress

Increase in temperature from optimum level which can harm plants is heat stress 
(Hu et al. 2020). Mostly, higher plants are ranked as mesophilic having optimum 
growth at 10  °C to 30  °C. 37  °C to 42  °C or above temperature is explained as 
extreme high temperature for model plant (Arabidopsis thaliana) (Javaid and 
Tanveer 2013; Desaint et al. 2021). ROS excessive accumulation leading to oxida-
tive stress, denaturation of proteins leading to improper proteins folding as well as 
alterations in lipid membranes leading to impaired permeability are physiological 
and biochemical results of heat stress. Heat stress has bad impact on plant growth 
and there is big decrease in yield of crops due to heat stress as 42% yield loss is 
found in maize, 31% in wheat, and 50% in rice (Fahad et al. 2017).

An adaptive strategy has been developed by plants to acquire tolerance toward 
heat. Plants have developed an adaptive mechanism to have tolerance against heat 
stress. Upon sensing heat stress, metabolism is changed, and antioxidants are 
increased by plants. This results in homeostasis. The accretion and expressing of 
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heat shock proteins (HSPs) is increased as a chaperone to save the protein from 
irreversible heat damage. Thus, in reaction to an increase in temperature, the cellu-
lar signaling pathways are triggered to coordinate physio-biochemical processes (Li 
et al. 2021b; Mahmood et al. 2022b).

2.4 � Cold Stress

Along with drought stress, cold stress is most damaging environmental condition 
for plants. Cold stress is divided into chilling stress. Temperate plants have cold 
acclimation capacity as they can tolerate freezing temperature, while subtropical 
and tropical plants are very tactful to chilling stress, so, they do not have the ability 
of cold acclimation. Temperate climate plants can withstand cold stress occurring in 
early winter and spring. Moreover, they can also tolerate the environmental tem-
perature changes. Rice, maize, soybeans, potatoes, and tomatoes as well as some 
other important crops are very delicate to cold stress and cannot adapt to it 
(Chinnusamy et al. 2007; Theocharis et al. 2012).

2.5 � Heavy Metal Stress

Growth of plants and productivity is extremely affected by some heavy metals pres-
ent in the atmosphere. These heavy metals cause stress in plants. Elements with 
densities above 5 g cm−3 are known as heavy metals and 53 elements are categorized 
as heavy metals from 93 elements occurring in nature. Among them, there are also 
some biological trace elements of heavy metals, needed for plants development. 
They are 17 in number. But high content of these micronutrients has very harmful 
impacts on plants. Some of them are mercury, silver, cadmium, lead, chromium, and 
aluminum (Tanveer et al. 2012; Mousavi et al. 2022).

These metals enter in the plants through roots and disturb plants’ metabolism 
like photosynthesis, mineral nutrition, and absorption of water. To counteract the 
toxicity of heavy metals, plants use different processes. These processes include 
exclusion, segregation, formation of chelating metals, osmoprotectors biosynthe-
size and storage, and others (Wani et al. 2018).

3 � Biotic Stress

Pathogens are the agents that cause diseases in plants through biotic stress other 
than abiotic stress. These pathogens include bacteria, viruses, nematodes, and fungi. 
Biotic stress is also induced in plants by pests. Climatic changes are main source of 
these pests and other disease-causing agents. It is recognized that increase in 
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temperature is a big cause of spreading of pathogens. Fungi are biotic organisms 
that are main threat for plants than other biotic organisms. About 8100 fungi species 
are identified as pathogens. Likewise, viruses are also known as a big threat to 
plants other than fungi worldwide. Wilting of plants, leaf spot, root rot, and seed 
damage are the symptoms that are caused by different types of pathogens (Anderson 
et al. 2004). Pathogens infect plants parts such as flowers and leaves. By this way, 
they provide a source to other bacteria and viruses to harm other plants. Some other 
wild species of plants are present that grow on their own known as weeds. These 
weeds reduce the plants’ growth directly or indirectly. Weeds are fast growing and 
high yielding plants; due to this reason, they dominate over other plants and envi-
ronment (Tanveer et al. 2013; Saddique et al. 2018).

4 � Phytohormones

Phytohormones are natural substances and are chemically synthesized as growth 
regulators. The term “phytohormones” was introduced by Went and Timan in 1937 
and is used as the title of their book (Gill and Patranabis 2021). Phytohormones 
have role not only in the enhancement of growth of plants, but they also have role in 
producing tolerance of heat stress in plants and increasing yield (Torres et al. 2017). 
Plant life cycle passes through different circumstances like stress. Plant growth 
under salinity is reduced by ions which have effect on metabolism of plants or may 
be due to relationship of these ions with water. Under salinity stress, different tech-
niques were used to increase the growth of plants. To date, nine different types of 
phytohormones were recognized; the first hormone discovered was auxin, likewise, 
salicylates, cytokinin, gibberellin, brassinosteroids, jasmonates, abscisic acid, and 
strigolactones were identified. Abscisic acid, salicylates, ethylene, and jasmonates 
have pivotal role in producing tolerance against stresses in plants. Indole acetic acid 
is believed to be useful as a potential prodrug for cancer therapy in combination 
with horseradish peroxidase (HRP) (Wan et al. 2022).

5 � Categories of Phytohormones

Mainly, there are five naturally occurring phytohormones. These are auxin, cytoki-
nins, ethylene, abscisic acid, and gibberellic acid (Biswas et al. 2018). All these phy-
tohormones are categorized in two classes as growth promoter and growth inhibitors.

5.1 � Growth Promoters

Auxin, gibberellins, and cytokinins have been given the status of growth promoters 
in plants.
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5.1.1 � Auxin

Auxins are endogenous regulators having vital role in the synthesis of roots and 
shoots as well as their relative growth. In plants, indole acetic acid is produced by 
tryptophan and its indole precursor dependently or independently. Auxins have role 
in plants’ defensive mechanisms toward high salinity conditions. In thale cress, 
Oryza sativa, and soybean plant, it is investigated that auxin activates the process of 
transcription of different genes (Zhang et  al. 2021). Reactive oxygen species, 
homeostasis, architecture of roots and ABA- (abscisic acid) sensitive genes are 
modulated by auxin which increases the drought-resistant phenotype (Jogawat 
et al. 2021).

As roots are the main organs in plants which sense the heavy metal stress, it is 
needed to determine the interconnection between the stimuli of heavy metal stress 
and auxin homeostasis. Heavy metals modulate auxin concentration and distribu-
tion pattern, resulting in disruption homeostasis of auxin in plants (Fattorini et al. 
2017). When plants face metalloids, transcript level of auxin genes is changed, 
which maintains homeostasis through rearranging auxin active pool by its deactiva-
tion, mortification, and transport for better adaptation under stress. The graphical 
representation of auxin as heavy metal stress mitigator is shown in Fig. 24.1 (Wang 
et al. 2015; Singh et al. 2021).

5.1.2 � Gibberellins

More than 100 years ago, gibberellins (also known as gibberellic acid) were found. 
Since then, about 100 types of gibberellins are identified. All about 136 gibberellins 
have been discovered based on their structure (Bon et al. 2018). They are responsi-
ble for cell elongation and inducing enzyme synthesis in barley. GAs (gibberellic 
acids) are diterpenes that are synthesized from acetic and mevalonic acid via the 
isoprenoid pathway. An alternative pathway for gibberellic acid biosynthesis has 

Fig. 24.1  Schematic diagram representing role of auxin as heavy metal stress mitigator in plants 
(Singh et al. 2021)
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Table 24.2  Role and mechanism of gibberellins in different plants

Plant Role and mechanism References

Rice Regulates proteins (salt regulated proteins) Wen et al. (2010)
Linseed Enhancement of growth, physio-biochemical attributes, amino acid 

content, and antioxidant enzyme activity
Khan et al. (2010)

Wheat Induces inflection of ion and phytohormone homeostasis Iqbal and Ashraf 
(2013)

been proposed, in which the precursor is pyruvate rather than mevalonic acid 
(Fàbregas and Fernie 2022).

Reduction in plant height was interconnected to short internodes. A change or 
lack of GA was critical in the evolution of semidwarf and varieties of Triticum aes-
tivum and Oryza sativa with high yield during Green Revolution, which enhanced 
the yield of both grain (Plaza-Wüthrich et al. 2016). Gibberellins also have role in 
increasing plant resistance toward heavy metal stress by regulating various plant 
processes. In Vicia faba (L.), GA administration helps restore lead (Pb) and 
Cd-induced mitotic indices (Saini et al. 2021). In addition, by stimulating the mobi-
lization of electrons in H. vulgare, the redox homeostasis is regulated by GA 
(Table 24.2). Gibberellic acid involvement in redox balance helps plants adapt to 
less than optimal growing conditions (Mark et al. 2016).

By controlling several salt-regulated proteins, GA reduces the NaCl-induced 
growth suppression in rice by showing a minor impact of gibberellins on salinity in 
O. sativa. Under salt stress, the enhancement in the production was due to ionic and 
hormonal homeostasis induced by GA priming. The treatment of GA and CaCl2 
combination have reduced the impact of salt stress by accelerating the growth rate, 
metabolic framework, and amino acid in flaxseed. Application of gibberellins has 
also minimized salt stress in other plants (Fahad et al. 2015). It is reported that gib-
berellins increase plant nitrogen use efficiency and chlorophyll content to alleviate 
salinity (Criado et al. 2017). Gibberellins enhance protein content, RNA content, 
and mitotic activity in plants which produce tolerance against cadmium stress 
(Niharika et al. 2021).

5.1.3 � Cytokinins

Among the growth regulators, cytokinins have key function in promoting division 
of cells, chlorophyll biosynthesis, and modifying apical dominance in plants. CK 
(Cytokinin) members are considered important regulators that strongly influence 
plant growth (Hai et al. 2020). Cytokinins are present in benzylaminopurine form, 
but they are very expensive. Due to specific spatial and timing expression of cytoki-
nin metabolism, application or manipulation of exogenous CK can have effect on 
stress tolerance of plants, making endogenous cytokinin application or manipula-
tion more difficult to achieve with respect to overall stress (Yu et al. 2021).

Z. Ul Abidin et al.



555

Table 24.3  Cytokinins effect on plants pathogens

Pathogen 
type Pathogens

Host 
plants Cytokinins’ sources Effects of CK References

Fungi Erysiphe 
graminis f. 
sp. Tritici

T. 
aestivum

Exogenous 
trans-zeatin

Immunity induced by 
CK and cytokinin-
induced susceptibility

Babosha 
(2009)

Insects, 
pests

Gypsy moth 
(Lymantria 
dispar)

Populus Exogenous application 
of benzylaminopurine 
(BAP) 100 μM, 
(Totally 25 ml per 
plant)

Daunt insect feeding, 
delay larval 
development, or 
reduce weight gained 
by insect larvae, 
wound-inducible 
accumulation of JA 
(jasmonic acid) and 
LNA (linolenic acid)

Dervinis 
et al. (2010)

Bacteria P. syringae A. 
thaliana

P. fluorescens P. fluorescens G20-18 
produced by CK is 
used as biocontrol 
against infection 
caused by P. syringae

Großkinsky 
et al. (2016)

Cytokinins’ application effect on plant stress resistance may be positive or nega-
tive. Cytokinins have important function in reduction of stress in plants caused due 
to bacteria, fungi, and other pests. Cytokinins’ effect producing tolerance in plants 
against biotic stress-causing agents like pathogens is given in Table 24.3 (Akhtar 
et  al. 2020). Cytokinins’ application under abiotic stress conditions can directly 
slow down leaf aging by scavenging free radicals (Hönig et  al. 2018). Solanum 
melongena have shown enhancement in tolerating the salt-induced stress on cytoki-
nins application, which enhanced photosynthesis, roots/shoots biomass accumula-
tion, width of stem, and malondialdehyde content (Wu et al. 2014; Weller et al. 2021).

5.2 � Growth Inhibitors

5.2.1 � Abscisic Acid

In plants, abscisic acid hormone is related with primary response to stress. For more 
than 40  years, abscisic acid biosynthesis’ major components are identified by 
molecular genetics and biochemical applications. Abscisic acid is stored rapidly 
when plants go through stress such as salt stress. When the plants face adverse con-
ditions, then ABA (Abscisic acid) level modulation in tissues and cells is critical for 
balancing the protection and other development processes. Different processes are 
involved in controlling abscisic acid level in plants. These include transport, synthe-
sis as well as degradation, and metabolism (Chen et al. 2020; Iqbal et al. 2021). On 
the behalf of concentration, plant to plant as well as climatic conditions, abscisic 
acid has different effects on the root growth of plants. Abscisic acid’s high 
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Fig. 24.2  Role of abscisic acid in plants during drought stress (Ali et al. 2020)

concentration causes inhibition of root formation; however, low content stimulates 
them (Rowe et al. 2016; Mahmood et al. 2022a).

When the abscisic acid is applied to plants exogenously, then it is confirmed that 
formation of root hairs is negatively regulated except ABA-insensitive mutant. It 
controls the root hairs’ formation by DOF-type transcriptional regulator which is 
OBP4. It binds with RSL2 gene and causes inhibition of its expression (Fig. 24.2; 
Rymen et al. 2017). Exogenous ABA treatment minimizes the falling of leaves as 
well as enhances the salinity tolerance in citrus plant and common bean (Mahmood 
et al. 2012; Gupta et al. 2021).
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5.2.2 � Ethylene

Ethylene is present in gaseous form. Less amount of ethylene in plants facilitates 
the initiation of protective signals, while high concentration in cucumber and 
wheat appeared to be inhibitory at the time of postharvest storage (Riyazuddin 
et al. 2020). HSPs (heat shock proteins) have important functions in minimizing 
impacts of heat stress by maintaining other proteins and helping them to refold. 
This can be possible by the application of protective hormones such as ethylene 
(Poór et al. 2022). On the application of abscisic acid, seed germination process 
is inhibited, but by application of ethylene and gibberellins hormones, this abscisic 
acid is inhibited and germination process is started again (Ullah et al. 2015; Verma 
et al. 2016).

A substance is used to replace ethylene which has same properties and function 
as ethylene and is known as “Ethephon.” For instance, under salt stress condition to 
examine the ethylene function, ethephon was applied to seeds of Medicago sativa 
(Zain et  al. 2017; Wang et  al. 2020). Ethylene is found to relieve water lodging 
stress through the development of cross-disordered aerenchyma cells that oscillate 
with abscisic acid, gibberellins, auxins, and kinetin (Shimamura et  al. 2014). 
Ethylene is formed by two enzymes. These enzymes are 1-Aminocyclopropane-1-
Carboxylic acid synthase (ACS) and 1-Aminocyclopropane-1-Carboxylic acid oxi-
dase (ACO). Under normal conditions, ethylene is synthesized by Met. ACS convert 
S-adenosyl-methionine (SAM) into 1-aminocyclopropane-1-carboxylic acid (ACC). 
Then 1-aminocyclopropane-1-carboxylic acid is oxidized to synthesize ET through 
an enzyme ACO (Fig. 24.3; Thao et al. 2015).

5.3 � Other Stress-Related Phytohormones

Salicylic acid, jasmonate, melatonin, strigolactones, brassinosteroids, polyamines, 
and PGPR-mediated phytohormones are some other stress-mitigating hormones.

5.3.1 � Salicylic Acid

Salicylic acid has pivotal role in different processes occurring in plants and protect-
ing plants from various stresses. In plants, salicylic acid is present mostly in pow-
dered form. It is a vital phytohormone which has important role in enhancing 
photosynthetic activity by regulating carbohydrate metabolism in plants (Arif et al. 
2020). Salicylic acids’ protective functions include regulation of ROS and antioxi-
dant enzymes (Sharma et al. 2020). Salicylic acid application is studied in different 
crops by using different methods such as foliar application on maize, soaking seeds 
of wheat, or by rooting medium of wheat (Ahmad et al. 2021). Under several abiotic 
stress conditions, salicylic acid showed increased growth of plants, photosynthetic 
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Fig. 24.3  Biosynthesis of ethylene under normal conditions and heavy metal stress (Thao 
et al. 2015)

Fig. 24.4  Mechanism of action of salicylic acid in alleviation of abiotic stress (Hasanuzzaman 
et al. 2017)

activity, and minimized ROS production shown in two pea varieties (Fig.  24.4; 
Hasanuzzaman et al. 2017). It is investigated that application of salicylic acid with 
trehalose mitigates drought stress in sweet basil by enhancing the antioxidant enzy-
matic activity (Zulfiqar et al. 2021).
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5.3.2 � Jasmonates

Plants show different physiological and biochemical responses to environmental 
conditions. These responses are exhibited by the application of jasmonic acid (JA). 
Jasmonates are combination of jasmonic acid and its derivatives (Ruan et al. 2019). 
Many reports indicate that exogenous jasmonic acid can reduce salt toxicity by 
stimulating antioxidant activity. Foliar application of jasmonic acid on leaves of 
various crops minimizes negative impact of salinity and increases crop productivity 
and yields by inducing enzymes that scavenge ROS and absorb ions. It is identified 
that formation of terpenoid, alkaloid, and antioxidant (secondary metabolites) is 
regulated by jasmonates. Secondary metabolites’ production is increased in tomato 
by activation of jasmonates. Activation of signaling pathway and mechanism of 
jasmonic acid under stress climate is shown in Table  24.4; Fig.  24.5 (Farhangi-
Abriz and Ghassemi-Golezani 2018).

5.3.3 � Melatonin

In phytohormones, melatonin is a remarkable and strong hormone which has severe 
effect on dehydration occurring in plants. Melatonin is a natural growth hormone. 
That is why melatonin is applied to plants such as medicinal plants, vegetable 
plants, beauty plants, and fruiting trees to mitigate the effects of drought (Moustafa-
Farag et al. 2020). In many studies, melatonin is recognized as antiviral compound 
in animals. In plants with bacterial interactions, melatonin is used as a strong anti-
bacterial compound against different pathogens. As an example, in rice plants BLS 
(bacterial leaf streak) caused by Xoo (Xanthomonas oryzae pv. oryzae) is reduced 
by 17% by foliar application of melatonin (Chen et al. 2019). It is studied that mela-
tonin enhances the mechanism of tolerance in mustard greens under salinity (Park 
et al. 2021). Melatonin also has role in the production of other growth regulators in 
plants, which helps them to tolerate different stresses. It is tested at different con-
centrations in different literatures (Table 24.5; Shafi et al. 2021). Plant stress is regu-
lated directly or indirectly through melatonin. Directly, melatonin inhibits 
accumulation of ROS and nitrogen species, and indirectly it affects stress respon-
sive pathway.

Table 24.4  Jasmonates’ exogenous and endogenous regulatory mechanism against environmental 
stresses

Types Stresses
Species of 
plants Jasmonates Role of protection References

Abiotic 
stress

Heavy metal 
Nickel

Glycine 
max

Exogenous 
(JA)

Expression of genes, 
antioxidant enzyme 
activation, osmolytes 
increased

Sirhindi et al. 
(2016)

Biotic 
stress

Fusarium 
culmorum

Triticum 
aestivum

Exogenous 
(MeJA)

Significantly minimized the 
concentration of H2O2 and 
peroxidation of lipids

Brenya et al. 
(2020)
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Fig. 24.5  Signaling pathway of JA in response to different abiotic stresses (Wang et al. 2021)

Table 24.5  Melatonin role in production of other growth regulators under stressed conditions

Stress types
Dose of 
melatonin

Species of 
plants

Plant growth 
regulators Responses References

Low 
temperature 
stress

150 μM Citrullus 
lunatus

JA 
accumulation

MeJA and H2O2 level 
enhanced. Displaying role 
in grafting induced cold 
tolerance by melatonin

Li et al. 
(2021a)

Salinity 
stress

10 μM Arabidopsis 
thaliana

ABA Melatonin induces salt 
tolerance via upregulating 
of abscisic acid response 
gene, induces antioxidant 
defensive system, 
minimizes the high 
production of ROS 
induced by salt

Shukla 
et al. 
(2021)

Cd (Heavy 
metal)

100 μM Triticum 
aestivum

NO scavenger 
(cPTIO)

Enhanced growth 
characteristics, reduced 
oxidative stress, decreased 
NO (nitric oxide) 
concentrations

Kaya et al. 
(2019)
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5.3.4 � Strigolactones

Recently, some new plant hormones have been discovered and studied. These are 
known as strigolactones. They are originally identified as host-derived stimulants 
for germinating the weeds of witch weeds and Orobanche genera (Saeed et  al. 
2017). Furthermore, strigolactones were recognized as signal molecules that have 
pivotal role in stimulating symbiosis between plant roots and AMF (Banerjee and 
Bhadra 2020). Higher secretion of strigolactones has role in stimulating germina-
tion of seeds of giant witch weeds more than 100 times (Crosino and Genre 2022).

In rice plants, strigolactones is studied to regulate the antioxidant defensive 
mechanism for the reduction of arsenic stress (Mostofa et  al. 2021). Recently, 
strigolactones’ function in plant microorganisms’ interaction in rhizosphere and 
nodule formation has been studied. Strigolactones regulate root architecture. In rhi-
zosphere, mycorrhizal association between rhizobia and AMF (arbuscular mycor-
rhizal fungi) is established by strigolactones which promote parasitic interaction 
(Faizan et al. 2020).

5.3.5 � Brassinosteroids

Another class of phytohormones are brassinosteroids (BRs). They are member of 
polyhydroxysteroids class. Brassinosteroids can stimulate many processes such as 
germination of seeds, division in cells, theca growth, pollen tube formation and dif-
ferentiation of tracheal elements, polarization of cell membrane, leaf senescence, 
and death. It has been identified that brassinosteroids are present in all parts of 
plants such as fruit, seed, root, shoot, flowers, and pollens (Manghwar et al. 2022). 
It has also been shown that after administration of 24-epibrasinolide, level of lead in 
Beta vulgaris is 50% less than plants with only metal treatment as this hormone 
reduces metal absorption (Rajewska et al. 2016).

Two types of gene regulation patterns are exhibited on application with exoge-
nous brassinosteroids and exposing to heat: (I) Brassinosteroids rescue develop-
ment protein expression, which is suppressed by heat stress. (II) Brassinosteroids 
induce high level of protecting protein than simply heat stress. BRs have also posi-
tive impacts on cereals crops such as wheat under stressed conditions shown in 
Table 24.6 (Kothari and Lachowiec 2021).

Table 24.6  Effect of brassinosteroids on cereal plants under normal and stress condition

Compounds
Treatment 
method Quantity Plant species

Type of 
stress References

24-epibrassinolide Foliar 
application

0.026 μM
0.05 μM
0.07 μM

Triticum 
aestivum

Salt Shahbaz et al. 
(2008)

28-homobrassinolide Foliar 
application

101 μM
202 μM
404 μM

Triticum 
aestivum

Salt Eleiwa et al. 
(2011)
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5.3.6 � Polyamines

Polyamine is a ubiquitous aliphatic polycationic amine. Plants’ growth and devel-
opment is increased by application of polyamines. In addition, they regulate many 
different processes such as stress in plants. They can do this because of having 
character of free radical destruction, accommodation of osmotic level, and improve-
ment of cell membrane integration (Spormann et  al. 2021). It is recognized that 
polyamines have role in tolerating stresses such as salt and drought (Hassan 
et al. 2018).

Mostly used polyamines in plants are putrescines, spermine, and spermidines 
(Saha et al. 2015). Particularly, high concentration of polyamines under different 
stressed conditions exhibits two types of effects. At one side, application of poly-
amines was associated with tolerance of plants to different stresses because of role 
in inactivation of free radicals, while on the other side polyamines have been identi-
fied to reduce plant’s ability to tolerate stressed condition due to high level of H2O2 
because of polyamine catabolism. Polyamines also have been identified as protec-
tors against different abiotic factors in plants (Alcázar et  al. 2020). In tomatoes, 
application of putrescine results in better cold tolerance (Song et al. 2014).

5.3.7 � GPR-Mediated Phytohormones

Sometimes, plants growth is stimulated by some bacteria known as PGPR (plant 
growth promoting rhizobacteria). They colonize with roots of plants. PGPR are 
potential candidates for plant protection through colonization in the rhizosphere and 
production of metabolites of antimicrobial (antagonists). Phytohormones which are 
generated by these types of bacterial communities provide plants’ growth and 
immunization through regulating hormones (Maheshwari et al. 2015). Crops yield 
is increased by the treatment of PGPR under different types of stressed conditions 
through induction of different properties. They also decreased need of fertilizers as 
well as contribute to sustainability of agricultures. PGPR reduces both type of stress 
and stimulate plants’ growth by various methods (Fig.  24.6; Niranjana and 
Hariprasad 2014).

PGPR have two types. These are extracellular PGPR (ePGPR) and intracellular 
PGPR (iPGPR). Extracellular PGPR exists in root cortex and intracellular PGPR 
usually exists in special structures of roots. Bacterial genera of the ePGPR class are 
Agrobacteria, Arthrobacters, Azotobacter, Azospirillum, Bacillus, Burkholderia, 
Caulobacter, Chromobacterium, Erwinia, Flavobacterium, Micrococcus, 
Pseudomonas, and Serratia (More et al. 2022). iPGPR belongs to the Rhizobiaceae 
family, which includes Allorhizobium and Bradyrhizobium (Subhash et al. 2021). 
PGPR alleviates stress through symbiosis of rhizobia and legumes. The ability to 
fixing nitrogen depends on types of bacteria (Etesami 2022).
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Fig. 24.6  Mechanism of mitigation of stresses and growth promotion by PGPR (Niranjana and 
Hariprasad 2014)

6 � Conclusion and Future Perspective

Plants face many types of stress conditions during germination and growth pro-
cesses. These unfavorable conditions have bad impacts on the plants which cause 
decrease in number of tillers, growth, and yield. To overcome these stresses, plants 
develop some growth regulators known as phytohormones (PHs). These hormones 
are involved in regulating integrity of the plants to endure with stress. Phytohormones 
stimulate genes expressions in plants which help them to mitigate stresses. Auxin, 
gibberellin, and cytokinin help plant in promoting growth. Under abiotic stress con-
ditions, jasmonates, abscisic acid, ethylene, polyamines as well as salicylic acid 
impart tolerance to plants. Melatonin is observed in mitigation of plants’ diseases 
caused by some bacteria. Strigolactones and melatonin promote arbuscular mycor-
rhizal association in between plants and fungi. Enhancement in plants’ growth and 
crop production is investigated by application of these plant hormones. But more 
detailed investigation is needed about role of these phytohormones in tissue culture 
techniques, breaking dormancy, setting of fruits quality, and many other processes 
as they all are still unclear.
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Chapter 25
Role of Plant Extracts and Biostimulant 
in Mitigating Plant Drought and Salinity 
Stress

Shaimaa I. M. Elsayed, Ali S. Sabra, and Elsayed A. Omer

Abstract  Phytoconstituents influence biochemical and enzymatic processes by 
serving as substrates, cofactors, and inhibitors. Numerous phytochemicals have been 
utilized to cure a variety of illnesses and stop the spread of disease. They offer protec-
tion to plants from both biotic and abiotic stressors. It is important to improve their 
goods to acquire the best concentrations and identify acceptable alternative sources in 
order to save costs because the presence of bioactive chemicals varies in quantity. In 
this regard, many classes of components in plant extracts have been identified, includ-
ing alkaloids, polysaccharides, polyphenols, fatty alcohols, terpenoids, indole, pyri-
dine, essential oils, and phytosterols. Plant extracts and biostimulants, which are 
bioactive substances produced from plants, aid in the pro-ecological production of 
strategically important crops. In response to environmental stress, a variety of nitrog-
enous substances present in protein hydrolysates, including betaines, amino acids, 
polyamines, nonprotein amino acids, hormones, and others, act as biostimulants of 
plant growth, metabolic production, and recovery. Utilizing natural nanoparticles to 
minimize the negative effects of environmental pressures on plants is a relatively new 
area. Agriculture may employ nanoparticles in a lucrative and environmentally 
responsible way to deal with scarce water resources and to strengthen crops’ toler-
ance to drought stress. A seaweed (macroalgae) extract can boost plant growth and 
tolerance to harmful environmental factors like salt and drought by triggering bio-
chemical and genetic pathways that give the plant resilience. The study of and appli-
cation of phytochemicals as abiotic stress mitigators has significantly increased with 
the development of contemporary technologies. The utilization of plant extracts and 
biostimulants in their natural form or in nanometric form as environmentally benign 
external factors to aid plants in withstanding the detrimental effects of environmental 
conditions that occur in drought or salinity is discussed and described in this chapter.
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1 � Introduction

Due to results of world climate change, important crops have produced less in many 
regions of the world due to variable rainfall, rising temperatures, droughts, flooding, 
and salinized soils (Ahmad et al. 2022). Abiotic stress is a condition triggered by 
elements including smog, dryness, salt, bright light, and high temperatures. Abiotic 
stress causes multiple physiological and molecular changes in cells, including a 
decrease in photosynthetic activity, an increase in the manufacture of reactive oxy-
gen species (ROS), turgor loss, changes in membrane composition and fluidity, an 
increase in solute concentration and accumulation, and the accumulation of specific 
osmolytes (Bartwal et al. 2013).

One of the abiotic stresses is drought that affects agricultural systems most 
adversely. Water scarcity brought on by the drought reduces moisture availability, 
which in turn restricts crop development and yield. Plants eventually suffer oxida-
tive damage from an overabundance of ROS because of decreased stomatal open-
ing, rapid oxygen (O2) photoreduction in the chloroplast, and enhanced 
photorespiration triggered by water shortage stress (Iqbal et al. 2020). In response 
to drought stress, plants produce the phytohormone abscisic acid (ABA), modify 
gene expression, shut their stomata, and preserve their osmotic equilibrium (Gong 
et al. 2020). Flooding or waterlogging, on the other hand, occurs when too much 
water is retained in the soil as a result of prolonged, heavy precipitation, insufficient 
drainage, or other factors.

Water logging frequently causes hypoxia, anoxia, reduced gaseous exchange, 
increased lipid peroxidation, and ROS buildup in plant roots. Furthermore, changes 
in soil pH cause considerable losses of important nutrients, salt formation, and an 
increase in heavy metal availability, all of which are adverse to plant growth (Fukao 
et al. 2019).

Furthermore, besides decreasing a plant’s ability to absorb water, salt stress also 
damages biological membranes, as a result of ionic imbalance, oxidative damage, 
and nutritional imbalance; slows cell division and growth; decreases the rate of 
photosynthesis; alters a plant’s lipid metabolism; and alters the yield characteristics. 
Agricultural production has fallen as a result of the salinity of the soil. When plants 
that are salt-stressed stop absorbing water, conditions that resemble drought start to 
appear. Salinity decreases stomatal conductance, damages photosynthetic enzymes, 
and disrupts the photosystem (PS) in plants, all of which result in the manufacture 
of ROS (Hasanuzzaman et  al. 2018). Around one-fifth of irrigation regions are 
affected by salinity (Morton et al. 2019).

These elements together pose a grave danger to the ability of millions of people 
to produce enough food to consume, especially in light of the fight over water 
resources. Finding ways to improve plants’ capacity to adapt to difficult circum-
stances like salt and drought is vital. Plant growth and productivity can be increased 
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while reducing the negative effects of these stresses by using tolerant genotypes, 
best cultivation management practices, genetic engineering, adding microorganisms 
that promote plant growth, using biostimulants and plant extracts, and inoculating 
plants with these agents. This chapter focuses on expanding the use of biostimulants 
to minimize the damaging results from salt and drought on plants. This covers the 
use of synthetic compounds, bacterial and fungal stimulants, nanoparticle-coated 
plant extracts, and other extracts. A biostimulant is any chemical or microbe that is 
administered to plants in modest quantities to improve their uptake of nutrients, 
growth, productivity, and quality in addition to their tolerance to abiotic challenges. 
On this phrase, there is conflicting literature. Humic acids, seaweed, plant extracts, 
chitosan, biopolymers, as well as advantageous bacteria and fungus are a few of 
these biostimulants (Du-Jardin 2015). This definition will be used in this chapter.

2 � Plant Extracts

The use of environmentally friendly inputs in crop production is a trend in environ-
mentally friendly agriculture. Exogenous application of plant extracts as biostimu-
lants is among them (Pourhadi et al. 2018). Different plant components’ extracts are 
employed in a variety of ways to improve crop output. Depending on the technique 
of treatments, the concentration, the plant species, and the extract, different plant 
parts (roots, shoots, seeds) gave a varied reaction (Chojnacka et al. 2015). When 
exogenously applied, the chemical compositions of various plant components 
change how the plant grows (Rouphael et al. 2018).

Besides nutrients and antifungal and antibacterial compounds that shield the 
plant from biotic and abiotic stress, they may also include phytohormones. Different 
bioactive substances and secondary metabolites, such as nitriles, flavonoids, alka-
loids, and antioxidants, are found in plants (Ahmed et al. 2016)

Extraction is a procedure that uses traditional methods and particular solvents to 
separate soluble bioactive components from undesirable insoluble elements or to 
remove biological active substances from plants, microbes, or marine life.

Solvent extraction, sometimes referred to as liquid-liquid extraction or solid-
liquid extraction, can be used to carry out the extraction. Both extraction techniques 
are based on the separation of compounds according to their relative solubility in 
two distinct immiscible liquids or solid matter components.

When two immiscible liquids are combined for the purpose of extracting liquid 
from liquid, the solvent is used to separate one or more components. It entails 
removing a substance from one liquid phase and placing it in another.

In solid-liquid extraction, the active agent and inert matrix, which make up a 
solid substance’s soluble components, are extracted using a solvent in accordance 
with the solid-liquid extraction principle. The extract from the extraction materials 
may be a liquid or a solid. Similar to how oil in oil seeds is integrated into cells, 
caffeine in coffee may also be a thin dispersion on a solid object.
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The extraction processes are applied in the following fields:
•	 The chemical industry (inorganic, organic)
•	 Chemical metallurgy, and other fields (i.e., extraction of metallic salts from 

diluted brines)
•	 Nuclear engineering (i.e., reprocessing of nuclear fuels)
•	 Ecological technology (waste water treatment)
•	 Food science (edible oil refining)
•	 The pharmaceutical sector (extraction of agents)
•	 Using a plant stress-tolerance spray

2.1 � Plant Sample Pre-extraction Preparation

The first step in researching medicinal plants is plant samples preparation in order 
to preserve the biomolecules in the plants before extraction. Plant samples such as 
leaves, barks, roots, fruits, and flowers can be obtained from either living or dried 
plant material. Grinding and drying of plant materials, for example, have an impact 
on the retention of phytochemicals in the final extracts.

2.2 � The Extraction Solvent

Menstruum is the name given to the extraction agent utilized with plants or other 
sources. The kind of plant, the plant organ that has to be extracted, the make-up of 
the bioactive components, and the accessibility of the solvent are all factors that 
affect the solvent choice. While water, methanol, and ethanol are examples of polar 
solvents used in the extraction of polar compounds, hexane and dichloromethane 
are examples of nonpolar solvents (Pandey and Tripathi 2014; Sasidharan et  al. 
2011; Altemimi et al. 2017). To separate liquid from liquid, it is customary to com-
bine two immiscible solvents, such as water and dichloromethane, water and ether, 
or water and hexane.

Due to its more polarity and immiscibility with these organic solvents, water is 
present in every combination. The item that will be extracted via liquid-liquid 
extraction should be soluble in an organic solvent, but not in water to help in separa-
tion (Majekodunmi 2015). There is also a classification of the polarity of the sol-
vents used in extraction, with water being the most polar and n-hexane being the 
least polar (Sasidharan et al. 2011; Pandey and Tripathi 2014; Altemimi et al. 2017). 
The following 11 alternative extraction solvents are given in Table 25.1 in order of 
increasing polarity, according to Das et al. (2010) and Pandey and Tripathi (2014).

The selected solvent is added to the whole extract during fractionation in ascend-
ing polarity order, starting with water, which has the largest polarity, and moving 
from n-hexane, which has the least polarity (Das et al. 2010; Pandey and Tripathi 
2014). When selecting five solvents to utilize during fractional process, the 
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Table 25.1  The main 
organic extraction solvents in 
ascending polarity order

Solvents Formula Polarity

n-Hexane C6H14 0.009
Petroleum ether C6H14 0.117
Diethyl ether C2H5O2 0.117
Ethyl acetate C4H8O2 0.228
Chloroform CHCl3 0.259
Dichloromethane CH2Cl2 0.309
Acetone C3H6O 0.355
n-Butanol C4H10O 0.586
Ethanol C2H5OH 0.654
Methanol CH3OH 0.762
Water H2O 1.000

conventional approach is to use two solvents with low polarity (n-hexane, chloro-
form), with two medium polarity (dichloromethane, n-butanol), and with one the 
largest polarity (water).

2.3 � Solvents Used for Preparing Extractions

	1.	 Water is employed as the most polar solvent to extract a range of polar com-
pounds. It has a wide range of dissolving properties, is inexpensive, harmless, 
flammable, and has high polarity. It takes a lot of heat to concentrate the extract, 
and doing so might cause hydrolysis and promote the development of bacteria 
and mould (Das et al. 2010; Tiwari et al. 2011).

	2.	 Alcohol may extract polar secondary metabolites and has a polar property. It is 
also miscible with water. It possesses self-preservative qualities at concentra-
tions greater than 20%; however, low quantities are safe.

	3.	 Chloroform works well as a nonpolar solvent for extracting substances including 
terpenoids, flavonoids, lipids, and oils. It has the advantages of being colorless, 
smelling pleasant, and being soluble in alcohols (Cowan 1999; Tiwari et  al. 
2011; Pandey and Tripathi 2014).

	4.	 Ether is a nonpolar solvent that may be used to extract substances including fatty 
acids, terpenoids, coumarins, and alkaloids. It is characterized with low boiling 
point, tastelessness, and miscibility with water. Additionally, it is an actual stable 
substance that does not react with metals, acids, or bases. Negative aspects 
include its extreme volatility and flammability in nature (Cowan 1999; Tiwari 
et al. 2011; Pandey and Tripathi 2014)

	5.	 Ethyl acetate has a medium polarity, low toxicity, and has the ability to extract 
many biological molecules, both polar and nonpolar, such as steroids, terpenes, 
waxes, and carotenoids.
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	6.	 Ionized water: a specific extraction solvent that is highly polar and remarkably 
heat stable is ionized water (green solvent). It can sustain a liquid state up to 
3000 °C and is appropriate for high-temperature applications. With water and 
other solvents, it is extremely miscible, and it performs well for polar chemical 
extraction. Because it absorbs and transmits microwave radiation, it is appropri-
ate for microwave-assisted extraction. Because it is extremely polar, nonflam-
mable, and nontoxic, it is suitable for liquid-liquid extraction (Bhan 2017).

2.4 � Commonly Used Methods in the Extraction

Procedures for extracting natural materials are frequently viewed as bottlenecks in 
analytical techniques and extract preparation. Several attempts to replace traditional 
extraction processes with new ones have been attempted in recent years. Each 
method seeks to increase the amount of extracted components while minimizing the 
amount of extraction solvent needed and the sample preparation time.

2.4.1 � Maceration

It is an extractive method that involves many processes in order to extract essential 
oils and active chemicals from plant sources. In a closed jar, the powdered material 
is mixed with the solvent of choice (menstruum). The solvent is then strained out, 
followed by crushing the solid marc residue left over from the extraction process, to 
recover the largest amount of occluded solution. Chemical is often combined and 
shook if it is in a container to ensure proper extraction. Following extraction, filtra-
tion or decantation is used to separate the micelle and marc.

Then in a water bath or an oven, the menstruum and micelle are separated by 
evaporation (Doughari 2012; Ujang et  al. 2013; Pandey and Tripathi 2014; 
Azwanida, 2015; Majekodunmi 2015; Ingle et al. 2017). This methodology is useful 
and more suitable for thermo labile plant material.

2.4.2 � Ultrasonic-Assisted Extraction

Ultrasonic frequencies larger than 20 kHz, which have the ability to break cell walls 
and enhance solvent migration into cells, are utilized in this procedure to extract 
bioactive components from matrix. The plants are homogenized, coupled with a 
solvent or a mixture of solvents, and then incubated in a water bath in the sonication 
bath depending on the polarity of the analytes (Altemimi et al. 2017). The extraction 
of thermo labile chemicals at low temperatures is made possible by this simple 
approach.
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2.4.3 � Microwave-Assisted Extraction

Microwaves, which are nonionizing electromagnetic waves with frequencies (elec-
tromagnetic radiations) ranging from 0.3 to 300 GHz, are used in this technique to 
get bioactive compounds from plants. The magnetic and electrical fields contained 
in this electromagnetic radiation boost the efficiency of analytes extraction. Extracts 
produced by microwave-assisted extraction (MAE) showed improved antioxidant 
activity by applying a number of methodologies, including ferric reducing antioxi-
dant influence (FRAP), oxygen radical absorbance capacity (ORAC), and total phe-
nolics (Altemimi et  al. 2017). This method has an advantage over conventional 
extraction methods since it consumes less solvent and less time.

2.4.4 � Accelerated Solvent Extraction

A technique for extracting different components from a challenging solid or half 
solid sample matrix is called accelerated solvent extraction (ASE). The ASE sample 
preparation technique extracts a wide range of bioactive compounds using organic 
solvents at high pressures of up to 1500 psi. This makes it feasible to extract desired 
analytes from complicated matrices more successfully. The solvent is retained in a 
liquid form even after it has boiled due to the high pressure, which aids analytes in 
diffusing into the solvent and increases recovery. In an automated system, after 
combining plant powder with filler material like sand in the extraction cells, the 
solvent or mixture of solvents penetrates the plant material under high pressure in 
an accelerator solvent extractor. This utilizes less solvent and produces high-quality 
extract in comparably less time than conventional extraction techniques. The recov-
ery of volatile and semi-volatile chemicals has excellent potential with accelerated 
solvent extraction.

2.5 � Use of Plant Extracts in Combating Abiotic Stresses

Plant extracts (PEs), which come from plants and don’t include any artificial chemi-
cals, are a green and environmentally acceptable method for reducing harmful envi-
ronmental stresses (Ahmad et al. 2022). Plant extracts are made from the full plants 
of several medicinal and fragrant plants, including their roots, leaves, stems, flow-
ers, and fruits. They contain a variety of bioactive substances in addition to miner-
als, pigments, and proteins, including phenolic acids, flavonoids, anthocyanins, 
tannins, sterols, fatty acids, glucosinolates, terpenoids, polysaccharides, and phyto-
hormones; however, the content will differ according to the plant part which utilized 
to prepare the extract (Ahmad et al. 2022). The advantageous effects that extract 
have on plants may result from the interaction of several distinct chemicals or chem-
ical families.
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2.6 � Application Methods

Plants are given bioactive extracts through a number of methods, such as foliar 
spraying, soil-based additions, and seed priming. To enhance their absorption and 
penetration to the leaves through the stomata, they might be used with wetting agent 
and some substances (Yakhin et  al. 2017; Ahmad et  al. 2022). The efficiency of 
these extracts depends on the plants used type, the degree or duration of stress, and 
differences in the chemical makeup of the area where the plant was cultivated. As a 
result, it is challenging to predict a single method of use for plant extracts. 
Nevertheless, a number of metabolic changes that occur in plants after treatment 
might be viewed as pathways for providing resistance.

2.7 � Ways of Action

Plant performance and development characteristics are improved by exogenous 
application of Plant extracts (PEs) via modifying physiological and biochemical 
processes, primary and secondary metabolic pathways, and signal transduction 
pathways (Ahmad et al. 2022). Applying PEs to stressed plants improves pheno-
typic parameters such as plant weight, root size, leaf area, leaves number, thickness 
of leaks, number of fruits, seeds, and yield (Rady and Mohamed 2015; Suryaman 
et al. 2021). Better photosynthetic activity, water relations, pigment accumulation, 
and nutrient absorption might all contribute to this improvement (Ahmad et  al. 
2022). Plants under salt stress experience decreased photosynthetic rate and transpi-
ration rate. ROS begin to build up and produce oxidative stress as a result of an 
imbalance in the water balance inside cells and a disruption in the electron transport 
system. These ROS target macromolecules like proteins, lipids, and nucleic acids, 
which have an influence on the metabolism of the cells (Munns and Tester 2008). 
Plants respond by enzymatic and nonenzymatic antioxidants becoming active. 
Nonenzymatic antioxidants such as ascorbate, glutathione, phenolics, and flavo-
noids are crucial parts of plant extracts. PEs may be more successful in reducing 
stress-related conditions because they contain more of these chemicals; however, 
more study on a wide range of plants is necessary to ascertain if the reaction of 
plants is dose-dependent and what the crucial threshold level is.

Phytohormones including ascorbic acid (ASA), jasmonic acid (JA), salicylic 
acid (SA), and ethylene, which are known to activate different signal transduction 
pathways in plants in response to biotic and abiotic stress, are present in plant 
extracts in addition to bioactive chemicals (Ahmad et al. 2022). After being exposed 
to stress, these phytohormones are synthesized and activate signalling pathways that 
cause the activation of genes relevant to stress. This hypothesis was supported by 
evidence from the Arabidopsis plant, where the activation of ABA, SA, and auxin-
induced signal pathways by Moringa leaves extract (MLE) increased plant tolerance 
to salt (Brazales-Cevallos et al. 2022; Ahmad et al. 2022). Another opinion is that 
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the presence of PEs makes it easier for certain solutes to accumulate, such as proline 
(Pro), glycine betaine (GB), sugar alcohols, and polyamines, which are necessary 
for osmotic adjustment in stressful circumstances.

2.8 � Application Under Drought Stress

Many plant extracts have been used exogenously as foliar sprays to increase plant 
growth. According to research by Rady and Mohamed (2015), the exogenous appli-
cation of moringa seed extract as a foliar spray enhanced Capsicum annuum L.’s 
antioxidant capabilities and seed germination during heavy metal stress. Several 
studies have demonstrated how effectively PEs may improve plant performance and 
development in the presence of abiotic stresses. By altering biochemical traits and 
the antioxidant system, neem tree (Azadirachta indica) leaf extract, for example, 
lessened the deleterious effects of water restriction on quinoa (Chenopodium qui-
noa) (Naz et al. 2022). Neem extract used at 5% concentration increased the synthe-
sis of appropriate solutes like Pro and GB as well as antioxidant enzyme activities 
and the prevention of oxidative damage in this regard. Spraying Salix babylonica 
hydrolyzed extract on Houttuynia cordata plants promoted growth, increased osmo-
lyte solution accumulation, and elevated antioxidant enzyme activities, supporting 
the application of this extract as a secure protector and growth regulator during 
drought deficiency (Ri and Ri 2022). Foliar application of biostimulants and natural 
extracts, such as propolis and maize grain extract, improved growth characteristics, 
including photosynthetic rate, pigment content, gas exchange parameters (RWC), 
membrane stability, and accumulation of compatible solutes under stressful condi-
tions. Furthermore, this therapy increased the activity of antioxidants that are not 
enzymes, such as Pro, glutathione, ascorbate, and tocopherol, as well as antioxidant 
enzymes, such as catalase, ascorbate peroxidase, and peroxidase (POD), and super-
oxide dismutase (SOD) (Desoky et al. 2021). In a field test, the quinoa plants were 
given exogenous growth stimulants like tryptophan and banana peel extract. 
Tryptophan was inferior to banana extract for increasing quinoa production and 
quality. Exogenous treatment resulted in increases in growth indices, indole acetic 
acid, pigments, phenolic compounds, antioxidant enzyme activities, and nutritional 
properties of seeds (Bakry et al. 2016). PEs can be used with other stimulants to 
create results that are more pronounced because of their synergistic effects. When 
rhizobacteria and MLE were combined, drought-stressed wheat plants produced 
more growth (Lalarukh et al. 2022a). This beneficial effect was demonstrated by 
increases in fresh weight, dry weight, shoot and root length, photosynthetic appara-
tus, total soluble sugars, proteins, and minerals (calcium, phosphorus, potassium, 
and nitrogen). Indicators of oxidative stress such as malondialdehyde (MDA) and 
hydrogen peroxide (H2O2) were also reported to be decreasing (Lalarukh et  al. 
2022b). The application of Brassica water extract (BWE) at 2% improved the 
drought resistance of two wheat cultivars by increasing morphological traits, such 
as fresh and dry weights, as well as antioxidant enzyme activities, such as SOD, 
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CAT, and POD, an increase in chlorophyll and carotenoid contents, and a reduction 
in oxidative damage by free radicals (Khaliq et al. 2022).

Elsayed et al. (2022) investigated the effects of Ocimum basillicum (Basil) leaves 
extract (BLE) on seedling development, chemical makeup, and various qualities for 
essential oil of Eucalyptus citriodora. The findings showed that whereas proline and 
MDA levels fell under the same treatment, vegetative growth metrics and photosyn-
thetic pigments rose in plants that received six-day irrigation. All root features, total 
sugar content in all organs, and antioxidant enzyme activity (polyphenol oxidase 
(PPO), SOD, POD, and CAT) were increased by irrigation intervals every 8 days, 
whereas leaf area showed a large rise in plants that received irrigation every 4 days. 
Except for Pro and MDA, which exhibited the lowest value at the same rate, E. citri-
odora plants sprayed with BLE at a rate of 20% generated the greatest value for all 
vegetative development metrics and all chemical compositions. The optimum 
method for producing fresh leaves for essential oils was irrigation every six or eight 
days with a BLE spray of 20 to 40 percent. The primary component of E. citriodora 
fresh leaves essential oil is citronellal, which was increased to 71.54% by watering 
every 8 days with the application of 40% BLE. The oil’s monoterpenoid content 
ranged from 92.59 to 97.93%. The main monoterpenes in oil showed moderate to 
strong antioxidant activity.

O. sanctum L. (O. tenuiflorum, Tulsi) has been utilized for thousands of years in 
Ayurveda because of its wide range of therapeutic characteristics. Tulsi leaves are 
substantially abundant in antioxidant components, according to Pandeya et  al. 
(2016). Its leaf extract is therefore thought to effectively scavenge ROS when given 
to plants, avoiding oxidative damage under drought stress. In order to determine the 
effectiveness of an aqueous leaf extract of O. sanctum against drought stress in two 
rice genotypes grown in a glass house, the current study was carried out in the fall 
of 2013 and spring of 2014 seasons. Here, we demonstrate how the treatment of 
Ocimum affected a number of morpho-physiological (chlorophyll fluorescence, leaf 
rolling score, leaf tip burn, number of senesced leaves, and total dry matter) and bio-
chemical (Pro, MDA, and SOD activity) parameters in both seasons. When applied to 
rice plants under drought stress, Ocimum extract boosted the expression of dehydrin 
genes while decreasing the expression of aquaporin genes. Application of Ocimum 
leaf extract under drought stress is thus recommended as a viable technique to reduce 
drought stress in an affordable, practical, and environmentally friendly way.

Hanafy (2017) looked at the effectiveness of foliar spraying of leaf extract of 
M. oleifera on Glycine max plants to reduce drought stress (cv. Giza 111). Drought 
stress caused significant drops in growth indices including shoot and root length, 
fresh and dried shoot and root weight, and photosynthetic pigments like chlorophyll 
a, chlorophyll b, carotenoids, and total pigments. Additionally, it significantly 
increased oxidative damage (lipid peroxidation), osmolyte compounds (Pro, total 
soluble sugars, and total phenols), non-enzymatic antioxidants (ascorbic acid, 
tocopherol, and reduced glutathione), enzymatic antioxidants (glutathione reduc-
tase (GR), SOD, and APX), and oxidative damage (lipid peroxidation). Furthermore, 
as compared to either the control plants or the drought-stressed plants, foliar spray-
ing with MLE improved all the aforementioned metrics. It appeared that MLE 
might improve the tested plant’s resistance to drought stress.
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When applied topically to drought-stressed soybean plants, MLE considerably 
enhanced both physiochemical characteristics and plant growth indices. The 
improvement in growth could be attributed to its function as a growth enhancer 
because it is rich in protein, which is necessary for the formation of protoplasm as 
well as vitamin C, and important nutrients like potassium, calcium, and magnesium. 
In addition, MLE serves as good sources of natural antioxidant compounds like 
ascorbic acid, flavonoids, phenolics, and carotenoids, which make it an excellent 
plant growth enhancer.

It possesses growth-promoting chemicals like auxins and cytokinins (particu-
larly zeatin) that can increase cell division, multiplication, and enlargement as well 
as trigger the synthesis of chlorophyll. To sustain plants’ ability to photosynthesize 
when under water stress, chlorophyll concentration must be preserved. In the cur-
rent study, drought stress significantly lowers total pigment, carotenoids, and chlo-
rophyll (chlorophyll a, b) concentrations compared to control. This decline may be 
linked to photo-oxidation or chlorophyll breakdown via the synthesis of proteolytic 
enzymes like chlorophyllase, degeneration of the chloroplast, or stomatal closure. It 
may be thought of as a classic indication of oxidative stress. On the other hand, a 
potential drop in stomata conductance would result in less photosynthetic activity 
caused by the inhibitory impact of less water content in leaves. The chlorophyll 
content of G. max leaves was enhanced concurrently by foliar MLE treatment. By 
applying Moringa extract topically, plants may produce more phyto-regulator cyto-
kinins or their levels may be connected with MLE’s levels of zeatin, a cytokinin that 
delays the aging of leaves and the loss of chlorophyll. The nutritional potentialities 
of several macro elements, including Mg, a component of chlorophyll that would be 
responsible for causing an increase in the levels of chlorophyll a, b in G. max plants, 
are also highly concentrated in moringa leaves. On the other hand, spraying plants 
with MLE caused soybean plants to have significantly higher GSH, ascorbic acid, 
and tocopherol concentrations than the comparable controls. MLE is a good source 
of minerals, amino acids, phenolics, soluble sugars, and certain antioxidants such as 
free Pro and ascorbate. As a result, ascorbic acid (ASA), tocopherol, and reduced 
glutathione concentrations were produced as antioxidants, which allowed soybean 
plants to withstand drought stress. In contrast to drought-stressed plants and control 
plants, foliar spraying with MLE extract decreased the level of MDA in the leaves 
of soybean plants. A substantial amount of calcium is included in M. oleifera extract, 
which can protect membranes from harm and leakage, thus preserving membrane 
integrity under severe drought.

2.9 � Application Under Salinity Stress

Due to the presence of polyphenol chemicals, application of Rosmarinus officinalis 
extract proved effective in reducing the negative effects of salt on apple seedlings 
(Mahmoudand and Dahab 2018). The roselle (Hibiscus sabdariffa) plants’ growth 
and production were enhanced by the exogenous application of aloe extract and 
potassium silicate, whether under full irrigation or water deficiency situations 
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(Abdou et al. 2022). Under salty irrigation circumstances, seed priming with maize 
grain extract (MGE) and zeatin increased wheat development and yield by enhanc-
ing the hormonal contents and boosting antioxidant components, such as ascorbate, 
glutathione, and tocopherol, therefore minimizing oxidative damage (Alharby 
et al. 2020).

The potential protective effects of a watery extract of O. basilicum leaves (OLE) 
on bean plants watered with various salt levels were explored(0.0, 50, 100 or 
150 mM NaCl). In order to evaluate the cytotoxic effects of salt on Vicia faba plants, 
oxidative stress markers such as lipid peroxidation was measured. On bean plants 
grown under salinity stress in the presence or absence of a watery extract of O. basi-
licum leaves, growth parameters, antioxidant enzyme activity (CAT, POD, and 
APX), organic solutes (soluble sugars, soluble proteins, and Pro), and ions content 
(Na, K+, Ca2+, and Mg2+) were also measured (Abou-Alhamd and Loutfy 2020). The 
statistics revealed that, in comparison to control plants, salinity stress caused a con-
siderable rise in the activity of antioxidant enzymes, organic solutes, lipid peroxida-
tion, and ions content. Ocimum leaves extract (OLE) considerably reduced the 
negative effects of salt on V. faba plants, while also increasing the activity of anti-
oxidant enzymes, osmolytes (soluble sugar and protein), and ions content (K+, Ca2+, 
and Mg2+), which may have been an induced defense mechanism against salinity 
stress. NaCl stress caused changes in the growth of V. faba by affecting the physio-
logical and biochemical behaviors. In addition to lowering Na+ and MDA concen-
trations, treatment with OLE altered development by raising organic solutes (soluble 
sugars, soluble proteins, and Pro), critical minerals (K+, Ca2+, and Mg2+), and the 
activity of antioxidant enzymes (CAT, POD, and APX). Therefore, it might be 
inferred that OLE plays a part in reducing the negative effects of NaCl stress. As a 
result, we suggest that spraying OLE onto the leaves of V. faba plants may be a good 
way to increase their resistance to NaCl stress. Additionally, this approach is simple 
to use, eco-friendly, and might be approved by farmers for usage in the field to boost 
plant growth and productivity.

Sweet basil (O. basilicum L. cv. cispum) plants planted with or without salt stress 
were irrigated using watery leaf extract in order to investigate the effectiveness of 
M. oleifera as biostimulants. A liter of distilled water was used to homogenize 200 g 
of fresh moringa leaves before being filtered and made into the following dilutions, 
2.5, 5.0, 10, and 20%. Malondialdehyde and Pro levels in stressed basil had risen, 
but with the use of MLE, they considerably decreased. MLE extract increased the 
basil leaf area by 60% under salt stress when compared to control basil; growth 
metrics such as shoot length, shoot fresh weight, shoot dry weight, number of 
branches, and root length and dry weight all increased. Basil plants after M. oleifera 
treatment had significantly higher levels of anthocyanin, total carbohydrates, and 
SOD activity. The different chemical structure of the Moringa species highlighted 
the resistance mechanisms in basil. With the simultaneous watering of basil utiliz-
ing Moringa, our hypothesis was that the effectiveness would even grow signifi-
cantly stronger (Hassanein et al. 2019).

Even though the damask rose (Rosa damascena Mill. var. trigintipetala Dieck) is 
a commercially significant fragrant plant, salt stress has severely stunted its growth 
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and development. According to reports, MLE contributes to the ability to cope with 
salt stress (Hassan et  al. 2021). However, nothing is known about the effects of 
MLE on fragrant plants, particularly damask rose under salinity. Therefore, the pur-
pose of this study was to find out how MLE affects the reduction of salt stress in 
damask roses. Rose plants were given a treatment of 200 mmol L−1 NaCl, and at 
1:30 MLE which was applied topically (v:v). The growth characteristics, chloro-
phyll content, RWC, Pro content, and membrane stability index under salinity were 
all improved by foliar spraying with MLE.  When MLE were administered, less 
MDA and H2O2 accumulated as well. Additionally, under stress, MLE treatment 
significantly improved the antioxidant enzyme activity (CAT and SOD), total phe-
nols, and radical scavenging activity. Together, MLE possessed an effective antioxi-
dant defense mechanism that captured ROS and provided significant protection 
against oxidative damage brought on by salt. The fact that these treatments increased 
RWC and chlorophyll content can be used to explain how salt stress’s negative 
effects on growth were lessened by MLE. The contribution of MLE to enhancing 
the salinity-induced tolerance has been demonstrated in diverse crops (Rehman 
et al. 2014; Rady and Mohamed 2015; Ali et al. 2018). MLE can be used as a bios-
timulant and plant growth enhancer since it includes a variety of phytohormones, 
flavonoids, amino acids, antioxidants, and vital nutrients (Taiz and Zeiger 2010; 
Hassan and Fetouh 2019).

3 � Nanoparticles-Coated Extracts

The use of natural nanoparticles in reducing the negative effects of environmental 
stressors on plants is a new field. Utilizing nanoparticles in agriculture is a produc-
tive and environmentally beneficial way to deal with scarce water resources and to 
make crops more resilient to drought stress (Dowom et al. 2022).

3.1 � Application Under Drought Stress

In a pot experiment, wheat plants were treated with iron oxide nanoparticles (Fe3O2-
NPs) made from ginger and cumin seeds in order to increase their resistance to 
drought stress (Noor et al. 2022). The germination rate, biomass, pigment concen-
tration, Pro content, soluble sugars, antioxidant enzyme activities, such as SOD, 
POX, and APX, as well as a decrease in lipid peroxidation and electrolyte leakage 
were all improved by cumin nanoparticles at 1.2 mM concentration more than gin-
ger particles. Similarly, a recent study looked at how application of Chitosan 
nanoparticles (CNPs) affected the physiological, phytochemical, and biochemical 
responses of Salvia abrotanoides plants growing under drought stress (Dowom 
et al. 2022). By increasing RWC, photosynthetic pigments, phenolics, flavonoids, 
soluble sugars, proteins, suitable solutes, and antioxidant activities like SOD, PPO, 
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and Guaiacol peroxidase (GPX), CNPs treatment reduced the deleterious impacts of 
drought. There were also observed anatomical alterations, including an increase in 
stomata density following treatment. In contrast, the elicitor reduced oxidative dam-
age as seen by a decline in electrolyte leakage (Dowom et al. 2022). Another recent 
study used papaya fruit extract and Plant growth-promoting rhizobacteria (PGPR) 
to apply green produced zinc oxide nanoparticles (ZnO-NPs) to reduce the com-
bined effects of heat and drought stress on wheat plants (Azmat et al. 2022). Through 
improvements in growth indices, biomass, photosynthetic pigments, nutrients, and 
accumulation of soluble sugars, protein, and indole acetic acid, treated plants sub-
jected to single or combination shocks demonstrated greater tolerance. Proline con-
tent and antioxidant enzyme activities such as SOD, POX, CAT, APX, GR, and 
dehydroascorbate reductase (DHAR) rose when ZnO-NPs and rhizobacteria were 
applied together. Meanwhile, following application, a decrease in oxidative damage 
was seen as a decline in electrolyte leakage, MDA, and H2O2, and this finally led to 
an improvement in tolerance (Azmat et al. 2022). In addition to enhancing plant 
development properties, biostimulants also promote the accumulation of secondary 
metabolites (Giglou et al. 2022). In this study, when chitosan biostimulants (Kitoplus 
at 1% and chitosan-coated iron oxide nanoparticles at 10 μM) were applied, mint 
plants under drought stress displayed an increase in menthone content. The main 
component of the essential oil, menthol, rose in stressed plants following 0.5% 
Kitoplus treatment. This shows that using biostimulants and chitosan nanoparticles 
to increase the synthesis of essential oils under drought stress was successful 
(Giglou et al. 2022).

3.2 � Application Under Salinity Stress

The detrimental effects of salt on plants have been lessened using nano molecules. 
In a recent research, wheat plants were subjected to salt stress and received foliar 
applications of fertilizer containing nano-silicon and nano-chitosan (Hajihashemi 
and Kazemi 2022). In this study, the use of these compounds raised antioxidant 
enzyme activity, which can snuff out ROS and lessen lipid peroxidation while also 
enhancing plant development. After application, osmotic adjustment-related mole-
cules such as Pro, GB, carbohydrates, and free amino acids increased. In a research 
experiment on two wheat (Triticum aestivum) cultivars, foliar application of nano-
Zn particles, in particular at 50 mg L−1, promoted the buildup of osmolytes and 
enhanced nutrient absorption, hence inducing salt tolerance and enhancing physio-
logical parameters (Lalarukh et al. 2022b). However, this treatment resulted in a 
decrease in plant pigments as well as enzymatic and nonenzymatic antioxidants, 
indicating that plants used alternate toleration mechanisms. In a recent study, poly-
saccharides crude nanoparticles extract was made from the waste of Taif rose petals 
(R. damascene), in order to lessen the negative effects of salt and stress on eggplants 
(Alabdallah and Alluqmani 2022). By raising the chlorophyll content, enhancing 
the antioxidant enzyme activities (SOD, CAT, POX, GR), boosting the membrane 
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stability, and minimizing oxidative damage, the administration of this extract ben-
efitted stressed plants (Alabdallah and Alluqmani 2022). In a field experiment, the 
effectiveness of applying Magnesium nanoparticles (MgO-NP) alone or in conjunc-
tion with effective microorganisms (Ems) was investigated on Ipomoea batatas 
under salt stress. As a result of greater concentrations of osmolytes such as Pro, free 
amino acids, soluble sugars, as well as accumulation of phenolic compounds and 
carotenoids, the combined application increased the ability to withstand osmotic 
stress. Both enzymatic and nonenzymatic antioxidants have higher activity (Abd 
El-Mageed et al. 2022). The improvement in ionic homeostasis brought on by the 
K+ and Na+ ion balance finally resulted in greater growth and yield. Under in vitro 
salt stress, green biosynthesized silver nanoparticles (AgNPs) with spherical shapes 
and sizes of 9 and 30 nm were employed to counteract the negative effects of salin-
ity on Maerua oblongifolia shoots (Shaikhaldein et al. 2022). Application of AgNPs 
improved the pigments’ content and the antioxidant enzyme activities as well as 
reduced the oxidative damage; therefore, AgNPs application was found to be an 
effective way for enhancing salinity tolerance. Zinc oxide nanoparticles (ZnO NPs) 
synthesized using plant extracts were found to improve the shoot growth and reduce 
salt toxicity of S. officinalis exposed to salinity stress (Alenezi et  al. 2022). The 
effect was dose-dependent and most of the best effects were at 10 mg L−1 concentra-
tion. At this concentration, shoot number, fresh weight and shoot dry weight, and 
total chlorophyl were increased. Also, the contents of Pro, antioxidant enzymes, 
such as CAT, SOD, GR, were enhanced as well. Therefore, the green biosynthesized 
ZnO NPs can be considered an effective nano-fertilizer for plants under salin-
ity stress.

All these studies suggest that application of nanoparticles can be an effective 
strategy in mitigating the adverse effects of drought and salinity and maintaining 
sustainable crop production.

4 � Biostimulants

Biostimulants are now defined as substances that can help plants develop and 
improve nutrient absorption while they are under abiotic stress (Colla and Rouphael 
2015; Du-Jardin 2015). In response to environmental stress, it has been shown that 
a variety of nitrogenous compounds found in protein hydrolysates, such as betaines, 
amino acids, polyamines, nonprotein amino acids, hormones, and others, serve as 
biostimulants of plant growth, metabolic production, and recovery (Vranova et al. 
2011; Colla et al. 2015). It has been discovered that phytohormones like auxins, 
gibberellins, and cytokinins, as well as polyamines, sterols, and antioxidant enzymes 
that are naturally abundant in plant extracts, can effectively relieve the stress of 
plants. They controlled endogenous stress-responsive genes and activated hormone-
producing genes (Craigie 2011; Bhattacharyya et al. 2015).

The use of various chemical compounds to chelate macro- or micronutrients, 
microbial plant growth regulators, and plant-based biostimulants has been 
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demonstrated to be effective in promoting plant growth and production under stress-
ful environments (Ali et  al. 2020). Without being fertilizers, herbicides, or soil-
improving agents, biostimulants are advantageous for plant development (Calvo 
et  al. 2014; Du-Jardin 2015; Halpern et  al. 2015). Biostimulants include helpful 
fungi and microorganisms like plant growth-promoting rhizobacteria (PGRs), 
which are both of synthetic or natural origin (Halpern et al. 2015). One method for 
enhancing plant growth and output under various environmental circumstances 
involves the exogenous application of biostimulants in a variety of ways. The term 
“biostimulants” was first used in the literature that is now available by Kauffman 
et al. (2007). “Materials other than fertilizers that stimulate plant development when 
is administered in modest quantities” is how they characterized biostimulants. 
Exogenous delivery of these biochemicals by various routes (seed soaking, foliar 
spraying, or soil treatment) has been shown to be beneficial in enhancing plant 
growth and output under stressful circumstances. These biostimulants include plant-
based biostimulants that are useful in enhancing plant growth and output under 
stressful conditions, plant growth regulators of microbial origin, and the chelation 
of macro- or micronutrients with various organic compounds (Ali et  al. 2020). 
Chitosan, SA, silicon, poly-γ-glutamic acid, −aminobutyric acid, melatonin, Pro, 
GB, brassinosteroids, etc. are some of these chemical stimulants.

4.1 � Application Under Drought Stress

Chitin, a substance found in the cell walls of fungus and a key component of the 
exoskeletons of insects and crustaceans, is the source of chitosan. Chitosan is widely 
used in the agricultural and pharmaceutical industries (Ali et al. 2020). Deacetylated 
chitin can be generated naturally by plants or artificially in the form of chitosan 
(Du-Jardin 2015). This polycationic can attach to certain cell receptors that are 
engaged in defensive mechanisms against biotic invasion as well as to cellular ele-
ments including DNA, plasma membrane, and cell wall (Du-Jardin 2015). By 
boosting the buildup of H2O2 as a signalling molecule, exogenous application of 
chitosan enhances the plant antioxidant defense responses in several crops. A vari-
ety of secondary metabolites, including polyphenolics, lignin, flavonoids, and phy-
toalexins, are produced in various crops, including tomato (El-Tantawy 2009), 
wheat (Zeng and Luo 2012), and rice as a result of the elevated concentration of 
H2O2 (Pongprayoon et al. 2013). Utilizing chitosan can modify the accumulation of 
bioactive molecules and provide drought tolerance. In a recent study, it was discov-
ered that seed priming and chitosan foliar spraying at a concentration of 0.25% 
increased the accumulation of hydroxycinnamic acid and hydroxybenzoic acid 
derivatives, including ferulic acid, p-coumaric acid, o-coumaric acid, gallic acid, 
and salicylic acid (SA), in kidney beans, Phaseolus vulgaris, that were experiencing 
drought (Manoj et al. 2022). This was largely due to improved antioxidant activity 
following chitosan treatment. SA, a signaling molecule that affects how plants react 
to environmental difficulties like salt, drought, metal toxicity, etc., and how their 
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metabolism works, is a cheap and effective drug for minimizing the negative impacts 
of environmental stressors on plants (Damalas and Koutroubas 2022). Plantago 
ovata plants were less affected by mild drought stress thanks to SA, in particular at 
0.8 mM, because it enhanced the cell membrane stability, water consumption effi-
ciency, soluble sugar content, Pro content, total phenolics, and catalase enzyme 
activity. As a result, seed output was increased (Roumani et al. 2022). Another eco-
logically advantageous elicitor in agriculture, poly-glutamic acid (PGA), may 
lessen the negative effects of environmental stressors on plants by altering plant 
growth, development, and the microbial community in the rhizosphere (Ma et al. 
2022). Exogenous PGA treatment improved the dry weight of maize, root develop-
ment, concentrations of soluble sugar and Proline, as well as the photosynthetic rate 
in drought-stressed Zea mays plants. Additionally, application increased the activity 
of the soil enzyme urease and increased the number of beneficial bacteria, such as 
Actinobacteria, Chloroflexi, Firmicutes, Alphaproteobacteria, and 
Deltaproteobacteria, in the rhizosphere (Ma et al. 2022). Plants can become more 
drought-tolerant thanks to the discovery of melatonin and the signaling molecule 
Ca2+ (Cisse et al. 2022). By improving growth traits, photosynthetic rate, stomatal 
conductance, transpiration rate, water use efficiency, pigment content, and activat-
ing antioxidant enzyme activities, such as POD, SOD, and CAT, as well as nonen-
zymatic antioxidants, exogenous administration of Ca2+ combined with melatonin 
reduced the detrimental effects of drought stress on the woody tree Dalbergia odor-
ifera. This may suggest that melatonin and calcium work in concert to help woody 
plants endure drought (Cisse et al. 2022). On turf grass, gamma-aminobutyric acid 
(GABA), either alone or in conjunction with Proline, was treated. Greater turf qual-
ity, a darker green color, higher leaf RWC, and longer stolons were all maintained 
in treated bentgrass, which improved turf grass performance under dry conditions 
(Chapman et al. 2022). Another investigation on licorice (Glycyrrhiza glabra) dis-
covered that root mycorrhiza inoculation and silicon treatment at 300 ppm enhanced 
plant performance under drought stress by increasing Proline levels and altering the 
amino acid composition (Haghighi et al. 2022).

4.2 � Application Under Salinity Stress

The treatment with SA even at low quantities (0.5 mM) increased growth parame-
ters and reduced the detrimental effects of salinity on R. damascena in recent 
research (Omidi et  al. 2022). It became clear from this study that SA treatment 
improved the growth traits, pigment content, antioxidant systems both enzymatic 
and nonenzymatic, and the activation of genes involved to the stress response, con-
ferring salt tolerance in rose. When subjected to salt stress, SA was found to increase 
Celosia argentea growth (Gholamzadeh et al. 2022). The physiological and mor-
phological properties of plants were enhanced by foliar application of SA at a con-
centration of 1  mM, including increased photosynthetic rate, pigment, and Pro 
levels. This suggests that SA may be utilized as a workable method to lessen salt 
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stress. Chickpea (Cicer arietinum) seedlings were primed with salicylic acid at 
0.5 mM to increase the growth rate, biomass, capacity to fix nitrogen, antioxidant 
activity, and reduce oxidative damage, which enhanced overall plant salt tolerance 
(Kaur et al. 2022). In a second experiment, priming seeds with salicylic acid signifi-
cantly reduced the detrimental effects of salinity on pea (Pisum sativum) seedlings, 
even at higher salt concentrations up to 300 mM NaCl. By exogenously administer-
ing salicylic acid at 0.75 mM and CaCl2 at 50 mM, red bean (P. calcaratus) perfor-
mance and growth characteristics were enhanced through increased pigment 
content, decreased sugars, a significant decrease in oxidative damage, and an 
increase in the scavenging capacity of free radicals, with the exogenous supply of 
salicylic acid and Ca2+; it is therefore feasible to improve salt tolerance by control-
ling the antioxidant machinery (Mahdavian 2022).

Seed priming with salicylic acid at 1 mM was a successful tactic for minimizing 
the detrimental effects of salinity on plants in maize plants under salt stress. The 
treated plants had increased root dry matter, cob yield, leaf RWC, and Pro content 
when compared to the untreated plants (Islam et al. 2022). A separate chemical, tria-
contanol, has demonstrated potential in lessening the damage that salt causes to 
plants. Triacontanol was applied topically to plants in a pot experiment at a concen-
tration of 75  M, which significantly enhanced growth metrics and physio-
biochemical traits including pigment content, gas exchange capacity, and antioxidant 
enzyme activities like SOD and CAT. On the other hand, after the application of 
triacontanol at 75 μM, oxidative damage parameters including MDA and H2O2 were 
reduced (Sarwar et al. 2022). In agricultural production, tetrapyrrol, a regulator of 
5-aminolevulinic acid (ALA) is used to control plant development and improve 
their resistance to stress (Wu et al. 2022). Raising the amount of heme in the leaves 
by exogenous spraying of ALA on cucumber seedlings’ leaves boosted growth and 
physiological parameters, proving that heme is essential for plants’ responses to salt 
stress. Application of melatonin at a greater dosage (150 M) resulted in improved 
photosynthetic metrics, relative water content, and elemental contents, such as K+, 
Ca2+, and P, while diminishing Na+ and Cl contents. The expression of genes related 
to defense systems enhanced, whereas MDA and H2O2, markers of oxidative stress, 
were decreased (Sheikhalipour et al. 2022). Brassinosteroids are a class of phyto-
hormones that regulate plant growth and development. Brassinosteroids, such as 
brassinolide (BL), were found to improve grape vine seedlings’ tolerance to salt in 
salinity conditions in a field trial (El-Banna et  al. 2022). The capacity of BL to 
reduce the effects of salinity was attributed to an increase in photosynthetic pig-
ments, preservation of ion homeostasis, improvement of the K+/Na+ ratio, improve-
ment of water relations, and an increase in antioxidant enzyme activities (El-Banna 
et al. 2022). Nitric oxide and silicon can be used to lessen salt’s detrimental effects 
on plants; when treated weekly or every 14 days, nitric oxide and silicon were found 
to promote the growth and productivity of pepper plants under salt stress (Badem 
and Soylemez 2022). Exogenous dose of sodium nitroprusside, a nitric oxide donor, 
reduced the damaging effects of salt on marigold plants (Barzin et  al. 2022). 
Application increased plant growth and performance by raising photosynthetic 
activity and pigment content, Pro and glutathione accumulation, boosting K+/Na+ 
ratio, and activating antioxidant enzymes involved in defense mechanisms.
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Examples of small-molecular-weight substances known as appropriate solutes 
that build up when plants get used to environmental problems like drought, salt, and 
extreme temperatures are pro and GB. These chemicals do not alter metabolism and 
are essential for osmotic correction (Sakamoto and Murata 2002). The capacity of 
cells to respond to stimuli is enhanced by the knowledge that Pro, GB, polyamines, 
and sugars (manitol, sorbitol, galactinol, and trehalose) regulate the osmotic pres-
sure of cells and preserve their integrity. Numerous phytohormones, such as (ABA) 
cytokinin, ethylene, (JA), SA, and melatonin, contribute to the buildup of these 
osmoprotectants in response to environmental stresses (Hossain et al. 2022).

Numerous studies have shown how effective these appropriate solutes are in 
assisting stressed plants to restore their osmotic equilibrium. Exogenous applica-
tions of 400, 200, and 100 mg L−1 of GB, Pro, and SA respectively, enhanced the 
physiological traits and development of potato genotypes subjected to salt stress; 
consequently, they develop a greater tolerance for salinity (Zaki and Radwan, 2022). 
Similar to this, foliar application of pro increased the accumulation of carotenoids 
and phenolic compounds in acclimated Aloe vera plants, which preserved the effi-
ciency of the photosystem II (PS II) and improved ionic homeostasis, water rela-
tions, Pro accumulation, and antioxidant system. The improvement, nevertheless, 
was only seen in plants that had acclimated to salt (Nakhaie et al. 2022). The physi-
ological damage brought on by salt and dehydration was also reduced by foliar 
treatments of GB and ABA in two types of turf grass; however, the effects differed 
across the two species and were more prominent in Kentucky bluegrass (Poa pra-
tensis). MDA and electrolyte leakages showed that application was beneficial in 
reducing oxidative damage and it also increased the activities of antioxidant 
enzymes such as APX, POD, and SOD, which boosted growth and performance 
(Yang et al. 2012).

5 � Microbial Biostimulants

5.1 � Bacterial Biostimulants

Microbial biostimulants are cutting-edge technologies that can guarantee excellent 
nutritional content in agricultural produce while overcoming the negative impacts 
resulting from environmental changes. A microbe from one of four distinct genera 
Azotobacter spp., Mycorrhizal fungi, Rhizobium spp., and Azospirillum spp. is what 
makes up a microbial plant biostimulant (Castiglione et al. 2021).

5.1.1 � Application Under Drought Stress

Applying helpful microbes is thought to be a successful tactic for improving plant 
tolerance to environmental challenges (Osman et al. 2022). Due to the activation of 
genes related to defense mechanisms, including Capsicum annuum dehydrin, small 
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heat shock protein, Pro synthesizing enzymes, and transcriptional factors, as well as 
the activation of POD and glutathione peroxidase enzymes, pepper plants treated 
with Bacillus butanolivorans KJ40 showed better tolerance to drought stress (Kim 
et al. 2022). Additionally, the phytochemical profile changed following the micro-
bial treatment, with an increase in luteolin and catechin content and a decrease in 
capsaicin, dihydrocapsaicin, and naringenin concentration (Kim et  al. 2022). 
Different Bacilli strains used as microbial biostimulants changed the metabolism of 
amino acids, hormones, phenolics, steviol glycosides, and oxylipins, enhancing the 
growth and drought resilience of maize plants (Othibeng et al. 2022). Rhizobacteria 
and MLE were used to lessen the negative effects of water shortage on wheat plants 
(Lalarukh et al. 2022a). Pseudomonas aeruginosa, a microbe that fixes nitrogen, 
was injected into stressed plants, and MLE was sprayed on them. The combined 
approach greatly boosted photosynthetic activity, plant growth metrics, and the 
accumulation of critical ions including calcium, nitrogen, phosphorus, and potas-
sium as well as soluble carbohydrates and proteins (Lalarukh et al. 2022a).

In a greenhouse trial, inoculating Glycyrrhiza uralensis plants with a bacterial 
solution containing Bacillus amyloliquefaciens FZB42 at a concentration of 
108  CFU/ml boosted plant growth and survival (Yue et  al. 2022). The Pro and 
sucrose content of the plants increased following the inoculation, and they also 
accumulated compatible solutes that improved osmotic adjustment and increased 
antioxidant enzymes (CAT). The accumulation of pharmacologically significant 
substances, such as flavonoids, liquiritin, and glycyrrhizic acid, was also accelerated 
by bacterial inoculation. After vaccination, JA levels increased as well, which is 
engaged in defense mechanisms against various stressors. The use of biofertilizers, 
such as Nitroxin, Super Nitro Plus, and Biophosphorus, reduced the negative effects 
of drought on Dracocephalum kotschyi plants and enhanced most of physiological 
parameters, such as RWC, Pro accumulation, anthocyanins, and flavonoids con-
tents, and also activated antioxidant enzyme activities, such as SOD, GPX, CAT, 
and APX (Cham et al. 2022).

5.1.2 � Application Under Salinity Stress

Utilizing endophytic bacteria is one of the strategies for reducing salinity’s negative 
effects on plants (Omer et al. 2022). In this study, inoculating isolates from A. brasi-
lense and P. geniculate into salt-stressed flax (Linum usitatissimum) either sepa-
rately or together improved the growth characteristics and increased the content of 
chlorophylls and carotenoids, soluble sugars, protein, and total phenolics, ascorbic 
acid, and potassium. Additionally, immunization was linked to an increase in anti-
oxidant enzymes including SOD, POX, and APX as well as a decrease in oxidative 
stress markers like sodium, (H2O2) and Malondialdehyde (MDA). This may suggest 
that endophytes’ inoculation might be a novel strategy for reducing the stress caused 
by salt on plants (Omer et al. 2022). Due to enhanced accumulation of pigments, 
soluble sugars, protein, and enzymatic and nonenzymatic antioxidants, halotolerant 
B. safensis PM22 was reported to promote growth and increase salt tolerance in 
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maize plants. Consequently, these bacteria may be used as a biofertilizer to help 
plants function better in salinity-prone environments (Azeem et al. 2022). To lessen 
the detrimental effects of salt on plants, rhizobia can be injected into the plants. 
Under salt stress, lima bean plants were injected with Plant growth-promoting bac-
teria (PGPB), which promoted growth and induced negative impacts on growth and 
productivity (Lopes et al. 2022).

In this investigation, plants infected with rhizobia strains and A. baldaniorum 
strain had higher growth, root length, biomass, sum of modules, and pigment values 
than plants that weren’t inoculated (Lopes et al. 2022). By enhancing growth param-
eters like RWC and photosynthetic pigments, as well as by reducing oxidative dam-
age markers like MDA and H2O2 and electrolyte leakage, priming wheat seeds with 
growth-promoting rhizobacteria strains like Bacillus and Pseudomonas reduced the 
detrimental effects of salinity stress on plants (Haroon et al. 2022). The inoculated 
plants displayed increased enzymatic activity and salt tolerance-granting (SOS1, 
SOS4) gene expression (Haroon et al. 2022). The underlying mechanisms involved 
changing the expression of genes involved in ion homeostasis, which resulted in an 
increase in K+, Ca2+, and P accumulation and a decrease in Na+. Similar to this, there 
was an increase in the expression of antioxidant enzymes involved in phenylpro-
panoid production and glutathione metabolism. Surprisingly, inoculation caused the 
Pro concentration to decrease because the endophytic bacteria increased the Pro 
catabolism gene, which decreased the accumulation of Pro (Yue et al. 2022).

5.2 � Fungal Biostimulants

Arbuscular mycorrhiza fungi (AMF) are fungi that live in suggestion with plant 
roots to help plants survive environmental conditions including salt and drought 
(Borde et al. 2017). By helping growth, improving food availability, photosynthetic 
rate, preserving osmotic balance, and improving water usage efficiency, AMF helps 
plants better withstand these challenges. Additionally, these fungi affect the antioxi-
dant machinery, and the majority of research found that inoculated plants with the 
fungus had increased antioxidant enzyme activity (Borde et al. 2017).

5.2.1 � Application Under Drought Stress

Arbuscular mycorrhizal fungus immunization of olive trees dramatically increased 
growth (shoot length, leaf area, and leaf number), RWC, stomatal conductance, and 
Pro and sugar levels, highlighting the crucial function of AMF in plant adaptation to 
water deficiency circumstances (Aganchich et al. 2022). In a separate study, AMF 
inoculation significantly enhanced growth in the medicinal woody plant 
Cinnamomum migao by raising levels of soluble carbs, protein, and Pro as well as 
the photosynthetic rate, antioxidant activities like SOD, CAT, and POX. The MDA 
concentration was reduced concurrently with the injection of arbuscular 
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mycorrhizal fungus, which is a marker of the oxidative damage caused by dryness 
(Yan et al. 2022). By using biofertilizers (mycorrhiza, nitrozist, and phosphozist) as 
well as seaweed extract, two wheat cultivars cultivated in water-deficit situations 
had their physiological features, such as root volume, leaf RWC, membrane stabil-
ity index, and photosynthetic pigment content, enhanced (Vafa et al. 2022). As a 
result, grain production eventually rose and the scarce water supply become more 
resilient.

5.2.2 � Application Under Salinity Stress

The development of taro (Colocasia esculenta) plantlets following AMF inocula-
tion was increased by higher levels of protein, Pro and GB, phenolics, and antioxi-
dant capability. Due to this advancement, the plantlets were able to establish 
themselves more successfully during acclimatization (Baltazar-Bernal et al. 2022). 
By employing endophytes fungus as biofertilizer, plants’ resilience to abiotic 
stresses can be improved. It was looked into if introducing the endophytic fungus 
(Stremphylium lycopersici) to maize plants may mitigate the negative effects of salt 
(Ali et al. 2022a). In addition to boosting the activity of antioxidant enzymes like 
CAT and APX, the endophytic contact increased the amount of Indole acetic acid 
(IAA), phenolics, and flavonoids. (Ali et al. 2022a). In addition to enhancing the 
activity of antioxidant enzymes like CAT and APX, the endophytic contact increased 
the amount of Indole acetic acid (IAA), phenolics, and flavonoids. The altered cat-
ionic contents had increased Ca2+, K+, and Mg2+ contents, while decreasing Na+ 
contents improved the K+/Na+ ratio and increased plant tolerance.

6 � Macroalgae, Microalgae, and Fern Extracts

Plant-derived biostimulants, such as seaweed (macroalgae) extract, have been found 
to increase plant productivity and resistance to adverse environmental conditions 
like salt and drought (Sujeeth et al. 2022). These biostimulants stimulate the genetic 
and molecular mechanisms that provide the plant resilience. There is a lot of interest 
in using these biostimulants as an effective and environmentally benign way to pro-
mote tolerance in sustainable agricultural production systems (Sudiro et al. 2022). 
Seaweed extract is a rich source of biostimulating ingredients that can help to lessen 
the harmful effects of drought and increase tolerance (Tinte et al. 2022). Microalgae, 
which are tiny, unicellular organisms that live in freshwater and the ocean, may also 
carry out the photosynthesis process (Kumar et al. 2022). These microalgae include 
biostimulant materials, particularly carotenoids, which encourage plant growth and 
production while also improving the resilience of the plants to harsh environmental 
conditions and the sustainability of agriculture. They may be used as a foliar treat-
ment, a soil supplement, or a seed primer (Kumar et  al. 2022). They do this by 
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improving crop quality, stimulating root growth, and improving the efficiency with 
which water is utilized.

6.1 � Application Under Drought Stress

Of a current study, seaweed extract treatment changed the primary and secondary 
metabolism in maize plants under drought stress, including the buildup of phenyl-
propanoid chemicals, fatty acid metabolism, and amino acid metabolism (Tinte 
et al. 2022). Such substances promote drought resistance by raising growth param-
eters, reducing oxidative damage, enhancing antioxidant activities, and improving 
nutrient intake (Tinte et al. 2022). Common bean (P. vulgaris) cultivars subjected to 
drought stress had their production increased by foliar application of seaweed 
extract at a rate of 4 L ha−1 (Ziaei and Pazoki 2022). The enhanced protein, TSS, 
RWC, chlorophyll content, CAT, and SOD activities were all credited with the 
growth enhancement. According to Ziaei and Pazoki (2022), the fatty acids profile 
differed at different water regimes, with drought deficit causing a decrease in satu-
rated fatty acids (SFAs) and monounsaturated fatty acids (MUFAs) and an increase 
in polyunsaturated fatty acids (PUFAs), which may be more important for plants’ 
ability to adapt to these difficult conditions. In this research, cowpea seeds were 
primed with seaweed extract, vermicompost leachate, and smoke water to reduce 
drought stress by modifying tolerance mechanisms, such as an increase in suitable 
solutes and photosynthetic pigments (Voko et al. 2022). Depending on the stimu-
lant, the response changed; for instance, seaweed extract and leachable vermicom-
post promoted the production of shoots and nodules, whereas smoke-water enhanced 
shoot height, root length, and bloom number. However, the levels of phenolic and 
flavonoid compounds were decreased as a result of the usage of biostimulants in this 
study (Voko et  al. 2022). In a recent study, the effects of rubbing Ascophyllum 
nodosum extract on okra (Abelmoschus esculentus) leaves under a water deficit 
were examined (Ali et al. 2022b). The concentration of Pro, anthocyanins, and chlo-
rophyll was increased, as well as the activity of antioxidant enzymes, by spraying 
the extract at 0.3%. (APX, POX, CAT).

The foliar spray improved okra performance and drought resistance (Ali et al. 
2022b). In a related study, the effects of Kappaphycu salvarezii seaweed extract on 
alleviating drought stress in maize plants were examined (Trivedi et  al. 2022). 
Improvements in growth, yield, and antioxidant enzyme activity were noted after 
using seaweed extract. This led to an increase in water tolerance because of the 
extract’s active ingredients, including GB, choline chloride, and zeatin, as well as 
the development of the antioxidant system (Trivedi et al. 2022). In a field experi-
ment, the application of seaweed extract topically to sugarcane plants in Brazil pro-
moted growth, improved stalk production, sugar accumulation, boosted antioxidant 
machinery, and decreased oxidative damage to counteract the negative effects of 
drought (MDA). To decrease the effects of drought, the scientists suggested using 
seaweed extract as a foliar biostimulant to sugarcane (Jacomassi et al. 2022).
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Rice plants were exposed to brown algae (Dictyota dichotoma) extract under salt 
and drought stress (El-Katony et al. 2020). Both aqueous extract and powder exhib-
ited positive benefits in reducing the impacts of salt and drought stress on rice 
plants; however, the growth improvement was more pronounced in response to algal 
extract than in reaction to powder and under drought stress than under salinity 
stress. In stressed plants, application increased phenolics, flavonoids, sterols, hor-
mones, and vitamins (El-Katony et al. 2020).

6.2 � Application Under Salinity Stress

Tomato plants were exposed to benefit importantly from the use of extracts of algal 
derivatives as a defense against the osmotic stress brought on by salinization 
(Di-Stasio et al. 2020). The extracts of these biostimulants promoted plant adapt-
ability to these challenging environments by improving water relationships and 
water usage efficiency (Di-Stasio et al. 2020). Azolla extract application reduced the 
negative effects of salt on cotton plants (Ibrahim 2022). The extract enhanced cotton 
plant growth, yield, and chemical make-up. The greatest findings for physio-
biochemical properties, such as pigments, total soluble sugars, total phenolics, 
carotenoids, protein, amino acids, and antioxidant activities (SOD, CAT, POX, GR), 
were obtained when seed soaking and foliar spray were combined (Ibrahim 2022).

7 � Conclusions and Future Perspectives

It’s crucial to remember that relying alone on one technique might not be enough to 
entirely counteract the effects of salt on plants or to preserve a sustainable yield. 
Under these unfavorable conditions, a variety of integrated treatments, including 
microbial inoculation, fertilizers, soil amendments, crop rotation, chemical stimu-
lants, plant extracts, and farm management strategies, may be used to achieve the 
sustainability of production. Use of standardized extracts and botanicals is strongly 
encouraged if you wish to acquire consistent and conclusive results. This evaluation 
acknowledged the efficacy of plant extracts and other biostimulants in decreasing 
some of the damaging effects of salt and drought on plants. Numerous studies at the 
molecular, proteome, and metabolomics levels are needed to close the information 
gap regarding the mechanisms of tolerance and mode of action of these extracts in 
drought and salinity-stressed plants. It is crucial to consider how the extraction pro-
cess affects the number of bioactive compounds in plant extract. The efficiency of 
extracting bioactive substances will depend on the extraction selectivity and limita-
tions of each method. Therefore, the key to increasing the value of plant extracts and 
the added value of applying such extracts to the plant in the issue of abiotic stress 
mitigation will be the development of new technology, as well as improving and 
promoting the existing method. Plant-derived bioactive compounds known as plant 
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extracts and biostimulants support the pro-ecological production of strategically 
essential crops. Although plant extracts have been shown to have positive benefits, 
they are rarely employed in conventional growing methods. Farmers anticipate 
higher cultivation expenses as well as a decline in plant quality and quantity, which 
would harm crop profitability, as a result of their ignorance about the uses and appli-
cations of biostimulants. In order to get the greatest and best quality yields, it is also 
necessary to choose the right biostimulant for a particular plant type from among 
the many preparations that are readily accessible. The market necessitates the cre-
ation of preparations that are user-friendly, versatile, and may be coupled with other 
agents. Utilizing plant extracts and biostimulants for commercial purposes would 
minimize the quantity of mineral fertilizers released into the environment, lowering 
soil, water, and air pollution. In light of global warming, this is very significant. 
Although the recently created bio preparation technologies may significantly aid in 
environmental preservation, their primary focus is on sustainable horticulture and 
agricultural production in order to provide low-cost, easily available, high-quality 
food. Plant kinds, application techniques, and environmental conditions, as well as 
the raw material and method used to generate them, all affect how effectively plant 
extracts and biostimulants work. It is important to emphasize the positive effects of 
mixing microorganisms and plant hydrolysates on agricultural plant development 
and yield. The key advantages include an improvement in crop quality and perfor-
mance, no adverse effects on humans, animals, or the environment, a rise in the 
variety of advantageous microbes, and better soil qualities. The usage of biostimu-
lants in horticulture and agriculture will require solutions that are suited for the 
location and time of year. It will be necessary to create stewardship strategies for 
maximizing their usage, as well as monitoring methods for the efficiency of bios-
timulants. When making decisions on the farm, the long-term consequences of eco-
logical services and biogeochemical cycles should be assessed. Producing 
companies for biostimulants will be expected to contribute to complete strategies at 
the agro system, farm, and landscape levels, of which biostimulants are simply one 
element. Stakeholders, farmers, public research, and regulatory organizations will 
need to be involved if lucrative and sustainable plant productions are to benefit from 
the advantages that biostimulants may provide. More than ever, government action 
is required to harmonize policies and rules, provide a strong framework for risk 
assessment that complies with the proportionality principle, and avoid data duplica-
tion across rules.
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Chapter 26
Secondary Metabolism and Its Role 
in Enhancing Drought Stress Tolerance

Rasha Fouad, Hend Fouad, Ahmed H. El-Desoky, and Elsayed A. Omer

Abstract  Plants produce vivid secondary metabolites that are crucial for environ-
mental adaptation and management of abiotic stress such as salinity, drought, tem-
perature, etc. In addition to their different roles in plant life, secondary metabolites 
are essential for protecting plants from biotic and abiotic stresses. There is a large 
difference in secondary metabolites levels and kinds depending on the plant species 
in response to stress. Secondary metabolites are diverse phytochemical classes 
found in the plant kingdom. These secondary metabolites are divided into three 
main groups: phenolic compounds (flavonoids and phenylpropanoids), nitrogen-
containing compounds (glucosinolates and alkaloids), and terpenes. Secondary 
metabolites levels in plants may change in response to stress. To combat negative 
physiological changes caused by stress, plants produce secondary metabolites, 
which are by-products of primary metabolites. Secondary metabolites with great 
specificity in reducing the impacts of abiotic stressors include flavonoids, carot-
enoids, and isoprenoids. To counteract the negative impacts of abiotic stresses, 
plants undergo fast changes in their secondary metabolites biosynthesis and accu-
mulation. Consequently, there is a significant relationship between secondary 
metabolites and plants' tolerance to withstand abiotic stress. Several chemical sub-
stances like abscisic acid, methyl jasmonate, polyamines, salicylic acid, brassino-
steroids, and melatonin had been used as exogenous application to improve plant 
tolerance against abiotic stress. The aim of metabolic engineering is to increase the 
production of secondary metabolites and so increase the ability of plants to with-
stand diverse environmental stresses. In order to provide abiotic stress tolerance, 
metabolic engineering has been employed successfully in many plants to increase 
the levels of secondary metabolites. In this chapter, we discuss and narrate recent 
research and trends in the field secondary metabolites and drought stress issue in 
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addition to the metabolic engineering activities to increase the secondary metabo-
lites synthesis as a stress-response mechanism in plants to make them more 
stress-tolerant.

Keywords  Secondary metabolism · Abiotic stress · Drought · Metabolic 
engineering

1 � Introduction

Drought is considered as the most dangerous abiotic stress, especially in areas that 
are dry and semidry (Bray 2001; Rahdari and Hoseini 2012; Rana et al. 2013; Zlatev 
and Lidon 2012). Drought may cause a severe food crisis due to the growing world 
population, which is anticipated to reach 10 billion by 2050. Climate change could 
worsen this scenario by making water shortages more frequent, more severe, and 
last longer. Therefore, it must be urgent to deepen our comprehension of the com-
plex mechanisms underpinning drought resistance and create premier more drought-
resistant crop varieties while maintaining the same level of agronomic and quality 
parameters (Hossain et al. 2016).

Water serves a crucial function in plant growth, evolution, and metabolism, as it 
makes up between 80% and 95% of most plants fresh biomass (Hirt and Shinozak 
2004; Salehi-lisar et al. 2012). When there are insufficient water supplies for the 
plants, water stress takes place. A great loss of water and a reduction in the available 
water absorbed by the plants occur as a result of different weather conditions. There 
is a great loss of water because of the atmospheric conditions which also lead to a 
significant reduction in water absorbed by plants (Sharma and Kumar 2021). 
Additionally, there are numerous factors that contribute to water deficiency in 
plants, such as extremes in temperatures, low rainfall, high light density, salinity, 
and more. Further, in several situations, plants are unable to absorb water even 
though there is sufficient water in the soil. This kind of drought stress is physiologi-
cal and known as pseudodrought (Arbona et al. 2013; Ashraf et al. 2009; Salehi-
lisar et  al. 2012). Many negative alterations in the physiological, morphological, 
ecological, biochemical, and molecular processes and features of plants are mostly 
caused by drought stress, as it is considered a multidimensional stress (Bhargava 
and Sawant 2013; Farooq et al. 2009; Kumar et al. 2021; Shao et al. 2008), which 
decrease photosynthesis (McKay et al. 2003), reduce cell turgor pressure (Taiz and 
Zeiger 2006), and decline cell elongation and division (Bal et al. 2010). In the root 
zone during drought stress, there is a great decrement in the growth of root tissues 
that inhibits the nutrient uptake and nitrogen transport and its metabolism as well as 
it causes a reduction in some compounds like ammonium transporter, glutamine 
synthetase, and nitrate reductase by the roots and their movement to the target sites 
from roots to shoots (Sharma and Kumar 2021). The main causes of drought and 
plant reactions are illustrated in Fig. 26.1. Drought stress also can negatively affect 
gene expression, quality, and quantity of plant growth and yields which may lead to 
plant death (Cattivelli et al. 2008; Prasad et al. 2008; Jaleel et al. 2009; Zlatev and 
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Fig. 26.1  Drought-causing factors and plant behavior

Lidon 2012; Nezhadahmadi et al. 2013; Chen et al. 2022). According to previous 
reports, drought stress dramatically reduces 70% of the essential crops production 
(Kaur et al. 2008; Mantri et al. 2012; Bromham et al. 2013).

A plant reacts to a water deficiency based on the plant species, its age, its stage 
of development, and the duration of the water shortage and its severity (Madhava 
Rao et al. 2006). All plants, at different levels, have various defense mechanisms to 
tolerate these stresses, but it varies from plant to plant (Bieniasz 2004; Cseke et al. 
2016). There are numerous approaches in plants to tolerate drought stress, like mor-
phological, physiological, biochemical, ecological, developmental, and molecular 
mechanisms (Madhava Rao et al. 2006; Ashraf et al. 2009; Salehi-lisar et al. 2012).

Two keys premeditated responses of plants to stress effects could be noticed; 
coping skills or creating stress tolerance by the help of their metabolites as well as 
avoiding stress effect by physiologically inactive phases (Aertsen and Michiels 
2004). Plant metabolites are very important for stresses tolerance in plants. They 
have many tasks, as antioxidants or defense against pathogens, signals or regulators, 
and well-suited solutes. The metabolites piling up in plants frequently arise under 
stress from different signalling molecules or elicitors because it is established that 
growth factors such as temperature, lightning, and providing nutritions improved 
the buildup of diverse natural product (Ballhorn 2011; Rini Vijayan and Raghu 
2020; Chen et  al. 2022). Metabolites are a plant's arsenal of adaptable building 
blocks for consumption and structure. They enable plants to devise strategies to 
defeat adversaries, displace rivals, and withstand environmental stresses. Responses 
of plants to stress are powerful and contain multidimensional interaction between 
many different regulation levels, such as expression of genes and regulation of 
metabolism for morphological and physiological adaption (Chen et al. 2022). Plants 
produce two types of metabolites, primary and secondary metabolites.

Secondary metabolites are typically synthesized to satisfy specific requirements, 
whereas primary metabolites most probably serve the same biological function 
across all species. Secondary metabolites’ productivity in plants is induced by use 
of altered synthesis pathways employing primary metabolites or by using the same 
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primary metabolite's source substrates (Pott et al. 2019). Water stress adaptation in 
plants is a complex biological process that involves changing metabolites’ composi-
tion and gene expression patterns (Urano et al. 2009). It is a common practice to 
assess a plant resistance to drought stress by evaluating at how well it can sustain 
healthy levels of primary and secondary metabolites and defense mechanisms (Patel 
et al. 2020). They also have a main function in the plant development and growth. 
Metabolites are quite important in membrane formation and scaffolding, energy 
storage, cell signaling, and resource allocation for the whole plant under all stress 
types (Wen et al. 2015). Drought stress disrupts plants’ metabolism through meta-
bolic enzymes inactivation, increased demand for particular chemicals, substrate 
lack or a combination of these preceding, and many more causes. In order to retain 
vital metabolism and adapt by assuming a new steady-state amid the current condi-
tions of stress, the metabolic network must be rebuilt (Obata and Fernie 2012).

As a result of the abiotic and biotic stress, there is variability in the secondary 
metabolites accumulation. This variability leads to the secondary metabolites bio-
synthesis (Zhi-lin et al. 2007). Environmental stresses target the synthesis of the 
secondary metabolites and affect the functioning of plant species. In this way, abi-
otic and biotic stresses play a critical role in the secondary metabolites synthesis in 
the plant. Plants under stress exhibit an increment biosynthesis and secondary 
metabolites accumulation. Plants develop a defense mechanism against stress 
through these secondary metabolites synthesis (Sharma and Kumar 2021). 
Metabolites like phenolic compounds, antioxidants, phytohormones, amino acids, 
compatible solutes, polyamines, and pathogen-related proteins are remarkable for 
plant growth, defense, and stress tolerance (Chen et al. 2022). Secondary metabo-
lites are considered as matchless sources for flavors, industrial biochemicals and 
pharmaceutical products (Ravishankar and Venkataraman 1990; Ramakrishna and 
Ravishankar 2011; Ravishankar and Rao 2000). Plant secondary metabolites also 
are responsible for the certain colors, odors, and tastes in plants (Bennett and 
Wallsgrove 1994). The physiological tolerance of plants for adaptation is another 
key role for secondary metabolites (Seigler 1998). Compounds that play no impor-
tant part in the preservation of a plant's life cycle are frequently known in plants as 
secondary metabolites (Seigler 1998; Ramakrishna and Ravishankar 2011), but they 
play a major role in defense and adaptation to the environmental and in coping 
stress conditions (Ramakrishna and Ravishankar 2011).

Plants create several secondary metabolites that are very reliant on the growing 
conditions and have an impact on the metabolic pathways that lead to the accumula-
tion of related natural products. Flavonoids, phenolics, polyamines, abscisic acid 
(ABA), salicylic acid (SA), nitric oxide, and jasmonates (JA) are taking part in 
plants’ response to stress (Tuteja and Sopory 2008). The physiological and morpho-
logical stages of the plants have a major impact on the production of these compo-
nents, which is frequently low (Rao and Ravishankar 2002). Many reactions occur 
when plants are exposed to drought stress which are common in plants. Cellular 
dehydration caused by this stress leads to osmotic stress, which pulls water out of 
the cytoplasm and into vacuoles (Ramakrishna and Ravishankar 2011). Recently, 
secondary metabolites have recently drawn more attention due to their significant 
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applicability in a variety of disciplines. In particular, their roles and uses in cosmet-
ics, nutrition, medicine, and plant tolerance to stress are more notable (He and 
Giusti 2010; Ngo et al. 2013).

2 � Secondary Metabolites and Drought Stress Protection

In general, secondary metabolites are not necessary for plant cells to function nor-
mally, but they are crucial for defending plants against biotic and abiotic stress. In 
response to stresses, considerable variation in secondary metabolites levels and 
types are produced by different plant species (Akula and Ravishankar 2011; Kusano 
et al. 2015; Verma and Shukla 2015). According to the estimation, the plant king-
dom contains more than 100,000 secondary metabolites. These secondary metabo-
lites are primarily categorized into three categories: nitrogen-containing compounds 
(alkaloids and glucosinolates), phenolics (flavonoids and phenylpropanoids), and 
terpenes (Fang et al. 2011; Zagorchev et al. 2013; Wink 2015). Secondary metabo-
lites levels in plants may change in response to drought stress, ion toxicity, and other 
stressors (Akula and Ravishankar 2011). To combat negative physiological changes 
caused by stress, plants produce secondary metabolites, which are derived from 
their primary metabolites (Kinghorn 1994; Ramakrishna and Ravishankar 2011). 
Under drought stress, the induction of secondary metabolites can control redox 
homoeostasis, ion transport, enzyme activity, and the stiffness and turgidity of tis-
sues and cells (Seki et al. 2007; Rodziewicz et al. 2014). There are many secondary 
metabolites synthesized in plant tissues, which help in protecting the plant under 
water stress conditions and increase the capacity of drought stress tolerance (Verma 
and Shukla 2015). Extreme drought stress causes a significant decrease in the activ-
ity of photosynthesis and consistently a huge increment in the secondary metabo-
lites concentration, which includes different metabolites with relation to the species 
(Zobayed et al. 2007). Drought stress leads to oxidative stress and offers a great 
increment in the flavonoid and phenolic levels (Larson 1988). In contrast, water 
stress conditions also decrease the production of carotenoids, saponins, and chloro-
phyll a and b (Anjum et al. 2003). The accumulation of anthocyanin occurs with 
drought stress at very low temperature (Soliz-Guerrero et al. 2002). The concentra-
tions of different macronutrients, essential oils, proline, and carbohydrates are 
affected significantly by water scarcity conditions (Khalid 2006). Plant tissues 
become more resistant to drought when it contains high anthocyanins content 
(Chalker-Scott 1999). For instance, the purple chilli may withstand stress of drought 
better than the green chilli (Bahler et al. 1991). Plants can be protected by flavo-
noids while they are under drought stress (Sharma and Kumar 2021). Environmental 
and abiotic factors affected saponin content (Szakiel et al. 2010). Plant reproductive 
organs synthesize saponins, which enhance the chemical defense and response of 
the plant to the different environmental conditions (Lin et al. 2009).
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3 � Secondary Metabolites Under Drought Stress

The main method conserving cell osmotic potential under drought stress in plants is 
metabolic regulation. Secondary metabolites of the plant show very important role 
in the ability to withstand drought, as they are involved in many metabolic pathways 
(Kumar et al. 2021). Secondary metabolites exhibit an extensive range of protective 
mechanisms and signals as a result of biotic and abiotic stresses. The understanding 
of secondary metabolites in plant stress physiology may also be advanced through 
study on the biosynthetic processes of secondary metabolites in plants. Therefore, it 
is very important to promote effective and creative methods to comprehend the sig-
nificance of secondary metabolites in enhancing plant resistance under drought 
(Yadav et al. 2021). Some examples explaining the role of secondary metabolites in 
the tolerance of plants to water stress are discussed below and are illustrated in 
Fig. 26.2.

3.1 � Glucosinolates

Glucosinolates, cyanogenic glucosides, indole alkaloids, nonprotein amino acids, 
and phytoalexins are the main sulfur and nitrogen-containing secondary metabo-
lites. It was discovered in many plant species that these secondary metabolites 

Fig. 26.2  Plant tolerance mechanisms and the main secondary metabolites’ synthesis as a result 
of drought stress
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modified as a response to drought (Kleinwachter and Selmar 2015). Glucosinolates 
are major secondary metabolites distributed in sixteen families within the order 
Brassicales. They are divided into three divisions based on the amino acid precur-
sor: aromatic, indolic, and aliphatic glucosinolates (Sønderby et al. 2010; Abuelsoud 
et al. 2016). Glucosinolates are very important in the defense mechanism and in 
improving plants’ immunity under drought conditions (Katz et  al. 2015). The 
enzyme myrosinase breaks glucosinolates into thiohydroximate-O-sulfonates which 
can rearrange it and make isothiocyanates, nitriles, and related compounds 
(Bednarek et al. 2009). Sharma and Kumar et al. (2021) stated that the reduction in 
glucosinolates resulted in lower drought tolerance while the plants which have great 
concentration of glucosinolates generally tolerate drought stress.

Studies on the impact of drought on glucosinolate content have been conducted 
in a variety of plants, but with maladjusted results. According to several studies, 
drought stress increases the quantity of glucosinolates, notably aliphatic glucosino-
lates, while indolic glucosinolates were either unaffected or decreased (Radovich 
et al. 2005; Zhang et al. 2008; Schreiner et al. 2009; Mewis et al. 2012; Tong et al. 
2014). In Brasica juncea leaves, reducing soil water content for 21 days from 18% 
to 6% increased aliphatic glucosinolates from 13.6 to 16.7  mg g−1, whereas the 
indolic glucosinolates content was unaltered (Tong et al. 2014). Moreover, López-
Berenguer et al. (2008) found that the glucosinolates in B. oleracea var. italica were 
increased by 1.49 μmol g−1 dry weight day−1 at low drought stress when the relative 
water content was less than 82%. On the other hand, Robbins et al. (2005) and Khan 
et al. (2010 and 2011) stated that glucosinolates in B. oleracea were not affected by 
drought stress as their content didn’t change or even reduced. It was noticed in 
Chinese cabbage under drought stress that transcripts of glucosinolates production 
increased as a result of glucosinolates stomatal closure (Eom et  al. 2018). The 
explanation given by Schreiner et al. (2009) and Khan et al. (2011) for the conflict-
ing results was the various genotypical responses to water stress. However, Schreiner 
et al. (2009) have concluded that glucosinolates metabolism is related to the soil 
water content and have a role in the adjustment of osmotic, but several studies have 
stated that the physiological function played by glucosinolates response to drought 
remains unclear. Numerous investigations connected abscisic acid synthesis to the 
accumulation of glucosinolates caused by drought, showing a connected role in 
root-to-shoot transmission (Tong et al. 2014). Further results clarified a connection 
between glucosinolates and phytohormones network in response to drought stress 
(Malitsky et al. 2008; Morant et al. 2010; Chen et al. 2012). Generally, the role of 
glucosinolates and the role which they play on a molecular level in drought stress 
are still unclear. Hence, either glucosinolates are playing part in osmotic regulation, 
serving as antioxidants, or interconnection with hormone signaling; this still needs 
more evidence (Abuelsoud et al. 2016).
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3.2 � Phenolics

Phenolics are one of the main secondary metabolites in every part of plants (Lone 
et  al. 2020). It is very crucial to accumulate phenolics to eliminate the negative 
effect caused in plants under water stress (Naikoo et al. 2019). Numerous metabolic 
investigations, particularly those done on the Arabidopsis plant, demonstrate that 
flavonoids accumulate under drought stress which provides protection against 
drought stress and enable plants to endure harsh conditions (Nakabayashi et  al. 
2014). Phenolics are aromatic compounds synthesized by phenylpropanoid path-
way (Ghimire et al. 2017). Phenolics are aromatic substances which are formed by 
the mevalonic acid pathway or by shikimic acid pathway (in higher plants, funda-
mentally) (Krzyzanowska et al. 2010). Phenolics play a crucial function in plant-
defenses mechanisms to pathogens and abiotic stress like salinity, drought, and UV 
(Lattanzio 2013; Sharma et  al. 2019). An enzyme in the shikimic acid pathway 
called 5-enolpyruvylshikimate-3-phosphate synthase is involved in the aromatic 
amino acids synthesis like tyrosine and phenylalanine, the precursors in the biosyn-
thesis of phenylpropanoid and so help in the defense mechanism (Ghimire et al. 
2017). Under drought stressful conditions, phenolic compounds are highly accumu-
lated in plants for survival by controlling the water ions flux (Mirás-Avalos and 
Intrigliolo 2017; González-Chavira et al. 2017). By causing the stomatal closure, 
these phenolic compounds prevent the plants from losing any more water (Yadav 
et al. 2021). Phenolics can regulate drought stress by acting as antioxidants (Nichols 
et  al. 2015). The buildup of phenolics in the cytoplasm can detoxify the hurtful 
molecules of hydrogen peroxide generated in the plant by water stress (Hernandez 
et  al. 2009; Sharma and Kumar 2021). Salicylic acid boosts plant antioxidant 
defenses and enhances cell metabolism (Hein et al. 2016). During drought stress, 
ferulic acid (a potent antioxidant) can enhance the integrity of cell membranes 
(Hura et al. 2012; Piasecka et al. 2017). Under abiotic stress, the flavonoids’ quan-
tity varies and could be related to the generation of reactive oxygen species (ROS) 
(Havaux and Kloppstech 2001). Drought increases phenolic acids due to cell walls 
lignification and amino acids production to maintain cell osmotic equilibrium (Ayaz 
et al. 2000).

3.3 � Flavonoids

A major large group of naturally occurring phenolics are called flavonoids, such as 
flavones, flavanones, isoflavones, flavonols, chalcones, anthocyanidins, and proan-
thocyanidins (Mierziak et al. 2014; Panche et al. 2016). Flavonoids are paramount 
phytochemicals which play many novel roles in plants (Gould and Lister 2006). 
Under stressful conditions, plants acquire sophisticated enzymatic and nonenzy-
matic antioxidant defense mechanisms to prevent high ROS concentrations during 
their growth. Moreover, oxidative harm results from an imbalance between 
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antioxidant defenses and ROS production (Doke 1997; Dat et al. 2000; Mahalingam 
and Fedoroff 2003). Increased syntheses of flavonoids have been noticed as a 
response to drought stress (Hernández et al. 2004). Plants that are suffering oxida-
tive stress from drought produce ROS as a result. Commonly adapted natural sub-
stances like flavonoids and phenolics enable the plant to sweep ROS (Treml and 
Smejkal 2016). The position of hydroxyl groups, double carbon bonds, and modifi-
cations such as glycosylation, prenylation, and methylation influence the antioxi-
dant properties of flavonoids (Rice-Evans et  al. 1997). After the oxidation of 
flavonoids, there is a reconversion of flavonoids by ascorbic acid into primary 
metabolites, which increases the plant tolerance capacity against water stress condi-
tions (Hernandez et al. 2009).

Flavonoids production is increased as a result of a variety of abiotic and biotic 
stresses, like defense mechanisms against cold, drought, and pathogens (Tattini 
et al. 2004; Olsen et al. 2009; Agati et al. 2011) and therefore this increment in fla-
vonoids content may assist plants in preventing oxidative damage brought on by 
stress (Tattini et al. 2004; Olsen et al. 2009; Agati et al. 2011; Di Ferdinando et al. 
2012). Due to the existence of molecules like the dihydroxy B-ring-substituted fla-
vonoid glycosides, certain flavonoids can function as antioxidants and scavenge 
ROS when plants are exposed to oxidative stress (Di Ferdinando et al. 2012).

It has been observed that Artemisia and Hypericum brasiliense plants have high 
concentrations of artemisinin, quercetin, rutin, and betulinic acid (Verma and Shukla 
2015). In addition, flavonoids were found with high content under drought in 
Glechoma longituba and high amounts of several macronutrients, proline, and 
essential oils were also produced significantly under water stress in some plants like 
Ocimum americanum and O. basilicum (Ashraf et  al. 2018; Zhang et  al. 2012). 
Caser et  al. (2018) mentioned that phenolics and flavonoids increased in Salvia 
sinaloensis fern under drought stress; also Caser et  al. (2019) found 139% total 
phenols and 101% favonoids in 50% water capacity as compared to 100% in S. dolo-
mitica. It was stated that rice cultivar Q8 showed the greatest tolerance between 
twenty with 65.3  mg phenolics and 37.8  mg flavonoids comparing to Q2 (most 
susceptible to drought) which recorded 33.9 mg total phenols and 27.4 mg total 
flavonoids (Quan et  al. 2016). Under water stress conditions, quercetin and oil 
decreased in Sesamum indicum. In contrast, total content of phenolics and favonoids 
as well as antioxidant activity increased in the same plant under water stress 
(Kermani et al. 2019). Drought-mediated synthesis of natural products such as iso-
prenoids, alkaloids, and total phenolics in medicinal and aromatic plants may be 
considered as an important tactic to increase the output of these worthy products 
(Kleinwachter and Selmar 2014, 2015). Jaafar et  al. (2012) stated that in plants 
under water stress, flavonoids and total phenolics are produced more abundantly 
overall as well as in higher concentrations. Contrarily, total flavonoids content was 
almost the same whether the plants were raised under drought-stressed or well-
watered circumstances.

However, drought stress conditions increased furoquinones concentrations, but 
total furoquinones content decreased in S. miltiorrhiza plants growing under water 
stress comparing to plants that receive adequate water (Liu et al. 2011).
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3.4 � Carotenoids

Nonvolatile terpenoids in plants include chlorophyll, abscisic acid, and carotenoids. 
During drought stress, carotenoids have the ability to act as antioxidants in plants. 
They serve as light collectors, scavengers of singlet oxygen species and triplate state 
chlorophylls, dissipators of surplus damaging energy during stressful conditions, 
and membrane stabilizers (Uarrota et al. 2018). Carotenoids are remarkable antioxi-
dants; playing a direct role in reducing the harm effect of ROS resulted from drought 
stress (Niyogi et al. 1997; Treutter 2006). In many higher plants, carotenoids are 
significant indicators of drought tolerance (Farooq et al. 2009). Under stress condi-
tions, carotenoids participate in regulating pigment system by maintaining function 
of chlorophyll and protecting photosynthesis against singlet oxygen (Huseynova 
et al. 2016). The main line of defense and protection against singlet oxygen is com-
posed of β-carotene and α-tocopherol (Krieger-liszkay 2005). Under drought condi-
tions, differential response of terpenoids including carotenoids was noticed in 
shoots and roots. Levels of terpenoids under water stress reduced in shoots while 
increased in roots (Kleine and Müller 2014). Sorghum root exudates were found to 
impede hydroxyphenyl pyruvate dioxygenase activity, which led to a deficit of plas-
toquinone and, thus, interfered with carotenoids biosynthesis (Meazza et al. 2002). 
Romagni et al. (2000) found that usnic acid inhibits the PDS enzyme's ability to 
convert phytoene into carotenoids. Reactive oxygen species such as superoxide 
radical, singlet oxygen (1O2), hydrogen peroxide, and hydroxyl radicals are pro-
duced in greater quantities during drought and waterlogging conditions (Ashraf 
2012; Choudhury et al. 2013). Triplet chlorophylls, which are the sources of 1O2 in 
leaves, can be directly quenched by the potent antioxidants known as carotenoids, 
as well as detoxify many types of ROS (Ramel et al. 2012). Through the direct 1O2-
oxidation of β-carotene and zeaxanthin and the dissipation of the extremely ener-
getic molecular oxygen (1O2-3O2 transition), carotenoids also contribute to the 
quenching of 1O2 (Brunetti et  al. 2015). Under moderate drought, the content of 
carotenoids was found to decrease but slightly increase under drought stress 
(Sudrajat et al. 2015). Likewise, total carotenoids content in alpine plants and olive 
trees was increased (Doupis et al. 2013; Ramalho et al. 2014; Buchner et al. 2017). 
Xanthophyll cycle activation may be related to carotenoids’ increment as a response 
to water stress (Ma et al. 2013; Mattos and Moretti 2016; Schweiggert et al. 2017). 
Increased content of zeaxanthin under water stress has been reported in vine berries 
(Savoi et al. 2016) and African eggplants (Mibei et al. 2016). The transformation of 
violaxanthin into antheraxanthin enables the light's surplus energy to disperse 
(Buchner et al. 2017). The enhancement of plant tolerance to various abiotic stresses 
could be also a result of the rise in zeaxanthin levels (Wu et al. 2015).

Carotenoids play a significant role in this regard for plant survival. To better 
understand the role of carotenoids in all types of plants stress, more direct research 
is required.
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3.5 � Terpenoids

The building blocks of terpenoids are terpenes. Monoterpenes, diterpenes, triter-
penes, tetraterpenes, polyterpenes, and sterols are subgroups of terpenes, which are 
hydrocarbons. Isoprenoids or terpenoids are the names for compounds derived from 
terpenes. Terpenoids can be found in both volatile and nonvolatile forms. 
Additionally, nonvolatile terpenoids in plants include chlorophyll, carotenoids, and 
abscisic acid. These terpenes and their biosyntheses are produced during drought 
stress conditions (Turtola et al. 2003; Ormeno et al. 2007). Isopentenyl diphosphate 
and its allylic isomer (dimethylallyl diphosphate) are used to synthesize terpenoids 
(McGarvey and Croteau 1995). Plants synthesize these compounds by two distinct 
separate pathways, the plastidic methylerythritol phosphate and the cytosolic meva-
lonic acid pathways (Dudareva et al. 2013). Plants can store terpenoids in specific 
structures (Gershenzon and Croteau 1991). For instance, conifers have resinous 
ducts that collect terpenoids (Wu and Hu 1997) and terpenoids can account in coni-
fer species for 1–2% of leaves’ dry matter (Blanch et al. 2009).

Under low to moderate drought stress, the plants accumulate carbon that stimu-
lates the synthesis of terpenoids and helps in the defense mechanism of plants 
against acute drought stress or water deficiency conditions (Llusià and Peñuelas  
1998). Terpenoids’ functions are decreased by increase in the time of drought stress; 
prolonged drought stress can decline the functioning of terpenoids whether seasonal 
mild to moderate water stress increases the stimulation and management of the ter-
penoids and helps in protecting plants under abiotic stress. Therefore, for terpenoids 
stimulation, severe drought stress conditions serve as a determining factor that can 
determine the relative reduction in the synthesis of terpenoids. There is no direct 
link between terpenoid synthesis and carbon assimilation shown in some plants. 
The carbon assimilation increases by increased drought stress and terpenoids’ con-
tent depleted by prolonged drought stress and high temperature over a long time 
(Staudt et al. 2017; Sharma and Kumar 2021).

Several studies that showed the relationship between drought stress and terpenes 
concluded the following: (i) terpenoid synthesis can mitigate the impacts of drought 
stress by quenching reducing power, minimizing oxidative stress, and avoiding pho-
toinhibition (Nowak et  al. 2012; Selmar and Kleinwächter 2013), (ii) diterpenes 
promote ROS scavenging system that increases the resistance to drought (Munne-
Bosch et al. 2001), (iii) drought stress was shown to activate several genes’ partici-
pation in the synthesis of terpenoids (Ma et al. 2014), (iv) when there is a lack of 
water, phenyl-1,2-ethanediol is converted to cumin aldehyde, which may be debated 
in defense mechanisms (Rebey et al. 2012), (v) the level of terpenoids differs in 
shoot and root under drought stress, as it decreases in the shoot whereas increases 
in roots (Kleine and Müller 2014), (vi) the ability to reduce water stress was found 
to be associated with drought-induced production of carotenoids, glucosides, mono-
terpenes, and terpenoids (Liu et al. 2014; Savoi et al. 2016), (vii) several kinds of 
monoterpenes, camphor (a terpenoid), and (E, E)-α-farnesene (a sesquiterpene) are 
increased under water stress (Loreto et al. 2014), and (viii) otherwise, Delfne et al. 
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(2005) concluded that monoterpenes yields are negatively affected with water stress. 
Moreover, drought stress was found to affect the transcription of genes participating 
in the synthesis of flavonoids and terpenes (Payton et al. 2011; Zhang et al. 2014).

Terpenoids are thought to have a major impact on the ability to defend against 
abiotic and biotic stress (Loreto and Schnitzler 2010; Loreto et al. 2014). Terpenoids 
assist in conifer defense against diseases and herbivores (Martin et  al. 2003, 
Gershenzon and Dudareva 2007; Loreto et al. 2014). Although terpenoids play a 
variety of well-known roles in stress reduction (Vickers et al. 2009), less investiga-
tions have been done on how different stress forms affect the quantity of terpenoids 
in plants. Several earlier studies investigated drought effects on the terpenoid con-
tent in conifers leaves and wood. The results were contradictory in Pinus taeda, 
Picea abies, and Pinus sylvestris nonetheless as drought led to increase in the con-
tent of monoterpenoids (Hodges and Lorio 1975; Turtola et al. 2003), while content 
of some monoterpenoids even in P. taeda (the same species) was decreased (Gilmore 
1977). Similar to this, drought raised the monoterpenes’ content in coniferous and 
deciduous plants needles such as P. abies, P. halepensis, Quercus ilex, Q. coccifera, 
Rosmarinus officinalis, and S. officinalis (Kainulainen et  al. 1992; Llusià and 
Peñuelas 1998; Llusià et al. 2006; Nowak et al. 2012), but had no impact on mono-
terpenes’ content of other species (Cistus albidus) (Llusià and Peñuelas 1998). 
Furthermore, it has been demonstrated that the terpenoid concentration of several 
provenances of the same conifer species can differ significantly (Von Rudloff 1972; 
Manninen et  al. 2002) and it is unclear whether various provenances adapted to 
certain site conditions react to a given environmental stress in the same way. 
Although terpenoids in roots may be influenced equally by abiotic stress, the results 
of this study on the effects of drought stress on the terpenoid contents of shoots are 
ambiguous and this dearth of understanding on drought-induced changes in terpe-
noids of root is in stark contrast.

3.6 � Phytohormones Under Drought Stress

Phytohormones and other secondary metabolites are the structures which act 
towards a main function in plants overcoming the stressed conditions and surviving 
in that environmental stress. Various phytohormones like jasmonic acid, abscisic 
acid, ethylene, cytokinins, SA, and brassinosteroids (BRs) induce the accumulation 
of osmolytes in plant tissues that help plants to survive under the conditions of water 
stress (Sharma and Kumar 2021). Phytohormones perform a major role in the physi-
ological and biochemical mechanisms of the plants and provide a protective shield 
to tolerate and protect the plants from the stressful environment (Fang et al. 2011). 
Drought stress conditions cause changes in different plant growth hormones synthe-
ses and alter the functioning and behavior of compounds like gibberellins, SA, 
abscisic acid, jasmonic acid, auxins, and cytokinin (Sharma and Kumar 2021). For 
example, with drought conditions, abscisic acid (the major growth hormone) is 
immediately produced and starts its synthesis against drought. Abscisic acid is first 
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synthesized in roots parts and then moved to the leaves and branches for acting. 
ABA is important for stomatal aperture regulation, other growth activities, and 
expression of ABA-responsive genes (Sharma and Kumar 2021). It is generally 
known that under drought stress, abscisic acid concentration rises significantly. 
Prior researches studied the chemical reactions series involving carotenoids for 
abscisic acid biosynthesis and catabolism (Schwartz et  al. 2003; Schroeder and 
Nambara 2006; Sridha and Wu 2006; Ikegami et al. 2009). Furthermore, salicylic 
acid content was increased significantly due to water deficiency (Munne-Bosch and 
Penuelas 2003).

To overcome different abiotic and biotic stress, phytohormones play the function 
of chemical messengers in response to stress. Plant growth hormones help in acti-
vating the different plant physiological, biochemical, and developmental processes 
when they get released from water stress. These plant processes contain aggregation 
of osmolytes, stomatal closure and enhancement growth of shoot and root to cope 
with drought stress (Sharma and Kumar 2021).

4 � Enhancing the Natural Products Synthesis 
and Accumulation in Drought-Stressed Plants

Shikimic acid, mevalonic acid, phenylpropanoic acid, and methylerythritol phos-
phate are among the pathways for secondary metabolites (Banerjee and Sharkey 
2014; Akhi et al. 2021). Plants under drought stress produce ROS, which leads to 
oxidative stress. Secondary metabolites mainly scavenge ROS to shield plant cells 
from lipid peroxidation, in addition to having a substantial impact on other defense-
related activities (Treml and Smejkal 2016). Under stressful circumstances, impor-
tant phenylpropanoid pathway enzymes such as phenylalanine ammonia-lyase 
(PAL), 4-coumaroyl CoA ligase (4CL), and coumarate-4- hydroxylase (C4H) are 
implicated (Bartwal et  al. 2013). Secondary metabolites’ accumulation enhances 
plants’ tolerance to stress by adjusting the plant’s biochemical and physiological 
parameters (Kabera et al. 2014). Plants generate more natural compounds and build 
up them faster when stressed by drought. The production and accumulation of sec-
ondary phytoproducts can be significantly influenced by nutrient supply, light, and 
temperature (Falk et al. 2007; Gershenzon 1984).

Drought conditions can lead to a variety of interactions between different fac-
tors; water shortages and below-freezing temperatures are accompanied together, 
lower water availability and high light intensity are associated mostly with increased 
temperatures. All these factors induce drought stress and may also entail in the soil’s 
higher salt concentrations. Different studies demonstrated that exposing plants to 
drought stress can accumulate higher secondary metabolites content compared to 
well-watered plants. Several researches suggested that different kinds of natural 
products share the elevation in concentrations caused by drought stress. 
Corresponding increase was noticed for both simple and complicated phenolic as 
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well as for the different terpene classes. Additionally, the concentration of com-
pounds that contain nitrogen, like cyanogenic glucosides, alkaloids, and glucosino-
lates is positively influenced by water stress, too. It should be considered that plant 
growth decreases under drought stress; therefore, even without increasing the natu-
ral products’ total amount, the reduction in biomass could have merely increased 
their concentration in fresh or dry weight (Kleinwächter and Selmar 2015). Many 
studies revealed that water stress conditions result in massive or slight increases in 
the secondary metabolites content such as essential oil and phenolics as well as 
benzylisoquinoline alkaloids (jatrorrhizine, berberine, and palmatine) as explained 
by Xia et al. (2007), Petropoulos et al. (2008), Nowak et al. (2010), and Manukyan 
(2011) and they attributed these results to the reduction in the growth of plants 
under drought, thus the final content of the secondary metabolites is extremely 
decreased compared to the well-watered plants. Kleinwächter and Selmar (2015) 
found that drought stress conditions considerably increase the content of plant sec-
ondary products in almost all of the examined plants except a small number of 
instances that described a similar rise in the natural products total content of per 
plant. This could be a result of the absence of information on these plants’ biomass 
or the fact that the reduction in biomass caused by stress considerably compensates 
for the rise in concentrations of pertinent natural secondary metabolites.

5 � Improvement of Drought Stress Tolerance by Exogenous 
Treatments with Metabolites

5.1 � Abscisic Acid

The generation of abscisic acid (ABA) in roots and its transportation to the plant 
leaves are well known to have a main role in controlling plant water content under 
water stress (Zhang and Davies 1990). It was also observed that ABA played a com-
mand function in modulating the plant's adaptability to drought stress by enhancing 
oxygen scavenging effectiveness, organizing essential enzymes expression, and 
boosting sugar accumulation (Jiang and Zhang 2001; Liu et al. 2013), stomata clo-
sure controlling, and limiting leaf expansion, that way prohibiting the drying of leaf 
tissues and increasing the likelihood of survival under a protracted drought (Liu 
et  al. 2005). Foliar spraying of abscisic acid improved the tolerance of plants to 
water stress. Shoot height as well as shoot and root dry weights increased under the 
conditions of drought stress by the addition of abscisic acid (Wei et  al. 2015). 
Increment of ABA content in the root may preserve root development and enhance 
root hydraulic conductivity (Liu et al. 2005). Glutathione and ascorbate concentra-
tions in leaves and roots increase significantly as a response to abscisic acid foliar 
application under drought stress (Li et al. 2014). Abscisic acid increased lipid per-
oxidation due to rising content of reducing sugars, anthocyanin, H2O2, polyamines, 
cysteine, soluble proteins, proline, photosynthetic pigments, malondialdehyde, 
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ascorbic acid, and antioxidant enzyme activity (Hussain et  al. 2010; Iqbal et  al. 
2010; Ruan et al. 2012). Administration of absicic acid (ABA) reduced seed weight, 
seed setting, and number of seeds in each spike marginally. The better performance 
of seedlings derived from plants’ seeds that are treated with ABA under temperature 
stress may be attributed to high level of endogenous ABA and the improvement in 
antioxidant enzyme activities (Li et al. 2014), which can be anticipated to increase 
resistance to drought as well.

The transcript levels of the genes that code for the Ascorbate-Glutathione (AsA-
GSH) pathway, also known as Asada–Halliwell pathway cycle enzymes (these 
genes showed various patterns of expression in the leaf, root, and stomatal conduc-
tance for reducing water loss), were also temporally modulated by abscisic acid in 
ABA-treated plants (Li et al. 2014).

5.2 � Methyl Jasmonate

The methyl ester of jasmonic acid (Methyl jasmonate (MeJA)) has an advantageous 
effect on plants to withstand drought when applied exogenously. MeJA application 
reduces the detrimental effects of drought on growth by promoting photosynthesis 
rate, stomatal conductance, accumulation of osmolytes, and water use efficiency by 
enhancing antioxidant activities retarding leaves senescence (Munemasa et al. 2007; 
Ma et al. 2014; Sheteiwy et al. 2018; Sadeghipour 2018). Jasmonates have been 
linked with secondary metabolites’ accumulation which comprise a part of the 
defensive reaction (van der Fits and Memelink 2000). Application of methyl jasmo-
nate results in increased POD, CAT, SOD, GR, and APX activities that detoxify 
hydrogen peroxide collectively along with higher soluble sugar and proline content 
that improves drought tolerance (Wu et al. 2012). MeJA raised the content of shiko-
nin and its derivatives, red naphthoquinonone, and boosted endogenous IAA bio-
synthesis in plants (Grsic et al. 1999).

5.3 � Salicylic acid

Salicylic acid (SA) is an endogenous phenolic growth regulator that contributes in 
controlling physiological activities, including photosynthesis, growth, and other 
metabolic activities. Numerous studies back up the prominent role of SA in regulat-
ing how plants react to diverse abiotic and biotic stressors. Additionally, SA may 
lead to many different metabolic responses in plants as well as alter plant-water 
interactions (Mohamed et al. 2020). Salicylic acid application may enhance plant 
response to drought stress by: (i) boosting or maintaining plant growth, antioxidant 
activity, and Rubisco activity (Munne-Bosch and Penuelas 2003; Bechtold et  al. 
2010; Khokon et al. 2011; Ying et al. 2013), (ii) enhancing the plant relative water 
content, the rate of photosynthetic activity, the proline content, and greater activity 
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of CAT and SOD comparing with control plants (Ying et  al. 2013; Nazar et  al. 
2015), (iii) lowering various indicators of oxidative stress, including electrolyte 
leakage and lipid peroxidation, indicating that SA can help maintain the integrity of 
the membrane to some extent, (iv) acting like an ROS scavenger (Kang et al. 2013), 
(v) controlling stomatal closure that was inhibited by salicylhydroxamic acid’s 
activity, a cell wall peroxidase inhibitor that suggested SA may have triggered sto-
matal closure by way of the ROS generated by cell wall peroxidases (Khokon et al. 
2011; Miura et al. 2013), (vi) increasing nitrogen amounts and the activity of nitrate 
reductase (Singh and Usha 2003), and (vii) enhancing soluble sugars, protein con-
tent, and the stability index of the membrane coupled with grain production and 
yield (Khan et al. 2012).

5.4 � Brassinosteroids

Brassinosteroids (a group of steroidal plant substances that are present in nature) 
have a vast range of biological activities (Clouse and Sasse 1998). Brassinosteroids 
are important for plant growth and development and they can also organize the sur-
vival of plants grown under stress conditions (Planas-Riverola et  al. 2019). 
Brassinosteroids’ shortage led to an increment in the plants drought sensitivity. It 
was noticed that endogenous BRs such as typhasterol and 28-norbrassinolide were 
greater in drought-tolerant plants compared to sensitive plants (Tůmová et al. 2018).

Foliar spraying of brassinosteroids reduced the negative effects of drought in a 
variety of plants by: (i) enhancing growth, photosynthetic activities, and ROS scav-
enging systems that improve yield, photosynthesis, pollen viability, and germina-
tion (Hu et al. 2013; Khamsuk et al. 2018; Hu et al. 2019; Kaya et al. 2019), (ii) 
increasing protein content, improving ROS scavenging system, and reducing lipid 
peroxidation (Anjum et  al. 2011), (iii) prompting ABA level (Yuan et  al. 2010; 
Jangid and Dwivedi 2017), (iv) modifying proline, soluble sugars, and antioxidant 
activity (Zhang et al. 2016), (v) boosting up terpenoids, abscisic acid, phenolics, 
and ethylene levels, and (vi) encouraging polyphenoloxidase enzymes and peroxi-
dase activities, which are engaged in polyphenols metabolism (Fujioka and 
Yokota 2003).

5.5 � Polyamines

Polyamines are small aliphatic organic molecules with two or more primary amino 
groups. Putrescine (diamine), spermine (tetramine), and spermidine (triamine) are 
the major polyamines found in plants (Wang et  al. 2003; Alcázar et  al. 2006; 
Yamaguchi et al. 2007; Kusano et al. 2007; Minguet et al. 2008; Alcázar et al. 2010). 
Metabolism of polyamines is linked with the production of ethylene, which could 
be important in responding to stress (Zapata et al. 2004). Polyamines are involved 
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in stomatal closure, in addition to their osmoregulatory functions (Liu et al. 2000). 
Polyamines also function as free reactive oxygen radical’s scavengers, as they are 
part of the antioxidant system (Das and Misra 2004; Kuznetsov et  al. 2007). 
Polyamines are accumulated intensively in numerous plants when subjected to abi-
otic stress (Alcázar et al. 2006, 2010; Evans and Malmberg 1989; Hussain et al. 
2011). Stress-tolerant plants have a great ability to promote polyamine biosynthesis 
under water stress (Gill and Tuteja 2010). While stress tolerance decreased due to 
the biosynthesis of polyamine inhibition, the simultaneous application of exoge-
nous polyamines reverses this effect (Kumar et al. 2008).

Exogenous foliar application of polyamines is highly effective in regulating 
plant growth and increasing plant tolerance to different stresses. Also, plants treated 
with seed priming and polyamines foliar application under water stress showed 
more drought tolerance compared to not treated plants (Farooq et al. 2009).

5.6 � Melatonin

Melatonin (N-acetyl-5-methoxytryptamine), a neurohormone generated by the 
pineal gland, has been found latterly in kingdom of plantae (Arnao 2006; 
Ramakrishna et al. 2009). It is an eco-friendly chemical molecule with strong anti-
oxidant activity and scavenging reactive nitrogen species (RNS) and ROS 
(Manchester et  al. 2015; Arnao and HernandezRuiz 2015; Zhang et  al. 2015). 
Drought tolerance of both drought-sensitive and drought-tolerant plants is signifi-
cantly increased by melatonin pretreatment. Melatonin application under drought 
stress conditions leads to better water conservation in leaves, stability in chlorophyll 
content, decreased electrolyte loss, and higher performance in photosynthesis (Li 
et al. 2015). The resulting oxidative stress from drought stress was reduced and leaf 
senescence was delayed by adding melatonin to the soil (Wang et al. 2013).

6 � Secondary Metabolites’ Engineering to Improve Plants 
Against Abiotic Stress

Plants produce bright secondary metabolites that are crucial for environmental 
adaptation and management of abiotic stresses like drought, temperature, and salin-
ity. Secondary metabolites with high expertise in lessening abiotic stress effects 
include isoprenoids, carotenoids, and flavonoids. In order to combat the negative 
effect of abiotic stress, the biosynthesis and accumulation of these secondary 
metabolites change quickly under stress. As a result, secondary metabolites and 
plants' abilities to withstand drought stress are strongly correlated. The promise of 
metabolic engineering is to improve the secondary metabolites’ production and 
thereby increase the capacity of plants to withstand various environmental stresses. 
Many plants have been successfully engineered to contain higher amounts of sec-
ondary metabolites, which confer the tolerance of drought stress. In this part of the 
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chapter, a deep discussion will be presented about metabolic engineering to increase 
the secondary metabolites’ synthesis and production that plants produce to protect 
them from stress and make them more resilient to it.

Abiotic stress including salinity, temperature, and drought is one of the most 
important difficulties for plant growth and production in arid environments. Abiotic 
stress, particularly drought resulting from climate changes and global warming, can 
result in continuous decrease in vegetative cover of Saharan and sub-Saharan areas 
which can negatively affect the production of economic crops (Verma and Deepti 
2016) and threaten the stability of food supplies (WHO 2020). Several downstream 
pathways including those encoding secondary metabolites biosynthesis are stimu-
lated by water stress. During drought, plants tend to prevent water loss that is first 
detected by roots as a result of dry soil. Then, cell to cell signaling will transfer this 
stimulus via roots to leaves through xylem, inducing secondary metabolites biosyn-
thesis via controlling systemic phytohormone signaling (Tardieu et al. 2014; Khan 
et al. 2015; Yadav et al. 2021; Jogawat et al. 2021). The produced secondary metab-
olites can induce stomatal shutdown, alleviate oxidative stress by improving pheno-
lic compounds’ production (Anjum et al. 2017; Ibrahim et al. 2019), and produce 
bitter materials to protect against herbivores or guard against drought-induced 
microbial infections.

6.1 � Biosynthesis of Secondary Metabolites

Primary plant metabolites are the main metabolites necessary for the growth and 
function of the plant likes carbohydrates, amino acids, organic acids, proteins, and 
lipids, whose metabolism is mainly connected by tricarboxylic acid cycle (TCA 
cycle) and glycolysis. However, secondary metabolites do not fundamentally par-
ticipate in any metabolic process and are formed for several purposes in plants such 
as interindividual communication, attraction, defense, detoxification and storage of 
nitrogen or phosphorus, or inhibition of competitors. Moreover, stress conditions 
can switch the plant's metabolic nature toward the biosynthesis of secondary metab-
olites that could be needed to mitigate the hazards of stress and allow plant survival 
and improve its tolerance. According to origin and biosynthetic modules, secondary 
metabolites have three main scaffolds. The first one is produced by shikimic acid 
pathway and contains phenolics (such as phenolic acids), flavonoids, lignans, stil-
benes, coumarins, and tannins; the second is originating from isoprene units via 
mevalonate pathway and contains mainly terpenes like mono-, di-, sester-, and trit-
erpenes, carotenoids, majority of volatile oils components, and sterols; and the third 
is nitrogen-containing compounds like glucosinolates and alkaloids (Krzyzanowska 
et al. 2010; Nunnery et al. 2010; Jamwal et al. 2018; Isah 2019).
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6.2 � Secondary Metabolites Perform Several Important 
Functions for the Plant Under Drought Stress

Since water is the essential component in plant growth and metabolism and as it is 
the main vehicle for the transport of metabolites and nutrients to the plant’s different 
parts and it is the main medium for all metabolic reactions, drought stress decreases 
both the turgor pressure and water potential. It subsequently modifies a number of 
different physiological processes, such as the biosynthesis of secondary metabolites 
(Ashraf et al. 2018), which can aid in the development of the plants’ resistance to 
water stress (Verma and Shukla 2015). Plant oxidative stress rises in response to 
drought leading to ROS production. ROS can damage many cellular organelles by 
the oxidation of lipids and release of free radicles that can damage proteins and alter 
the functions of cell membrane affecting vital properties of the cell such as osmosis 
(Yang et al. 2018). Phenolic substances such as flavonoids, tannins, stilbenes, phy-
toalexins, and coumarins are well-known antioxidants with the ability to scavenge 
ROS that can alleviate oxidative stress which plants produce in excess in responding 
to increased oxidative stress (Treml and Smejkal 2016). Some other metabolites can 
promote the cellular ROS scavenging machinery to speed up the elimination of ROS 
such as Salvia officinalis diterpene (Munne-Bosch et al. 2001). Moreover, several 
secondary metabolites can increase energy production and adjust osmotic regula-
tion in the plant by promoting glutamic acid-mediated proline biosynthesis (Qu 
et al. 2019).

In numerous instances, it was shown that water stress caused an increase in the 
secondary metabolites levels. Total phenolic content of Trachyspermum ammi was 
increased under drought conditions (Azhar et al. 2011). Artemisia and Hypericum 
brasiliense produced higher amounts of artemisinin, quercetin, rutin, and betulinic 
acid under drought (Verma and Shukla 2015). Glechoma longituba displayed 
increased level of flavonoids under drought stress, However, drought stress caused 
considerable variations in the essential oil content of O. americanum and O. basili-
cum plants (Zhang et al. 2012; Ashraf et al. 2018). S. sinaloensis subjected to 50% 
water deprivation displayed substantial increment in the flavonoids and polyphenols 
levels (Caser et al. 2018). Similar results were observed in S. officinalis and S. dolo-
mitica (Caser et al. 2019). Artificially induced drought stress in seedlings of Carum 
copticum by mannitol altered the concentration of thymol from 18.7% to 20.8% and 
γ-terpinene from 20.0% to 24.6% in the volatile oil (Razavizadeh and Komatsu 
2018). Two edible ferns showed increased resistance to drought at early stages in 
terms of relative leaf water decrement and a noticeable increment in phenolics, fla-
vonoids, proanthocyanidins, enzyme activity (POD, SOD, CAT, and APX), and 
osmotic substances (Yanlin et al. 2019). Significant increase in total polyphenolics, 
flavonoids, and antioxidant activity was noticed in Sesamum indicum L. under water 
stress conditions, while a decrement in quercetin and the oil content of sesamin was 
observed in the same plant under the same conditions (Kermani et al. 2019). In addi-
tion, the medicinal plants’ production of the important secondary metabolites under 
drought can be adopted as a novel approach (Kleinwachter and Selmar 2014; 
Kleinwachter and Selmar 2015).
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6.3 � Terpenoids and Drought Stress

Terpenes are mainly composed of the condensation of two or more five-carbons 
isoprene units via the mevalonate pathway. They can be categorized based on the 
building blocks number into monoterpenes, sesqui-, di-, sester-, tri-, tetra-, polyter-
penes, and sterols. Lower molecular weight terpenes are the main components of 
plants’ volatile oils. Whereas higher molecular weight terpenes such as the triter-
pene alcohols α-amyrin and β-amyrin are of the main components of plant waxes, 
tetraterpenes can be plant pigments such as β-carotene or precursors of vitamin A 
that serve a main function in the antioxidant system of the plant. Triterpenes and 
saponins can constitute the aglycone part of saponins or cardiac glycosides that 
have several biological activities.

Mediterranean plants growing in arid regions of North Africa and pinewood 
plants are producing a wide variety of volatile terpenes including monoterpene, 
diterpene, and sesquiterpene, whose production is stimulated under drought stress 
(Turtola et  al. 2003; Ormeno et  al. 2007). Sometimes terpene production can be 
increased by agricultural treatment such as spraying lemon grass by SA that 
enhanced the citral content, which is the main terpene responsible for the lemon 
odor and helped to withstand drought (Idrees et al. 2010). The yields of monoter-
penes in spearmint and rosemary were decreased by drought (Delfine et al. 2005). 
Under drought, biosynthetic genes involved in terpene biosynthesis were observed 
to be overexpressed in Cistus creticus (Ma et al. 2014). Similarly, drought induced 
the genes transcription encoding the flavonoids and terpene biosynthesis in cotton 
and potato (Payton et al. 2011; Zhang et al. 2014). Cumin triterpenes were found to 
be structurally altered by drought. Furthermore, drought induces the conversion of 
phenyl-1,2-ethanediol to the antioxidant compound cumin aldehyde (Rebey et al. 
2012). Interestingly, organ-specific response of terpene accumulation was observed 
in response to drought. While the level of terpenes was high in roots, it was low in 
shoots (Kleine and Müller 2014). Drought stress and herbivores’ attack in rapeseed 
led to an increase in several monoterpeses like camphor and sesquiterpenes such as 
(E, E)-α-farnesene (Loreto et al. 2014).

6.4 � Phenylpropanoids and Drought Stress

Phenylpropanoids are aromatic compounds derived from phenolic acids such as 
coumarins, flavonoids, lignins, tannins, etc. (Jamwal et al. 2018). Flavonoids and 
phenolic acid can make an important contribution to drought tolerance via amelio-
rating oxidative stress as previously discussed. Lignins are the main cell wall 
strengthening compounds with polymeric phenolic nature; they are the main struc-
tural support substances in plants and their biosynthetic genes were discovered to be 
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overexpressed in various plants under drought. Meanwhile, several drought-resistant 
cultivars were engineered to produce higher amounts of lignin (Ma et  al. 2014; 
Zhang et al. 2014; Quan et al. 2016; Savoi et al. 2016; Li et al. 2020). Accumulation 
of flavonoids in Arabidopsis was proven to be increased during drought and was 
found to be useful to fight drought hazards via metabolomic and transcriptomic 
studies (Nakabayashi et al. 2014).

Genetic modification in cells to increase the yield and production rate of a spe-
cific metabolite by remodeling or deregulating metabolic networks is known as 
metabolic engineering (Stephanopoulos 1999). Initially, metabolic engineering 
strategies relied on engineering a single enzyme regarded as rate limiting. Nowadays, 
the ability to transfer all or part of a biosynthetic pathway to particular cell systems 
is made possible through metabolic engineering (Naqvi et  al. 2010). There have 
been numerous attempts over the last 30 years to manipulate carotenoids, monoter-
pene, sesquiterpene, diterpene, or triterpene syntheses (Pribat et al. 2013).

Scientific developments in the domains of molecular biology have facilitated and 
improved our understanding of the regulation and biosynthesis of secondary metab-
olites in plants. The secondary metabolites’ production in the plant can be increased 
by metabolic engineering, which has been confirmed to be important and advanta-
geous. In order to create plants that are resistant to environmental stresses, it is more 
effective to engineer numerous enzymatic processes to the same or various path-
ways of metabolites. Metabolic engineering is getting more significant as a means 
of giving plants special abilities to cope with challenging and shifting environmen-
tal conditions. Comprehensive analyses of genes and metabolic pathways are neces-
sary to completely understand the precise functions that genes and pathways of 
metabolites play during abiotic stress and to enhance abiotic stress tolerance through 
metabolic engineering (Ganjewala et al. 2019). They come to the conclusion that 
additional such efforts are required to promote the plant tolerance in industrially 
significant crops exposed to various abiotic stresses, and they offer several extremely 
helpful examples for researchers to create stress-tolerant transgenic plants. 
Applications of genome/transcription sequencing implementation in crops that are 
sentient to stress could be led to the identification of novel genes for secondary 
metabolic pathways involved in the tolerance to abiotic stress. Additionally, the 
overexpression or repression of genes linked to abiotic stress may be facilitated by 
the cutting-edge CRISPER-Cas9 gene editing technology. This method is now used 
to create genetically altered sweet potatoes that can withstand abiotic stress. 
Although the most straightforward method for changing gene expressions is meta-
bolic engineering, genetically modified plants have numerous complicated prob-
lems that primarily affect the general public. Numerous earlier researches have 
supplied insightful data on plants' abilities to manage abiotic stress in an efficient 
and timely manner (Lopez-Arredondo et al. 2016). The metabolic engineering of 
isoprenoid, flavonoids, and carotenoids biosynthesis will be covered in the section 
that follows.
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6.5 � Carotenoids

Carotenoids, like flavonoids, are experts at mediating abiotic stresses; as a result, 
metabolic engineering has revealed tremendous potential in plants’ abiotic stress 
tolerance. In spite of that, only little efforts have been made to date to manipulate 
the biosynthesis of carotenoids in few plants, containing sweet potatoes, tobacco, 
and Arabidopsis. However, because sweet potatoes are a highly worthy industrial 
crop and an excellent antioxidant carotenoids source, the most extensive work on 
metabolic engineering of the biosynthesis of carotenoids has been done on this plant 
(Chen et al. 2011; Wang et al. 2016). Other metabolites derived from carotenoids, 
such as ABA, are well-known for controlling a number of procedures, including the 
response of plants to drought. Small soluble protein receptors known as PYR/PYL/
RCAR (pyrabactin resistance1/PYR1-like/regulatory component of ABA receptor) 
are found in the cytoplasm and nucleus of plant cells and bind to ABA (Ganjewala 
et  al. 2019). According to studies, constituent ABA receptor overexpression in 
plants may greatly increase their ability to withstand drought. Exact modulation of 
the activity of one or more ABA receptors is essential to increase drought tolerance 
without decreasing plant production. However, overexpressing ABA may have the 
potential to negatively impact yield in non-stressed plants. Using an engineered 
PYR1 ABA-receptor that can be activated by nonherbicidal agrochemicals and 
inducers of ABA responses, transgenic Arabidopsis with drought tolerance has been 
produced. (Lopez-Arredondo et al. 2016).

6.6 � Isoprenoids

In all aspects of life, the biosynthesis of isoprenoid is a well-known biochemical 
pathway. It can generally be broken down into three stages. The universal C5 build-
ing blocks iso-pentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) 
are synthesized in the early stage via the mevalonate (MVA) and methylerythritol 
phosphate (MEP) pathways. In order to create prenyl diphosphates of various 
lengths, the isoprene units linearly condense during the central stage. Prenyl diphos-
phates are distributed to various branches of the pathway during the late stage, 
where they are further altered to produce final products such as sterols, carotenoids, 
etc. (Vranová et al. 2013). All necessary components for isoprenoid biosynthesis are 
present in natural terpenoid producers, including the complex subcellular organiza-
tion of this metabolic pathway and storage capacity at the subcellular or tissue level. 
Additionally, plants' virtually limitless carbon reserves, guaranteed by photosynthe-
sis, make them a practical substitute for industrial incubators for the microorgan-
isms’ production of isoprenoids. The study of plant isoprenoid metabolism is a 
rapidly developing field of study (Pribat et al. 2013). Plants' physiological adapta-
tion to high salinity and low temperature is aided by isoprenoids. Isoprenoids in 
alfalfa play significant functions during drought (Soto et  al. 2011). Alfalfa is 
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particularly sensitive to abiotic stress, so its yield is 50% lower when subjected to 
osmotic stress. The acetate-MVA pathway's thiolase-II enzyme, also known as 
MsAACT, has been cloned to control the biosynthesis of isoprenoid during salinity 
stress adaptation in alfalfa (Soto et al. 2011). In salt-stress conditions, transgenic 
alfalfa overexpressing MsAACT1 generated more squalene without affecting 
3-hydroxy-3-methylglutaryl-CoA reductase (HMGR) activity. Mevastatin and vita-
min C (a natural antioxidant) have been shown to inhibit the acetate-MVA pathway, 
proposing that this pathway is essential for the abiotic stress-induced antioxidant 
system in plants.

6.7 � Flavonoids

A number of researchers have successfully tried to engineer the pathways that pro-
duce flavonoids (Butelli et al. 2008 and 2012; Nakabayashi et al. 2014). Numerous 
trials have shown a connection between plant tolerance to UV-B radiation and fla-
vonoid accumulation (Stracke et al. 2010; Kusano et al. 2011). However, it is still 
uncertain how exactly flavonoids help the body deal with UV-B radiation. According 
to Butelli et al. (2008, 2012), it is possible to modify the genes expression that make 
flavonoids in Arabidopsis and other plants. Thirty-five genes have been found to 
date that encode enzymes or transcriptionally engaged in the anthocyanins and fla-
vonoids production (Yonekura-Sakakibara et al. 2008). Metabolome and transcrip-
tome profiles’ analysis of wild-type during drought and oxidative stresses, single 
MYB12/PFG1 or MYB75/PAP1 overexpressors (which produce flavonol glyco-
sides or anthocyanin pigment, respectively), double MYB12 and PAP1 overexpres-
sors, and transparent testa4 as a flavonoid-deficient mutant and flavonoid-deficient 
MYB12 or PAP1 overexpressing lines (obtained by crossing tt4 and the specific 
MYB over expresser) have disclosed the flavonoids piling up. This overabundance 
was the main factor in the mutant's increased tolerance to these stresses. (Nakabayashi 
et al. 2014).

The anthocyanins cumulation in plants is also related to the ability of the plant to 
withstand salinity. Kim et  al. (2012) displayed good anthocyanin gathering in 
Brassica napus by overexpressing A. thaliana dihydroflavonol-4-reductase (AtDFR) 
to significantly improve the tolerance of salinity. The development of Brassica spe-
cies resistance to stress is highly eligible, given the continuously growing cultiva-
tion area worldwide. It may be highly beneficial in other commercially significant 
plants, such as Brassica, to modify and/or confer salinity and drought stress resis-
tance through the overexpression of the AtDFR gene. It is not yet obvious how the 
cumulation of flavonoids increases plant stress tolerance because of the limited 
knowledge we presently have of the biochemical and molecular pathways underpin-
ning their occurrence in stressed plants.
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7 � Conclusion and Future Prospects

The demand for food increases due to the steady increase in the population. On the 
contrary, arable lands and available water suffer from a decrease as resulted from 
global water stress factors and an increment in the causes of environmental pres-
sures, which constitute an increasing challenge for food production. The primary 
global factor limiting crop yield is drought. Secondary metabolites serve many 
functions in plant life, including protecting plants from abiotic and biotic stress. 
There is significant variation in both secondary metabolites levels and types as a 
response to stress across plant species. Nearly 100,000 secondary metabolites are 
thought to exist in the kingdom of plantae. The three main divisions of secondary 
metabolites are phenolics (flavonoids and phenylpropanoids), terpenes, and 
nitrogen-containing compounds containing nitrogen (alkaloids and glucosinolates). 
Secondary metabolite levels in plants can change as a result of abiotic stress and 
other stressors. To resist the harmful physiological changes brought on by stress, 
plants develop secondary metabolites, which are derivatives of their primary metab-
olites. In order to thrive and tolerate stress, plants have developed a complex net-
work of defense mechanisms. One well-known method of plant resistance to 
drought stress is the buildup of appropriate solutes to enable osmotic adaptation. 
Osmolytes can build up in high concentrations due to their low molecular weight 
without interfering with metabolism or cellular components. Solute accumulation 
activates soil water uptake and raises cellular osmotic pressure. During water stress, 
they might also take the place of water molecules surrounding membranes, proteins 
(including enzymes), and nucleic acids. By dislodging water molecules surrounding 
cellular components and preventing the instability of vital macromolecules, com-
patible solutes may inhibit cellular components from interacting with ions (at high 
concentrations). It is evident that foliar spraying of several chemicals such as ABA, 
ABA, MeJA, SA, melatonin, Pas, and BRs can increase the tolerance of plants expe-
riencing water stress. As a result, secondary metabolites and plants' ability to with-
stand drought stress are strongly correlated. Drought resistance could be achieved 
by modifying the SMs' biosynthesis pathway genes. The promise of metabolic engi-
neering is to raise the secondary metabolites’ productivity and thereby increase the 
capacity of plants to withstand various environmental stresses. Many plants have 
been successfully engineered to contain higher secondary metabolites content, 
which confer drought stress tolerance. The quality and quantity of different crops 
are adversely impacted by intense drought conditions, leading to higher food prices. 
Therefore, new environmentally sustainable agricultural practices must be followed 
to overcome these issues.
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Chapter 27
Seed Priming for Abiotic Stress Tolerance

Kazim Ali, Hafiz Muhammad Mubasher, Ahmad Sher, Abdul Sattar, 
and Abdul Manaf

Abstract  Seed priming is relatively a quick and easy way to boost germination, 
yield in many crops of field and vigor index, especially those cultivated in harsh 
situations of field environment. Priming of seed is best known to start the usual 
processes of metabolism in the early stages of growth, precisely germination, before 
the process of radicle protrusion. Plants experience a range of stresses as they grow 
and expand. Utilizing a number of methods, such as osmo-, magnetic, chemical, 
biological, hydro-, matrix-, and hormonal priming, a specific physiological growth 
stage in the seed is induced before the germination. Early vigor from seed priming 
causes crops to emerge more uniformly, rapidly, and with a better crop stand. 
Therefore, seed priming is a very smart, useful, and practical alternative that makes 
it simpler for plants to defend themselves from various stress situations while seed-
ling establishment is taking place. This chapter discusses recent developments in 
our knowledge of how seed priming affects numerous molecular, biochemical, 
physiological processes during seed germination and seedling establishment as well 
as how it helps to control a plant’s resistance to abiotic stimuli. Moreover, in the 
current state of study research, the types and functions of priming (in drought, heat, 
and metal stress) were explained.
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Biochemical mechanisms
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1 � Introduction

The most significant ones of all the abiotic factors that have a negative impact on 
crop production are salinity, drought, and severe temperatures (Thakur et al. 2010; 
Jaleel et al. 2009; Jakab et al. 2005). These stresses of abiotic are to blame to limit 
or delay the germination of seeds and the early growth of seedlings (Almansouri 
et al. 2001). During the critical germination period, plants react swiftly to changes 
in their surroundings. It is controlled by biochemical, molecular, and physiological 
processes relevant to the basic development of embryo (Lutts et al. 2016; Bewley 
et  al. 2013). Various biochemical, physiological, and molecular processes within 
basic unit of cells are altered by abiotic stresses (Xiong and Zhu 2002). This will 
upset the vital balance of the metabolism in plant cells, which can result in oxidative 
stress, membrane damage, decreased cellular respiration, and the production of 
oxygen species which are reactive (ROS) (Suzuki and Mittler 2006).

By increasing the rate of emergence and germination uniformity, seed priming is 
also a viable method for optimizing the effectiveness of seeds, resulting in faster and 
better seedling growth (Sohail et al. 2018; Castaares and Bouzo 2018; Basra et al. 
2004; Cramer 2002). Many seed priming strategies have been lately developed to 
improve seedling growth and seed germination. Seed priming using a variety of 
chemicals is a promising method for increasing plant stress tolerance. It is possible 
to prime seeds using a variety of chemicals, organic, ions, hormones, compounds, 
and antioxidants (Masondo et al. 2018; Ibrahim 2016; Jisha et al. 2013; Eskandari 
2013; Nawaz et al. 2013; Ghassemi-Golezai and Esmaeilpour 2008). Environmental 
conditions, plant type, seed lot and vigor, and priming technique all play a signifi-
cant role in the success of seed priming (Maiti and Pramanik 2013; Farooq et al. 
2013; Corbineau and Come 2006; Parera and Cantliffe 1994). By stimulating many 
of the biochemical, physiological, and molecular mechanisms involved in the early 
stages of germination, seed priming also boosts abiotic stress tolerance systems that 
enhance growth both during and after seedling establishment. Seed priming starts a 
number of biochemical, physiological, systemic, cellular, and molecular changes in 
plants that encourage plant growth when they are subjected to abiotic stress (Pal 
et al. 2017; Ibrahim 2016; Lutts et al. 2016; Chen and Arora 2013; Siri et al. 2013; 
Eisvand et al. 2010; Varier et al. 2010). Seed priming raises the uniformity and ger-
mination rate by osmotic adjustment, metabolic repair while ingestion, and activa-
tion of metabolic pathways of pre-germinative in the primed seeds. Consequences 
for early reserve mobilization include DNA replication processing and repair pro-
cesses (Lutts et al. 2016). Energy metabolism is among the numerous germination-
related processes that reserve mobilization. Seed priming also encourages the 
weakening, respiration, and expansion of embryonic cells in the endosperm (Chen 
and Arora 2011; Varier et al. 2010; Pandita et al. 2007).

Seed priming makes better the germination by regulating pathways of DNA 
repair, deteriorating catalase, enzymes, and other antioxidant-scavenging enzymes, 
as well as the production of phospholipids and sterols and the de novo synthesis of 
proteins and nucleic acids (Rajjou et  al. 2012; Chen 2011; Afzal et  al. 2002). 
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Additionally, improved elongation, cell division, and abiotic stress response pro-
teins may all aid in the production of healthy seedlings from seeds that are being 
primed (Ibrahim 2016). Furthermore, seed priming increases specific abiotic stress 
reactions linked to defense mechanisms. In late embryogenesis, rich protective pro-
teins like heat shock proteins (HSPs) and GPX, SOD, and CAT accumulate more, 
membrane pumps of efflux are activated, peroxiredoxin-encoding genes are 
increased, and antioxidant-scavenging enzymes like SOD, CAT, and GPX are 
enhanced (Chen 2011; Catusse et al. 2011; Varier et al. 2010; Li et al. 2005). Seed 
priming controls how effectively organisms withstand stress by increasing post-
translational modification of the potential for protein synthesis and controlling the 
ideal translational turnover ratio (Kubala et al. 2015).

2 � Role of Seed Priming in Abiotic Stress Tolerance in Plants

Plants used as crops commonly encounter these stresses during their lifetime in 
basic natural conditions, which have a negative impact on their germination and 
output (Hussain et  al. 2018). Several stresses, including salt, drought, heat, and 
other climate-related issues, are affecting crop output. To combat the adversities of 
these stresses, plants alter a number of biochemical and physiological processes. It 
is very well known that most of these stressors reduce absorption during the first 
few days after germination. Abiotic stresses that reduce water availability also 
impact cell elongation, which hinders embryo growth and causes poor seedling 
emergence. Both in regular and stressful conditions, the appropriate stand has been 
developed successfully using the practical method of seed priming (Hussain et al. 
2016a; Jafar et  al. 2012). The benefits of the process of priming under various 
stresses in different crops have been highlighted in recent articles (Hussain et al. 
2018; Hussain et al. 2016a, b; Jisha et al. 2013).

Due to enhanced energy metabolism, OA, quick cellular defenses, larger 
embryos, and increased enzyme activity, the primed seeds generated plants with a 
strong head start and greater stress tolerance (Jisha et al. 2013). Seeds primed with 
PEG, as compared to the ones that are non-primed seeds, showed better process of 
germination, vigor, and relative water content, according to Pant and Bose (2016). 
Salicylic acid (SA) + hydrogen peroxide (H2O2) dramatically increased seed prim-
ing during cold stress; it was closely related to metabolite buildup, hormone metab-
olism, ROS detoxification, and efficiency of energy delivery (Li et al. 2017). Seed 
priming in crop of tobacco increased the plant’s capacity to endure cold conditions 
during seedling and germination growth by modulating the antioxidant defense in 
tissues of plant (Xu et  al. 2011). According to Guan et  al. (2009), seed priming 
enhanced the development and germination of crop of maize seedlings under the 
conditions of low temperature. Seed priming was suggested by Elkoca et al. (2007) 
for improved seedling germination and robust growth of crop of chickpea under low 
temperature stress (hydro- and osmo-priming). According to Srivastava et al. (2010), 
a variety of seed priming techniques can help Indian mustard grow under salinity 
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and water stress. Kumar et al. (2016) claim that hydro- and halo-priming (Mg(NO3)2 
and Ca(NO3)2) can improve wheat growth, length of seedling, levels of soluble 
sugar, and amylase activity to decrease the negative influence of heavy metal 
(HgCl2) stress.

3 � Types of Seed Priming

Seed priming has following types:

3.1 � Hydropriming

Hydropriming involves process of soaking the seeds basically in water, then again 
drying them to their previous and original content of moisture, and then planting 
them. This approach is economical and kind to the environment. Prior to sowing, the 
practice of seed wetting and drying of surface on a farm is known as on-farm prim-
ing, also known as hydropriming (Harris et al. 2005). Farmers in marginal tropical 
environments with few resources might find use for this method. The main draw-
backs of hydropriming, however, are uneven levels of seed hydration brought on by 
unchecked water uptake and asynchronous emergence caused by variations in the 
activation of pathways of metabolism within seeds. Adjusting the hydration param-
eters including treatment duration, water volume, and temperature, used in 
hydropriming, is essential for ensuring consistent seed scheduled emergence and 
hydration. Commercial priming known as drum priming, adaption of basically 
hydropriming, begins by rotating seeds in a drum (Rowse 1996). The seeds are then 
gradually watered by the addition of H2O in the form of vapor. Drum priming is 
more effective than traditional hydropriming because it offers regulated seed imbi-
bition. After hydropriming maize seeds for 12 h, two proteins, embryonic protein 
globulin-1 and DC-8, which may be important candidates for the markers of protein 
for seed vigor and priming effect, changed in amount in the profiles of protein in the 
embryos (Gong et  al. 2013). The actin isoform and cytosolic glyceraldehyde 
3-phosphate dehydrogenase, two proteins that are involved in seed dehydration and 
function in the germination and priming processes, have been linked in previous 
studies to the priming and germination processes (Gallardo et al. 2001).

3.2 � Osmo- and Halopriming

Osmo-priming involves soaking seeds in liquids with water potential that is low, 
such as mannitol, glycerol, polyethylene glycol, sorbitol, or inorganic salts like, 
KH2PO4, MgSO4, CaCl2, KCl, KNO3, NaCl, and K3PO4 (Yacoubi et  al. 2013). 
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Halopriming is the term used to describe the use of inorganic salts as priming agents. 
Early period of germination is activated due to the progressive seed imbibition, 
which occurs when seeds are dipped in osmotic solutions with water potential that 
is low (Di Girolamo and Barbanti 2012). Additionally, by producing osmolytes and/
or signaling molecules, halopriming promotes seed metabolism and aids in germi-
nation. Potassium nitrate (KNO3) was used to prime tomato seeds, Lara et al. (2014) 
found that this hastened germination is because the soaked nitrate gets in the seed 
embryo’s metabolism by the help of the pathway of nitrate reductase enzyme, pro-
ducing the molecule that will signal the nitrite/nitric oxide. Sahin et al. (2011) found 
that sodium chloride priming of tomato seeds caused the accumulation of osmo-
regulating defense molecules (such as proline (Pro) and anthocyanin) and the acti-
vation of the antioxidative enzyme system.

3.3 � Solid Matrix Priming

Because of the expensive nature of osmotic agents and the aeration process’ techni-
cal issues, osmo-priming has some limitations (Paparella et  al. 2015). Osmo-
priming, which includes regulating seed water intake, is an alternate technique to 
solid matrix priming. As method includes mixing and incubating seeds with a moist 
solid water carrier for a set amount of time, solid matrix priming is economical. The 
seeds are then taken out of the matrix, cleaned, and dried once again. Seeds can 
slowly hydrate when placed in a solid media, initiating the natural process that hap-
pens when seeds are planted in earth (McDonald 2000).

3.4 � Hormone Priming

This involves the application of growth regulators of plants that can directly affect 
seed germination and includes kinetin, ethylene, polyamines, salicylic acid abscisic 
acid, auxin, and gibberellin.

3.5 � Biological Priming

Biological priming entails ingesting seeds along with microorganisms that encour-
age plant growth (Callan et al. 1990). Mentioned priming technique protects seed-
lings from soil- and seed-borne diseases and also speeds up and uniforms 
germination.
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3.6 � Chemical Priming

In order to boost abiotic stress tolerance and germination rate, above-mentioned 
method of priming involves treating seed by specific synthetic or natural compounds 
(melatonin, polyamines, hydrogen sulfide, hydrogen peroxide, nitric oxide).

3.7 � Ultraviolet Priming

Low doses of UV radiation are applied to seedlings during UV priming to increase 
plant immune to abiotic and biotic stress, increase yield, and increase quality. 
According to Dhanya Thomas and Puthur (2017), seedlings of a variety of crops, 
including wheat, rice, maize, cucumber, and cowpea, grew more quickly and pro-
duced more biomass and fresh and dry weight when exposed to UV radiation 
(0.004–4 Wm2). Additionally, the ROS-scavenging system’s activities increased, 
which made plants more resistant to abiotic stress.

4 � Seed priming Methods and Agents

A range of these priming techniques, which basically are much used and developed, 
can be used for the purpose of speeding up and synchronizing germination of seed 
(Lutts et  al. 2016; Nawaz et  al. 2013). Osmo-conditioning, osmo-priming, and 
halopriming are the top three methods of priming. To allow for seed imbibition 
while preventing radicle protrusion, primed seeds are dipped in low-water potential 
aerated solutions. In order to produce water potential low solutions, a variety of 
agents are used (Chen and Arora 2011). The secret to the efficiency of seed priming 
is allowing precisely the right amount of water to support metabolic functions while 
preventing the cell from further expanding and developing. Osmo-key priming’s 
objective basically is to reduce the oxidative stress caused by the ROS while increas-
ing the duration of the entry of water. Therefore, when developing a method, it is 
crucial to take the water potential of osmotic agent into account (Paparella et al. 
2015). Similar to a prolonged early seed imbibition, the osmo-priming process 
starts the slow evolution required for pre-germinative metabolism activities. To bet-
ter understand how seeds shift from a dry, physiologically dormant state to a 
hydrated, active state, it is especially helpful to employ osmo-priming as a model 
(Chen and Arora 2011).

Many organic or man-made materials have been investigated in various crops as 
seed primers. Seed priming agents frequently include polyethylene glycol, inor-
ganic salts, nutrients, pure water, and bio-stimulants (Masondo et al. 2018; Hussain 
et al. 2015; Butler et al. 2009). It also has been told that seed priming with poly-
amines, particular plant growth regulators, and other organic sources increases the 
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quality of seeds in a variety of crops. Agents used in priming come in varieties and 
levels of effectiveness. As a result, each plant species must be optimized for the 
solutions of priming (Horii et al. 2007).

4.1 � Polyethylene Glycol

The most widely utilized chemical to limit water potential in primed seed is poly-
ethylene glycol (PEG), which has a molecular size between 6000 and 8000 mw, is 
harmless, and prevents it from accessing the desired seed (Thomas et al. 2000). By 
osmo-priming with help of PEG, the antioxidant system is improved and the seed’s 
germination potential is raised, both of which increase the seed’s resistance to the 
abiotic stresses (Mouradi et al. 2016; Chen and Arora 2011). It has been demon-
strated that priming sweet corn seeds at 0.5 MPa for two days, tomato seeds only at 
1.25 MPa for two straight days, and onion seeds at maximum 1.5 MPa for seven 
straight days all increases germination (Dorna et al. 2013; Govinden-Soulange and 
Levantard 2008).

In Moroccan alfalfa seed that was undergoing germination under a water short-
age, seed priming with the help of PEG at maximum 0.6 MPa for straight 24 hours 
at the temperature 25 °C increased the basic activities of CAT and POD and lowered 
the MDA level and leakage of electrolyte (Mouradi et al. 2016). Additionally, this 
priming enhances the proline Pro-concentration in the seedlings of sunflower under 
stress of salt (Moghanibashi et  al. 2013). Seed priming using PEG enhances the 
quality of sweet peppers and repaired damaged membranes, which increased the 
synthesis of the antioxidant system that eliminates ROS and decreased lipid peroxi-
dation, according to Siri et al. (2013). Additionally, PEG priming reduced the pro-
duction of antioxidant enzymes in response to the stress caused by nano-ZnO (Salah 
et al. 2015).

4.2 � Inorganic Salts

Inorganic salts like acetic acid, CaCl2, KNO3, NaNO3K3PO4, MgSO4, MnSO4, 
CuSO4, ZnSO4, KH2PO, and MgCl2 as well as organic compounds like glycerol, 
sorbitol, Pro, mannitol, butenolide, putrescine, chitosan, choline, and paclobutrazol 
are also used to control water potential in seed (Paparella et  al. 2015; Farooq 
et al. 2005).

Seed priming with inorganic salts affects the mobilization of organic compounds 
to various sections of the embryo and enhances the antioxidant enzyme activities 
involved in seed germination. When compared to hydro-primed plants, seeds primed 
with ZnSO4 had stronger CAT, SOD, dismutase, and POD activity (Aboutalebian 
and Nazari 2017). By boosting the antioxidant levels in the Medicago sativa seed-
lings, this therapy also reduced the effects of drought stress (Fallah et al. 2018). 
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NaCl seed priming increased Pro and soluble carbohydrate content, antioxidant 
enzyme activity, and seed membrane damage protection (Farhoudi et  al. 2011). 
Activating the gibberellin biosynthetic gene and genes that weaken the endosperm 
cap increased the quantity of gibberellin in the tomato seed, which boosted germi-
nation ability (Nakaune et al. 2012). Amaranth seeds primed with NaCl resulted in 
a decrease in MDA generation, an increase in cell membrane stability, and an 
improvement in salinity tolerance via encouraging K+ and Ca2+ accumulation 
(Omami 2005). By seed priming with sodium nitroprusside, which also increased 
the activity of antioxidant enzymes and levels of ascorbic acid, Pro, and total phe-
nolics, the adverse effects of salt stress were lessened (Ali et al. 2017). Calcium 
nitrate seed priming increased germination rates and seedling emergence when tem-
peratures weren’t perfect (Batista et al. 2016). After seed priming with KNO3, acid 
phytase and phosphatase activity was elevated in the roots, cotyledons, and shoots 
of lettuce seeds, increasing the seeds’ capacity to tolerate salt (Nasri et al. 2011). 
The positive effect of calcium chloride priming on improving salinity tolerance may 
be due to the antioxidant system being activated and enhanced proline Pro build up 
in cucumber seedlings (Joshi et  al. 2013). Priming sunflower seeds with KNO3 
improved their tolerance to salt by enhancing the activity of the POX enzyme and 
decreasing the seedling MDA level (Farhoudi 2012). Seed priming with KNO3 
solution decreased peroxidase activity in Silybum marianum (Zavariyan et al. 2015). 
Pigeon pea seeds treated with CaC12 or KNO3 showed improvements in soluble 
sugars, free amino acids, and proteins during germination under salt stress. In pep-
per seedlings grown from primed seeds, protein synthesis, water content, soluble 
sugar, polyphenols, soluble proteins, carotenoid content, and bulk were all improved 
with KCl, NaCl, and CaCl2 (Aloui et al. 2017).

4.3 � Fertilizers

To increase the effectiveness of seed priming, various fertilizers are utilized. This is 
due to the fact that seeds of soaking okra in a one diammonium phosphate or super-
phosphate solution boost growth and accelerated growth of seedling (Shah et  al. 
2011). Instead of using clean water to prime seedlings, dissolved nutrients are 
employed in seed priming with micronutrients (Arif et  al. 2005). The status of 
mineral-nutrient of the plants is crucial for increasing plant abiotic stress tolerance 
(Marschner 1995).

4.4 � Plants Growth Regulators

Hormonal priming is the term for the process of prepping seeds with phytohor-
mones or plant growth agents. Crop emergence and germination are improved when 
seeds are primed with plant growth regulators (Carvalho et  al. 2011; Gao et  al. 
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2002). Hormones of plants play a critical part in the growth and physiology of 
plants with the help of producing and conveying various forms of vital signals 
within and between the cells; under abiotic stresses, the levels of endogenous of 
phytohormones significantly change (Iqbal and Ashraf 2013). Hormones of plants 
are essential for controlling molecular and physiological reactions to stresses of 
abiotic, which is necessary for overcoming unfavorable conditions of environment 
(Pandey 2017; Ku et al. 2018). Phytohormone priming of seed can enhance germi-
nation of seed by activating enzymes like protease and amylase that hydrolyze parts 
of protein and starch into simple forms that are edible by embryos (Miransari and 
Smith 2014). Abiotic stress also lowers the basic levels of most of the growth upreg-
ulators; however, the exogenous hormone therapy also be able to substitute for their 
absence (Babu et al. 2012). In response to salinity stress, plant tissues produce more 
abscisic acid (ABA) and jasmonic acid (JA) and less auxin, salicylic acid cytokinin, 
and gibberellins. Exogenous process of plant growth regulators can be utilized to 
undo these changes, which is the first step towards slowing the loss in plant growth 
due to stress. Use of the seed priming with a range of plant growth regulators, like 
JA and salicylic acid, has increased abiotic stress tolerance, seed germination, and 
seedling establishment (Javid et al. 2011; Krantev et al. 2008). Additionally, above 
mentioned treatments maintain steady levels of the substance like cytokinin and 
IAA in tissues of plant, which stimulate cell growth (Sakhabutdinova et al. 2003). 
Hormone priming of seeds of maize improved resistance to oxidative stress, which 
in turn raised resistance to abiotic stress (Afzal et al. 2008; Farooq et al. 2008).

4.5 � Polyamines

Plant development and growth are known to be positively impacted by polyamines 
(PAs) (Watson and Malmberg 1998). They consist of putrescine and spermidine. 
The control of several processes of metabolism, like synthesis of protein, transcrip-
tion, RNA modification, and regulation of enzyme concentration, as well as a num-
ber of plant stress responses has been linked to polyamines, which are tiny, 
ubiquitous molecules (Takahashi and Kakehi 2010). By maintaining membranes 
beneath high stress conditions and protecting plants from diverse abiotic challenges, 
polyamines act as cellular defenders since they bind to cations and can be combined 
with anionic membrane components like phospholipids (Kusano et  al. 2008). 
Exogenous polyamines’ (PA) impact on germination of seed is influenced by the 
kind, concentration, and dormancy state of the embryo (Farooq et  al. 2011). 
Different crops’ germination and seedling vigor were improved by priming of seed 
with PAs (Khan et al. 2021; Afzal et al. 2009).

Hence, by reducing oxidative damage, adjusting antioxidant, osmolytes, and 
photosynthetic systems, ensuring the antioxidant enzymes are active, and lowering 
hydrogen peroxide and MDA levels, spermine-primed seeds increased rice seed-
lings’ ability to withstand salt stress (Paul and Aryadeep 2016). By increasing the 
activity of enzymes, the starch metabolism and the ascorbate-glutathione cycle, as 
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well as the removal of ROS, reduction of lipid peroxidation, and strengthening of 
cell membrane stability, priming of seed with spermidine (Spd) increased stress 
tolerance of water in white clover (Li et al. 2014). By upregulating the genes encod-
ing the PA biosynthesis-related enzymes, increasing the quantity of glycine betaine, 
flavonoids, total phenolics, and also strengthening the antioxidant enzyme activi-
ties, seed priming with Spd improved rice’s ability to withstand chilling (Sheteiwy 
et al. 2017).

4.6 � Ascorbic Acid

By increasing catalase and peroxidase activity, seed priming of ascorbic acid less-
ened stress of salt in pumpkin seedlings and decreased the activity of the corre-
sponding enzymes, which is presumably due to the neutralization of free radicals 
brought on by stress of salt (Fazlali et al. 2013). However, under conditions of water 
constraint, ascorbic acid priming of rapeseed seeds increased growth rates, root and 
length of shoot, seedling vigor, and POX and CAT activity (Razaji et  al. 2014). 
Under drought conditions, ascorbic acid-primed wheat seed resulted in increased 
seedling germination, development, and moisture stature (Farooq et al. 2013).

4.7 � Beta-aminobutyric Acid

It is well known that plants can also be effectively trained to tolerate the abiotic 
stress by beta-amino butyric acid (BABA). This is accomplished via interacting 
with a variety of many hormones like ethylene, salicylic acid, and abscisic acid, or 
by creating a cascade of signaling pathways controlled by H2O2 (Zhong et al. 2014). 
The lipid peroxidation of cell membrane is decreased, and activity of enzymes, basi-
cally antioxidant enzymes, is increased; priming rice grains with BABA reduced the 
amount of MDA and increased the resistance of seedlings of rice to salt stress (Jisha 
and Puthur 2016). Furthermore, priming of the seed by beta-aminobutyric acid led 
to a rise in total carbohydrate, proline, and proteins; a combination of accumulation 
and growth in activity of nitrate reductase. It also boosted activity of enzymes anti-
oxidant ones and decreased the amount of MDA in green grams (Jisha and 
Puthur 2016).

4.8 � Aminolaevulinic Acid

After enhancing the activity of antioxidant enzymes, priming of seed by using 
5-aminolevulinic acid enhanced seedling growth and germination (Kanto et  al. 
2015). The seed treatment by using 5-aminolevulinic acid enhanced the chilling 
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endurance in 2 rice cultivars by enhancing the use of the antioxidant enzyme activi-
ties (APX, SOD, and GPX), boosting the substance of the glycine betaine, flavo-
noids, total phenolics, and increasing expression of the genes encoding PA 
biosynthesis-related enzymes (Sheteiwy et al. 2017).

4.9 � Glycine Betaine

By boosting SOD enzyme activity, raising Pro content, and decreasing MDA con-
tent, salt tolerance was improved by glycine betaine (GB) priming pepper seeds 
(Korkmaz and Sirikci 2011). The prevention of damage of cell membrane the posi-
tive effects of priming of glycine betaine on enhancing tolerance of salt in the saf-
flower may be attributed to decreasing lipid oxidation of membrane and raising 
homeostasis of ion (Alasvandyari et al. 2017). By enhancing activities of enzyme 
antioxidant, lowering water level, and reducing damages of cell membrane, seed 
treatment with GB also controls the ability of cotton seedlings to withstand cold 
stress (Cheng et al. 2018). Increases in Pro, IAA, excitation of antioxidant enzymes, 
dissolved fructose intake, a decrease in MDA and water, in addition to the stimula-
tion of antioxidant enzymes, can all be achieved by seed soaking to counteract the 
damaging effects caused by water stress applied on the canola plants (Dawood 
et al. 2014).

4.10 � Melatonin

Using seed priming by enhancing the working of enzymes, basically antioxidant 
enzymes, raising total phenolic, relative water, and Pro content, and decreasing 
sodium material, membrane relative electrolyte leakage, and lipid peroxidation 
level, melatonin reduced the impacts of salt stress on maize (Jiang et al. 2016). By 
raising the concentration of potassium, CAT, IAA, total carbohydrate, pigments, 
and total phenolic, as well as K+/Na+ and Ca2+/Na+ ratios, seed priming with mela-
tonin reduced salt stress in faba bean seedlings (Dawood and EL-Awadi 2015).

4.11 � Chitosan

Priming known as solid matrix with chitosan under saline stress increases seedling 
growth and germination (Sen and Mandal 2016). Priming known as chitosan 
improved the germination of wheat seeds also under osmotic stress seedling vigor 
(Hameed et al. 2014). Priming of seed with chitosan increases germination of seed 
and the seedlings’ vigor because of synthesis and the mobilization of food resources, 
activating of specific enzymes, and the synthesis of RNA and DNA, in addition to 

27  Seed Priming for Abiotic Stress Tolerance



652

the triggering of genes’ germination response (Sadeghi et al. 2011). Chitosan prim-
ing of seed reduced the average germination time under low temperature stress, 
enhanced seedling vigor and CAT and POX activity, and lowered MDA ingredients 
and relative plasma membrane permeability, and higher levels of soluble sugars and 
Pro (Guan et al. 2009).

5 � Seed Priming-Induced Abiotic Stress Tolerance

Complex processes that include a variety of adjustments, including the activation of 
particular genes, increased antioxidative activities, brief rises in the plant levels of 
regulator, protective proteins, inhibition of consuming of energy pathways, and also 
accumulation of osmolytes, are all part of the process of adapting to abiotic stresses 
(Bartels and Sunkar 2005). Abiotic stress conditions can benefit many plants from 
the exogenous applications of certain compounds through priming of seed to 
enhance seed seedling establishment and germination. The practical physiological 
technique for helping different plant species endure harmful abiotic conditions 
including drought, salt, and cold is seed priming (Hussain et al. 2016b; Khan et al. 
2012). Under abiotic stress circumstances, seed priming’s positive effects may be 
more apparent (Masondo et al. 2018; Ibrahim 2016; Chen et al. 2013).

There are presumably two methods through which seed priming achieves abiotic 
stress resistance. In the first method, pre-germination metabolic mechanisms such 
as enhanced energy metabolism, early seed food mobilization, elongation of embry-
onic cells, and breakdown of the endosperm are activated by seed priming (Chen 
and Arora 2011; Sun et al. 2010). In the second technique, seed priming subjects 
seeds to biotic pressures, which decrease radicle protrusion but promote stress 
responses such as osmotic adjustment, enzyme activation, and cross-tolerance to 
abiotic stressors. In germinating primed seeds, these stress coping mechanisms cre-
ate a “priming memory” that may be called upon after stress exposure to promote 
greater stress tolerance (Ibrahim 2016; Bruce et al. 2007). Pre-germination stress 
exposure known as “seed priming” enables seeds to better withstand subsequent 
environmental stressors (Tanou et al. 2012). Prior exposure to some elements during 
the seed priming process gives plants the ability to withstand future stress exposure. 
By increasing the capacity for enzymatic and nonenzymatic antioxidants, accumu-
lating essential transcription factors and dormant signaling proteins, and triggering 
of the epigenetic alterations and the development of defense reactions to epigenetic 
alterations through jasmonate, it enables an accelerated defense mechanism against 
harmful environments (Kasote et al. 2019; Tanou et al. 2012).

Most crucial defense mechanism for sprouting primed seeds to minimize ROS 
formation from abiotic stimuli is the antioxidant system (Banerjee and Roychoudhury  
2018; Ibrahim 2016). Priming of seed raises the levels of ascorbic acid and the 
activity of the following antioxidant enzymes including SOD, GR, POX, and 
CAT.  Through decrease in hydrogen peroxide and superoxide production, these 
actions add to the scavenging of ROS and seed protection (Kasote et al. 2019; Pal 
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et al. 2017; Paparella et al. 2015). Additionally, anthocyanin, a photoprotective pig-
ment, is encouraged to accumulate in seeds through seed priming, which enhances 
the ROS elimination and promotes protection of plant (Banerjee and 
Roychoudhury 2016).

Numerous plants have demonstrated the bountiful effects of the process of seed 
priming under stress of salt, including tomato (Cuartero et al. 2006), watermelon 
(Cucumis melo L.), (Sivritepe et al. 2003), hot pepper (Khan et al. 2009a), lettuce 
(Nasri et  al. 2011), and okra (Dkhil et  al. 2014). Carrot (Pill and Finch-Savage 
1988), watermelon (Demir and Oztokat 2003), the muskmelon (Nascimento 2003), 
and also asparagus all benefited from seed priming when exposed to high tempera-
tures (Bittencourt et al. 2004). At 1.0 and 1.2 MPa, carrot seed priming in PEG 6000 
seed improved the germination and emergence of seedling (Pereira et  al. 2009). 
Advantage of process of seed priming on seed of onion’s performance at low tem-
peratures might be due to the boost in the activity of endo-mannanase in the seeds’ 
anterior to lateral root extrusion, an enzyme involved in the breakdown of endo-
sperm cell walls. By raising the maximal germination temperature, seed priming 
reduced thermos inhibition in lettuce (Schwember and Bradford 2010). Additionally, 
for maize hybrids considered to be sensitive to cold temperatures, seed priming may 
be favorable (Hacisalihoglu et al. 2018).

5.1 � Drought Stress

Water stress has the ability to impact early seedling growth and seed germination 
(Ahmad et al. 2009). Seeds of famous Chinese cabbage, also known as (Brassica 
rapa), were pretreated by the use of two hundred mM of potassium nitrate, also two 
hundred mM of urea, according to Yan (2015) who found that this encouraged early 
seedling growth while the plants were under the stress of drought. By controlling 
the basic function of peroxidase, superoxide dismutase, and catalase as well as the 
amounts of soluble sugar and Pro, seed priming treatments improved drought toler-
ance. These results suggested that under moisture-stress conditions, seed priming 
can also be employed to increase Chinese cabbage implantation and early seedling 
growth. Early vigor in plants is caused by seed priming: another method of dealing 
with abiotic stress.

Using magnetically treated seeds to grow chickpea plants and subjecting them to 
a moisture deficit of about 0.2 MPa resulted in improved water consumption, effi-
ciency of radiation use, and biomass (Mridha et al. 2016). Due to better soil-water 
connections, magneto priming in maize enabled the seedlings to tolerate moisture 
stress (Anand et al. 2012). Under drought stress, priming of seed with hormone of 
salicylic acid and methyl jasmonate or the chemical of (paclobutrazol) elicitors 
boosted the development of the rice drought-responsive (RD2 and RD1) genes (of 
the AP2/ERF family) and the total phenolic content (Samota et al. 2017). Under 
controlled and stress of drought conditions, plants grown from the seeds that were 
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primed outperformed those plants grown by seeds that were not primed in terms of 
development and growth.

Sunflower (Helianthus annuus L.) seeds were pretreated with ascorbic acid by 
Fatemi (2014). who found that pretreated seeds exhibited improved germination, 
seed durability, and growth rates than untreated seeds under PEG 6000-induced 
minimal potentials for water (2 to 4 bar). Ascorbic acid administered exogenously 
proved successful in reducing the consequences of stress caused by drought. Also 
similar results were observed when vitamin C or ascorbic acid was used to prime 
safflower seeds, boosting the antioxidant system of both nonenzymatic and enzy-
matic substances to minimize impacts of drought caused stress. Additionally, in 
primed seeds, the amylase or amylase capabilities were higher, which caused a 
larger starch degradation and an increase in sugar levels. In comparison to unprimed 
seeds, this one was followed by an improvement in germination speed, respiration, 
seed viability, and establishment of seedling (Amooaghaie and Nikzad 2013). Li 
et al. (2014a, b) found out that during stress of water in the very early stages involved 
in the germination of seed, chemicals boost the expression of the -amylase gene 
such as the chemical of polyamines.

Soybean plants that had pretreatment with H2O2 showed increased levels of the 
galactinol and the myo-inositol and when subjected to drought stress. They are 
thought to act as osmoprotectants and ROS scavengers. D-myo-inositol 3-phosphate 
synthase 2 and Galactinol synthase that are the crucial enzymes needed to make 
oligosaccharides (GolS), exhibit increased gene expression that is related to the 
buildup of galactinol and myo-inositol, respectively. Ishibashi et  al. (2011) and 
Sghaier-Hammami et al. (2010) suggested that DC-8 plays a part in the defense of 
structures of embryonic cellular against drought stress and tolerance to desiccation. 
PEG priming increased AP2/EREBP regulon, a part of hormone, sugar, and redox 
signaling that is used to communicate with abiotic stresses, in Arabidopsis and 
Medicago seeds during germination (Maia et al. 2011; Dietz et al. 2010).

5.2 � Heat Stress

Crop plants’ metabolic processes are adversely affected by extreme temperature 
stress. Researchers from several fields employ seed priming methods to protect 
crops from temperature stress. Wheat that was planted late has lower yields due to 
heat stress. Osmoprimed late-sown wheat increased tiller numbers, biological yield, 
and harvest index to mitigate the negative effects of high temperatures (Mustafa 
et al. 2017). While, on the other hand, many crops’ development and yield are con-
strained by chilling stress. Low temperatures cause membrane damage, impaired 
cellular respiration, and higher ROS levels, which all contribute to poor and unpre-
dictable germination (Xing and Rajashekar 2001). Key physiological functions are 
disrupted as a result of damage that is induced by low temperature to organelles of 
cell, restriction of cell growth and division, as well as plant tissues suffering from 
metabolic imbalance, which are its primary symptoms, ultimately appear as altered 
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seed shape (Ruelland et al. 2009). However, Hussain et al. (2016a) investigated how 
different methods for priming seeds that include hydropriming, redox priming, 
osmo-priming, hormonal priming, and chemical priming affect rice plants’ ability 
to tolerate cold. Cold temperatures influenced a wide range of physiological pro-
cesses in unprimed rice, notably postponed sprouting and poor germination rate. 
The mobilization and respiration of the seed reserve’s associated metabolic pro-
cesses were slowed down. Rice seedlings under control had higher levels of lipid 
peroxidation and H2O2 buildup. By triggering the production of glutathione and free 
radicals, as well as the activity of enzyme of antioxidant systems such as peroxi-
dase, oxidative dismutase, and catalase Pro, seed priming protects the seedlings 
from oxidative stress. Melatonin-primed corn seeds exhibit greater germination tol-
erance to stress caused by chilling (Kołodziejczyk et al. 2016).

5.3 � Heavy Metal Stress

Heavy metals such as cadmium, lead, copper, mercury, and chromium are known to 
cause severe environmental hazards in our day and age. The buildup of heavy metals 
in cropland is a major cause for concern since it could negatively impact crop devel-
opment, soil health, environmental safety, and the quality and viability of food mar-
kets (Nagajyoti et al. 2010). By the contamination of the water, air, and soil, the 
plants’ metabolism has an impact on the heavy metals’ redistribution in the crust of 
earth and also in living things. According to researcher (Barceló 1990; Nagajyoti 
et  al. 2010) plants that are grown on soils and contaminated with heavy metals 
exhibit metabolic changes, reduced growth, altered water relations, and heavy metal 
accumulation in edible plant sections.

However, studies show that utilizing plant hormones to prime seeds can signifi-
cantly reduce the uptake of heavy metals in plant tissues while improving crop 
production under heavy metal stress. As an illustration, under cadmium stress, 
Gibberellic acid was used to prepare pigeon pea seeds, ethylene, abscisic acid, and 
cytokinine (each with a capacity of 10 or 100 M). Priming of seed with either hor-
mone of plant at both doses resulted in an increase in the germinating rate index, 
overall regeneration of final germination percentage, time, and duration to fifty per-
cent germination (Sneideris et al. 2015). Investigation found that priming of seed 
with 0.1 mM gibberellic acid also improved photosynthesis during the light phase 
and capacity of antioxidant in Trifolium repens L. in the soil contaminated with 
heavy metals (Galhaut et  al. 2014). Under calcium chloride stress, salicylic acid 
seed priming of safflower seeds increased germination rates, dried seedling weight, 
and particular leaves mass (Jam et al. 2012).
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6 � Physiological and Biochemical Responses of Seed Priming 
to Abiotic Stress Tolerance

Crop stand establishment depends significantly on the time between the planting of 
seeds and the emergence of seedlings (Hubbard et al. 2012). Priming of seed has 
been implemented to boost rates of germination and regularity (Jisha et al. 2013; Di 
Girolamo and Barbanti 2012). After the seed has been re-desiccated, various 
germination-promoting processes are basically activated by the process of seed 
priming (Asgedom and Becker 2001). Because the imbibition lag is less with primed 
seeds, germination is typically more rapid and uniform. Fundamental mechanisms 
of seed priming initially include the enzyme activation, improved metabolism of 
germination, enhanced restore mechanisms, and osmotic correction (Hussain et al. 
2015; Farooq et al. 2006). Physiological, metabolic, molecular, and cellular changes 
caused by priming of seed improve performance of seed and promote earlier as well 
as more uniform germination (Manonmani et al. 2014; Siri et al. 2013).

The activation of the priming memory is a hallmark of phase I.  In this stage, 
stress hormone genes are activated, and proteins are produced, DNA and mitochon-
dria are repaired, and signaling pathways are controlled. The most important phase 
is phase II, during which the main cellular and metabolic processes rise and germi-
nation begins. During this stage, the embryo synthesizes a number of proteins, 
including those involved in ROS signaling and scavenging, stress response, and 
storage, and employing both current and DNA, newly generated messenger ribo-
nucleic acids (mRNA) and mitochondria are also created and repaired. The embry-
onic axis elongates, considerable reserve material mobilization takes place, the 
absorption of water and oxygen increases, and the radicle eventually emerges from 
the seed coat to finish germination and start the post-germination stage (Rosental 
et al. 2014; Chen and Arora 2013).

The advantages of process of seed priming are primarily involved in modulation 
of germination metabolic processes within the seed required for activation of 
enzyme, activities of antioxidant, nucleic acid (RNA and DNA) and repair pro-
cesses, protein synthesis, breaking seed dormancy, translation, transcription, and 
DNA replication, and metabolism of germination, repairing damaged parts of seed, 
and reducing leakage of metabolite. Increasing ATP and the number of mitochon-
dria, priming seeds improves germination performance, vigorous growth, and abi-
otic stress tolerance by triggering a number of physiological, biochemical, and 
metabolic changes (Wojtyla et al. 2016; Paparella et al. 2015).

One benefit of priming of seed is activation of genes and proteins related to divi-
sion of cell, cell membrane transcription, modification, capacity translation, mobi-
lization, oxidant stress reaction, and the water ways, where membrane and DNA 
repair is superior to ordinary ingestion (Kubala et al. 2015; Bewley et al. 2013). The 
enhanced process of germination caused by seed priming is attributed to a greater 
protein abundant supply engaged in oxidative stress tolerance, focused protein 
denaturation, posttranslational processing capabilities, separation or devastation of 
dormancy blocks, cell wall repair, premature development of embryo, adjustment of 

K. Ali et al.



657

cells surrounding embryo, and an overall enhancement of pre-germination metabo-
lism (Giri and Schillinger 2003).

7 � Conclusion and Future Prospective

The main issues in agriculture include abiotic pressures like salinity, drought, and 
severe temperatures. These pressures frequently trigger various cellular responses 
and signaling pathways, as well as various types of damage. The use of seed prim-
ing can help crops combat the negative impacts of abiotic stressors. Seed priming 
improves plant defense-related responses and cell signaling pathways. It has been 
discovered that seed priming causes certain physiologic, biochemical, and molecu-
lar alterations. The advantages of seed priming programe include the activation of 
specific genes involved in enzyme synthesis, the use of stored energy, the restora-
tion of organ of mitochondria and cell membranes, the production as well as main-
tenance of nucleic acids, and mobilization of mitochondria and reserve food. DNA 
transcription, translation, and replication are all controlled by seed priming. 
Designing proper and efficient priming methods and substances for many different 
plants will be crucial for increasing abiotic plant tolerance for stress in a basic sus-
tainable manner. Research in future should also focus on the physiological, bio-
chemical, and molecular changes caused through seed treatment under different 
abiotic conditions.
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Chapter 28
Advances in Biotechnological Tools 
and Their Impact on Global Climate 
Change and Food Security

Zafar Iqbal, Asad Azeem, Sami Ul-Allah, Ahmad Sher, 
Muhammad Qadir Ahmad, Bilal Haider, and Muhammad Asghar

Abstract  Climate change exists in a variety of forms such as temperature fluctuation, 
changing rainfall pattern, flood, and disease which impose negative impact on crop 
production and are alarming for food security. Climatic variations chiefly affect the 
agroecology in a number of ways, but the effects vary along with latitudes and lon-
gitudes. As agricultural production is dependent on climate and environment, food 
security is threatened by climate change. The effects of climate change on agricul-
ture and food security may be minimized by adopting advanced agricultural and 
biotechnological techniques. This chapter summarizes the advanced research work 
on the role of modern biotechnology to ensure the global food security.
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1 � Introduction

Climate change refers to long-term shifts in temperature and weather patterns. 
Normally, these changes are natural, but since the 1800s, the activities of humans have 
been the major source of climate change and give rise to heat-trapping gases 
(Kolawole & Okonkwo 2022). The burning of fossil fuels produces greenhouse gas 
which acts like a blanket that is wrapped around the earth and traps the heat and 
increases the earth’s temperature (Khan 2018). The major greenhouse gases that 
affect the climate are carbon dioxide and methane. These gases are produced by 
using gasoline and coal which can be used for heating and cutting trees, and the 
clearing of land indirectly generates carbon dioxide.

It is clear that climate change in the world is caused by human activities and this 
is a growing danger to society. The activities include production of greenhouse 
gases, deforestation, industrialization, and uncontrolled urbanization as designated 
in Fig. 28.1. Greenhouse gases (methane, water vapors, CO2, chlorofluorocarbons, 
and nitrous oxides) have a key role in the global climate cycles. The earth traps heat 
with sun rays; some of the heat is accumulated while the remaining of that energy is 
transferred back. Greenhouse gases in the environment lead to increasing global 
temperature and cause global warming (Ali 2021).

Agriculture is linked with food security and also with the variations in climate. 
Agriculture is responsible for a larger portion of global greenhouse gas emissions. 
However, when the productivity of agriculture increases, less carbon dioxide is 
emitted which produces more food. Agriculture is also an important carbon sink, 

Fig. 28.1  Major factors that contribute to the climate change
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and it absorbs an equal amount of carbon dioxide as it emits; therefore, in most of 
the times it neutralizes its negative impacts.

Increase in urbanization due to ever-increasing population has resulted in defor-
estation and clearing of agricultural lands. Deforestation has a major effect on cli-
mate change as it increases global warming. According to the earth’s day network, 
deforestation is the second major contributor to the greenhouse gases of the world 
(Malhi et al. 2021). The important participation in climate change is the diversifica-
tion of human activities like fossil fuels burning for the production of electricity, 
heat, and transport purpose that emits more amount of carbon dioxide which 
increases global warming and plays key role in climate change. Livestock in the 
aspect of agriculture also contributes to the climate change. According to studies, 
livestock around the globe is responsible for 50% of annual global greenhouse gas 
emissions (Beer et al. 2000; Fróna et al. 2021). The greenhouse gases released from 
animal agriculture such as methane and nitrous oxide are the causes of temperature 
fluctuation and overall climate change.

Biotechnology is a relatively new field, and it has revolutionized many biology-
related fields. Especially, agriculture biotechnology has opened new scenarios to 
produce food and fiber. Agriculture scientists are using biotechnological techniques 
and tools to cope with biotic and abiotic stresses developed due to the changes in 
weather and climate. Therefore, major objective of this chapter is to analyze the 
detrimental effects of climate change on food production and food security and 
potential role of biotechnological tools to cope with this impact.

2 � Effect of Climate Change on Food Security

Agriculture is the base of food security. Global food security depends upon global 
agricultural production. Climate change is recognized as a universal truth all around 
the world which shows adverse effects on agriculture production, water resources, 
animal and human health, forest system, and social and economic sectors as desig-
nated in Fig. 28.2. The major economic effect of climate change is on agriculture 
that is because of the size and susceptibility of this sector. An increase in tempera-
ture and warming causes danger to agriculture in developing countries normally 
because many growing areas in the low latitudes already induce climates that are too 
warm. The increasing food demand due to the increase in the size of the population 
results in intensive agriculture practices that include unprecedented use of agro-
chemicals, generation of livestock, and expansion of resources of water. This has 
further disturbed the situation by producing greenhouse gas (GHG) and resulting in 
natural resources pollution. Forests decrease the amount of CO2 present in atmo-
sphere, but due to an increase in the rate of deforestation, this ability has been 
decreased (Kamilaris et al. 2018).
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Fig. 28.2  Impacts of climate change on crop productivity and food demand

Food security and climate change are connected in different ways because the 
change in climate causes biotic and abiotic stresses that have a dangerous impact on 
the agricultural production and ultimately on food production. The earth and its 
agriculture are being impacted by climate change in many ways, like changes or 
shifts in annual rainfall, waves of heat, changes in sea level, change or shift in atmo-
spheric CO2, effects on ozone level and pests’ modification, weeds, and microbes’ 
modifications (Wolff et al. 2021). All of these changes have a negative impact on the 
food production of the world, so these shifts have driven the attention of all the 
scientists around the globe.

Biotechnology has played a very important role in managing the negative impacts 
of climate change. This includes but not limited to incorporation of resistance 
against biotic and abiotic stresses caused by climate change and increasing the pro-
duction potential of food and fiber crops. Here in this chapter, role of modern tech-
niques of biotechnology to mitigate the effects of climate change on food production 
and food security has been discussed.

In the situation of climate change adaptation and reduction, biotechnology has 
responded positively toward decreasing the sensitivity of the natural and human 
systems to address the effects of climate change. Here we can see how biotechnol-
ogy plays a positive role in changing the weather conditions and food security, and 
how it decreases the negative aspects of climate change on the environment.
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3 � Agricultural Biotechnology and Climate-Resilient 
Food Production

Agricultural biotechnology can be defined as “The practical applications of living 
organisms and their compounds or products in an agricultural sector via utilizing the 
biotechnological techniques”. The techniques used in agricultural biotechnology 
are tissue culture, marker-assisted breeding, and genetic engineering. Tissue culture 
is the growth of plant cells or tissues on the specific nutrient media. Under optimum 
conditions, the whole plant can be regenerated from a single tissue. In molecular-
assisted breeding, DNA markers are utilized to locate genes and identify desirable 
traits by understanding the functions of the genes they carry. Molecular markers 
increase the efficiency of genes and understand the genetic diversity and relation-
ships between the plant species.

Producing climate-resilient crops can improve food safety and security evenly. 
Changes in climate create huge problems for agricultural production due to newly 
emerged biotic and abiotic threats. The question raised in this sense is that what are 
climate-resilient crops? The answer to this question is that these are the crops that 
are tolerant to pests, biotic and abiotic effects of the environment, and they are able 
to enhance the yields of crops under stress conditions such as flooding, heat, freez-
ing, drought, and salinity.

3.1 � Decrease of Greenhouse Gases

Deforestation and the utilization of fertilizers increase emission of greenhouse 
gases; biotechnology provides a solution to decrease the greenhouse gases’ emis-
sion and plays a positive role to reduce the detrimental role of change in climate by 
using environment-friendly fuels and decreasing the use of inorganic fuels. Biofilm 
production from traditional and genetically modified organisms helps to decrease 
the adverse effects of greenhouse gas emission (Shahzad et al. 2021).

Climate changes and population growth enhance the food demands for people, 
so the goal of attaining food security for generations is most important. Biotechnology 
can cause changes in crops, so these crops stand in different stress situations caused 
by the climate change which are difficult or impossible to attain by using conven-
tional breeding techniques.

3.2 � Functional Genomics

Genomics is the complete set of genetic instructions which is provided by DNA. The 
genomics is of two types, that is, structural genomics and functional genomics. The 
aim of functional genomics is to determine how the genetic components of living 
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organism work together to produce a specific phenotype. Functional genomics 
focuses on expression of genes and their products in a particular context like, at 
developmental stage or during disease. Resistance in other crops can be developed 
by using the mixture of traditional breeding as well as transgenic and genome edit-
ing technologies (Tesfahun et al. 2018).

3.3 � Selection of Molecular Markers Related to Stresses

Molecular marker techniques enable plant breeders to select plants based on their 
markers like their genotype rather than their phenotype (observable phenotype). 
This technique is marker-assisted selection (MAS). Molecular markers are gaining 
importance in plant breeding. MAS has many benefits which include enhancing the 
plant breeding process, enhancing efficiency, and reducing cost. In MAS, molecular 
markers (DNA fragments) are linked with crop production under various stress con-
ditions; they either are linked with tolerance or with susceptibility.

In phenotypic selection, there may be various problems linked with environmen-
tal variations and human error which may influence the results. Moreover, for phe-
notypic selection, researchers have to wait till the maturity of the crop, but in MAS 
selection, crop genotypes can be selected even at early growth stages based on their 
molecular markers profile. There are many types of molecular markers, for exam-
ple, RAPD, SNPs, SSR, ISSR, RFLP, and AFLP, some of which are PCR based and 
some are not PCR based. A list of molecular markers linked with different climate 
stress conditions in different crops is presented in Table 28.1.

Table 28.1  Markers associated with various crop stresses

Markers Crop Stress Reference

RAPD Solanum lycopersicum High temperature
SRAP Solanum lycopersicum High temperature Comlekcioglu et al. (2010)
EST–SSR Manihot esculenta Cranz Drought Wang et al. (2017)
SNP Zea mays Salt Cui et al. (2015)
SNP Hordeum vulgare Salt Sbei et al. (2014)
SSR and AFLP Triticum aestivum High temperature Mohammadi et al. (2008)
SSR Triticum aestivum Drought Dolferus et al. (2019)
SSR Triticum aestivum Drought Ahmad et al. (2014)
SSR Triticum aestivum Cold stress Wainaina et al. (2018)
SSR Oryza sativa Drought Babu et al. (2003)
SFP and SSR Oryza sativa High temperature Xiao et al. (2011)
SSR Gossypium hirsutum Salt stress Saeed et al. (2014)
RFLP Sorghum bicolor Drought Kebede et al. (2001)
QTL Citrus reshni

Poncirus trifoliata
Salt Raga et al. (2016)
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3.4 � Impact of Biotechnology on Biofuel Consumption

Agriculture sector is one of the major consumers of fuel; hence, the price of fuel 
affects the prices of the food and it affects food security. Increasing energy prices 
and decreasing fossil fuel reserves have developed the interest in the conversion of 
biomass into the production of biofuel. Biofuels are developed from renewable 
resources of energy, and they are environment-friendly and also have the ability to 
reach more than half of the demand of the world for transportation fuels. Biofuels 
also decrease the dependence on imported petroleum, decrease the emission of 
greenhouse gas, enhance the economy of the region and also provide jobs, and 
increase the demand for bioproducts (Alshammari et al. 2015).

For biofuel production, the term synthetic biology is applied in which biofuel is 
produced by developing more efficient enzymes and their products which break 
down the solid mass; this process directly produces biofuel. Biofuel such as ethanol 
is produced from food crops and biomass through different processes such as bio-
chemical and thermochemical process. First-generation biofuel is derived from 
crops such as oil seeds, sugar crops, and cereals. The techniques which are used to 
develop first-generation biofuels are well developed. Industrial biotechnology has 
many benefits which help to protect the environment and also meet global climate 
change (Praveena et al. 2018).

3.5 � Impact of Biotechnology on Use of Fertilizers

Biofertilizers are derived from living resources which are applied to seed, root, and 
soil to increase the ability of nutrients and also enhance the soil health. Synthetic 
fertilizers have adverse effects on the crops and also on the environment, so biofer-
tilizers are needed to decrease the impacts of synthetic fertilizers. This helps in 
safeguarding the health of soil and also enhances the quality of products of crops 
(Harfouche et al. 2019). The benefits of biofertilizers are as follows:

•	 Biofertilizers are cost effective.
•	 Enhance the growth of plants.
•	 Provide safety against drought.
•	 Improve the yield of crops.
•	 Biofertilizers are environment-friendly.
•	 Enhance the fertility of soil.

Biofertilizers are available in many forms, some of which are given below.

•	 For leguminous crops, Rhizobium fertilizer is used.
•	 For nonleguminous crops, Azotobacter is used.
•	 For sugarcane, Acetobacter is used.
•	 For low land and paddy rice, blue green algae are used.
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Different methods are used to apply biofertilizers, some are listed below.

	(a)	 Seedling root dip method: This method is used for rice crops.
	(b)	 Treatment of seeds: The seeds are soaked in a nitrogen mixture and then sown.
	(c)	 Treatment of soil: Biofertilizers and compost are mixed and then this mixture is 

spread on the soil where seeds are sown (Sheikh et al. 2019).

3.6 � Role of Biotechnology in Biotic Stress

Biotic stress can be defined as the damage or harmful effect that is caused by a liv-
ing organism on another living organism. The living organism that causes damage 
can be bacteria, virus, parasites, fungi, harmful insects, weeds, and cultured or local 
plants. Basically, the living organisms that cause biotic stress in plants directly 
decrease the nutrients in their host and as a result the plant dies (Arora et al. 2019).

The effort or competition for the survival of organisms in the environment is a 
natural process. The microbes compete with the plants for their survival, while on 
the other hand plants are combating with the microorganisms for their survival 
(Saavoss et  al. 2019). Plants do not have an adaptive immune system, but they 
develop a different mechanism for their survival. Plants have genetic codes which 
are stored in them genetically; they use these codes as their defense mechanism for 
their survival. There are hundreds of resistant genes which are coded in plants’ 
genomes against biotic stress. Different biotic stresses impact photosynthesis like 
the insects which chew the leaves decrease the leaf area and infection of viruses also 
decreases the leaf area for photosynthesis.

The organisms that cause stress in plants affect the plants in many ways, and as 
a result, decrease the productivity of plants. However, many mechanisms or tech-
niques have been developed to decrease the effect of this stress through research. 
Biotic stress in plants can be diminished by studying the genetic mechanism of 
organisms that cause stress in plants. Genetically modified plants have been pro-
duced, and these plants have developed resistance against the stress-causing organ-
isms (Hazra et al. 2020).

Insect pest tolerance decreases many crops of plants. The use of chemicals to 
control the pests causes harmful effects on the plants and chemicals also damage the 
environment. Bt (Cry) gene has been extracted from the bacteria “Bacillus thuringi-
ensis.” This gene is proved effective in controlling different lepidopteran insects. 
There are many Bt crops developed, most important which are Bt cotton and Bt 
corn; both of which contribute to food security.

The diseases in plants that are caused by viral infections are main source of yield 
loss and they are also dangerous to the crop production. Different genetically modi-
fied varieties of plants have been produced which show resistance against viral 
infections. For example: genetically modified papaya has been produced which 
shows resistance against ring spot virus. In fruit crops, protein that proves lethal 
against viruses has been introduced in plant tissues and this provides resistance 
against viral infections. The use of chemicals to control the viral infections in plants 
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is costly to the farmers and also dangerous for plants’ health and are not eco-friendly. 
Therefore, different strategies have been developed to overcome the viral infections 
through RNA silencing and resistance gene defense mechanism.

4 � Conclusion

Climate change is a big threat to global food security. Although the climate change 
may be beneficial in some respects or for some areas, but overall, it negatively 
affects the agricultural food production due to rise in temperature, unusual rainfall 
and floods, and drought spells. Biotechnology is a relatively new field, especially in 
agriculture, and it can be helpful to mitigate the hazardous effects of climate change. 
With advances in biotechnology, climate-resilient crops and genotypes can be 
screened with environment-specific molecular markers and transgenic crops can be 
produced with traits adoptable to the changing climate. Although biotechnology has 
opened many ways to improve food production in the changing climate, interdisci-
plinary projects are required to ensure the food security in changing climate.
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Chapter 29
Biotechnological Attributes 
of Bio-stimulants for Relieving Abiotic 
Stress

Proma Ghosh and Harshata Pal

Abstract  Abiotic stress has become an integral part of agriculture worldwide due to 
climate change, natural calamity, and pollution. Several unusual environmental 
parameters such as heat, cold, freezing, draught, waterlogging, light intensity, UV 
radiation, metal toxicity, and nutrient deficiency are collectively called abiotic Stress. 
Less than 10% of world’s arable land can be termed as “stress-free land.” Draught, 
salinity, and heavy metal are the major abiotic stresses affecting the crop yield by 
more than 50%. Abiotic stresses can influence the alteration of morphological, bio-
chemical, and metabolic pathways by generating reactive oxygen species (ROS), 
influencing ionic toxicity, and affecting the plant growth and productivity. The rapid 
change in environmental factors is overruling the adaptive potential of the plants. To 
cope with the loss of agricultural yield, researchers are getting the bio-stimulant as 
most promising way. Bio-stimulants can be active molecules (except pesticide and 
chemical fertilizer), or plant growth-promoting microbes/PGPM (bacteria or fungus) 
that can contribute to the plant metabolism in stress tolerance and enhance the pro-
duction. Many researches have been done, but scientists are still in search for more 
specific and effective bio-stimulant for sustainable agriculture to feed the growing 
population. In this chapter, we discuss the different bio-stimulants and the pathways 
they act on to relieve the abiotic stress of the plant and increase the food production.

Keywords  Abiotic stress · Bio-stimulant · PGPM · ROS · Sustainable agriculture

1 � Introduction

To achieve sustainable development worldwide, United Nation announced several 
goals, one of them is to reach zero hunger by 2030. To achieve this, food production 
should be doubled as food demand is increasing heavily (Tilman et  al. 2011). 
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Fig. 29.1  Effect of draught stress in plant

Climate change, pollution, and excessive use of chemical fertilizer are affecting the 
crop production due to increase in abiotic stress such as heat, draught, salinity, and 
heavy metal. Among the abiotic stresses, draught stress affects the productivity of 
the land maximum. Second comes salinity which affects almost 10% of the land 
worldwide. Drought stress causes cell dehydration, inhibition of cell division, and 
enhancement reactive oxygen species (ROS) generation which in turn cause osmotic 
stress and oxidative stress in plants (Vurukonda et  al. 2016). This is depicted in 
Fig. 29.1.

Salinity stress induces physiological drought condition as it changes the osmo-
larity of the soil and the plant cell. In turn, it also causes ionic toxicity inducing leaf 
senescence (Kaushal and Wani 2016). In Fig. 29.2, this has been shown by schematic.

By reducing water potential, plants accumulate proline and betaine derivatives to 
counteract the negative effects of salt stress. Additional water can be obtained from 
the environment due to the buildup of suitable osmolytes engaged in osmoregula-
tion, hence reducing the immediate impact of a water scarcity. An imbalance of 
cellular ions caused by high salt concentration leads to ionic toxicity, osmotic stress, 
and the generation of active oxygen species (Rouhier et al. 2008).

As the heavy metals such as Pb, Cr, and As interact with the electron transport 
chain of chloroplast and mitochondrial membrane, heavy metal stress in plant 
causes high amount of ROS production as well as lipid peroxidation and biological 
macromolecule breakdown in plants (Anjum et al. 2017; Carrasco-Gil et al. 2012; 
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Fig. 29.2  Effect of salt stress on plant

Venkatachalam et  al. 2017). It also acts as genotoxic material as it causes DNA 
damage and chromosomal abbreviation in plant cells (Aslam et  al. 2017; Arya 
et al. 2013).

Plants can sense a very low level of stress signals in their environment. To miti-
gate negative effects of stressors, plant systems have undergone several biochemical 
evolutions (Singh et al. 2019). Over the past few decades, great progress has been 
made in understanding the mechanism underlying plant resistance/tolerance to indi-
vidual biotic and/or abiotic stresses. However, plants in nature simultaneously han-
dle multiple interacting loads that typically occur at the same time (Ma et al. 2020).

Bio-stimulants are the active compounds or microbes that can induce growth in 
plants, helping in decreasing dependence on chemical fertilizer for agriculture. The 
current definition of plant BSs by the EU regulation (2019) is: “A product that stim-
ulates plant nutrition processes independently of the product’s nutrient content, with 
the sole aim of improving one or more of the following characteristics of the plant 
or the plant rhizosphere: (a) nutrient use efficiency; (b) tolerance to abiotic stress; 
(c) quality traits; or (d) availability of confined nutrients in the soil or rhizosphere.” 
Bio-stimulant covers a wide range of compounds from amino acids or amines to 
biopolymers (Yakhin et al. 2017). The current classification of bio-stimulants done 
by “Du Jardin” (2015) divides all bio-stimulants into different groups – humic and 
fulvic acids, seaweed and botanical extracts, protein hydrolysates and N-containing 
compounds, chitosan and other biopolymers, inorganic compounds, and beneficial 
fungi and bacteria (Bulgari et  al. 2019). Here we have discussed about some 
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biotechnological discoveries of bio-stimulants which enhance growth and produc-
tion in plants during stressed condition.

2 � Activity of Bio-stimulants in Stress Tolerance

2.1 � Humic and Fulvic Acids

The bioactivity of humic acid (HA) helps reduce fertilization rates, improve nutrient 
utilization efficiency, replace synthetic plant regulators, improve fruit quality, 
increase, or reduce water stress tolerance and disease incidence improves early 
growth and flowering. Usage of humic acid as a bio-stimulant in horticultural crops 
is emerging as an important sustainable technology that can be integrated with other 
agricultural practices to  increase the productivity of the cultivation system. It is 
more efficient, and  has less negative impact on the environment (Canellas et  al. 
2015). Enhancement in nitrate reductase and phenylalanine ammonia lyase activity 
in leaves was observed when humates were applied in urban lettuce cultivation sys-
tem, improving the production (Hernandez et al. 2016). Glucokinase, phosphoglu-
cose isomerase, aldolase, and pyruvate kinase are enzymes involved in the 
metabolism of glucose. HS had a deleterious impact on their activity. The hydroly-
sis of sucrose into hexose, a substrate available to developing cells, was encouraged 
by increased invertase activity (Pizzeghello et al. 2001). Since enzymes involved in 
N assimilation were often boosted by HS, it is probable that these metabolites can 
be employed to prolong growth and enhance N metabolism when total carbohydrate 
content and sugar reduced after the application of humates. Therefore, in maize 
treated with HS, substantial net photosynthesis rates could be seen (Rouhier 
et al. 2008).

In summary, numerous HA-based formulations can be used as biologically active 
natural substances to advance sustainable agriculture.

2.2 � Chitosan and Other Biopolymers

Chitosan and its oligomers (oligochitosans), the second most abundant polymer 
after cellulose, are linear polysaccharides formed from β-(1-4)-linked D-glucosamine 
and N-acetyl-D-glucosamine (Hemantaranjan 2015). Chitosan is taken out of the 
cell walls of fungus and the shells of crustaceans such as shrimp and crab. Chitin, a 
copolymer comprising N-acetyl-D-glucosamine and D-glucosamine, can be con-
verted into chitosan by removing more than 80% of the acetyl groups (Mehrafarin 
2017). Chitosan enhances plant potency, reduces the negative effects of adverse 
conditions, and stimulates plant growth. Chitosan influences various physiological 
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responses such as plant immunity and defense mechanisms that involve various 
enzymes such as phenylalanine ammonium lyase, polyphenol oxidase and tyrosine 
ammonia lyase, and antioxidant enzymes such as superoxide dismutase, catalase, 
peroxide against adverse conditions (Hemantaranjan 2015). In addition to its envi-
ronmental friendliness and effects on biotic and abiotic stress, chitosan has attracted 
a great deal of interest.

Regarding stress tolerance, chitosan has been reported to increase the stress tol-
erance of maize, improving antioxidant in draught condition (Rabêlo et al. 2019). 
Metabolomic study done on chitosan-treated sweet clover revealed that this bio-
polymer enhanced the production of different osmoprotectants that are involved in 
antioxidant defense and stress signaling (Li et al. 2017). Increased endogenous chi-
tosans (CTS) content through exogenous application of CTS effectively alleviates 
dehydration-induced leaf senescence, growth inhibition, and cellular damages. The 
complete analysis of metabolomic and transcriptomics profile revealed that CTS 
enhanced aminoalkanoic and carbohydrate metabolism, energy production and con-
version, the AsA-GSH and TCA cycles, and therefore the GABA shut pathway, as 
manifested by improved accumulation of abundant metabolites. Many of those 
metabolites are known to be involved in antioxidant defense, stress signaling, and 
energy production. The changes in metabolites and genes induced by CTS provide 
the evidence for the beneficial role of CTS in draught resistance in plant (Li 
et al. 2017).

Seaweed extract, a protective product based on algae extract, effectively improved 
sugarcane stalk yield and quality under drought stress in this study. SWE also 
enhanced the biometric parameters of sugarcane under drought stress, with taller 
and thicker stalks and, consequently, higher stalk and sugar yields and a metaboli-
cally stronger plant (Jacomassi et al. 2022).

Among the notable hormones, abscisic acid (ABA), jasmonate (JA), ethylene, 
and plant hormone (CK) are incontestable to mediate plant defense responses 
against abiotic stresses (Nakashima and Yamaguchi-Shinozaki 2013). One among 
the quickest responses to abiotic stress is the accumulation of ABA, which may be 
a key regulator within the activation of plant cellular adaptation to drought and salt 
stresses (Chen et al. 2013). The accumulated levels of ABA facilitate the binding to 
its receptor to initiate signal transduction, resulting in cellular responses to stresses 
(Ng et al. 2014; Sah et al. 2016). Additionally, several different salt-stress-related 
pathways, reminiscent of amino acid accumulation and Ca signaling, also are physi-
ologically coupled to the ABA communication pathway (Yang et al. 2017).

Direct inoculation of lipochitooligosaccharides (LCOs) and/or thuricin-17 pep-
tide, compounds defined as bacterial signals, can shield flowers in opposition to one 
of a kind abiotic stress (Nazari and Smith 2020). For instance, while soybean seed 
had been treated with each compound, they had more proof against excessive salt 
stress (Subramanian et al. 2016b).
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2.3 � Beneficial Fungi and Bacteria

Plant growth-promoting microorganisms, including plant growth-promoting bacte-
ria (PGPB), rhizobia, and arbuscular mycorrhizal fungi (AMF), are found in free-
living soil, rhizosphere/root surface (e.g., root bacteria and ectomycorrhizal fungi), 
or in plant beneficial tissues (e.g., endophytic bacteria, endomycorrhizal fungi, and 
AMF) (Ma et al. 2019). The role of PGPMs in plant growth, nutrient uptake, and 
biocontrol activity is well established. Despite the differences between these types 
of microorganisms, these PGPM strains are able to colonize the rhizosphere soil or 
the rhizosphere of plants and respond to abiotic stresses (drought, salinity, tempera-
ture extremes, etc.) and it can protect plants from biological stresses (such as 
B. plant pathogens) (Ma et al. 2019) as well as promote plant establishment and 
growth through the same plant growth-promoting mechanisms, including direct and 
indirect pathway. In general, direct mechanisms include enhanced nutrient uptake 
(nitrogen fixation, siderophore sequestration, potassium, phosphate solubilization, 
etc.), plant hormone synthesis (auxins, cytokinins, ABA, GA, etc.) (Ma et al. 2019), 
and induction of ACC deaminase with volatile or nonvolatile compounds.

Nowadays, use of microbes as bio-stimulants and bio control agent is increasing. 
Several researches are going on to get specific microbes for specific stress tolerance. 
Among all fungi, Trichoderma is widely used as biocontrol agent. Recent study also 
shows that this not only acts as a biocontrol agent but also shows plant resistance, 
plant growth, and development resulting in an increase in crop production (Ghazanfar 
et al. 2018). Trichoderma, an imperfect fungus, can be isolated from natural soil, 
decaying material, etc. Trichoderma was first introduced as biocontrol agent in 
early 1930s; later, scientists discovered that it could control fungal infection in dif-
ferent plant parts’ life leaf and seed (Ghazanfar et al. 2018). Trichoderma hamatum, 
a fungal endophyte, isolate DIS 219b, was found to delay the onset of the drought 
response in the cocoa plant (Theobroma cacao); it may be due to changes in gene 
expression related to stomatal conductance, net photosynthesis, and green fluores-
cence emission (Ma et al. 2019).

Plant growth-promoting bacteria (PGPB) mainly reside in rhizospheric soil. 
Many of them also have endophytic characters. One of the most diverse groups of 
PGPB in rhizosphere is Bacillus (Ghosh et al. 2003). Recent works have shown that 
several species of Bacilli promote plant growth associated with their capacity to use 
ACC. Thus, a search for Bacillus was carried out as endophytes of seeds of different 
tomato varieties (Lycopersicum esculentum Mill.). subtilis HYT-12-1 was isolated 
and found to both induce plant growth and possess ACC deaminase activity. The 
different isolates reported in that work also showed that other mechanisms of plant 
growth promotion were operative in those bacteria including the production of IAA, 
siderophores, and the solubilization of phosphates and nitrogen fixation.

Typically, plants exposed to high amount of stress increase the production of 
ethylene. PGPB associated with the plant cell help in degrading the precursor of 
ethylene, i.e., ACC (1-aminocyclopropane-1-carboxylate). This in turn lowers the 
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Fig. 29.3  PGPB inhibiting ethylene production by ACC deaminase alleviating stress in plant cell

production of ethylene, causing growth promotion and survival of the plant in stress 
condition. PGPB also produce IAA which in turn promote cell division and growth 
in plants. This has been depicted in Fig. 29.3.

By sequencing the 16S rDNA marker, representative isolates were determined to 
be closely related to five Bacillus species: B. subtilis (Xu et al. 2014). A much salt-
tolerant Bacillus strain with ACC deaminase activity was isolated from Thai saline 
soil. The authors did not explain whether the strain was isolated from the tomato 
rhizosphere or from the bulk soil. However, it showed an interesting result that the 
strain demonstrates the ability to use ACC as the sole carbon source under saline 
conditions (up to 0.6 M NaCl). Tomato plant (Lycopersicon esculentum Mill. cv. 
Seeda) with several newly isolated bacterial strains (one after the other) increased 
the percentage of seeds that germinated, the root length of tomato plants, and the 
dry weight of the seedlings. Four of the five newly isolated strains were character-
ized as Bacillus licheniformis B2r, B. vietnamensis Apa, and B. licheniformis by 
homology to the 16S ribosomal RNA gene (Chookietwattana and Maneewan 2012). 
Salt tolerance mechanisms of endophytes are very much similar to plant growth-
promoting rhizospheric bacteria (PGPR). Like PGPR, endophytes produce ROS 
scavengers such as glutathione, ascorbate, and tocopherol and the enzymes include 
superoxide dismutases (SOD), catalases (CAT), ascorbate- or thiol-dependent per-
oxidases (APX), glutathione reductases (GR), dehydroascorbate reductases 
(DHAR), and monodehydroascorbate reductases (MDHAR) (Rouhier et al. 2008). 
A wide range of PGPB is listed in the Table 29.1.
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Table 29.1  List of PGPB used in mitigation of abiotic stress

No. Bacteria Benefitted plant Growth-promoting activity References

1 Bacillus subtilis 
BERA 7

Chickpea (Cicer 
arietinum cv. 
Giza 1)

Induction of osmoprotectant 
production

Abd-Allah et al. 
(2018)

2 Pseudomonas spp Canola (Brassica 
napus L.)

IAA production Akhgar et al. 
(2014)

3 Bacillus 
amyloliquefaciens 
NBRISN13

Rice (Oryza 
sativa L. indica 
var. Narayan)

IAA and siderophores 
production, highly 
competitive in rhizosphere, 
lipid, and fatty acid 
composition change under 
salt stress

Nautiyal et al. 
(2013)

4 Rhizobium spp. Sunflower Alleviate draught stress by 
EPS

Alami et al. 
(2000)

5 Pseudomonas 
fluorescens

Maize Salinity stress alleviation. 
ACCd, increased NPK 
uptake maize

Nadeem et al. 
(2013)

6 Achromobacter 
xylosoxidans

Phragmites 
australis, 
Ipomoea 
aquatica, and 
Vetiveria 
zizanioides

Catechol and phenol 
degradation

Ho et al. (2012)

7 Kocuria flava 
Bacillus 
vietnamensis

Oryza sativa The isolates showed 
significant reduction in 
As(III) uptake and increase 
in rice seedling growth in 
As-stressed area

Mallick et al. 
(2018)

8 Methylobacterium 
oryzae

Acacia 
farnesiana

Plants associated with M. 
oryzae showed growth in 
increased As-concentration 
without any reduction in 
biomass and chlorophyll

Alcántara-
martínez et al. 
(2018)

9 Rhizoglomus 
intraradices, 
Glomus etunicatum

Triticum 
aestivum

AM colonization helped the 
host plant to overcome 
As-induced P deficiency. 
Increase of nutrients (N, P, 
S), lowered lipid 
peroxidation and H2O2

Sharma et al. 
(2017)

10 Trichoderma sp. Helianthus 
annuus

Siderophore production, 
IAA, ACC deaminase 
activity, and phosphate 
solubilization. Inoculated 
plants in As and Pb-amended 
soil showed higher biomass 
production than uninoculated 
plant

Govarthananm 
et al. (2018)

(continued)
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Table 29.1  (continued)

No. Bacteria Benefitted plant Growth-promoting activity References

11 Pseudomonas 
putida

Triticum 
aestivum

Phytochelatin synthase gene 
modified to overcome Cd, 
Hg, stress

Yong et al. (2014)

12 Glomus mosseae Solanum nigrum Cd stress tollerance Luo et al. (2011)
13 B. licheniformis B2r Solanum 

lycopersicum 
(tomato)

Alleviate some of the 
detrimental effects of salt 
stress through production of 
ACC deaminase and 
gibberellin and phosphate 
solubilization

Chookietwattana 
and Maneewan 
(2012)

14 Flavobacterium 
glaciei

Solanum 
lycopersicum

Alleviate chilling or cold 
stress by increasing super 
oxide dismutase, proline 
accumulation, decreasing 
lipid peroxidation

Subramanian 
et al. (2016a)

15 Arthrobacter 
protophormiae

Pisum sativum Tolerance to salt and 
polyethylene glycol 
enhanced rhizobial 
nodulation and mycorrhizal 
colonization

Barnawal et al. 
(2014)

16 Pseudomonas sp. 
A3R3

Alyssum 
serpyllifolium

Alleviate Ni stress through 
production of IAA, 
siderophores, ACCD, and 
solubilization of P; excreted 
cellulase and pectinase. 
Increased the biomass of B. 
juncea and Ni content in A. 
serpyllifolium; showed high 
level of colonization in tissue 
interior of both plant species

Ma et al. (2011)

17. Microbacterium sp. 
NCr-8, Arthrobacter 
sp. NCr-1,

Noccaea 
caerulescens, 
Thlaspi 
perfoliatum

Ni stress tolerance by 
production of IAA, 
siderophores, and ACCD. Ni 
translocation enhanced

Visioli et al. 
(2014)

18 Bacillus 
thuringiensis 
GDB-1

Alnus firma Tolerance to As, Cu, Cd, Ni, 
Pb, and Zn through 
production of IAA, 
siderophores, ACCD, and 
phosphate solubilization

Babu et al. (2013)

3 � Conclusion

Taking present scenario about the climate change into account, the hardest problem 
to attain zero hunger is the sustained crop loss due to abiotic stresses (mainly salin-
ity, draught, and heavy metal stress) that is increasing day by day due to anthropo-
genic interventions such as excessive use of chemical fertilizer, pollution, and 
urbanization. To overcome this problem, bio-stimulants are being explored 
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worldwide. Much progress has been done before and many strategies have been 
applied previously to successfully overcome or tolerate the abiotic stresses. But it is 
needed to find out more eco-friendly and economic approach to get control of this 
highly evoking problem. Bio-stimulants are the wide range of biological compounds 
and microorganisms that help plant to alleviate stress and increase growth and pro-
ductivity. Still specific, eco-friendly and economical bio-stimulants need to be iden-
tified for specific stresses. Here we have briefly discussed the different classes of 
bio-stimulants that are discovered and their mechanism of action to alleviate stress 
is detected.
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Chapter 30
Biotechnological Techniques 
for Sustainable Waste Management

Mujahid Farid, Sheharyaar Farid, Muhammad Arslan Aslam, 
Khadija Azhar, Khadija Tariq, Zainab Akbar Ali, Zunera Ijaz, Zoya Sarfraz, 
Muqaddas Khalid, and Mohid Ahmad

Abstract  The environment is considered the most significant component for man 
and other biotic units for their survival. The level of environmental sustainability 
reflects the fundamental value of both biotic and abiotic components. To achieve the 
goal of sustainability, the best comprehensive technique is recycling the waste and 
other by-products to make the waste more beneficial. It will also help the relation-
ship between biotic and abiotic components to preserve a visual and vigorous equi-
librium that distinguishes a perfect environment. Biotechnology is considered an 
evolving science for the sustainability of the environment. The conventional treat-
ment methods required a high amount of cost and energy in most cases to remove 
the pollutants from the contaminated area. However, most of these processes only 
change the state of pollutants rather than eliminate them. On the other hand, biologi-
cal methods include the degradation of the contaminants. In biological treatment 
methods, pollutants can be fixed, purified, and detached by using mainly microor-
ganisms. Due to the comparatively low cost and the dissimilarity of work develop-
ment, the bioremediation procedure has been most extensively used all over the 
world. Environmental biotechnology has been in existence for a while, but with the 
emergence of new methods such as contemporary microbiology and molecular 
genetics, researchers can now address the more pressing environmental issues such 
as detoxifying hazardous waste over the use of microbes. Exponential population 
growth has resulted in a decrease in the natural ecosystem, and disruptions to the 
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stability of natural cycles have a detrimental effect on both humans and other living 
systems. Biotechnology seems to be the most sustainable method of nourishing the 
environment, despite the obstacles posed by the increase in population and the ensu-
ing problems with pollution.

Keywords  Environmental sustainability · Biotechnology · Waste treatment · 
Trends in biotechnology

1 � Introduction

The environment is the basic element for the survival of humans and the biotic com-
ponent. The purpose of environmental sustainability may be characterized as the 
capability to meet the fundamental necessities of society today without compromis-
ing the demands of future generations. When it comes to the management of waste, 
it may be linked to managing natural resources to ensure that their current and 
future useful uses are not affected (Englande and Jin 2006). A healthy environment 
offers the basic goods to all the living organisms present in the ecosystem; however, 
the natural resources are under stress due to the rapid increase in the population. The 
world’s population is predicted to grow by around ten billion people by the time 
2050, putting an enormous additional burden on the planet’s resources (Maja and 
Ayano 2021). The world’s policymakers now place a significant emphasis on sus-
tainable development. The strategy to achieve the goal of sustainable development 
must be comprehensive, cost-effective, and determined to protect public health and 
the environment (Sachs et al. 2019).

Among the wide spectrum of technologies that could help us achieve sustain-
ability, the best way for sustaining the environment is to yield back the entire waste 
constituent in a recyclable means so that waste becomes beneficial. However, bio-
technological techniques are eco-friendly and particularly take an important place 
in food production, pollution prevention, and bioremediation (Kurade et al. 2021). 
Biotechnological technologies are used for adapting the development or modifica-
tion of living organisms, chemical processes, and products that are already present 
in the environment. Additionally, as a complement to traditional chemical technolo-
gies, they are employed in the industrial sector to improve environmental perfor-
mance (Singh et al. 2018).

Environmental biotechnology refers to the usage of microorganisms to improve 
the quality of the environment. Due to the rapid increase in the population, the natu-
ral ecosystem is under pressure and causes instability in the natural cycle. These 
tools can help to produce new and innovative methods for sustainable and more 
efficient ways to produce conventional products having no harmful impact on the 
natural environment through cell modification in living organisms (Chen et al. 2005; 
Ezeonu et al. 2012).
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Biotechnological techniques seem to be the most effective technology in the 
industrial sector, especially in the process of production compared to the other tra-
ditional chemical processing methods as they are more environmentally friendly. 
The necessity for innovative, cost-effective, and sustainable biological techniques 
of pollution treatment has been driven by numerous issues with traditional methods 
of pollutant treatment such as incineration or landfills. Human activities in the envi-
ronment include several chemicals mixture in the process of renovating the natural 
goods in his environment into other forms suitable for his feeding. In the manufac-
turing procedure, man generates problems either knowingly or unknowingly 
(Ezeonu et al. 2012; Ghahari et al. 2021).

Microorganisms are added to the substrates that produce the desired products for 
the industrial sector such as biofiltration, bio-detergent, bioleaching (biomining), 
bioremediation, biocatalyst, biomass fuel generation, and biomonitoring. These are 
the several biotechnological tools that help to sustain the environment by control-
ling pollution (Ghahari et al. 2021). This chapter will provide an overall compre-
hensive overview of the different biotechnological techniques for sustainable waste 
management along with the development and modification of these methods 
with time.

2 � Tools for Environmental Sustainability

2.1 � Biofuels

There is an obvious need for the world to shift its energy dependency from fossil 
fuels to renewable energy resources to combat the accelerating rate of climate 
change due to the emission of greenhouse gases (GHGs) into the atmosphere. The 
study by Liu et al. (2021) mentioned that according to the US environmental protec-
tion agency, the US alone was responsible to emit around 6.67 gigatons of GHGs 
into the environment in the year 2018. Due to the environmental regulations to mini-
mize the emission of GHG, and the recent advancement in fermentation processes 
and crop engineering, the production of biodiesel and bioethanol has become afford-
able and environmentally friendly replacements for fuels based on petroleum 
(Osman et al. 2021). Biofuels are made from the cellulose in the wood, grasses, and 
non-edible parts of plants that can ominously diminish greenhouse gas emissions in 
contrast to fossil fuels. The types of the biofuel can be differentiated on the basis of 
different key factors including the variety of feedstock and the conversion process 
(Fig. 30.1) (Jeswani et al. 2020).

Biofuel technology has developed remarkable improvements through multiple 
generations. The main issue with the first generation of biofuels is that the feed-
stocks for it are food crops such as sugar cane, which compete with food production 
as they required soil, water, and fertilizer. The use of pesticides and genetically 
engineered crops is further constrained by strict rules and regulation regarding their 
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Fig. 30.1  An overview of the raw materials and manufacturing procedures for various biofuels. 
(Adapted from Jeswani et al. (2020))

usage (Liu et al. 2021). Moreover, to overcome these drawbacks, second-generation 
biofuels are made from the residues of the non-edible plant called lignocellulose, 
which is the most prevalent type of biomass on Earth (Isikgor and Becer 2015). Due 
to the economic benefits and the net carbon footprint, second-generation biofuels 
are very attractive. The production of biofuels through the transesterification of 
microalgae is generally known as the third generation of biofuels. However, the 
production of biofuels from second and third generations is referred to as advanced 
biofuels (Jeswani et al. 2020). As compared to the other generations of biofuels, the 
production of the fuel in microalgae-based biofuels occurs in one single organism 
which is the more efficient and direct process with zero energy demand (Wijffels 
and Barbosa 2010).

2.2 � Bioremediation

The term “bioremediation” refers to the removal of pollutants from different envi-
ronmental media through plants or microbes. The elimination of pollutants by using 
plants from water or soil occurs due to the absorption process by the roots and their 
accumulation in the leaves of plants. However, the microorganism can also elimi-
nate or detoxify the pollutants that are present in the environment (Khalid et  al. 
2017). There are two major types of bioremediations which include phytoremedia-
tion and microorganism remediation.

The term “phytoremediation” is also divided into different types. The process by 
which the plant roots translocate and accumulate the contaminants from soil or 
water in their shoots which are then harvested is known as phytoextraction. 
Phytoextraction involves five major mechanisms, including the mobilization of con-
taminates in the rhizosphere and, the absorption of pollutants through plant roots 
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(Ali et al. 2013; Muthusaravanan et al. 2018). Moreover, rhizofiltration, also known 
as the name for phytofiltration, is the process of absorbing contaminants into the 
root zone or adsorbing them onto plant roots from a solution. The degree of success 
of phytofiltration depends upon the understating of pollutants heterogeneity and the 
correlation of all pollutants and nutrients (Dhanam 2017; Khan et al. 2019).

On the other hand, the term “phytostabilization” is the mechanism that involves 
the usage of plants having the ability to reduce the bioavailability of contaminants 
through the prevention of their seepage into the groundwater and their addition to 
the food chain through a variety of mechanisms such as adsorption by plant roots 
(Sarwar et al. 2017). However, phytostabilization does not offer a long-term remedy 
for contamination because it only works to minimize contamination of surrounding 
media/areas rather than reducing pollutant concentrations (Khalid et al. 2017).

Phytovolatilization is another type of phytoremediation technique, which uses 
plants to absorb pollutants, convert them into volatile substances, and release them 
into the atmosphere either in their original form or with slight modifications because 
of the plant’s biochemical and evaporation forces (Khan et  al. 2019). Moreover, 
phytodegradation, often referred to as phytotransformation, is the decomposition of 
pollutants absorbed by plants via internal biological pathways. Most plants can use 
their metabolic processes or enzymes to convert the ingested pollutants into less 
hazardous chemicals (da Conceição Gomes et al. 2016; Muthusaravanan et al. 2018).

The key process in microorganism remediation of a contaminated site is to inac-
tivate and limit the availability of contaminants. Microorganisms are unable to 
degrade different inorganic pollutants such as heavy metals. However, they are 
capable to transform into another form because of the changes in their chemical and 
physical properties (Ashraf et al. 2019). Through their metabolic reactions, micro-
organisms contribute to the degradation of the targeted pollutant by functioning as 
biocatalysts and accelerating the process. Different factors can affect the optimiza-
tion of the microbial remediation process including the presence of microbe’s abil-
ity to degrade the pollutants and different environmental conditions such as 
temperature, soil type, pH, and redox potential (Mishra et al. 2021).

Though bioremediation is a potential approach for cleaning up the contaminated 
sites, there are some difficulties such as it requires more time as compared to the 
other treatment technologies. For most species, environmental factors might not 
always be appropriate. Moreover, using invasive plant species as hyperaccumulators 
may have an impact on the diversity of native flora. Similarly, the sustainability of 
biological treatment methods could be compromised by the exogenous application 
of microbes (Ashraf et al. 2019; Gerhardt et al. 2017).

2.3 � Biomining

The general term “biomining” can be described as the methods for extracting and 
recovering metals from ores and waste products that rely on biological systems, 
primarily prokaryotic microorganisms. The presence of metals in the environment 
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is a great concern as it can cause several harmful effects on the ecosystem and 
human health. (Johnson 2014). In the modern era, the concept of biomining refers 
to combined two-step biological mechanisms including bioleaching followed by 
biosorption to extract and recover the metals from different secondary sources such 
as e-waste, mining, and industrial waste (Kucuker and Kuchta 2018).

Several types of electronic wastes have a significant number of metals including 
rare earth elements having a high potential for economic development. The transfor-
mation to a greener, low-carbon economy relies significantly on crucial elements, 
such as elements of rare earth (REEs) and valuable metals, which are the basic 
components of all electronic waste materials; thus their extraction is significantly 
important (Tuncuk et al. 2012).

In previous studies, several traditional treatment techniques such as hydrometal-
lurgical, mechanical, and biometallurgical methods have been suggested to recover 
the metals. However, these conventional processes have a significant environmental 
impact and required a larger scale of operation as compared to biomining which is 
considered the most sustainable and eco-friendly method to extract and recover the 
metals from the waste material (Kucuker and Kuchta 2018).

Biomining has been well recognized in the domain of recovering metals from 
refractory gold ores and low-grade and polymetallic base metal ores. In the present 
era, environmental and energy restrictions become more regulated and there will be 
a significant need to recycle old, abandoned wastes which frequently contain higher 
concentrations of metals, in addition, to recovering and reprocess metals from elec-
tronic as well as other metallic wastes (Johnson 2014).

2.4 � Biosensor

Environmental pollution is currently the most serious problem we are facing, con-
stantly growing and causing significant harm to the planet. The improvement in the 
standard of living causes different environmental problems such as rises in CO2 
concentration. Moreover, the soil ecosystem is also affected by the presence of dif-
ferent contaminants including pesticides and non-biodegradable substances. In 
addition to this man-made pollution, organic pollutants like bacteria and viruses are 
also polluting water sources (Wang et al. 2014).

The comprehensive analysis and continuous monitoring of the pollutants are 
important and ensure the safety of human health. Different types of biological 
agents are already in place for the detection and quantification of pollutants in all 
the environmental compartments. Moreover, classical analytical techniques like 
spectrophotometer and chromatography are costly, skill-intensive, and required 
more time. Thus, there is a need to develop more sustainable approaches with new 
advanced techniques. Therefore, biosensors appear to be a good option as a system-
atic tool for this (Hassani et al. 2017).

A biosensor is an integrated tool consisting of two parts: a bioreceptor (biologi-
cal component) and a transducer. The first component, which is known as a 
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bioreceptor, responds to the targeted compound by producing a physiochemical 
reaction, then the other component transducer transforms these physiochemical 
impulses into an electrical signal which provides an electronic display. These bio-
sensors provide a real-time series signal with high sensitivity, and therefore used to 
quantify different biomaterial specimens and in other variety of the applications 
such as in the management of the fermentation process and environmental quality 
control (Negi and Choephel 2020).

There are different ways (biological component and transducer) by which a bio-
sensor can be categorized into various types. Based on the biological component 
(bioreceptor), it could be an enzyme, antibody, or aptamer. However, transducers 
can also be used to classify a biosensor which could be electrochemical, optical, 
piezoelectric, electrical, or colorimetric. Despite the development of biosensors for 
the identification of environmental analytes, there are very few commercially avail-
able (Negi and Choephel 2020; Turner 2013).

3 � Trends in Biotechnology

3.1 � Modern Biological Strategies

•	 Deterioration typically means that a product is altered, but not continuously to 
the degree that it is broken down or transformed. Many decay demonstrations 
rely on proof that a single chemical is out of place, without determining whether 
or not additional products are being produced (Rochkind-Dubinsky et al. 1986). 
New harmful goods can be created through degradation. Right biodegradation is 
the metabolism of a substance to innocent products, to put it simply (Focht 
1988). Determining the paths of degradation as well as the acceptable products 
and quantities is crucial. More inexperienced biodegradation approaches can be 
added by scientists and engineers with a better understanding of microbial ecol-
ogy. An ideal all-natural strategy for research and development to break down a 
pollutant might consist of the following:

•	 Identifying the optimal organism with offshoot abilities.
•	 Describing the circumstances that permit the microbe to exist and its traits.
•	 Identifying the pollutant’s metabolic route and any related or important cellular 

products.
•	 Identifying and describing the pathway’s enzymes.
•	 Describing the setting for the therapy. If genetic engineering is used, the follow-

ing significant steps are crucial:

Identifying the genes that control the pathways and the enzymes, and then modi-
fying those genes to increase substrate diversity, stability, or degradation costs. In 
some cases, sequencing the genes of hobbyists may also provide some hints for how 
to control gene products to break down persistent substances (Kelly M, 1987, 
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Director, technology staff, Office of Solid Waste and Emergency Response, 
U.S. Environmental Protection Agency, personal communication).

3.2 � Metabolic Pathway Design

To create effective metabolic pathways, three methods are being employed in the 
lab (the first two are more frequently used):

•	 Chemostats and other lab systems, in which organisms are cultivated under long-
term selection circumstances to encourage the organisms to metabolize novel 
substrates.

•	 In vivo genetic transfers, whereby an herbal genetic technique is used to recruit 
the gene of a helpful enzyme from one organism into a pathway of another 
creature.

•	 Recombinant DNA era, in which genes are transferred using in vitro techniques 
to a new host to produce a whole new pathway (Pritchard PH, 1987, Acting 
Branch Chief, Microbial Ecology and Biotechnology. U.S.  Environmental 
Protection Agency, Sabine Island, Gulf Breeze, personal communication).

The era of recombinant DNA allows for the most precise gene alteration, but it 
also necessitates extensive knowledge of one’s ancestry and subsequent study and 
development. It is usually possible to complete selective pressure and in vivo trans-
fer without extensive primary research. Positive examples are the many years of 
exposure to creosote and pentachlorophenol (PCP) waste, which has put selection 
pressure on organisms to develop the ability to metabolize novel substrates (Timmis 
et al. 1988).

The modified Pseudomonas can effectively break down 2,4,5-T, one of Agent 
Orange’s active ingredients. A plasmid (an additional chromosomal DNA unit) in 
this situation has the genes necessary to produce one or more enzymes that break 
down the chemical. Environmental application must be the goal of modifying the 
plasmid so that it might be injected and maintained in a variety of host species that 
can occur on harmful internet domains (Ghosal et al. 1985).

3.3 � Genetic Enhancement of Organisms

One strategy makes use of the era of recombinant DNA to logically construct path-
ways that can break down xenobiotic substances. These pathways can be constructed 
in two different ways: by redesigning existing pathways or by creating completely 
new pathways from enzymes or enzyme fragments (Ghosal et al. 1985). Patchwork 
assembly is the name for the later strategy. Many see the benefits of adopting native 
organisms’ natural routes wherever feasible as well as the use of recombinant DNA 
creation to speed up processes for resistant substances. Work on molecular 
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biological strategies to train several resistant command kilos is ongoing. For 
instance, it is believed that a mechanism exists that converts Dichlorobenzene 
(DCB), a suitable product, from Dichlorodiphenyltrichloroethane (DDT), one of the 
most persistent pesticides in the environment (Rochkind-Dubinsky et al. 1986). In 
many cases, it could be desirable to do without the oxygen need (Focht 1998). To 
create creatures that can paint without oxygen, basic recombinant technology 
research is required (Odelson et al. 1987; Swank 1998). Other research facilities are 
developing genetic strategies to speed up the removal of hazardous metals, which 
damage many soils and waste streams. This technique can recover priceless metals 
(Brierley 1982; Torma 1986; Wichlacz 1986).

3.4 � Microbial Physiology and Ecology

In comparison to microbial biochemistry and genetics, microbial ecology and frame 
structure research and development are far less progressed. The use of organisms in 
the environment to reduce trash and pollution is severely impacted by these chemi-
cals. Of all soil organisms, only 1–10% are known or have been grown (Check 
1978). Even for bacteria that have been identified, very little is known about the 
whole range of reactions that may occur in any given organism, much less how 
those reactions are connected and managed. The relationship between a creature 
and its environment, as well as with other species, is thought about even much less. 
In nutrient enrichment and bioaugmentation, an understanding of frame form and 
ecology is crucial. Otherwise, the biosystem’s performance and result cannot be 
taken into consideration (Raymond R, 1987, Sr, President, Biosystems, Chester 
Township, personal communication). In nutrient enrichment and bioaugmentation, 
an understanding of frame form and ecology is crucial. Otherwise, the biosystem’s 
performance and result cannot be taken into consideration (Raymond R, 1987, Sr, 
President, Biosystems, Chester Township, personal communication).

3.5 � Microbial Communities

Microbes exist in mixed microbial enterprises rather than being isolated within the 
environment. On occasion, microbial communities can destroy contaminants that a 
single cell could not. If the circumstances are right, an organism community may 
complete a series of responses. One reaction that changes benzoate into acetate, 
hydrogen, and carbon dioxide, for instance, and another that turns hydrogen and 
carbon dioxide into methane are just a few examples of how the dichlorination pro-
cess previously mentioned is seen (Dolfing and Tiedje 1987). In another instance, 
enrichment using an analog chemical—a compound with a structure identical to the 
pollutant but without the chlorine attached—causes the exquisite bacteria to grow 
and promotes deterioration before being consumed by different, unreachable 
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species. The analog chemical should be updated by developing new genotypes that 
would function well with the local organisms in real-world settings. At least one lab 
is investigating this method (Focht 1988). The cost of treatment will significantly 
increase if oxygen and vitamins are added, both in terms of the price of the raw 
material and the cost of adding and combining the additives. Significant financial 
savings should result from reducing the need for chemicals.

4 � Bioengineering and Waste Treatment Processes 
for Energy Generation

4.1 � Geothermal Energy

Energy production through the geothermal process is a sustainable and renewable 
resource and can minimize the risk of global warming (Soltani et al. 2021). At the 
end of the twentieth century, the focus in the field of renewable energy production 
has been placed on creating ecologically friendly and financially feasible solutions 
for disposing of geothermal waste (Premuzic et al. 1997).

Solid waste is trash composed of both inorganic and organic substances that are 
no longer valuable and should be managed to preserve the environment (Nanda and 
Berruti 2021). Geothermal processes can produce waste, particularly solid waste 
material. According to a study by Pasqualetti and Dellinger (1988) the major sources 
of solid waste in the US from the field of geothermal are drilling mud remnants, drill 
cuttings, and chemical waste from power plants and cooling towers.

This geothermal waste includes several types of contaminants including heavy 
metals. However, it is already acknowledged that many methods, such as oxidation, 
reduction, precipitation, and adsorption on the surface, can be used by microbes to 
engage with metallic materials. These processes provided the basis to create innova-
tive methods that use biochemical processes to concentrate and eliminate hazardous 
metals from wastes and transform them into by-products that are appropriate for the 
environment and regulatory requirements (Premuzic et al. 1991).

4.2 � Microbial Fuel Cells

Water and power conservation poses a worldwide problem due to several circum-
stances, including environmental changes, population growth, and rising commer-
cial and home energy demand (Asim et al. 2021). Microbial fuel cells (MFCs) are a 
novel technology that has been evolving to tackle these issues. Microbial fuel cells 
may produce energy as well as they may also improve the removal efficacy of vari-
ous types of contaminants from wastewater (Gude 2016a).
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Microbial fuel cells utilize the electrochemical catalytic properties of microor-
ganisms, to generate energy through the oxidation of both substrates organic and 
inorganic. Ideally, practically all substances which can be decomposed by microbes 
can be used as feedstock in MFCs, including simple chemical compounds, sewage 
from metropolitan areas, agricultural residues, and different industrial effluents 
(Gude 2016b).

All these MFCs are made up of two chambers including the anode and cathode. 
These chambers are kept separate through a proton exchange membrane. Organic 
feedstocks are oxidized through the biocatalyst at the anode, which ultimately 
releases electrons and protons. The proton exchange membrane (PEM) transports 
the protons to the cathode compartment, whereas the external circuit conveys the 
electrons. However, on the cathode side, both electrons and protons react while 
oxygen is simultaneously reduced to water (Rahimnejad et al. 2015).

The following categories list the primary MFC applications created in recent 
decades (Rahimnejad et al. 2015):

•	 Production of bioelectricity
•	 Biohydrogen generation
•	 Effluent treatment
•	 Biosensor

5 � Waste Hierarchy

The expanding human population, economic expansion, fast urbanization, rising 
incomes, and increased demand for products and services all contribute to a rise in 
solid waste production (Minghua et al. 2009). From 1900 to 2010, the pace of global 
solid waste output increased from less than 0.3 Mt per day to more than 3.5 Mt per 
day and this rate is expected to be doubled by 2025 and tripled by 2100 (Hoornweg 
and Bhada-Tata 2012). The World Bank estimates that the yearly rate of municipal 
garbage production worldwide has reached around 2.01 billion tons and will 
increase to about 3.4 billion tons by 2050 (Kaza 2018). Garbage management chal-
lenges have gotten worse because of this sudden rise in waste generation (Iqbal 
et al. 2020). One of the biggest problems facing local governments in this century is 
managing solid waste.

Solid waste management accounts for a larger share of the recurring budgets 
(20–50%) of cities across the world (UN 2010). Municipalities have been managing 
solid waste since the mid-1900s, when uncollected trash and inadequate sanitation 
were first identified as the root causes of infectious illnesses (UN 2010). Humans 
and the ecology suffer when municipal solid waste is not managed properly.

Burning garbage and open dumping cause air pollution with hazardous fumes 
and soil contamination with leachates (Iqbal et  al. 2020). The linear economic 
model, sometimes known as the “take, make, and discard” pattern, has achieved an 
unparalleled degree of growth as the globe transitions to an urban future, but it has 
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also placed significant pressure on trash creation and resource supply concerns on 
the anthroposphere. Urban solid waste is widely believed to need to be handled to 
reduce any possible harm to the environment and public health. Another widely held 
belief is that contemporary civilizations should strive to be sustainable and pursue 
zero-waste society in accordance with circular economy concepts (Kijak and Moy 
2004; Gamberini et al. 2013; VanEwijk and Stegemann 2014).

Policymakers and technical experts have adopted suitable methods for managing 
municipal solid waste and preserving the environment because of the ongoing pro-
motion of environmental management and the accomplishment of sustainable 
development goals (Patil 2012). In this sense, the necessity of recycling and reusing 
material wastes has grown over time (Umar et al. 2016). The concept of waste hier-
archy (WH) is well-known and has been utilized in various ways in waste manage-
ment strategies. However, the first hierarchy for waste management was presented 
in the Dutch parliament in 1979 by politician Ad Lansink, whose name is derived 
from the Dutch phrase “Ladder van Lansink.” The “Ladder of Lansink” is a frame-
work that outlines the preferred order of waste management and resource conserva-
tion options, with “reduce” being the most favored and “landfill” the least. Over 
time, this approach has evolved into the widely recognized waste hierarchy, which 
is a crucial aspect of waste legislation both within the EU and globally. Unlike the 
3Rs framework of the circular economy, the waste hierarchy specifically addresses 
the priority of waste processing through a five-stage pyramid, starting with “preven-
tion” as the most desirable option and ending with “disposal” as the least preferable.

5.1 � Sustainable Solid Waste Management Hierarchy

The ideas of “waste management hierarchy” serve as the foundation for sustainable 
solid waste management today (Yakubu and Zhou 2018). The hierarchy can be 
shown in a variety of ways, but the overall idea is to move waste management “up 
the hierarchy” such that reduction, reuse, and recycling (the “3Rs”) are closer to the 
“top” and garbage is diverted from disposal, which is at the “bottom.” The “3Rs”—
reduce, reuse, and recycle—are referred to as the “waste hierarchy” and are used to 
categorize waste management techniques according to how desirable they are for 
minimizing trash. The waste hierarchy seeks to create the least amount of trash 
while maximizing the practical advantages from items.

Waste minimization is the priority in the hierarchy of waste management. 
Reusing old materials, traveling to supermarkets or local stores with shopping bas-
kets, and other practices are all part of waste reduction. Reduced costs for disposal 
and treatment, preservation of natural resources, and the resolving of environmental 
issues are some advantages that might result from trash reduction (Sasikumar and 
Krishna 2009). In eight states in Malaysia, the government has mandated waste 
separation at source since 2015. This action was made to lessen the amount of gar-
bage that was transported to disposal facilities since some of them have surpassed 
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their carrying capacity and there isn’t enough room in cities to build new ones 
(Sabariah et al. 2018).

The second strategy, waste reuse, is repurposing or reusing outdated products 
that still have value or function (Agamuthu 2004). Residents may help minimize the 
amount of trash produced by reusing old goods that still have value or giving them 
to others rather than tossing them away, according to Bees and  William (2017). 
Many times, households have started the recycling process without recognizing it. 
For instance, discarded polythene bags are recycled, and persons in need are given 
old furniture or clothing.

The next step in the waste management hierarchy is recycling, which some 
homes do every day. There are several ways to recycle home solid waste for future 
use. Paper, aluminum, steel, glass, and plastic are all recyclable materials.

The least favored choice in the hierarchy of waste management is disposal. Open 
dumps or sanitary landfills can be used for disposal. The latter is superior and better 
for the environment. Since open garbage dumping pollutes the ecosystem, experts 
recommend using landfills as the destination for waste disposal.

6 � Applications of Biotechnology in Waste 
Management Approaches

6.1 � Toxicity Characterizations (Biomarkers)

Toxicity characterization techniques aim to define what is “toxic in toxic portions.” 
Toxicity plays a sizable feature inside the strength of mind of water excellent-based 
necessities and effects on organic treatment plants. Polychlorinated dibenzo-p-
dioxins and dibenzofurans are called dioxins and are a source of concern in the 
environment due to their biological build-up and harmful health effects. Incineration, 
namely waste material burning, is a major source of these persistent pollutants 
(Fiedler et al. 1990) and global interests have concentrated on methods for monitor-
ing their emission from industrial operations.

The development of enzymatic biomarkers, the study of endocrine disruptors, 
and the screening of suspected carcinogens using gene assay are all current areas of 
attention that will continue in future.

The strain of a yeast with the dioxin receptor of human and a reporter gene has 
been created. In the presence of polycyclic aromatic hydrocarbons (PAHs), the 
reporter gene activates the receptor. The toxic reactions to dioxin, polychlorinated 
biphenyls (PCBs), benzopyrene, hexachlorobenzene, and certain PAHs may be 
mediated by this strain. Monitoring of PAHs and dioxin (or dioxin-like) chemicals 
in environmental samples is another use for this strain. It is now being used by 
researchers at the University of Tennessee to demonstrate bioremediation efforts 
(Miller III et al. 2004).
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The development of a reporter gene assay technique using recombinant budding 
yeast that expresses human and rat AhR and Arnt proteins is another development 
(Kawanishi et  al. 2013). To increase substance influx and prevent its efflux, this 
gene has been further modified by being removed from yeast assay strains that 
encode cell wall mannoproteins and ATP-binding cassette transporters which 
resulted in the development of an assay method for these yeast protoplasts that 
increased the detection limit 40-fold and decreased the assay’s time by 40% 
(Kawanishi et al. 2003).

Over the past 10 years, specific disciplines in toxicology and environmental tech-
nical knowledge have arisen around the study of endocrine disruptive chemical 
compounds (EDCs) or xenobiotics with hormone interest. To evaluate the health of 
water bodies, monitoring environmental estrogens has therefore become more 
important (Kase et al. 2018). Semi-low-throughput in vitro tests have been devel-
oped because of research on the molecular mechanisms of EDC, and they may be 
used to quickly ascertain if environmental substances, compounds, or residues 
influence hormone levels (Bolger et al. 1998). In evaluating estrogenic activity, the 
use of in vitro reporter gene assays has been found to be useful because they provide 
a quantitative and integrated evaluation of ER-active contaminants. The assays mea-
sure the effect of the contaminants in terms of 17-estradiol equivalents (EEQs), 
taking into account the complexity of environmental mixtures which may contain 
both known and unknown compounds (Mehinto et al. 2018).

In this work, 33 surface (SW) and wastewater (WW) samples were collected 
from throughout Europe and tested using the newly developed EASZY assay, which 
employs transgenic cyp19a1b-GFP zebrafish (Danio rerio) embryos to measure 
in  vivo estrogenic activity. A considerable and concentration-dependent up-
regulation of the ER-regulated cyp19a1b gene expression in the developing brain 
was discovered in 18 of the 33 SW and WW samples, which caused estrogenic 
responses in the EASZY test (Brion et al. 2019).

The purpose of an aquatic pathobiology studies software is to discover using fish 
and one-of-a-kind non-mammals in fundamental danger assessment studies as envi-
ronmental and biomedical fashions for carcinogenesis and reproductive/develop-
mental consequences. The Japanese medaka (Oryzias latipes) is used in studies as a 
biological model for evaluating the carcinogenic and developmental effects of mix-
tures of hydrocarbons, thanks to support from the US Environmental Protection 
Agency. The US Department of Defense funds research on using the Japanese 
medaka as a biomedicine to examine the impact of chemical weapons on fetal and 
developmental outcomes. Additionally, the US Department of Energy encourages 
the study of wild fish as indicators of exposure to various chemical pollutants in 
marshes typical of the Mississippi River Basin (Hartley 2002).
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6.2 � Evaluations of Ecotoxicity

For sustainable development to become a reality, the device’s eco-integrity must be 
upheld. Ecotoxicological evaluations are therefore more prevalent in industry. To 
maintain the status quo of water pleasant, based needs, evaluation of toxicity both 
acute and persistent, direct, and oblique, brief, and lengthy term is necessary. The 
fate and behavior of pollutants within the environment, risk assessment, and risk 
management are crucial aspects of the opinions. The future standard will include 
extensive ecological laboratory profiles on trash and goods to assist predict destiny 
and impact. To determine biodegradability and bacterial toxicity, BASF 
Ludwigshafen, Germany, uses more than 18 analytical tests. For sustainable devel-
opment to be a reality, the eco-integrity of the device must be maintained. Therefore, 
ecotoxicological analyses are more common in business. Evaluation of acute and 
persistent, direct, and indirect, short- and long-term, and acute and persistent toxic-
ity is required to preserve the status quo of water pleasant, based demands. The fate 
and behavior of pollutants within the environment, risk assessment, and risk man-
agement are crucial aspects of the opinions. The future standard will include exten-
sive ecological laboratory profiles on trash and goods to assist predict destiny and 
impact. In this regard, the German company BASF Ludwigshafen uses more than 
18 analytical tests to characterize features such as biodegradability, bacterial toxic-
ity, and ecotoxicology (Strotmann and Weisbrodt 1994).

6.3 � Treatment Trends

It is necessary to reduce the chronic organics and toxic compounds in wastewater to 
acceptable levels to limit the ecotoxicological impacts on receiving waterways. The 
following techniques can be used to improve organic treatment in the chemical and 
petrochemical industry: pre-treatment using chemical and/or advanced oxidation 
techniques to reduce toxicity and improve biodegradability; multi-degree treatment 
for moderate energy wastewaters, more effective precise contaminant removal, and 
reduced shock loadings; VOCs reduction via acclimation of biomass and implemen-
tation of biofilters for off-gasoline treatment; and selector designs (Eckenfelder and 
Englande 1998). It has been discovered that the immediate most SOUR (SOURim) 
is a greater degree of microbial reactivity to transient loadings and toxic/inhibitory 
inputs (Shamas and Englande 1992).

Further research is necessary to enhance the practical applications of this 
approach. The 16S ribosomal DNA polymerase chain reaction (PCR) is a technique 
that amplifies distinct DNA fragments to provide sufficient genetic material for 
identification using methods such as gel electrophoresis. Denaturing gradient gel 
electrophoresis (DGGE) is a method that separates and identifies DNA fragments 
by creating a denaturing gradient. This results in the separation of DNA into distinct 
bands, which can then be sequenced for identification. The PLFA and PCR-DGGE 
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strategies have been used to determine the amount of potential biomass and the 
types of microorganisms present in various aquatic environments, deep subsurface 
environments, and marine environments. This has been demonstrated through stud-
ies of these environments (Hiorns et  al. 1997; Methé et  al. 1998; Gonzalez and 
Moran 1997; Zwart et al. 1998; Berner and Berner 1987; Ringelberg et al. 1997; 
Crump and Baross 1998).

Future installations of organic treatment methods will need to be designed in a 
variety of ways and reactor layouts to achieve the highest treatment effectiveness 
while requiring the least amount of space and power. A Bio Hoch reactor, which is 
defined under the terminology “progressive organic therapy,” is an example of a 
format that achieves such goals (Trobisch 1992).

6.4 � Residual Management

The management of residuals or bio-solids is becoming increasingly important in 
the context of conventional waste management and sustainable reuse. For sustain-
able processes to become viable options for waste control, they must be transformed 
into “value-added products,” where the value of the final product exceeds the cost of 
processing. Some potential value-added products from properly treated bio-solids 
include engineered soil, ornamental horticultural fertilizer, turf grass, synthetic 
coal, and activated carbon. The US market for these products has been documented 
by Englande and Reimers (2001).

7 � Ways of Biotechnology That Make the World Sustainable

7.1 � Role of Biotechnology in Sustainability

Biotechnology refers to a group of legal technologies that are important to many 
different industrial industries (Zeng et al. 2018). For the commercial production of 
biotechnology goods and the transportation of its facilities, a fourth castigation—
differently designated as biochemical, bioprocess, and biotechnology engineer-
ing—is required. None of the several techniques that biotechnology offers are used 
in all industrial divisions (Zenget al. 2018). Many nations are now expressing and 
implementing cogent strategies for harnessing biotechnology for industrial regen-
eration, job creation, and social improvement after realizing its tactical importance.
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7.2 � Bio Pulping

Managing wood chips with lignin-humiliating fungus before pulping is known as 
bio pulping. An experimental process called bio pulping has been thoroughly stud-
ied, mostly as a pre-treatment before mechanically pulping wood. By promoting the 
dispersion and effectiveness of chemicals during the heating of wood chips for 
breaking the cellulose fibers from the lignin before bio pulping substantially facili-
tates subsequent mechanical and chemical pulping. Therefore, bio pulping reduces 
the need for energy and chemicals, improves paper quality, and lessens the impact 
of pulp manufacturing on the environment (Patil 2012).

7.3 � Bioenergy and Fuels

The production of fuels through biotechnology continues to intrigue many people. 
Examples of biofuels include bioethanol (Wyman 2018; Roehr 2001), biogas, bio-
diesel (Graboski and McCormick 1998), and biohydrogen (Nandi and Sengupta 
1998). Except for biohydrogen, the other biofuels have a history of established or 
emerging commercial or pilot experimental application. Despite extensive research 
(Aden et al. 2002) on the bioconversion of lignocellulosic biomass to sugars for 
fermentation to ethanol, it is still rigid. The bioconversion of starch to sugars to 
produce bioethanol is more efficient and popular.

Similarly, gasoline ethanol produced from cane and beet sugar processing left-
overs has been in use for a long time. Another widely utilized method is anaerobic 
digestion of organic waste to methane. The conventional manufacture of bioethanol 
has already been significantly sped up by modern biotechnology. For instance, the 
cost of the primary feedstock is reduced by the higher yielding naturally adapted 
corn; the starch found in genetically modified corn is more easily converted to sug-
ars using enzymatic bioconversion than natural corn starch. Microbial enzymes 
have been engineered for enhanced stability and the ability to rapidly convert starch 
to fermentable sugars. Additionally, microorganisms have been designed to tolerate 
higher levels of toxic ethanol and undergo faster fermentation. These advancements, 
along with others, will make the production of bioethanol more economically fea-
sible in the future.

7.4 � Biofertilizers and Soil Inoculants

As a low-cost and secure alternative to chemical fertilizers that are used to deliver 
nitrogen, phosphorous, potassium, sulfur, and other inorganic nutrients necessary 
for crop development, biofertilizers and inoculants are gaining popularity (Ashraf 
et  al. 2019). Rhizobia bacteria that fix nitrogen were the foundation of the first 
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generation of biological fertilizers, which were undoubtedly present in the root nod-
ules of legume plants. These bacteria fix nitrogen in the atmosphere so that the plant 
has access to attackable nitrogen. By enhancing plants’ interest in conventional fer-
tilizers, microbial inoculants can be employed as a companion to them. It is pre-
dicted that increased usage of biofertilizers will significantly contribute to reducing 
the pollution, energy use, and resource consumption associated with traditional fer-
tilizer use.

7.5 � Biopesticides

Crop safety, managing weeds, controlling insects, treating seeds, preventing algae 
growth in swimming pools, and protecting wood and textiles are all areas where 
pesticides are employed (Waxman 1998). Any tiny biological manager produced by 
microorganisms for use in controlling rodent pests, weeds, and insects is referred to 
as a “biopesticide.” Biopesticides are packaged, handled, stored, and applied in the 
same ways as old-fashioned pesticides. Although biopesticides have achieved some 
spectacular things, their effectiveness has been questioned (Auld and Louise 1995). 
In 2000, sales of bio pesticides were around US$160 million. Of this, sales of Bt 
products accounted for more than 90% of the total (Vega et al. 1999).

Less than 2% of the world’s pesticide market is now occupied by biopesticides, 
but it is expected that this share will rise significantly over time. Compared to tradi-
tional chemical pesticides, biopesticides often have less negative environmental 
effects overall, are more highly targeted, do not leave harmful residues, and lower 
the chance of resistance development in the target species (Hart and Pimentel 2002). 
Plant fungal infections have been treated using biofungicides in both the phyllo-
clade and rhizosphere. Certain soil-borne plant diseases have been successfully 
managed by seed coatings containing Bacillus and Pseudomonas species (Weisz 
et al. 1984).

7.6 � Plastics and Other Polymers

Since the 1920s, researchers have been aware of the presence of biodegradable 
polymers in bacteria, such as polyhydroxy alkanoic acids (PHA). For a very long 
time, bio plastics were ignored due to the costs associated with manufacturing them 
and the availability of flexible, affordable polymers made from petrochemicals. 
Renewing interest in biologically produced polymers is being driven by concerns 
over the permanence of petrochemical plastics in the environment (Simpson et al. 
2019). A microbe was created by the Japan Institute of Physics and Chemical 
Research to manufacture up to 96% of its dry weight in biodegradable plastic (Lenz 
1995). There are now many different plastics available, but no plastic biopolymers. 
Their manufacturing and usage are environmentally sustainable, even though they 
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Most Preferred

Prevention

Reuse

Recycling

Recovery

Disposal

Least Preferred

Fig. 30.2  The hierarchy of 
waste management

are still somewhat pricey. Improved biopolymers and microbial strains capable of 
generating them are being developed.

8 � Conclusions and Recommendations

The production of waste is directly linked with the overall population and consump-
tion globally. It is necessary to utilize the available resources optimally as the pro-
duction of waste drastically increases due to the rapid increase in human population 
and industrial activities. Preventing the negative effects of waste through proper 
waste management is equally vital. To fulfil the requirements of the existing popula-
tion and establish a planet that is resource-rich for the future, alternative resources 
must be used. Because of environmental and economic benefits, the applications of 
biotechnological tools in agriculture and industrial sectors are essential to treat dif-
ferent types of waste materials. These technologies can improve the quality of the 
processing method and the quality of the product in a cost-effective way. Due to 
various modifications in the microbiological processes, now it is possible to evalu-
ate various wastes around us. These tools are not only used for the treatment of vari-
ous pollutants, but, on the other hand, they can also provide different renewable 
energy resources. The modifications from conventional treatment technologies to 
cost-effective and sustainable methods are the biggest achievements of the twenty-
first century (Fig. 30.2).
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Abstract  Managing solid waste has been challenging for decades. Multiple sources 
contribute to the production of metric tons of solid waste. Wastes generated by civi-
lization, urbanization, and industrialization are disposed of annually into the envi-
ronment. It also lacks proper disposal strategies. The disposal and management of 
industrial and municipal wastes have been discussed. Solid waste is usually dis-
posed of in an open dump, which requires a large area and releases toxic, hazardous 
substances into the environment. For several years, significant research has been 
carried out to find a feasible approach to replace these unsuitable solid waste dis-
posal methods, which can finally be replaced by biotechnological techniques such 
as composting, biodegradation, and bioremediation. The methodologies mentioned 
above are discussed briefly in this chapter. Composting is a biotechnological method 
of organic decomposition of solid waste in a controlled environment by microbes. 
Bioremediation utilizes living things to remove contaminants from soils, sludges, 
and groundwater. Moreover, biodegradation considers biological organisms to 
degrade solid waste. These are biotechnological advances in solid waste disposal.
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1 � Introduction

Biotechnology has attracted considerable attention to new technologies which have 
emerged in the last few years. It has expressed the ability to produce enormous 
wealth and impact every substantial part of the economy. Biotechnology has a nega-
tive reputation because it is likely to be associated with agricultural and geriatric 
crops, known as agrotechnology. Nevertheless, biotechnology has many additional 
applications, such as environmental management and pharmaceuticals (Sufficiency 
et al. 2022). One of the most promising applications of biotechnology is waste man-
agement. Waste management is the management of various methods of removing 
waste material from the environment, like degradation, waste removal, and process-
ing (Iqbal et al. 2013). Solid waste has been increasing over time. By 2025, solid 
waste generation will range from 1.2 to 1.42 kg per person per day. The cause of the 
increase in solid waste is a lack of waste management infrastructure. It involves the 
handling and disposal of different kinds of waste, including household waste, indus-
trial waste, E-waste, and wastewater. Solid waste management must assist in the 
long-term sustainability of solid waste and its conversion into resources (Zhou et al. 
2021; Salemdeeb et al. 2017). Nutrients are contaminated when solid waste is sim-
plified with lignin, cellulose, amylose, and monosaccharides. The substantial influ-
ences for the expansion of environmentally friendly technologies based on lower 
food products to achieve the global targets for biofuel, chemicals, and biomaterials 
are also demanded for their rapid growth, although the rising prices of fossil fuels, 
the decline of natural resources, and the increase in taxes are unavoidable (Das et al. 
2012). This chapter discusses biotechnology as a tool for solid waste management 
and provides proper management.

Essentially, biotechnology encompasses the use of organisms and cells, their 
parts, and their molecules to create products and services. But several tools and 
solutions available from environmental biotechnology are claimed to be sustainable 
and can be used to reduce contamination risks on sites, water, soil, and air (Abdel-
Shafy and Mansour 2018). Biotechnology in solid waste management is the tech-
nology of biotic and non-biotic resources to control and remove solid waste while 
reducing environmental impact. This scenario suggests that biotechnology 
approaches to solid waste management can be effective and sustainable (Khan et al. 
2017). The emergence of new technologies in this era has led to greater attention to 
biotechnology since landfilling and incineration are the most damaging and have 
not provided a viable solution to the waste crisis. Biotechnology assists in the 
decomposition of solid waste by using microorganisms to speed up the process, 
which is an efficient approach to reducing solid waste disposal in the environment. 
As degrading agents, biological materials can be used in these mechanisms. 
Environmental waste can come from a variety of sources. Despite their use, many 
waste management technologies produce other types of pollution (Akmal and 
Jamil 2021).

This chapter summarizes the current appropriate biotechnology approaches 
available for the management of solid waste and the potential application of new 
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methods, such as composting, bioremediation, and biodegrading. Composting is 
ideal for a simple organic scale from individual to the community. Composting is a 
controlled process in which microbial populations oxidize organic matter (Cerda 
et  al. 2018). The mineralization process converts organic matter into compost, a 
stable product similar to humus. This final product is a hygienic substance with no 
unpleasant physicochemical characteristics. Biotechnology can even assist in the 
conversion of industrial and other wastes into usable products. Indeed, the field of 
biotechnology appears to have no bounds (Samin et  al. 2014). Bioremediation, 
which uses living organisms to remove, degrade, or contain contaminants in soils, 
sludges, sediments, surface water, and groundwater, is one of the most exciting 
discoveries (Anekwe and Isa 2021). In other words, bioremediation is the biological 
degradation of waste. This method can be used as an alternative to conventional 
cleanup processes, and it is both environmentally friendly and solar-energy-driven 
and natural abilities can assist in its effectiveness. It also suggests future research 
into the conversion and use of bioremediations to solid waste from the petroleum 
industry (Buyukgungor and Gurel 2009). Biodegradation is another biotechnology 
approach. Organic chemicals in nature are converted into simpler compounds, min-
eralized and distributed naturally through the elemental cycle (carbon, nitrogen, and 
sulfur). Because microorganisms are essential to the bioprocess, they cannot occur 
within a biological environment (Kulshreshtha 2013; Aleisa and Al-Jarallah 2018). 
This chapter discusses the different applications of biotechnology to solid waste 
management. Also, to characterize the effectiveness of various biotechnological 
procedures used in solid waste management, there has been an effort to develop 
suitable biotechnological technologies for the increasing number of solids wastes. 
Moreover, it describes the most effective and collaborative approach to solid waste 
management at various levels of management.

2 � Composting

Composting is an ex situ remediation process in which microorganisms degrade 
waste at high temperatures ranging from 55 to 65  °C (Stentiford and Sánchez-
Monedero 2016). Microbes release heat during this process, causing the tempera-
ture to rise and waste to become more soluble. This procedure is used for bulk 
material in solid waste, along with organic wastes (Liu et al. 2022).

2.1 � Compost: A Natural and Eco-Friendly Approach

Composting is a microbiological aerobic process aided by bacteria and fungi. And, 
the final product has a high carbon and nitrogen content, similar to soil. Compost is 
a high-quality waste product, a great medium to grow plants, and suitable for agri-
culture. The composting process requires only the use of biodegradable waste 
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Fig. 31.1  A diagrammatic view of compost process

materials. Composting can commence as early as the raw materials are combined. 
Microbes quickly consume oxygen and rapidly degrade raw materials. The idea was 
to use the animal waste as compost and as a replacement for the pea (Inbar et al. 
1993). Plant material is the most vital ingredient of any mix, whereas animal tissue 
or microorganisms are only a minor part but are the most nutritious. The first stage 
of biological activity occurs when bacteria consume readily available carbohy-
drates, causing a rapid temperature rise. Bacteria and actinomycetes cause cellulose 
breakdown in the second stage. Finally, fungi break down the tougher lignins 
(Waqas et  al. 2018). This pathway is followed in the process of composting 
(Fig. 31.1).

2.2 � Biotechnological Methods of Composting and Recycled 
Solid Waste

The loss of global capacity to deal with the increasing amount of organic material 
poses a serious threat to environmental protection. Composting and vermicompost-
ing are widely accepted as environmentally friendly and sustainable methods of 
organic waste reduction (Taiwo 2011). Today, the population’s demand for land has 
increased dramatically, as have the people’s needs over the years (Lim et al. 2016). 
Composting is among the most prevalent and beneficial biotechnological tech-
niques. Composting is an efficient method of converting waste into fertilizer, 
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particularly biodegradable waste (Diaz Hepperly et  al. 2009). Composting is the 
complex interaction between waste and microorganisms such as bacteria and fungi 
found in waste (Arumugam et al. 2017). Composting and recycling municipal solid 
waste is a comprehensive guide that identifies and explains waste disposal options. 
Worldwide, composting has quickly become the most effective way to manage solid 
waste, especially in the United States. Other biotech techniques include the utiliza-
tion of incinerators, landfills, and waste disposal, but these methods are not entirely 
eco-friendly, even though they are damaging to the environment (Diaz Hepperly et al. 
2009; Malloy et al. 1993). Therefore, this study explores the various composting 
processes, their benefits, and their sustainability of the composting process. 
Furthermore, it explains how composting is an innovative method for managing 
solid waste that is advantageous and affordable.

2.3 � Classification of Composting

Composting is a natural process that generates energy from combustible biological 
organic matter. Composting involves vigorous waste removal, which may release 
high concentrations of biological aerosols into the environment. The composting 
system can be classified based on its structure and composting method (Bonifait 
et al. 2017). Some common types of compost include aerobic, anaerobic vermicom-
posting, windrow composting, aerated static piles, and in-vessel composting 
(Palaniveloo et al. 2020) (Table 31.1).

Today’s world prefers organic methodologies over inorganic due to their cogni-
zance of the chemical hazard. It can be distinguished in this way by the presence or 
absence of air supplied to the system (Mehta and Sirari 2018).

2.4 � Impact of Environmental Factors on Composting 
of Solid Waste

Composting is controlled by some factors that impact the mechanism. The most 
crucial component is the balance of nutrients, water content, the size of the parti-
cles, the porosities, and the pH of the water. During the process of composting, there 
are several factors, such as oxygen concentration, temperature, and moisture 
(Keener et  al. 2000). The most advanced mechanism for composting municipal 
solid wastes has highlighted that organic waste materials have improved by strict 
rules on environmental protection (Gajalakshmi and Abbasi 2008). In this circum-
stance, the impact of temperature, moisture content, waste particle size, and carbon 
to nitrogen ratio can affect the reliability of the composting. To improve the effi-
ciency and productivity of these factors, they must be maintained regularly (Hamoda 
et al. 1998).
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Table 31.1  Different types of composting

Types Function References

Aerobic 
composting

Aerobic composting occurs due to the presence of 
sufficient oxygen. Aerobic microorganisms degrade 
organic matter, releasing carbon dioxide (CO2), ammonia 
(NH3), water (H2O), heat, and humus, a relatively stable 
organic end product

Dinel et al. 
(2004)

Anaerobic 
composting

The decomposition process occurs in the anaerobic 
composting process when oxygen is absent or when there 
is a short supply of oxygen. Under this process, the 
anaerobic microbes dominate the area and form 
intermediate compounds such as methane, organic acid, 
hydrogen sulfur, and other materials

Cerda et al. 
(2018)

Vermicomposting The vermicomposting process breaks down organic waste 
safely with little odor by using worms, oxygen, and 
moisture. The worms do most of it, and the bacteria also 
help

Abu-Zahra 
et al. (2014)

Windrow 
composting

This method involves separating the organic waste into 
rows of large piles, known as windrows and regularly 
aerated by turning them manually or mechanically

Saad et al. 
(2014)

Aerated static pile 
composting

For static compost, organic material is collected and then 
metabolized by bacteria. As the pile dries, the nutrients 
and the heat return to the soil

Íñiguez-
Covarrubias 
et al. (2018)

In-vessel 
composting

This method involves pumping the organic mixture into a 
drum, silos, a concrete trench, or other similar equipment. 
It is necessary to mechanically retract or manually mix the 
material to ensure proper aeration

Manyapu et al. 
(2017)

2.5 � Composting as an Alternative of Solid Waste

Composting is a method used to modify various types of organic matter through the 
action of complex microbial communities (Mbareche et al. 2017). New livestock 
management, based upon intensification in farmland, produces large amounts of 
waste and waste with no agricultural land to be used directly as fertilizer. Composting 
is thus a viable option for the pyrolysis of dung as an agricultural product that is 
both reliable and hygienic (Kumar 2011). However, a lot of research has been per-
formed in recent decades. Composting can change practically useless by-products 
into very usable materials such as humus for crop production by supplying nutri-
ents, controlling plant disease, and so on (Keener et al. 2000).

3 � Bioremediation

Bioremediation is a form of the removal process; it is a subcategory of environmen-
tal biotechnology. Its purpose is to enhance the factors in the environment (Romera 
et al. 2007). Bioremediation is the process by which microbes and bacteria dissolve 
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Fig. 31.2  A schematic view of the degradation of solid waste

pollutants and toxicants. It employs microbial metabolism in the availability of 
ideal temperature and sufficient nutrients to disintegrate toxins (Giriyan et al. 2021). 
Due to remediation, these biotech strategies could well gain traction in the coming 
decades. Bioremediations are also growing in popularity, as they are more environ-
mentally responsible and more cost-effective than other techniques for the degrada-
tion of pollutants. It is a treatment process for soil and water that includes the 
emergence of naturally occurring organisms to destroy or reduce the toxicity of 
hazardous substances found in soil and water, according to the Environmental 
Protection Agency (Coelho et al. 2015; Mohapatra and Phale 2021). Rapid industri-
alization and urbanization have led to a rise in population and waste production. 
Sustained waste release from industries and urban waste have become a challenge 
and serious worldwide concern; hence, bioremediation is the best methodology for 
simply removing contaminated waste (Philp and Atlas 2005) (Fig. 31.2).

3.1 � In Situ Bioremediation

In situ remediation is a type of bioremediation in which solid waste is treated on the 
polluting site rather than moved or transported to another location, requiring no 
excavation of polluting water or soil (Mangunwardoyo et al. 2013). Also, in situ 
bioremediation is remarkably cost-effective and easy to implement. Some reduc-
tions were seen due to inadequate site preparation, suboptimal application design, 
and unrealistic technology setup (Cerda et al. 2016). Microbes and bacteria con-
verse with waste, degrading contaminants and toxins rather than transferring solid 
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waste to another medium. In situ bioremediation has effectively removed chlorine, 
dye, nutrient, heavy metals, and organic residues (Gul et al. 2022). The tendency of 
a microbe to metabolize toxins in nontoxic or nontoxic forms depends on the pres-
ence of nutrients and electron donors. Several more engineering and scientific prac-
tices need to be utilized to achieve optimal outcomes and control the transformation 
of organic pollutants by microbes (Das and Dash 2014; Subashchandrabose et al. 
2013). There are multiple subareas of in situ remediation.

3.1.1 � Bioventing

Bioventing is the type of in situ bioremediation. It is the procedure of decomposing 
organic contaminants in waste by supplying air and oxygen. Venting stimulates bac-
terial activities by providing oxygen to the air, affecting the derivatives of hydrocar-
bons found in waste material (Vidali 2001). During the removal process, the air is 
combined with oxygen in the soil, which facilitates the removal of remaining con-
taminants (Gibert et al. 2005). This process eliminates pollutants with aerobic bio-
degradability, while providing nutrients for microorganisms to deplete contaminants 
while maintaining respiration rates. In addition to removing solid waste, venting can 
remove phenanthrene. Nitrogen and phosphorus are also transfused into the waste 
material during the venting process (Das and Dash 2014).

3.1.2 � Biosparging

The second type of in situ bioremediation is biosparging. It biodegrades organic 
components using the existing microorganisms. The treatment of residual waste and 
petroleum waste is recognized as biosparging (Megateli et al. 2009). During bio-
sparging, oxygen is added beneath the water table where waste exists, increasing the 
oxygen level in groundwater and accelerating the growth of naturally occurring 
bacteria; it also increases interaction between contaminated soil and groundwater. 
This technique is beneficial for mass removal and mass admittance into groundwa-
ter (Maitra 2018). For heavier waste, biosparging is a slow process. The conve-
nience and low cost of setting up small-diameter air injection points enable 
substantial flexibility in system design and construction (Geyer et al. 2017).

3.1.3 � Bioaugmentation

The process involves adding microbes with different metabolic functions to pol-
luted areas to reduce waste emissions. Surplus contaminants such as chlorinated 
ethenes, tetrachloroethylene, and trichloroethylene are eliminated using bioaug-
mentation. Despite its effectiveness, this method is challenging to monitor (Garima 
and Singh 2014).

M. Farid et al.



721

3.2 � Ex Situ Bioremediation

Ex situ bioremediation is a bioremediation process that does not occur at the pol-
luted site. The waste is excavated and transported to a different location for treat-
ment (Thompson et al. 2005). Ex situ biodegradation is further classified into several 
categories.

3.2.1 � Biopiling

Biopiling is a form of ex situ remediation in which dredged waste is mixed with 
compost and piled conventionally in a treatment area that contains a leachate sam-
pling and ventilation system. It is a form of composting. A treatment bed, an aera-
tion system, a nutrient system, and a leachate collection system are all components 
of the piling system. Moisture, heat, nutrients, oxygen, and pH should all be main-
tained in this system to ensure appropriate waste degradation. The waste in this 
process is covered with plastic to prevent vaporization and keep the system warm. 
The elimination of the contaminants from this method ended up taking 2–3 months 
(Khan et al. 2017).

3.2.2 � Land Forming

The land formation is an ex situ bioremediation technique in which waste collected 
for cleanup is positioned between clean soil, clay, and concrete. Clean soil is on the 
bottom, and concrete is on top. Once this natural degradation practice has been initi-
ated, it requires oxygen, nutrition, and the maximum pH near 7. This system treats 
sludge and municipal solid waste. It also regulates leaching (Garima and Singh 2014).

3.3 � Bioremediation of Heavy Metals

Unless heavy metals are complicated, they contaminate our waste more. Cadmium, 
silver and lead, nickel, and other metals are examples. Microorganisms are pertinent 
in heavy metal remediation. Heavy metals (HMs) can be eliminated by biological 
agents such as bacteria, fungi, and algae. Metal ions were solubilized in this mecha-
nism (Patel et  al. 2022). Heavy metals are also diminished through biosorption. 
Heavy metals react with microbe cell membranes to create this effect. Pseudomonas 
aeruginosa and Aspergillus are two examples of microbes that help to remove met-
als (Yang et al. 2016). Many other examples of living organisms involved in biore-
mediation are shown in Table 31.2.
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3.4 � Bioremediation of Rubber Waste

Rubber makes up about 12% of solid waste. Due to its physical characteristics, rub-
ber is not easily degraded and cannot be recycled. The tires are a great example of 
rubber waste and contain a black carbon that is difficult to remove (Gonçalves and 
Delabona 2022). When rubber waste is burned, it emits more harmful toxins into the 
environment. Moreover, smoke contains toxic compounds such as zinc oxide, which 
kills naturally occurring bacteria. Bioremediation of rubber, therefore, requires first 
removing the toxin, then devulcanizing and recycling the rubber (Griffiths 2020).

3.5 � Bioremediation for Treatment of Agrarian Solid Waste

Among the other environmental problems, leachate production from agro solid 
wastes, such as contaminated soils and straws, risks surface and ground water (Gul 
et al. 2022). As a result, numerous cost-effective and ecologically friendly microbial 
initiatives for treating agrarian solid waste leachates have evolved (Ebrahimpour 
and Mushrifah 2008). These techniques can be classified into three types:

	 (i)	 Residual organic waste erosion using fermentation under anaerobic or anoxic 
environments

	(ii)	 Solid waste removal using a combined method involving anaerobic-aerobic 
processes

	(iii)	 Solid disposal or recovery using bioelectrochemical mechanisms (Yang 
et al. 2016)

Agriculture creates more waste; each year, livestock, humans, and crops produce 
38 billion metvric tons of organic waste. It is necessary to decompose this waste. 
One of the fundamental steps is vermicomposting, which is the interaction of earth-
worms and microorganisms. Animal waste is utilized as a nutrient source. 
Vermicomposting makes the product vermicompost, which converts waste into 
manure. Crop production is improved by modifying waste material into valuable 
products (Akmal and Jamil 2021).

3.6 � Limitation of Bioremediation

Solid waste bioremediation also entails some constraints; prevalent environmental 
restrictions are associated with this method. Some hazardous materials have increas-
ing toxic effects and waste concentrations, restricting microorganisms and killing 
beneficial bacteria. As a result, limitations such as favorable pH, temperature, and 
moisture are necessary for proper microorganism upkeep (Coelho et  al. 2015). 
Because the mechanism is functioning appropriately, the temperature is between 20 
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Table 31.2  Living organisms involved in bioremediation

Compounds Species name Life form References

Arsenic Sporosarcina 
ginsengisoli, 
Geobacter 
metallireducens, 
Corrigiola 
telephiifolia, 
Spirogyra hyalina

Ojuederie et al., (2017), 
Lee et al. (2012), 
Garcia-Salgado et al. 
(2012), Kumar and 
Oommen (2012)

Cadmium Bacillus sp., 
Ceramium 
virgatum, 
Alternaria 
alternata, 
Parthenium 
hysterophrous

Rani et al. (2010), 
Romera et al. (2007), 
Bahobil et al. (2017), 
Naeem et al. (2021)

Polycyclic aromatic 
hydrocarbons

Myceliophthora 
thermophila

Mohapatra and Phale 
(2021)

Endosulfan Staphylococcus Liu et al. (2018)

N,N-
dimethylpphenylenediamine

Klebsiella 
pneumonia (RS-13)

Giriyan et al. (2021)

Phenol Corynebacterium 
propinquum

Gaur et al. (2018)

Lead Corynebacterium 
glutamicum, 
Asparagopsis sp., 
Agaricus bisporus, 
Aspergillus niger, 
Ricinus communis

Choi and Yun (2004), 
Romera et al. (2007), 
Frutos et al. (2016), 
Nazir et al. (2023), 
Sarfraz et al. (2022)

Copper Kocuria flava, 
Desulfovibrio 
desulfuricans, 
Spirogyra hyaline, 
Pteris vittata

Coelho et al. (2015), 
Kim et al. (2015), Kumar 
and Oommen (2012), 
Wang et al. (2011)

Cadmium Scirpus grossus, 
Phytolacca 
americana

Ebrahimpour and 
Mushrifah (2008), Peng 
et al. (2008)

Zinc Filipendula 
ulmaria, Typha 
angustifolia

Fritioff and Greger 
(2003), Sricoth et al. 
(2018)

Mercury Lemna minor Rakhshaee et al. (2009)

(continued)
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Table 31.2  (continued)

Compounds Species name Life form References

Nickle Desulfovibrio 
desulfuricans, 
Lemna minor

Kim et al. (2015), 
Al-Khafaji et al. (2018)

Cobalt Rhodopseudomonas 
palustris, 
Haumaniastrum 
robertii

Gao et al. (2017), 
Marques et al. (2009)

Selenium Lecythis ollaria Marques et al. (2009)

Manganese Hibiscus 
cannabinus, 
Spirogyra sp.

Shehata et al. (2019), 
Rajfur et al. (2010)

Azo dyes effluents Exiguobacterium 
indicum, B. cereus, 
E. aurantiacums

Raquel et al. (2013)

Crude oil Aspergillus niger, 
Candida krusei

Krab-Hüsken (2002)

Aromatic hydrocarbons Acinetobacter sp., 
Microbacterium sp.

Basu et al. (2018)

Methyl parathion and 
chlorpyrifos

Pseudomonas sp. Halak et al. (2006)

Diesel oil P. cepacia, B. 
coagulans

Miri et al. (2022)

Vat dyes B. firmus, 
Staphylococcus 
aureus

Sangkharak et al. (2020)

and 30 °C. Aside from these aspects, other factors of bioremediation include waste 
solubility, oxidation, reduction, and microbial interaction; limitations are also con-
sidered necessary for these factors (Basu et al. 2018). To improve this process, the 
researchers must find microbes that can tolerate the abovementioned attributes. 
Ultimately, bioremediation, part of biotech, has made the environment more eco-
sustainable by reducing waste. It also has limitations that need to be addressed.

4 � Biodegradation

Biodegradation is a valuable resource for biotechnology. It is a naturally occurring 
phenomenon in which biological organisms such as bacteria, fungi, and many other 
living substances break down solid waste. We can obtain products from waste and 
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remove contaminants during this process. It can assist in minimizing environmental 
contaminants (Gaur et al. 2018).

4.1 � Biodegradation of Plastics

Plastic is a mixture of organic and inorganic compounds, respectively synthetic and 
semisynthetic (Ali et  al. 2014; Álvarez-Barragán et  al. 2016). A combination of 
enzymes and nonenzymatic plastics contributes to biodegradation. Plastic biodegra-
dation is even feasible with renewable resources. Some of these plastic items are 
harmful to human health (Cosgrove et al. 2007). And, findings demonstrate that it is 
advantageous from a variety of perspectives. Many organisms can consume starch-
based polymer composites because of the activity of metabolic enzymes. The mech-
anism is also beneficial for the environment, as it mitigates contamination, among 
other issues (Geyer et  al. 2017). There are long-term consequences to dumping 
waste materials everywhere. It directly impacts soil organisms when it leaches into 
the ground. Both chemical and physical elements are involved in biodegradation. 
Plastics can be dissolved by different types of microbes such as Pseudomonas sp. 
and Bacillus sp. (Ru et al. 2020).

4.2 � Plastic Waste Management

Polyethylene (PE), polystyrene (PS), polypropylene (PP), polyvinyl chloride 
(PVC), polyurethane (PUR), and polyethylene terephthalate (PET) are examples of 
synthetic plastics. They have an impact on almost all of our daily activities (Jambeck 
et al. 2015). Globally, plastic waste production and consumption are expanding rap-
idly. It is estimated that up to 26 billion tons of plastic waste will be generated by 
2050, with much more than half of that waste ending up in landfills and eventually 
entering ecospheres such as oceans and lakes, exacerbating adverse effects on the 
environment (Lönnstedt and Eklöv 2016). Currently, only 9–12% of plastic waste is 
recycled or burned, while 79% is discarded into landfills or natural habitats. This 
indicates that there is a critical need of research into advanced recycling methods for 
the removal of plastic waste. Numerous studies carried out in recent years have 
identified that many microbes and enzymes can break down synthetic plastics 
(Garcia and Robertson 2017). In the inclusive environment, a variety of plastics, 
including PE, PS, PP, PVC, PUR, and PET, have been sequestered, along with soil 
from a plastic-dumping site, film waste from leaf litter, marine water, crude oil-
contaminated soil, sewage sludge, landfills, and plastic-eating worm guts. Plastic-
degrading microbial screening is pivotal for identifying depolymerase and certain 
other essential enzymatic activities in plastic degradation (Taniguchi et al. 2019; 
Magnin et al. 2020).
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4.3 � Impact of Solid Waste Management in the Environment

Solid wastes are so unfriendly that if not appropriately controlled, they affect life 
forms and the ozone layer, damage the environment, lowering industrial activity, 
and so on. In other words, waste management involves managing liquid and solid 
waste to keep the surroundings stable and free of contamination. Agricultural waste, 
garbage, other waste, dead livestock, industrial waste, mine waste, mineral waste, 
etc., are solid waste and sewage, and industrial waste is liquid waste (Giriyan et al. 
2021; Cerda et al. 2018) (Fig. 31.3).

Some other biotechnological techniques are as follows:

	 (i)	 Activated Sludge: This methodology employs bioweapons such as bacteria and 
protozoa to remove sewage and wastewater in an aerobic environment. This 
mechanism disposes of microorganism wastewater. An aeration tank, a settling 
tank, a return sludge pump, and introducing oxygen into the aeration tank are 
the four parts of a typical activated sludge system (Sivakumar et al. 2014).

	(ii)	 Biofiltration: This is a technology for the treatment of wastewater. It is the 
process of controlling pollution, in which a biological reactor is filled with 
biomaterials to accumulate and degrade the pollutants biologically. Other 
implementations of biofiltration involve wastewater treatment, oxidation of 
contaminants in the air, and others (Das et al. 2012).

	(iii)	 Biosorption: In this method, metal and nonmetallic species are absorbed by 
living or decayed biomass. The bacterial community thus removes the metal 
species from the solution (Bahobil et al. 2017).

	(iv)	 Bioreactor: This apparatus wherein life forms, particularly bacteria, synthesize 
useful substances or degrade harmful ones like sewage (Arumugam et al. 2017).

	(v)	 Bioleaching: Rather than using chemical solutions, it is the approach by which 
microorganisms such as bacteria solubilize their ores of metals. Nickel (Ni), 

Life Forms used in Table 31.2

Plant

Bacteria

Algae

Fungi

Fig. 31.3  Life forms used 
in Table 31.2
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copper (Cu), cobalt (Co), lead (Pb), zinc (Zn), and other metals subsumed 
through bioleaching are examples. Bioleaching appears to work by using bac-
teria that can obtain the metal concentrations of their ores (Mohapatra and 
Phale 2021).

5 � Conclusions

The approaches mentioned above are momentarily demonstrated in this section. 
One of the technologies and methods for the natural degradation of residual waste 
by microbiota in a restricted surrounding is soil treatment. These are driving solid 
waste disposal through the use of biotechnological methodologies. The manage-
ment of solid waste has been extremely challenging for a long time. A wide range 
of sources generate large amounts of waste material. The disposal of modern waste 
and civil solid waste has been investigated. Solid waste is frequently disposed of 
inclusively. Long-term research has been conducted to find an efficient method to 
replace these ineffective expulsion strategies. Eventually, biotechnological 
approaches such as composting, biodegradation, and bioremediation could be used 
as potential substitutes. The purpose of this chapter is to recommend a multidimen-
sional technique for organizing sustainable waste administration mechanisms, both 
quantitative and subjective. Organic waste collection at the curb may be the most 
effective way to reduce atmospheric danger and attract microbes to land-
fills Neverthless the combination of multi-model selection and influence appraisal 
cannot provide a comprehensive picture of the upcoming situation. It further can 
provide an initial coordinated insight into the problem and pave the way for another 
solid waste administration framework in the formation of urban areas, allowing for 
the development of a circular economy and achieving significant outcomes.
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Abstract  Contamination in the environment is caused by a variety of inorganic 
elements and heavy metals (HMs) which are some of the major causes of environ-
mental pollution. Due to their non-biodegradability, HMs are difficult to remove 
from the environment. Heavy metals naturally come from volcanic eruptions and 
rock weathering, whereas anthropogenic causes include mining, industrialization, 
untreated sewage, use of synthetic products, and combustion in power plants. 
Researchers have serious concerns about certain HMs, such as chromium, cad-
mium, lead, palladium, arsenic, and nickel, and they are attempting to reduce their 
effects on the environment and human health because of their excessive concentra-
tions. For this, many remediation technologies have been developed to remediate 
harmful metals. They have been already removed using conventional techniques, 
but these techniques are non-economical and do not give the best outcomes. Due to 
the excellent activity, low cost, and easy availability, a wide variety of organisms, 
including bacteria, algae, yeasts, and fungi, have recently drawn attention of 
researchers for the remediation of HMs. Use of these biological tools has not been 
particularly sophisticated technically. Designing and implementing workable biore-
mediation programme requires a great deal of experience and practical skills. Most 
of the conventional techniques do not provide an effective solution for metal removal 
from soils. Metals can be remediated from contaminated sites using microorgan-
isms which utilize metals as terminal electron acceptors and decrease via 

M. Farid (*) · Numra · M. Fatima · Z. Saher · S. Bashir · N. Liaqat 
Department of Environmental Sciences, University of Gujrat, Hafiz Hayat Campus, Gujrat, 
Pakistan 

M. Zubair 
Department of Chemistry, University of Gujrat, Hafiz Hayat Campus, Gujrat, Pakistan 

M. B. Shakoor 
College of Earth and Environmental Sciences, The University of the Punjab, Lahore, Pakistan 

S. Farid 
School of Natural Sciences and Ryan Institute, University of Galway, Galway, Ireland

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
M. Hasanuzzaman (ed.), Climate-Resilient Agriculture, Vol 2, 
https://doi.org/10.1007/978-3-031-37428-9_32

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-37428-9_32&domain=pdf
https://doi.org/10.1007/978-3-031-37428-9_32


734

detoxification mechanism. In some instances, using plants that accumulate metal to 
clean up soil which are contaminated with metal is a cost-effective strategy.

Keywords  Environmental pollution · Remediation techniques · Bioremediation · 
Heavy metals · Toxicity

1 � Introduction

Due to the abundant usage of heavy metals, their concentration is increasing day by 
day and affecting the environment and human health, which has become a global 
concern (Lakherwal 2014). As pollutants, heavy metals can enter the environment 
through natural way or as anthropogenically (Masindi and Muedi 2018). Rapid 
industrialization and its processes discharging the contaminants into the environ-
mental ecosystems has increased over the past few decades to many folds. Research 
community is currently looking for solutions to deal with the challenges brought on 
by the expanding industrialization (Sodango et al. 2018). The disposal of waste into 
the sites as leachate and the resulting degradation of our ecosystem is caused by 
controlled and uncontrolled application of waste disposal. The ecosystem’s capacity 
to self-clean has been exceeded by the sudden arrival of pollutants. Global environ-
mental quality has decreased as a result of the large-scale production of chemicals 
(Liu et al. 2015). Different problems arise from inorganic heavy metal pollutants 
than organic contaminants (Akram et al. 2018). Emergence of heavy metals that are 
produced and discarded by humans harms the environment and public health 
(Jaishankar et al. 2014).

The understanding of the issue, as well as the policies and technology used to 
address it, varies greatly among the world communities that are dealing with pol-
luted soil (Khalid et  al. 2017). However, there occurs a significant exchange of 
knowledge among the various nations about the management and remediation of 
toxic soils. Large tracts of our land have become dangerous for both the animals and 
human populations as the result of pollution. Most contaminated soils are result of 
industrial activity (Sharma 2012). Due to the low cost, the old physicochemical 
approaches have encouraged businesses to disregard the issue (Gunatilake 2015). 
Setting up the new technology that could treat toxic wastes affordably is crucial 
(Caliman et al. 2011). Since the public awareness has enhanced many folds over the 
past few years, they are now strongly demanding that clean-up methods be imple-
mented immediately. Uncontrolled waste discharge is now strictly prohibited in law. 
The necessity for new technology for the treatment of these waste sites has been 
underlined by the recent environmental awareness (Wang et al. 2021).

Among the most dangerous contaminants damaging the environment, the heavy 
metals are leading (Cimboláková et  al. 2019). Metals are earth-based naturally 
occurring substances and are persistent and non-biodegradable. Heavy metals make 
up the contamination identified by USEPA as trace inorganic contaminants (Gautam 
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et al. 2016). An increase in the flux of metallic compounds in the aquatic and ter-
restrial environment is the result of the growing use of heavy metals (Kahlon et al. 
2018). Environmental pollution has been increased by agricultural runoff, acid rain, 
industrial and domestic effluents, and waste (Singh and Gupta 2016). Weathering, 
industrial metal processing, leaching from waste dumps and landfills, livestock run-
off, and the reuse of wastewater and sewage sludge are all synergetic sources of 
heavy metal in the environment and their abundance causes pollution (Li et  al. 
2019). The use of fertilizers and pesticides in agriculture is another main cause of 
heavy metal accumulation in the environment pollution. Problems in biology and 
physiology of plants are caused by the high concentration of heavy metals (Mishra 
et al. 2019a). Leaching, diffusion, and infiltration are the three processes that trans-
fer these metals into the lower soil surface and ground water. They have the unusual 
ability to accumulate along a food chain and can be hazardous to aquatic life and 
humans in both short term and long term (Pandey and Madhuri 2014).

Through the ingestion of food plants cultivated in contaminated soil, heavy met-
als may accumulate in human body (Guerra et al. 2012). Traditional clean-up tech-
niques such as ion exchange, chemical precipitation, and advanced oxidation/
reduction processes are ineffective and expensive, making them unsuitable. For 
heavy metal, advanced bioremediation procedures have gained attention worldwide 
to remediate the problem (Gaur et al. 2014). In this process, biological activity is 
used to reduce toxic heavy metals pollutants. In comparison to other techniques, 
bioremediation is a more effective and affordable way to remove heavy metals. The 
best method now available for managing and reducing the polluted environment is 
bioremediation (Singh 2014). To remediate contaminated soil and water, it uses 
bacteria, yeast, or fungi. Microbes utilize the pollutants as food and energy sources 
during this process (Adams et al. 2015).

2 � Types of Bioremediation

Bioremediation is basically divided into two types as in situ remediation of con-
taminated sites where these exist, and ex situ remediation is the remediation of 
contaminants at the specific place rather than where contaminants are present. In 
situ remediation is further classified into physical, chemical, and biological reme-
diation, and ex situ remediation is classified into land forming, bio pile, composting, 
and bioreactor (Fig. 32.1).

2.1 � In Situ Bioremediation

In situ remediation and ex situ remediation are the two main remediation techniques 
used to treat contaminated soils (Liu et al. 2018). The application of methods to 
treat pollutants in the soils and water at the location where they are found is known 
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Fig. 32.1  Types of bioremediation

as in situ bioremediation. Microorganisms are employed in in situ remediation to 
biodegrade contaminants at the site and to encourage those microorganisms to 
accelerate their growth and biodegradation by microorganisms such as bacteria 
(Vidali 2001). The site characteristics, the types of pollutants present, their concen-
trations, and the intended use of the contaminated medium all play a role in deter-
mining the best remediation strategy (Azubuike et al. 2016) (Fig. 32.2).

2.1.1 � Physical Remediation

This particular remediation has significant contribution in remediation and hence 
further sub-classified into following processes:

•	 Bioventing

In this technique, air is introduced or removed from surface or ground water to 
clean up polluted or contaminated areas. As vapours gradually move through bio-
logically active soil, flow rate should be at its ideal level to accelerate the 
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Fig. 32.2  Classification of in situ remediation

degradation process and decrease the volatilization of pollutants (Eslami and Joodat 
2018). With a one-way valve and an electric blower, bioventing devices help to 
maintain an air flow rate that is proportional to the decline in atmospheric pressure 
(Rajendran et al. 2022). This research by Anekwe and Isa (2021) demonstrated the 
effectiveness of wastewater biostimulations and bioventing as a potentially effective 
technique for removing sulphate and heavy metals from contaminated soils.

•	 Air sparging

To treat contaminated locations, this approach uses high pressure oxygen injec-
tion to enhance oxygen concentration and volatilize toxins onto the soil surface and 
subsurface water (Hu et al. 2010). When compared to an air sparging system with a 
single injection well, an in situ air sparging system with multiple injection wells was 
performed and was more effective in collecting contaminants and remediating loca-
tions (Sudilovskiy et al. 2007).

•	 Bio slurping

The rate at which contaminants are extracted from fine-grained soils increases 
with multi-phase extraction, sometimes referred to as bio slurping. High vacuum 
pumps are employed in the bio slurping process to remove pollutants from ground-
water, hydrocarbon vapour, and separate phase petroleum products from the subsur-
face. Fluids and vapour are subsequently re-injected into the subsurface (Paul et al. 
2021). In vadose and saturated zones, bio slurping removes dissolved, vapour, resid-
ual, and non-aqueous pollutants, whereas other traditional approaches are not suit-
able for all contaminated sites (Naidu 2013).
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2.1.2 � Chemical Remediation

This particular remediation has significant contribution in remediation and hence 
further sub-classified into following processes:

•	 Solidification/stabilization

By introducing chemicals to the polluted areas, this technique is utilized to either 
remove or reduce the mobility of the contaminants. While stability happens as a 
result of chemical reactions by limiting the movement of pollutants, solidification is 
the creation of matrix by cement, asphalt, and thermoplastic. In contaminated areas, 
the addition of bone meal (finely ground, weakly crystalline apatite, Ca10 
(PO4)6OH2) decreases the mobility and bioavailability of heavy metals (Yao 
et al. 2012).

•	 Soil flushing and washing

With this technique, pollutants are removed from the soils by adding water or 
another cleaning agent (Wuana et al. 2010). Water, saponin, organic acid, chelating 
agents, surfactants, and low-molecular-weight organic acids are some of the wash-
ing agents used to promote desorption of pollutants (Wan et  al. 2015). 
Ethylenediaminetetraacetic acid is an efficient reagent for removing heavy metal 
from contaminated areas (Abumaizar and Smith 1999).

2.1.3 � Biological Remediation

This particular remediation has significant contribution in remediation and hence 
further sub-classified into following processes:

•	 Bioremediation

This technique uses microbes, plants, or a mix of the two to treat contaminated 
soils. Heavy metal-contaminated locations are often remedied using bacteria and 
fungi; however, occasionally yeast and algae are also employed (Akhtar et al. 2013). 
Microorganisms such as Pseudomonas putida, Bacillus subtilis, and Sporosarcina 
ginsengisoli are utilized to treat heavy metal-contaminated locations. Compared to 
alternative approaches such as excavation and landfills, the bioremediation method 
gives the greatest savings in one acre of Pb-contaminated soil (Bai et al. 2014).

•	 Phytoremediation

Different plant species are employed in this remediation technique to treat con-
taminated sites and lessen their impact on the environment. This method incorpo-
rates plant species traits for treating locations, including their capacity to grow 
quickly, produce a lot of biomass, tolerate high metal concentrations, and have a 
large capacity for metal accumulating (Bhargava et al. 2012). Brassicaceae family 
member Noccaea caerulescens has a great capacity to absorb Cd without experienc-
ing any harmful effects. Phytoremediation of contaminated sites uses 
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phytoextraction, phytofiltration, phytostabilization, phytovolatilization, and phyto-
degradation (Bayçu et al. 2017).

2.2 � Ex Situ Bioremediation

Ex situ bioremediation is a process that involves removing contaminated soil and 
storing it in a secure, above-ground location for treatment which involves supplying 
oxygen to the soil to promote the growth of naturally occurring microbes, which 
break down harmful organic substances (Kulshreshtha et al. 2014). Ex situ bioreme-
diation has two phases, slurry and solid phase bioremediation. Slurry phase soil 
treatment process includes the slurry phase bioreactor. Land forming, soil bio piles 
and windrows are included in solid phase soil treatment (Nano et al. 2003).

2.2.1 � Land Forming

The contaminated soil is excavated and spread out in a layer with a thickness of 
about 0.3 m on a treatment site that has been lined. This is the simplest method of 
bioremediation. Bioremediation can be accelerated by adding nutrients and chang-
ing the bed occasionally. Although it is the least expensive, this land formation 
method necessitates a sizable area which has little impact on the environment and 
takes little energy for making it unsuitable for small locations. This is because the 
soil layer thickness is limited to 0.3 m (Ausma et al. 2002). It also has some limita-
tions such as decreased microbial activity because of unfavourable environmental 
conditions, less efficacy in the removal of inorganic pollutants, and higher costs 
because of excavation. As a result, land formation takes longer and is less effective 
than other methods (Daniel et al. 2022).

2.2.2 � Bio Pile

A bio pile is a bioremediation technique in which mined toxic soils are combined 
with soil additives, then shaped into compost heaps, and occasionally bound for 
treatment and an aeration system to improve bioremediation by essentially boosting 
microbial activities (Rajendran et  al. 2022). Aeration, irrigation, a nutrient, and 
leachate collecting system, and a treatment bed are the main elements of this 
method. The technique known as bio pile bioremediation is frequently used to 
reduce the concentration of petroleum components in soil (Cristorean et al. 2016). 
The use of this bioremediation in cold regions to clean up sites can also assist to 
reduce the volatilization of low-molecular-weight contaminants. For this treatment, 
dirt from various samples, including clay and sandy soil, is employed. High heating 
systems are included into bio pile designs in the bio pile technology to boost micro-
bial activity and pollutant availability, which in turn accelerate biodegradation 
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(Ossai et al. 2022). Heated air is delivered to promote bioremediation by simultane-
ously delivering heat and air. It should be mentioned that humified bio piles have 
lower final total petroleum hydrocarbon concentrations (TPH) than heated and pas-
sive bio piles because they have ideal moisture content that minimizes the volatil-
ization of contaminants that are less likely to degrade and reduce leaching. In a 
small amount of space, a bio pile system can be utilized to treat a lot of contami-
nated soil (García-Carmona et al. 2017).

2.2.3 � Composting

By utilizing microorganisms in both aerobic and anaerobic environments, organic 
pollutants such as polycyclic aromatic hydrocarbon (PAHs) are transformed into 
harmless and stable by-products during the biological process of composting 
(Kumar et al. 2018). Temperatures between 54 and 65 °C must be maintained to 
successfully compost soil that has been contaminated with harmful organic con-
taminants. Typically natural or existing microorganisms are used in this (Myers and 
Williford 2000). Excavated soil is combined with bulking agents and organic 
amendments such as wood chips, animal and plant waste, to increase soil porosity. 
There are two methods for composting windrows and aerated static piles. Although 
it is very affordable and needs a lot of room, it could also have the highest fugitive 
emissions. TNT, RDX, HMX, and other dangerous explosives can be sufficiently 
reduced in concentration and toxicity by aerobic composting at a temperature of 
50 °C (Semple et al. 2001).

2.2.4 � Bioreactor

A system that uses microorganisms to digest contaminants in soil and groundwater 
is referred to as a bio reactor (Miller and Logan 2000). It is the option that removes 
organic pollutants the best. In this method, the contaminated soil is suspended in a 
nutrient-water solution thoroughly mixed and aerated in the presence of either exog-
enous or native bacteria (Balseiro-Romero et al. 2019). Wastewater is treated using 
bioreactors. When organic material is broken down by bacteria and forms sludge 
that is discarded or regenerated, contaminated water is circulated in an aeration 
basin. They are mostly used to clean up groundwater and soil of VOCs and fuel 
hydrocarbons (Ghoshdastidar et al. 2012).

3 � Effects of Heavy Metals

The amount and concentration of heavy metals in the environment have signifi-
cantly changed as a result of their widespread use for anthropogenic purposes such 
as color pigments, batteries, fertilizers, and other industrial things (Kumar and 
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Bharadvaja 2020). As a result, the accumulating of one or more heavy metals at a 
site in excess of the naturally permitted limits contaminates the air, water, and soil. 
Most heavy metals are toxic, cancer-causing, and mutagenic even in very small 
amounts (Tchounwou et al. 2012). Heavy metals can cause a number of illnesses in 
people and animals when they are exposed to them over an extended period of time 
by skin contact, inhalation, or ingesting foods containing the metals. Numerous 
public health organizations have released statistics showing that related diseases 
affect millions of people worldwide (Mahurpawar 2015).

Heavy metals are managed using physical, chemical, and biological, or a combi-
nations of these mechanisms. However, many of these technologies are not sustain-
able for an environmental or economic standpoint (Mani and Kumar 2014). No 
single method makes the claim that it can totally reduce or reclaim heavy metals. In 
general, heavy metal salts are water soluble and cannot be physically separated. 
Physiochemical processes at the treatment site introduce secondary pollutants. 
Because they transform metals into a less toxic or innocuous form, microbes have 
been used in heavy metal clean-up for decades (Medfu Tarekegn et al. 2020). It is 
more effective, economical, and environment-friendly. Low-molecular-weight 
organic acids are a type of microbial metabolic secretion that can complex with 
heavy metals and soil particles containing heavy metal minerals. Microbes use bio-
sorption, precipitation, and other processes (Gavrilescu 2004).

4 � Bioremediation of Heavy Metal in Soil

Due to industrialization and the exploitation of natural resources, soil and water 
contamination has grown to a significant level and has become a global issue. In the 
contemporary era of environmental protection, there is a lot of interest in the use of 
microbes for heavy metal recovery from soil, sediments, and water as well as the 
use of plants for landfill applications (Shuaib et al. 2021). Numerous studies have 
demonstrated that microbes may remove heavy metals from polluted soils. 
According to a scientific analysis, metal can seriously harm our health by interfer-
ing with our natural processes when they are present in our bodies (Engwa et al. 
2019). Arsenic, copper, iron, nickel, and other metals are advantageous to the body 
in trace amounts, but dangerous at excessive concentrations (Sankhla et al. 2016). 
The process of incorporating microorganisms to reduce toxin concentration is 
known as bioremediation. It is a natural interaction and its significance for biodiver-
sity (above or below the ground) is increasingly taken into account for cleaning up 
metal-tainted and contaminated environment (Khan 2005). The microbial environ-
ment is significantly altered when heavy metals are present in the soil, despite the 
fact that their concentrations are often modest, and they are essential for the devel-
opment of microorganisms (Aislabie et al. 2013).
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5 � Bioremediation of Heavy Metals in Water

Nowadays, natural contamination is an exceptionally enormous issue due to peril-
ous waste that has prompted shortage of clean water and unsettling influences of 
soil along these lines restricting yield creation (Abbasi et al. 2014). Bioremediation 
utilizes natural specialists, essentially microorganisms, that is, microbes, parasites, 
and yeast, to tidy up contaminated water. Bioremediation is characterized as the 
cycle by which microorganisms are invigorated to quickly corrupt unsafe natural 
toxins to earth safe levels in ground water, soil, substances, materials, and residue 
(Muthukumaran 2022). Bioremediation is not a remedy, yet rather a characteristic 
cycle option in contrast to such strategies as burning, synergist annihilation, the 
utilization of sponges, and actual expulsion and resulting obliteration of poisons. 
(Sanjay and Shukla 2021).

Heavy metals present in the soil crust outer layer may get solubilized in ground 
water through normal cycles or by change in soil pH. In addition, groundwater can 
get contaminated with heavy metals from landfill leachate, sewage, leachate from 
mine tailings, profound well removal of fluid squanders, and leakage from modern 
squanders tidal ponds or from modern spills and leaks. An assortment of responses 
in soil climate, for example, corrosive/base, oxidation/decrease, precipitation/disin-
tegration, sorption, or particle trade cycles, can impact the speciation and portability 
of metal impurities. The rate and degree of these responses will rely upon elements 
for example, pH, Eh, complexion with other broke down constituents, sorption and 
particle trade limit of the topographical materials, and natural matter substance. The 
harmfulness, portability, and reactivity of heavy metals rely upon its speciation, 
which again relies on certain circumstances, for example, pH, EC, temperature, 
dampness, and so forth, to decide the speciation of metals in soils; explicit extract-
ants are utilized to solubilize various periods of metals (Engelbrecht 2020).

6 � Mechanism of Heavy Metal Resistance by Microbial Cells

Significant metal contamination is an overall issue as it leaves risk to general afflu-
ence and receptiveness to metals over a particular edge level can cause health effects 
in all living things including all forms of life (Nassiri et al. 2021). Such challenging 
circumstances of a couple of creature’s progress, several frameworks to use and 
change significant metal into a less toxic structure, achieving the improvement of 
profound metal remediation microorganisms. Profound metal remediation microor-
ganisms can be used in bioremediation to remediate the degraded sites (Das and 
Dash 2014). Bioremediation is also used for standard regular activities, is less 
costly, and has high open affirmation. In this way, we see the coordinated efforts and 
frameworks that occur between the life forms and profound metal, including pres-
sure responses and shield instruments, which incorporate aggregation and biofilm 
plan, formation of extracellular polymeric substances, and improvement of 
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resistance characteristics and hailing pathways against significant metals (Savitha 
et al. 2022).

6.1 � Extracellular Barrier and Sequestration

Numerous microorganisms are used for protections from metals in water, soil, and 
modern waste. Qualities present on chromosomes, plasmids, or transposons encode 
explicit protection from an assortment of metal particles (Hall et al. 2017). Some 
metals, such as cobalt, nickel, and copper, fill in as micronutrients and are utilized 
for redox processes, to balance out particles through electrostatic connections, as 
parts of different catalysts, and for guideline of osmotic strain (Sarode et al. 2019). 
Many metals are unnecessary and have no supplement concern and are possibly 
harmful to microorganisms. These harmful metals cooperate with fundamental cell 
parts through covalent and ionic holding. At undeniable levels, both fundamental 
and heavy metals can harm cell films, modify chemical particularity, upset cell 
capacities, and harm the construction level of DNA (Inyinbor Adejumoke et  al. 
2018). Microorganisms have adjusted to the presence of both supplement and insig-
nificant metals by fostering an assortment of obstruction systems. Six metal opposi-
tion components show avoidance by porousness boundary, intra- and extracellular 
sequestration, dynamic vehicle efflux siphons, enzymatic detoxification, and 
decrease in the awareness of cell focuses to metal particles. The comprehension of 
how microorganisms oppose metals can be understood by the techniques to their 
detoxification or expulsion from the climate (Bruins et al. 2000).

6.2 � Extracellular Sequestration

Extracellular sequestration is the accumulation of metal ions by individual cell 
components in the periplasm or their appearance as insoluble combinations 
(Sreedevi et al. 2022). In order to sequester the metal inside the periplasm, micro-
scopic organisms can synthesize metal particles from the cytoplasm. Copper-safe 
periplasmic proteins, CopA, CopB, and CopC, which link copper particles and bac-
teria regions, are produced by Pseudomonas syringe strains. Zinc particles can exit 
the cytoplasm through the efflux framework and assemble in Synechocystis peri-
plasm. Metal from the PCC 6803 strain is sequestered extracellularly. Bacterium 
that reduce iron is Geobacter spp., and that reduce sulphur is Desulfuromonas spp. 
(Guo et al. 2021).
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6.3 � Intracellular Sequestration

The organization of sub-atomic to micro-scale transporters for intracellular convey-
ance has colossal potential for science and medication and is used in medical par-
ticularly for in  vivo treatments. The field stays restricted nonetheless by an 
unfortunate comprehension of how transporters get to the cell inside. In this method, 
we take an outline of the various types of transporters, many methods of section, 
putative pathways of vesicular vehicle, and destinations of endosomal escape 
(Ianeva 2009). We summarize this by appropriate models from the cell science of 
how infectious microbes and their effectors enter cells and getaway endosomal 
repression. We expect that experiences into the instruments of cell passage and 
endosomal getaway will help future exploration endeavours on compelling 
transporter-intervened intracellular conveyance (Mishra et al. 2019b).

Metal particles can be sequestered inside of cells by various combinations in a 
process known as intracellular sequestration. Metals can get concentrated inside 
microbial cells as a result of interaction with surface ligands and slow transport. In 
practice and radically in the treatment of profluent therapy, the ability of bacterial 
cells to gather metals intracellularly has been exploited (Borkow and Gabbay 2005). 
The cadmium-tolerant P. putida strain was capable of securing copper, cadmium, 
and zinc particles within its cells using cysteine-rich low atomic weight proteins. 
Rhizobium leguminosarum cells have been found to sequester cadmium particles 
intracellularly in a manner similar to glutathione (Corticeiro et al. 2013).

Chitin, mineral particles, lipids, nitrogen-containing polysaccharides, polyphos-
phates, and proteins make up the rigid cell mass of parasites (Remacle 1990). By 
fiery take-up of extracellular and intracellular precipitation and valence change 
along with a few growths that collect metals to their mycelium and spores, they can 
detoxify metal particles. The parasite mass on the outside of the phone functions as 
a ligand for identifying metal particles and facilitates the removal of inorganic met-
als (Sanchez et  al. 2005). Amine binds to anionic metal species by electrostatic 
connection and cationic metal species via surface complexity, making it more 
dynamic in metal take-up among these practical groups (Sharma et al. 2016).

6.4 � Reduction of Metal Ions

The harmfulness of metal particles can be reduced by microbial cells by changing 
them from one oxidation state to another. Metals and metalloids are used by 
microbes as electron donors or acceptors for energy transfer. When microorganisms 
breathe anaerobically, metals in the oxidized structure might act as terminal accep-
tors of electrons (Tsezos 2009). Enzymatic reduction of metal particles may result 
in the creation of less dangerous forms of mercury and chromium. Demonstration 
that metal hydrides, for instance, CuH+, AgH+, and AgH, are outlined as intermedi-
ates in the reduction of metal particles by sub-nuclear hydrogen in liquid type of 
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action suggests that species may be related with the oxidation and lessening of 
metal particles by hydrogen atoms (Sun et al. 2021). For example, in the prominent 
reactions, related reactions with hydrogen particles and metal particles have been 
seen in watery plans in which hydrogen particles were made in a grouping of ways 
or introduced from the gas phase, but their parts are at this point questionable and 
the subject of broad conversation. The method involved creating metals from miner-
als utilizing decreased responses. The decrease of metals was initially perceived to 
be the responses used to get metals from their oxides by involving substances hav-
ing more prominent fond for oxygen than the metal (Osgood et al. 2016).

7 � Future Prospective

Bioremediation method is a better alternative as compared to other conventional 
methods in terms of efficiency and budget. Bioremediation has also its own limita-
tion like other methods. Some microorganisms cannot break toxic biodegradable 
metals because the contaminants are resistant to their attack, for example, chlori-
nated macrobiotic or high aromatic hydrocarbons. The sorption of metal in water is 
generally faster than other processes (Singh et al. 2020). This uniqueness makes it 
the most useful in the treatment of wastewater to meet regulation standards before 
discharging it into the environment. The cost of running the treatment systems is 
often minimal. They may occasionally need adjustments in which case they will 
charge more depending on the reagents employed. The pre-treatment technique can 
be changed to enhance the performance of microorganisms. This method’s main 
goal is to increase the biosorption of metal ions. Future research should concentrate 
on using various methods so that bioremediation can be successful in all unfavour-
able situations (Khoo et al. 2021).

8 � Conclusions

These days, heavy metal contamination is a serious issue. As an evolving technol-
ogy, bioremediation needs to establish its boundaries. It depends on several strate-
gies that are necessary due to the complexity of contamination and problems with 
polluted locations. Despite the limitations, bioremediation has a bright future as 
research and development tool in the field accelerating heavy metal remediation 
(Kumar et  al. 2011). The development of in situ microbial methods for metals’ 
clean-up has accelerated significantly in recent years. Bioremediation of heavy met-
als would be a low-cost, environmentally accountable technique. Small-scale field 
tests show that the phytoextraction process is viable (Mench et al. 2010). It seems 
like a really capable technology for cleaning up the environment. Methods of phy-
toremediation are particularly suited for usage at large sites where other remedia-
tion techniques are not practical or cost-effective. In a novel cleaning technique 

32  Bioremediation of Sites Contaminated with Heavy Metals, Techniques, and Their…



746

called phytoremediation, damaged areas are cleaned or stabilized using plants. 
Future efforts should be made to advance ex situ clean-up. The biosorption approach 
of toxic heavy metal removal can be crucial in the development of new methods and 
technology. However, much effort needs to be done to fully comprehend the adsorp-
tion mechanism (Volesky 2007).
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Chapter 33
MicroRNAs (miRNAs): Crosstalk 
with Regulatory Networks of Abiotic Stress 
Tolerance in Plants

Deepu Pandita 

Abstract  MicroRNAs (miRNAs) are a class of small, endogenous, non-coding 
20–24 nucleotide RNA, found abundantly in plants and regulate their target gene 
expression post-transcriptionally. Plant’s miRNAs are transcribed from miRNA-
encoding genes and regulate regulatory networks of processes such as development, 
metabolism, stress responses, and almost all aspects of plant biology. The miRNAs 
have regulatory roles in water deficiency, salinity, heat, cold, and other abiotic stress 
interactions. The expression profiling of miRNAs with high-throughput techniques 
reveals that miRNAs involved in the growth and development of plants show dif-
ferential expression during various abiotic stress responses. The miRNA-mediated 
interference (miRNAi) helps in designing abiotic stress-resistant crops with con-
trolled response to abiotic stress conditions.

Keywords  Plant miRNAs · Post-transcriptional regulation · Non-coding RNA · 
miRNA expression profiling · Abiotic stress

1 � Introduction

MicroRNAs (miRNAs) are endogenous, small (20–24 nucleotides in length), non-
coding, single-stranded regulatory RNAs regulating several biological processes by 
gene silencing at the post-transcriptional levels (Jones-Rhoades et al. 2006; Voinnet 
2009; Mittal et al. 2016; Chaudhary et al. 2021). Few miRNAs are conserved, and 
majority of miRNAs are species- or family-specific evolved during evolution (Axtell 
and Bartel 2005; Cuperus et  al. 2011; Borges and Martienssen 2015; Cui et  al. 
2016). The miRNAs are produced by transcription, processing of precursors, and 
assembly of miRNA-induced silencing complex (miRISC). The miRNAs bring-up 
gene regulation based on sequence complementarity and pairing followed by cleav-
age or translation inhibition of target mRNA (Jones-Rhoades et  al. 2006). The 
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miRNAs modify regulation of abiotic stress-responsive genes and have been linked 
to the majority of plant biology aspects (Jones-Rhoades et al. 2006; Voinnet 2009; 
Mittal et al. 2016; Chaudhary et al. 2021). The stress-related miRNAs reprogramme 
gene expression at downstream levels in various abiotic stress scenarios (e.g., water 
deficiency, salinity, low/high temperature) (Sunkar and Zhu 2004; Zhao et al. 2013; 
Gupta et al. 2014; Xie et al. 2014; Ferdous et al. 2015; Zhu 2016; Shriram et al. 
2016). The crosstalk of miRNAs with various abiotic stress responsive gene net-
works and stress responses has been elaborated (Pandita 2019), in Oryza sativa 
(Pandita and Wani 2019), wheat (Pandita 2022a), maize (Pandita 2022b), and other 
plants. The stress-responsive miRNAs regulate gene networks at post-transcriptional 
levels to reduce growth and development in plants. The miRNAs can be engineered 
for abiotic stress tolerance in plant kingdom (Winter and Diederichs 2011; Iwakawa 
and Tomari 2013; Li and Zhang 2016). Here, in this chapter, we discuss the biogen-
esis, mode of action, and the roles of miRNAs in plant abiotic stress interactions.

2 � Biogenesis

The biogenesis of miRNAs and the mode of action of plant miRNAs has been dis-
cussed in detail in several chapters previously (Pandita 2019, 2021, 2022c; Pandita 
and Wani 2019). The miRNA biogenesis initiates inside nucleus of cell. The graphi-
cal representation of biogenesis of miRNAs in plants is given in Fig.  33.1. The 
genes which encode for miRNAs in plants are termed microRNA genes or MIR 
genes. MIR genes can be localized in the intergenic regions or within introns of 
other genes (Jones-Rhoades et al. 2006). The transcription of MIR genes by RNA 
polymerase II leads to formation of a specific long primary single-stranded RNA 
transcript called primary miRNA (pri-miRNA) (Jones-Rhoades et  al. 2006). The 
pri-miRNAs are modified and capped at 5′ end and polyadenylated at 3′ tail end 
(Pantaleo et  al. 2010). The pri-miRNA fold into perfect stem-loop structure and 
stabilize by an RNA-binding protein known as DAWDLE (DDL). The pri-miRNA 
is modified by DICER-LIKE (DCL1), SERRATE (SE), and HYPONASTIC 
LEAVES 1 (HYL1) enzymes into hairpin-like precursor miRNA (pre-miRNA) 
(Jones-Rhoades et al. 2006; Khraiwesh et al. 2012). The one arm of stem-looped 
pre-miRNA representing mature miRNA sequence is recognized and processed by 
DCL1, HYL1, and SE to generate the miRNA: miRNA* duplex inside the nucleus 
(Bartel 2004; Jones-Rhoades et al. 2006; Pantaleo et al. 2010; Bologna and Voinnet 
2014; Fukudome and Fukuhara 2017). This miRNA: miRNA* duplex is stabilized 
and protected by the methylation at 3′ end due to enzyme HUA ENHANCER 1 
(HEN1). The miRNA: miRNA* duplex is transported into cytoplasm by HASTY 
(HST1) (Park et al. 2002; Yu et al. 2005; Ramachandran and Chen 2008; Sun et al. 
2012; Pelaez et al. 2012; Xie et al. 2014). The mature miRNA: miRNA* duplex gets 
loaded into RNA-Induced Silencing Complex (RISC) forming the miR-RISC com-
plex in cytoplasm which is further stabilized by ARGONAUTE 1 (AGO1). The 
AGO1 unwinds miRNA: miRNA* duplex. One strand degrades and another strand 
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Fig. 33.1  Biogenesis and mechanism of action of microRNAs

of mature miRNA continues to attach to RISC with AGO1 (Baumberger and 
Baulcombe 2005; Arribas-Hernández et al. 2016; Iki 2017).

3 � Mechanism of Action

The pri-miRNA encoded by MIR genes transcribed by Pol II folds into stem-loop 
structure to form mature miRNAs (Jones-Rhoades et  al. 2006; Chen 2009; Reis 
et al. 2015). In plants, mature miRNA promotes the RISC loading to complemen-
tary mRNAs targets. The two modes of mechanism of miRNA action includes 
cleavage of target mRNA and translation inhibition. Plant mature miRNAs guides 
miR-RISC complex to encourage site-specific cleavage of complimentary mRNA at 
the poly-(A) tail with perfect pairing and destabilizes and decay it or inhibition of 
protein translation of the targeted mRNAs/transcripts by imperfect pairing 
(Fig. 33.1). Previously, only mature miRNA was supposed to inhibit mRNAs and 
translation. But now, miRNA* strand is also assumed to target mRNA and regulate 
gene expression (Jones-Rhoades et al. 2006; Chen 2009; Sun 2011; Guleria et al. 
2011; Sun et  al. 2012; Khraiwesh et  al. 2012; Reis et  al. 2015; Zhang and 
Unver 2018).
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4 � Role of miRNAs in Abiotic Stress Tolerance of Crops

The miRNAs modulate transcriptional levels in several plant crop species such as 
Oryza sativa (rice), Zea mays (maize), sunflower, Triticum aestivum (wheat), sor-
ghum, cotton, and Arabidopsis during their life cycle under different stress scenar-
ios. This recommends miRNA as emergent, efficient, and important candidate in 
controlling the abiotic stress response in plants (Sunkar et al. 2007, 2012; Khraiwesh 
et  al. 2012; Kumar 2014; Zhang 2015; Shriram et  al. 2016; Noman et  al. 2017; 
Zhang and Unver 2018; Basso et al. 2019; Sun et al. 2019). The miRNAs and their 
targeted genes show differential expression under various stress cues. This permits 
the selection and identification of plant miRNAs and genes of several agronomic 
traits (Du et  al. 2011; Zhang 2015; Salvador-Guirao et  al. 2018). A change in 
miRNA expression acts as the amplifier of response by impacting plant physiology 
(Megraw et al. 2016; Samad et al. 2017). The pioneer scientific report providing a 
direct connection between miRNA levels and stress responses in plants was the 
miR398 which cleaves Cu/Zn superoxide dismutase coding genes (CSD1 and 
CSD2) and miR395 targeting sulfate transporter (AST68) and miR399 which tar-
gets phosphate transporter (PHO1) (Sunkar and Zhu 2004). Table 33.1 summarizes 
the key findings vis-à-vis role of miRNAs in response to abiotic stress of sev-
eral plants.

4.1 � Drought Stress Responsive miRNAs

In maize, zma-miR159 is highly conserved. The zma-miR159a upregulates after 
initial drought and regulates 2 MYB gene expression. The zma-miR159 down-
regulated in later drought stages and targets transcription factors or DNA binding 
proteins. The miR319 initially up-regulates differentially and down-regulate in later 
stage. The zma-R319 family regulates expression and targets transcription factors of 
Teosinte branched1/cycloidea/proliferating cell factor1 (TCP) and enhances drought 
tolerance in Zea mays (Li et  al. 2013; López-Galiano et  al. 2019). The miR159 
downregulates during drought in tomato. The miR160, miR164, miR166, miR169, 
miR529, and miR2275 respond finely in drought conditions (Upadhyay et al. 2019). 
The miR164 acts as an important regulator of various developmental processes in 
maize and down-regulates and cleaves NAC in drought conditions (Zhang et  al. 
2014). The miR165/166 negatively control drought response and regulate growth 
and development by targeting HD-ZIP III. The miR166 up-regulates during drought 
by targeting HD-ZIP III (Hawker and Bowman 2004). The miR165/166 downregu-
lation enhances tolerance to water deficiency in Arabidopsis and Oryza sativa by 
HD-ZIP III–mediated increase in ABA levels (Yan et al. 2016; Zhang et al. 2018a, 
b). In Arabidopsis, miR167a shows downregulation and targets IAA-ALA 
RESISTANT 3 (Kinoshita et al. 2012). The miR169 down-regulates in maize and 
Arabidopsis and induces overexpression of Nuclear Transcription Factor Y Subunit 
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Alpha 5 (NFYA5) to increase tolerance to water deficiency. The nfya5 mutants and 
miR169 overexpressed plants show hypersensitivity to water deficiency. Thus, 
NFYA5 leads to response of water deficiency tolerance (Ding et al. 2013). NFYA5 
mediates stress-responsive transcriptional cascade (Li et  al. 2008). The miR169-
GmNFYA3 module in soybean plants has conserved regulatory functions in toler-
ance to drought (Ni et  al. 2013). Plants downregulate miR169 and by other 
mechanisms induce NFYA5 expression during drought. NFYA5 antisense gene 
ENHANCING RING FINGER (NERF) in Arabidopsis produces siRNAs with 
sequences akin to miR169 but cannot target NFYA5. NERF siRNAs avoid miR169-
mediated suppression of NFYA5. This mechanism contributes to NFYA5-mediated 
drought tolerance (Gao et al. 2015). The miR169i and miR169l upregulate and con-
trol expression of NFYA5 through translational activation under drought stress in 
Arabidopsis (Du et al. 2017). The miR529 targets Squamosa Promoter binding pro-
tein Like genes and down-regulates under abiotic stress conditions (Zhou et  al. 
2010). The miR2275 up-regulates during stress conditions in Prunus persica and 
Oryza sativa (Barrera-Figueroa et al. 2012; Barakat et al. 2012).

4.2 � Heat

During high temperature conditions, Heat Shock Proteins (HSPs) defend proteins 
from denaturation at the level of cells in plants (Iba 2002). Plants attain tolerance to 
stress after being exposed to moderate stress (Mittler et  al. 2012). The miRNAs 
crosstalk with heat stress factors. Arabidopsis miR398 plays an important role in 
heat stress tolerance. The heat shock transcription factors trigger expression of 
miR398. The expressed miR398 sequentially suppresses target genes, namely, 
COPPER/ZINC SUPEROXIDE DISMUTASE 1 (CSD1), CSD2, and COPPER 
CHAPERONE OF CSD. The downregulation of these target genes recovers toler-
ance to high temperature by upregulation of heat shock transcription factors and 
Heat Shock Proteins (HSPs). The transgenic plants on expression of miR398-
resistant CSD1, CSD2, and COPPER CHAPERONE OF CSD show sensitivity to 
high temperature and display a sharp decline in heat shock transcription factors 
(Guan et  al. 2013). In Gossypium hirsutum, miR160 down-regulation mediates 
auxin signaling inhibition by cleaving ARF10/16/17 and fertility of anthers turns on 
under temperature stress in high temperature-tolerant cotton plants. Overexpression 
of miR160 enhances sensitivity to heat in cotton (Ding et al. 2017). The miR156-
SPLs module prims plants to high temperature. In Arabidopsis, repeated heat tempts 
miR156 to preserve reminiscence of high temperature stress and SPLs act as tran-
scriptional repressors to repress the genes involved (Stief et al. 2014). In sunflower, 
miR396-HaWRKY6 regulatory module functions in heat defence during develop-
ment. Transgenics expressing miR396-resistant HaWRKY6 show reduced toler-
ance to high temperature stress (Giacomelli et al. 2012).
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4.3 � Cold

In plants for instance sugarcane and Oryza sativa, cold triggers conserved miR319. 
The miR319 positively regulates tolerance to cold stress and downregulates 
PROLIFERATING CELL NUCLEAR ANTIGEN BINDING FACTOR, TEOSINTE 
BRANCHED1, and CYCLOIDEA genes in Saccharum officinarum and Oryza 
sativa (Thiebaut et al. 2012; Yang et al. 2013). The cold-inducible miR393 acts as 
positive regulator of tolerance to cold stress in switchgrass. The miR393 targets 
TIR1/AFB and miR393 overexpression or TIR1/AFB mutation increases cold toler-
ance in switchgrass (Liu et al. 2017). In Arabidopsis, Brachypodium and popular, 
miR397 and miR169 shows upregulation during cold stress (Zhang et al. 2009). The 
miR168 shows up-regulation in popular and Arabidopsis and down-regulation in 
Oryza sativa (Liu et al. 2008; Lv et al. 2010). The role of miRNAs under various 
abiotic stresses in plants is summarized in Table 33.1.

5 � Genetic Engineering of miRNA for Abiotic 
Stress Tolerance

The plant miRNAs emerged as novel and promising tools in the arena of genetic 
engineering to improve crop stress tolerance. These may serve as chief candidates 
to design high yielding and abiotic stress tolerant transgenic crops and miRNA reg-
ulatory pathways enable understanding of the stress responses at molecular level 
(Zhang and Wang 2015; Zhang 2015; Djami-Tchatchou et  al. 2017; Zhang and 
Unver 2018; Xu et al. 2019). The overexpression or knock out of both miRNAs and 
artificial miRNAs (amiRNAs) from diverse regulatory networks help in designing 
of smart crop plants tolerant to abiotic stress (Table 33.2) as well as by transgenesis 
or cisgenesis and intragenesis (Yang et al. 2013; Basso et al. 2019). The miR156 
overexpression boosted the high temperature tolerance in transgenic Arabidopsis 
(Stief et  al. 2014); whereas miR159 overexpression increased heat tolerance in 
Oryza sativa (Wang et  al. 2012). In transgenic Solanum lycopersicum, miR169 
overexpression causes tolerance to water deficiency by reducing stomatal aperture 
index, preventing opening of stomata, decline in transpiration rate and water loss 
(Zhang et al. 2011). The miR169 overexpression generates hypersensitivity to nitro-
gen starvation in Arabidopsis and enhanced tolerance to cold stress in Oryza sativa 
(Zhao et al. 2011; Yang et al. 2013). Moreover, miR169 overexpression enhanced 
water deficiency and salinity tolerance in Agrotis stolonifera (Zhou et  al. 2013). 
Modified miR319 increases the tolerance to multiple stress scenarios in plants such 
as in Oryza sativa, over-expressed miR319 increases cold tolerance and improved 
leaf morphology and in bent grass, this miRNA increases tolerance to water scarcity 
(Zhou et al. 2013; Yang et al. 2013). The miR393 and miR396 mediate multiple 
stress tolerance in Oryza sativa (Gao et al. 2010, 2011; Zhao et al. 2018). Tolerance 
to salt stress in Oryza sativa increased by decline in expression of osa-MIR396c 
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Table 33.2  Genetic engineering of miRNA for abiotic stress tolerance

miRNAs Transgenics Effect in plant modified Reference/s

miR156 Panicum virgatum Increase of biomass Fu et al. (2012)
miR169 Arabidopsis 

thaliana
Sensitivity to nitrogen deficiency, 
tolerance to UV radiation

Zhao et al. (2011), Jia 
et al. (2009)

Solanum 
lycopersicum

Decline in rate of transpiration Zhang et al. (2011)

miR319 Oryza sativa Tolerance to cold, increase in 
integrity of cell membrane

Yang et al. (2013)

miR390 Oryza sativa Susceptibility to cadmium Ding et al. (2016)
miR394 Arabidopsis 

thaliana
Restricted water loss Ni et al. (2012)

miR395 Brassica napus Increased tolerance to oxidative and 
heavy metal stress

Zhang et al. (2013)

miR396 Oryza sativa Gain in size and yield of grains Li and Zhang (2016)
miR397 Oryza sativa Promotes panicle branching Zhang et al. (2013)
miR398 Arabidopsis 

thaliana
Rise in tolerance to oxidative stress Sunkar et al. (2006)

Brassica Regulator of copper homeostasis Marschner (1995)
miR399 Solanum 

lycopersicum
Tolerance to cold stress and 
phosphorus deficiency

Goa et al. (2015)

miR482 Glycine max Increase in number of nodules Li et al. (2010)
miR828 Ipomoea batatas Oxidative stress Lin et al. (2012)

(Gao et al. 2010). Moreover, transgenic Oryza sativa having overexpressed miR398-
resistant miRNA with more Cu- or Zn superoxide dismutases enzyme showed 
enhanced tolerance to water and salt stresses (Lu et  al. 2011b). The transgenic 
Lycopersicon esculentum holds extra water inside the cells and needs reduced 
amount of water from soil (Zhang et al. 2011). In sweet potato, overexpression of 
miR828 makes plant tolerant to oxidative stress by increasing biosynthesis of lignin 
and production of hydrogen peroxide (Lin et al. 2012). The miR1514 and miR1509 
were edited by CRISPR/Cas 9 in Glycine max (Jacobs et al. 2015).

6 � Conclusion

The majority of microRNAs are species- or family-specific and control biological 
processes at the post-transcriptional levels by cleavage or translational inhibition of 
target mRNAs. The stress-responsive miRNAs modify abiotic stress responsive 
genes and reprogramme their expression at downstream levels to reduce growth and 
development in plants. The miR156, miR169, miR319, miR395, miR828, miR394, 
miR398, miR390, miR396, miR397, miR399, miR482, etc. have been engineered 
for abiotic stress tolerance in plant kingdom. The miRNAs present a new ray of 
hope in genome editing toolkit of plants.
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Chapter 34
Orchestration of Omics Technologies 
for Crop Improvement

Deepu Pandita 

Abstract  Our agriculture productivity systems face the grand challenge of global 
food security for the growing population which will reach 10 billion in the subse-
quent 30 years. We need a better characterization of the genetic diversity of entire 
plant germplasms or the allelic diversity in pangenomes by the novel crop improve-
ment approaches such as next-generation sequencing (NGS) and other high-
throughput omics technologies. The integration of genomics, pangenomics, 
transcriptomics, phenomics, proteomics, ionomics, bioinformatics, and metabolo-
mics tools have improved our understanding of the mechanisms underlying the 
architecture of traits related to agricultural yields, quality and nutritive profile of 
crops, plant growth, senescence, and epigenetics and strategies to be adapted for 
crop improvement with desired characteristics. This chapter highlights the wealth of 
omics data available by the use of recent omics technologies for crop improvement 
to secure future food supplies for the snowballing global population.

Keywords  Bioinformatics · Genomics · Transcriptomics · Proteomics · 
Metabolomics · Ionomics · Phenomics · Pangenomics

1 � Introduction

Agriculture faces myriad challenges due to reduced agricultural areas and extreme 
environmental stressors and further threat as yield of all key crops such as rice, 
wheat, and maize are attaining a plateau. To cater to the future food requirements of 
the increasing global population, which is anticipated to rise up to 10 billion in the 
succeeding 30 years, global food production needs the support of traits for high and 
stable yielding, highly resilient crop varieties to extreme biotic and abiotic threats 
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Fig. 34.1  Recent omics platforms

(Voss-Fels et  al. 2019), harmless and more nutritious food crops. Approaches to 
accomplish these include the discovery of novel genetic variation with desired char-
acteristics, which can be knock out or knock in in other transgenic plants, or design-
ing new variations for specific traits in crops by genome modification and efficient 
transference and expression of these variations into novel elite agricultural cultivars. 
The omics platforms can allow significant steps for bringing a real revolution in the 
process of genetic refinement of crop plants by the discovery of novel gene varia-
tions for specific traits, extensive phenotyping, and elucidation of growth- and 
yield-related complex architecture traits, uncovering and decoding critical compo-
nents of senescence, stress resilience, and metabolic traits of agricultural relevance. 
The current trend of next-generation sequencing (NGS) of crop plants has provided 
formidable achievements with a plethora of data elucidating the genes’ function and 
traits, protein networks, and small molecule analysis epigenomic effects due to 
physiological and environmental stress factors, and transcriptome and proteome 
details. The various recent omics platforms are illustrated in Fig. 34.1.

2 � Genomics

Genomics deals with the study of genes and genomes and focuses on the structure, 
function, evolution, mapping, epigenomic, muta-genomic, and genome editing 
aspects (Muthamilarasan et  al. 2019) and elucidates genetic variation for subse-
quent genetic improvement of crops (Tettelin et al. 2005). Arabidopsis thaliana is 
the first plant in which genome sequencing was done by the traditional first-
generation sequencing method of Sanger-based dideoxy sequencing in 2000 
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(Arabidopsis Genome 2000); however, this sequencing method has been exceeded 
by the NGS, single-molecule real-time (SMRT) sequencing (Kim et  al. 2014; 
Amarasinghe et  al. 2020; Dumschott et  al. 2020) which have heralded new 
approaches in investigating plant genomes. The genomics includes multiple disci-
plines such as structural genomics, functional genomics, epigenomics, mutagenom-
ics, and pangenomics.

2.1 � Structural Genomics

Structural genomics depends on molecular markers. Sequence polymorphisms and 
chromosomal organization can create genetic and physical maps for tagging and 
mapping genes of interest (Tettelin et al. 2005). Structural genomics utilizes both 
the PCR-based and non-PCR-based molecular marker techniques. Non-PCR-based 
marker techniques are restriction fragment length polymorphism (RFLP) and 
sequence characterized amplified region (SCAR), whereas PCR-based molecular 
marker techniques are random amplified polymorphic DNA (RAPD), amplified 
fragments length polymorphism (AFLP), and single nucleotide polymorphisms 
(SNPs) (Williams et al. 1990; Vos et al. 1995; Rabouam et al. 1999; Agarwal et al. 
2008; Appleby et al. 2009). A high-throughput technique known as diversity arrays 
technology (DArT) is microarray hybridization based and involves genotyping of 
numerous polymorphic loci (Jaccoud et al. 2001). Genomics-based NGS enables 
faster identification of SNPs, quantitative trait loci (QTLs), and genome-wide asso-
ciation studies (GWAS). These tools helped in the investigation of multiple traits in 
crops, genes associated with domestication, effect of abiotic stressors on content of 
seed oil in Helianthus annuus L., QTLs associated with yield (48 in maize) under 
heat and drought stress, SNPs in Sorghum bicolor linked with water deficiency and 
drought resistance (DR)-related loci in Oryza sativa, drought-responsive TFs in Zea 
mays, association of structural variants (SVs) for agronomically essential traits in 
Brassica napus, and few other crops (Lasky et al. 2015; Millet et al. 2016; Shikha 
et al. 2017; Mangin et al. 2017; Challa and Neelapu 2018; Guo et al. 2018; Gabur 
et  al. 2018). Marker-assisted selection (MAS) with genotyping by sequencing 
(GBS) improves superiority and yield of crops. Multiparent mapping, like multipar-
ent advanced generation inter-crosses (MAGIC) and nested association mapping 
(NAM), enables phenotypic diversity studies, ideal for breeding improvement (Yu 
et al. 2008; Kover et al. 2009; He et al. 2014).

2.2 � Functional Genomics

Functional genomics delivers insights into various gene functions supplied by struc-
tural genomics and gene regulation of trait of interest for plant biologists by use of 
experimental methodologies (Tettelin et  al. 2005). NGS in crops led to 
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identification of genes associated with the biotic and abiotic stress resistance and 
yield of plant (Muthamilarasan et al. 2019). Functional genomics uses genome edit-
ing tools of mega nucleases, clustered regularly interspaced short palindromic 
repeats (CRISPR/Cas), zinc finger nucleases (ZFN), transcription activator-like 
effector nuclease (TALEN), RNA interference (RNAi), and virus-induced gene 
silencing (VIGS). These tools improved crop yield, pest, and insect disease resil-
ience in genetically modified crops (GMO), e.g., mutants of wheat mildew resis-
tance locus o (TaMlo) and SlMlo tomato, mutants linked with growth and 
development and stress resilience in various crop plants (Wang et al. 2014; Rinaldo 
and Ayliffe 2015; Talukdar and Sinjushin 2015; Nekrasov et al. 2017).

2.3 � Epigenomics

Epigenomics involves the epigenetic modifications (hereditary modifications except 
that in DNA) of histone proteins, DNA and/or small RNA (sRNA) by methylation, 
acetylation, or other post-translational modifications (Tettelin et  al. 2005). 
Epigenomics provides knowledge of how expression of genes and structure of epig-
enome is affected by the biotic and abiotic stress conditions. Methylation is studied 
by the tools of bisulfite sequencing, ChIP sequencing, or methylation-sensitive 
amplified polymorphism (Cokus et al. 2008). The non-coding RNA in plants grow-
ing under water deficiency and hypo- and hypermethylation states affecting the fruit 
yield can be studied (Gelaw and Sanan-Mishra 2021).

2.4 � Mutagenomics

Mutagenomics is a recent omics approach which aids in screening of mutational 
events with specific sequence modifications that gives a mutant superior trait 
(Tettelin et al. 2005). About 3000 mutants of several plants have been developed 
with 776 ensuring quality of nutrition (Jain and Suprasanna 2011). The events of 
mutations may be characterized by use of high-throughput genomics tools along 
with serial analysis of gene expression (SAGE), high-resolution melt (HRM), tar-
geted induced local lesions in genomes (TILLING), and microarray analysis (Penna 
and Jain 2017). It is a vital technique to allow analysis of candidate target gene 
functions by their transient knockdown or silencing and interruption using reverse 
genetic methods such as RNA interference (RNAi) and virus-induced gene silenc-
ing (VIGS) and developing a myriad of agronomic traits with desirable variations. 
Tools like TILLING are used as a potential alternative to transgenics by enabling 
high-throughput mutations in crops detection of mutations, screening of mutants 
with controlled seed oil composition, and improving crop breeding (McCallum 
et al. 2000; Henikoff et al. 2004; Dong et al. 2009; Varshney et al. 2010; Knoll et al. 
2011; Kumar et al. 2013; Mba 2013; Chen et al. 2014; Talukdar and Sinjushin 2015; 

D. Pandita



775

Prasad et al. 2021). TILLING technology has been reported in various crop plants, 
for instance, rice, tomato, soybean, rapeseed, Triticum aestivum, and H. annus 
(Kurowska et al. 2011; Witzel et al. 2015). The analyses by microarray technology 
exhibited mutagenesis of plants to induce more transcriptomic modifications 
(Varshney et al. 2010).

2.5 � Pangenomics

Pangenomics is a species’ whole genetic makeup or sum of core genome divided 
into core and accessory/dispensable genes (Tettelin et  al. 2005; Lei et  al. 2021). 
Core gene sets are common in all individuals, whereas accessory/dispensable gene 
sets are specific to an individual or a small subset of the population. Advent of NGS 
has led to the discovery that accessory genes greatly contribute to crop diversity and 
quality as they often confer disease resistance (Wang et  al. 2021a, b). Iterative 
assembly, “map-to-pan,” and de novo are utilized to build pangenomes and has been 
used in rice and soybean to compare their genome to their wild relatives (Li et al. 
2014). Pangenomes enhance our knowledge of breeding, domestication, polyploidi-
zation, and effect of this variable (dispensable) genome on the phenotypic variations 
in plants, flowering time variants or metabolic traits, and their functions associated 
with resilience to diseases and abiotic stressors (Gordon et al. 2017; Bayer et al. 
2019; Gao et al. 2019; Song et al. 2020). Pangenomics enables screening of mutants 
and wild relatives to breed new crops with higher stress tolerance and crop yield. 
Thereby, pangenomic research might thus be utilised to select for superior genes in 
crop wild relatives (CWRs) for crop enhancement (Della Coletta et  al. 2021). 
Pangenomes have been assembled for several species with agricultural importance, 
e.g., in Brassicaceae family, soybean and rice crop plants (Schatz et al. 2014; Li 
et al. 2014; Golicz et al. 2016). Pangenome studies have also been done in Z. mays 
(Hirsch et al. 2014), O. sativa (Wang et al. 2018), T. aestivum (Montenegro 2017), 
Glycine max (Liu et al. 2020), B. napus (Song et al. 2020), and Lycopersicum escu-
lentum (Gao et al. 2019) by Illumina Hiseq technologies and a number of other crop 
species. In Solanum lycopersicum, pangenome was assembled from heterogeneous 
group of above 700 accessions of all stages of tomato domestication, wild red and 
orange-fruited species related to S. cheesmaniae, S. pimpinellifolium and S. galapa-
gense, S. lycopersicum var. cerasiforme, and S. lycopersicum var. lycopersicum 
(Gao et  al. 2019). Presence/absence variation (PAV) analyses detected promoter 
allele of TomLoxC, which encodes 13-lypoxygenase active in volatile biosynthesis 
of fruits, frequent in wild accessions (>47%), and rare in cerasiforme (8%) and 
heirloom varieties (1%). This rare promoter allele, in heterozygous state, confers 
high TomLoxC expression in orange-stage fruits due to improved release of flavor-
associated volatiles of fruits and now has been re-introduced in modern elite variet-
ies of tomato (Gao et al. 2019).
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3 � Transcriptomics

Transcriptomics deals with transcriptome or total RNA transcripts (mRNA, sRNA, 
tRNA, rRNA, and other non-coding RNA) produced by genome in cells, tissues, or 
organs (Raza et al. 2021; Chaturvedi et al. 2021). The profiling of transcriptome is 
dynamic. This is a promising technique to determine effect of any stimuli on the 
gene expression or differential expression of genes over some period (Duque et al. 
2013; El-Metwally et al. 2014). Traditional transcriptomic profiling tools with low 
resolution included cDNA-AFLP, differential display-PCR (DD-PCR), and sup-
pression subtractive hybridization (SSH) (Nataraja et  al. 2017). However, robust 
and higher-resolution tools like NGS, microarray analysis, serial analysis of gene 
expression (SAGE), 3′ digital gene expression profiling (3′DGE), and RNA sequenc-
ing (RNA-seq) replaced traditional tools (Kawahara et al. 2012; Duque et al. 2013; 
De Cremer et al. 2013). The microarray analysis in soybean and barley (Guo et al. 
2009; Le et al. 2012), soybean (Khan et al. 2017), transcription factors in A. thali-
ana, G. max, and O. sativa (Xiong et al. 2002; Wohlbach et al. 2008), Cys-2/His-2-
type zinc finger (C2H2-ZF) transcription factor in O. sativa (Huang et al. 2009), and 
WRKY TFs in T. aestivum (Okay et  al. 2014) showed differential expression of 
genes in response to various types of abiotic stressors. Transcriptome sequencing in 
sorghum revealed differential expression patterns under stress conditions (Dugas 
et al. 2011; Johnson et al. 2014) and OsMADS genes in growing and developing 
rice (Jin et al. 2013). In situ RNA-seq includes RNA sequencing of living cells or 
tissues (Ke et al. 2013). The spatially resolved transcriptomics tools enable detec-
tion of gene expression within cells or tissues for gaining insights into physiological 
processes (Burgess 2015). RNA-seq analyses stress responsive gene expression on 
interaction with abiotic and biotic stressors in various crops (Huang et  al. 2014; 
Bhardwaj et al. 2015; Bonthala et al. 2016; Li et al. 2017). Comparative transcrip-
tomic analysis unveiled multiple regulatory cross-talk pathways in Gossypium (cot-
ton) and S. tuberosum and differential expression profiles in different crop species, 
e.g., in rice, wheat, and maize and switch grass under high temperature conditions 
and in soybean from embryonic to reproductive phases (Massa et  al. 2013; Zhu 
et al. 2013; Ding et al. 2013; Li et al. 2013; Xu et al. 2018; Chang et al. 2019). The 
alternative splicing (AS) transcriptomics approach in various crops generates mul-
tiple transcripts and shows role of splicing factors in controlling abiotic stresses 
(Zhang et al. 2015; Laloum et al. 2018).

4 � Proteomics

Proteomics is an area of protein science techniques and provides insights into the 
abundances and covalent modifications, post-translational modifications, large-
scale profiling of whole expressed proteins in a plant and their three-dimensional 
(3D) structure, subcellular localisation, interactions of protein-metabolite (ligand), 
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and protein-protein interactions of the cell in a plant in response to varied cellular 
and environmental scenarios (Hu et al. 2015; Mosa et al. 2017; Aizat and Hassan 
2018; Liu et al. 2019).

Proteomics has four diverse shares of sequence proteomics (amino acid 
sequences), structural proteomics (structure of proteins), functional proteomics 
(functions of proteins), and expression proteomics (for expression of proteins) 
(Mosa et  al. 2017; Aizat and Hassan 2018). Sequences are identified by high-
performance liquid chromatography (HPLC) proteomic tool (Twyman 2013). The 
structural proteomics involves approaches like computer-based modeling and 
nuclear magnetic resonance spectroscopy (NMR), crystallization, electron micros-
copy (EM), and X-ray diffraction crystallography of crystals of proteins (Sali et al. 
2003; Aslam et  al. 2017; Woolfson 2018). The functional proteomics studies 
involves methods like yeast one or two hybrids and protein profiling id done by 
microarray analysis (Lueong et al. 2014) and depict protein role in crop defense 
responses, e.g., in rice cultivars (Muthurajan et  al. 2011; Maksup et  al. 2014). 
Significantly, two-dimensional gel electrophoresis (2D-GE), sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), matrix-assisted laser 
desorption/ionisation-time of flight mass spectrometry (MALDI-TOF), ESI-IT-
liquid chromatography tandem mass spectrometry (LC–MS/MS), and isobaric tags 
for relative and absolute quantitation (iTRAQ) are some important proteomics tools 
(Hu et al. 2015; Ghatak et al. 2017). The iTRAQ quantitative proteomic analysis 
enhanced understandings of differential expression of stress-responsive proteins 
(Liu et  al. 2015; Yang et  al. 2020) and deciphering functional mechanisms in 
response to abiotic stressors and pathogens (Basha et al. 2010) and somatic embryo-
genesis (Zhu et al. 2018) in crops which can pave way for crop improvement in 
response to varied biotic and abiotic stress conditions and plant adaptive pathways. 
The differentially expressed proteins can be identified by LC-tandem MS systems 
(LC-MS/MS) approaches as well (Schubert et al. 2017). “Metabolite-centric” and 
“protein-centric” methods for characterization of protein-metabolite complexes are 
now deep-rooted (Veyel et al. 2018; Li and Shui 2020). Massive atlas of protein-
protein interactions (PPI) has been defined in diverse species of plants in a phyloge-
netic framework across a variety of vascular plants, and provides unparalleled 
understanding of degree of PPI from above two million proteins (McWhite et al. 
2020). The highly conserved assemblies with analogous function and architecture 
were not always composed by equal homologous subunits. Numerous conserved 
and formerly unknown protein complexes were identified with high significance in 
improving agriculture. One such example includes pathogenesis-related protein 
endochitinase B and osmotin-like 34 PPI interactions in response to gray mold 
caused by Botrytis cinerea which suggests role of conserved protein assemblies in 
improvement of crops (Zhang et  al. 2020). Comparative proteomics of wild and 
cultivated germplasms is boon for crop improvement as is in case of wild relative of 
wheat known as Dasypyrum villosum with several abundant proteins (Wang et al. 
2021a, b).
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5 � Metabolomics

Metabolomics denotes comprehensive investigation of metabolites involved in 
diverse cellular events in an organism whereas the metabolome is complete set of 
metabolites which are end products of gene expression or expression of proteins 
produced through various metabolic pathways in a plant (Weckwerth and Fiehn 
2002; Fiehn 2002; Weckwerth and Morgenthal 2005; Baharum and Azizan 2018). 
Plant metabolomics is a mature, robust, and challenging tool of metabolite profiling 
or fingerprinting for elucidation of the functions of specific genes (annotation) of 
specific metabolic pathways (Bobik and Burch-Smith 2015; Alseekh and Fernie, 
2018; Fang et al., 2019) and metabolite quantitative trait loci (mQTL) in crops, and 
model and medicinal plants (Tohge et al. 2017; Scossa et al. 2018; Perez de Souza 
et al. 2019b; Shi et al. 2020). It is challenging, as the kingdom of plants is predicted 
to encompass up to one million diverse metabolites which act as signalling mole-
cules (Bobik and Burch-Smith 2015; Wang et al. 2019; Fang et al. 2019), whereas 
a species is expected to comprise more than 5000 metabolites (Fernie 2007). The 
metabolomic analytical techniques like gas/liquid-chromatography–mass spec-
trometry (GC/LC-MS), high-performance liquid chromatography–MS (HPLC–
MS), capillary electrophoresis–MS (CE–MS), and nuclear magnetic resonance 
(NMR) are most frequent in plants for the quantification of various metabolites and 
their related pathways (Fiehn 2002; Moco et al. 2007; Kikuchi and Hirayama 2007; 
Weckwerth 2010; Allwood and Goodacre 2010; Kim et al. 2011; Perez de Souza 
et al. 2019a).

Metabolite annotation provides information about the metabolic pathways of 
high significance for the refinement of crops. The substrate-product pairs approaches 
aid in annotation of metabolites (Naake and Fernie 2019) and currently a number of 
metabolomics databases are available (Wang et al. 2016, 2020; Domingo-Almenara 
et al. 2019a, b). The pivotal role of metabolites as metabolic profile biomarkers in 
crops under influence of abiotic stressors or pathogen interactions has been identi-
fied (Balmerl et  al. 2013), e.g., in rice against gall midge biotype 1 (GMB1) 
(Agarrwal et al. 2014), and Xanthomonas oryzae (Sana et al. 2010), in O. sativa and 
Hordeum vulgare against Magnaporthe oryzae by use of GC-MS (Parker et  al. 
2009), in O. sativa under water deficiency or salinity by GC-TOF-MS (Liu et al. 
2013; Do et al. 2013; Gupta and De 2017; Ghatak et al. 2018), in A. thaliana under 
abiotic stress (Obata and Fernie 2012), and wheat under factors of disease stress 
(Gunnaiah et al. 2012). Plant metabolite pathway modifications improved nutritive 
value by accumulating β-carotene in endosperm of the genetically modified (GM) 
rice plants (Paine et al. 2005) and enhanced production of anthocyanin pigments in 
S. lycopersicum (tomato) (Butelli et al. 2008).
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6 � Ionomics

Ionomics denotes quantitative measurement or quantification of the entirety of min-
eral nutrient, and trace elements composition known as ionome and cellular inor-
ganic components of a plant system (Salt et al. 2008; Satismruti et al. 2013). The 
ionomics analyses changes in composition of minerals activated by numerous 
genetic alterations, physiological stimuli, or stages of development, and various 
biotic and abiotic factors (Baxter 2010; Guo et al. 2017). Ionomics are accomplished 
in plants by diverse analytical technologies which includes inductively coupled 
plasma-mass/optical emission spectroscopy (ICP-MS/OES), neutron activation 
analysis (NAA), and X-ray crystallography (Salt et al. 2008; Kumari et al. 2015; 
Guo et al. 2017). The ionome of leaves identifies regulatory gene networks of iron 
(Fe) and phosphorus (P) homeostasis (Baxter 2015). Analysis of ionomes of leaves 
and grains in rice by ICP-MS generated genetic maps, QTLs, and genetic diversifi-
cation of mineral elements (Norton et  al. 2010; Zhang et  al. 2014; Pinson et  al. 
2015). Analysis of ionome of maize seed showed differential gene expression and 
enhanced symbiotic response to mycorrhizal fungi and alteration in the phenotypes 
of growth during starvation of phosphate (Mascher et al. 2014). Elemental ionomics 
profiling elucidated QTLs associated with accumulation of minerals and grain yield 
in Z. mays (Gu et al. 2015), response of elements, mineral nutrients, and metabolites 
in H. vulgare in response to salinity (Wu et  al. 2013) and nutrient balance in 
Actinidia deliciosa (kiwifruits), Citrus × sinensis (Orange), Mangifera indica 
(mango), Malus domestica (apple), and Vaccinium caesariense (blueberry) (Parent 
et al. 2013), suggest their importance in crop improvement. Ionomics and omics 
approaches help in discovery of networks for improving crop resilience under abi-
otic and biotic stress scenarios (Guo et al. 2017).

7 � Phenomics

Phenomics is described as the characterization of phenotypes on an organism-wide 
scale by collecting high-dimensional phenotypic data (Houle et al. 2010). Plant phe-
nome is phenotype en bloc and has basis on the interactions of genome (G), envi-
ronment (E), and management (M) and in short, it is genotype–phenotype–envirotype 
(G–P–E) interactions (Gjuvsland et al. 2013; Großkinsky et al. 2018; Zhao et al. 
2019). Phenomics by non-invasive, automated high-throughput color imaging 
approaches of biomass can be applied in gene and QTL mapping for phenotyping of 
the traits (phenes) and best varieties of best germplasm lines for crop genetic 
improvements (Kumar et  al. 2013). The imaging can analyse crop phenotyping 
parameters such as far infrared imaging to estimate canopy, light detection and 
ranging (LIDAR) for the measurement of growth parameters and positron emission 
tomography, magnetic resonance imaging phenotyping tools for the analyses of root 
system architecture in crop plants (Finkel 2009; Berger et al. 2010; Furbank and 
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Tester 2011; Großkinsky et al. 2018; Zhao et al. 2019; McGrail et al. 2020), and 
high-throughput phenotyping (HTP) in breeding of crops (Yang et al. 2014; Li et al. 
2021). The platforms of high-throughput plant phenotyping (HT3P), micro-image 
phenomics tools coupled with computer-based technologies algorithms and soft-
ware facilitate phenotyping of key root traits, fluctuation in biomass, analysis of 
photosynthetic efficiency of field crops (laser-induced fluorescence transient 
(LIFT)), CO2 assimilation from the canopy and level of leaves, plant-soil rhizosphere-
microbiome interactions, and determination of agronomic traits (multi- and hyper-
spectral technologies), from lab to field phenotyping data (Rascher and Pieruschka 
2008; Yang et al. 2009; Pieruschka et al. 2010; Flood et al. 2016; Tardieu et al. 2017; 
Zhao et al. 2019; Furbank et al. 2019, 2020; Furbank et al. 2020; Demidchik et al. 
2020; Li et al. 2021; Clouse and Wagner 2021; Trivedi et al. 2021). Thus, phenom-
ics applications include various phenotypic parameters in crops, e.g., root system 
for T. durum (Bodner et al. 2017), phenotyping of shoots in response to numerous 
stress factors (Humplík et al. 2015), e.g., increased drought tolerance by increase in 
primary root length density in T. aestivum (Djanaguiraman et al. 2019) and decrease 
in lateral root branching density and increase in length for tolerance to water defi-
ciency in Z. mays (Zhan et al. 2015), conductance of stomata in response to salinity 
in seedlings of H. vulgare and T. aestivum (Sirault et  al. 2009), abiotic stress 
responses in tobacco, canola, and cotton (Saranga et al. 2004; Baker 2008), quanti-
fication of boron toxicity in response to abiotic stress in H. vulgare and T. aestivum 
(Schnurbusch et  al. 2010), plant pathological system and symptoms of diseases 
(Mahlein 2016), and detection and quantification of disease symptoms in H. vulgare 
(Swarbrick et al. 2006; Chaerle et al. 2009). The GWAS and high-throughput rice 
phenotyping facility (HRPF) identified natural variation of 15 agronomic character-
istics and 25 linked loci of semi-dwarf gene (SD1) in O. sativa (Yang et al. 2014). 
The Internet of things (IoT)-based cropsight system determines both first-class phe-
notyping of crops and screens the dynamics of microclimate conditions or geno-
type–environment interactions (GxE) (Reynolds et al. 2019).

8 � Bioinformatics

Bioinformatics is an interdisciplinary computational technology for analyzing the 
biological data. Being interdisciplinary platform of molecular biology, statistics, 
mathematics, and computer science (Raza et  al. 2021), computational software 
interpret biological queries, molecular mechanisms of biological systems, and plant 
abiotic stressors (Ambrosino et  al. 2020; Raza et  al. 2021). Bioinformatics also 
provides mining of data and data organization of different omics platforms 
(Ambrosino et al. 2020), and accessible resources for the computational modeling 
and simulation analysis. Bioinformatics multi-omics databases for crop sciences 
have been created such as gabipd, PMND, knapsack, KOMICS, planttfdb, bioleaf, 
easypcc, kappa-View4 KEGG, STRING, GSDS, VISTA, Gramene, Plant Reactome, 
GAP4, SIMCA-P 14.0, lemnalauncher, and Gromacs which provide data regarding 
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genomics, gene structure analysis, transcriptomics, proteomics, protein-protein 
interactions, metabolomics, and protein, lipid simulation (Yang et al. 2021).

9 � Conclusion

Omics platforms facilitate comprehensive understanding of various complex bio-
logical, physiological, and molecular process mechanisms behind the differential 
regulation of primary and secondary metabolites, proteins, and ions and key traits of 
agronomic in response to stressors. Several omics tools like pangenomics, phenom-
ics, genomics, metabolomics, transcriptomics, proteomics, ionomics, and bioinfor-
matics and their integration elucidated genetic and biochemical processes, 
identification of potential candidate genes, molecular mechanisms of genes and net-
works of genes, growth and development, and resilience to stress in various crop 
plants by utilizing various high-throughput platforms and computational techniques. 
This knowledge can facilitate prediction of several agronomically imperative traits 
for improvement of crop plants for various traits of question.
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Chapter 35
Transgenic Approaches for Stress 
Tolerance in Crops

Deepu Pandita 

Abstract  Global food security is an alarming question in regard to upcoming 
scenarios of climate change. Stress (abiotic and biotic) is a major challenge in agri-
culture for sustainable food production, which negatively affects growth and devel-
opment of flora and reduces their potential yield and productivity. The traditional 
breeding approaches have limitations. For the tailor-made solutions to generate 
climate-smart crops with a higher level of stress tolerance by use of foreign gene(s), 
genetic engineering allows distinct genetic changes in a faster, and more effective 
mode in a variety of plant crops. The plant germplasm with better adapted traits to 
stresses can be designed by the novel biotechnological tools and transgenic 
approaches. The stress induced genes and the mechanisms of stress tolerance can be 
improved in stress-tolerant crops without eradicating native traits. Quite a lot of 
stress responsive genes involved in regulatory systems of the antioxidant defence 
system, reactive oxygen species, sensor receptors, microRNA and other stress sig-
naling pathways have been overexpressed or knockdown by antisense RNA, RNAi, 
miRNAi and induction (CRISPR activation) or repression (CRISPR interference) of 
CRISPR/CAS based toolbox in plants to enhance tolerance to various kind of stress-
ors. The current chapter emphases on transgenics for amelioration of tolerance to 
various stressors in plants.

Keywords  Abiotic and biotic stress · Stress signaling pathways · Transgenic 
plants · MicroRNA · Antisense RNA · RNAi · MiRNAi · CRISPR/CAS toolbox

1 � Introduction

Various erratic abiotic and biotic stress fluctuations including drought, salinity, 
extreme temperatures, insect pests, and disease pathogens damagingly impact the 
growth and development of crop plants and are limiting factors for their yield and 
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productivity worldwide (Munns and Tester 2008; Pandita 2019, 2021). Climate 
change has unparalleled stress frequency on crop plants (Batley and Edwards 2016). 
Plant abiotic stresses alone account for about 70% reduction in agricultural yield 
(Acquaah 2007). Biotic stress agents lead to loss of 10–16% in crop harvest at 
global levels (Chakraborty and Newton 2011). In traditional agriculture, conven-
tional breeding methods have limitations of resource- and time-consuming and 
intensive nature. Further, only plants of same or closely linked germplasm undergo 
cross hybridization. Such gene pool may lack resistance to stress, or resistance can-
not be introgressed into new varieties. Therefore, alternative methods for improve-
ment of crop varieties for tolerance to biotic and abiotic stresses including genetic 
engineering biotechnological approaches for selection and transfer of stress tolerant 
genes from unrelated species into crop plants hold importance (Roy et  al. 2011; 
Varshney et al. 2011; Dhankher and Foyer 2018). Transgenic approaches and meta-
bolic engineering of plants provide considerable potential to develop climate-smart 
crops suitable for hostile environmental scenarios having sustainable yield effi-
ciency. Genetic engineering can design transgenic plants carrying genes for stress 
resistance and to generate climate-resilient crops (Dhankher and Foyer 2018; 
Pandita 2022a, b, c, d, e, f, g). In this chapter, we deliberate the transgenic approaches 
for abiotic and biotic stress tolerant crop plants. Transgenic plants have been 
designed by gene knockdown, antisense RNA and RNAi or gene overexpression 
and clustered regularly interspersed short palindromic repeats (CRISPR)-associated 
protein (CRISPR/Cas) toolbox-based induction (CRISPR activation) or repression 
(CRISPR interference) (Ramesh et al. 2007; Yan et al. 2007; Ali et al. 2015; Baltes 
et  al. 2015; Zafar et  al. 2020; Pandita 2022d, e, f, g). The crosstalk of stress-
responsive miRNAs with different abiotic and biotic stressors in different plant spe-
cies has been discussed comprehensively in various chapters (Pandita 2019, 2021, 
2022a, b, c). CRISPR/Cas-mediated genome editing technologies for stress resil-
ience in plants is a new era for tailor-made plants tolerant to varied stress factors 
(Pandita 2022d, e, f, g).

2 � Mechanisms of Stress Response in Plants

In harsh environments, plants experiencing stress cannot run away because of being 
sessile but need to face stress. Plants have thus developed complex regulatory net-
works for avoidance or tolerance of stress by triggering numerous changes or adap-
tive mechanisms of plethora of morphological, physiological, cellular, biochemical 
and molecular levels (Munns and Tester 2008; Suprasanna et al. 2018; Ferguson 
2019; Suprasanna and Ghag 2019). Maximum plants display a radical drop-in pho-
tosynthetic rate, growth, increase in reactive oxygen species (ROS) scavenging sys-
tem and even face death. In stress perception, the stress signals are perceived or 
sensed by the receptors present on cell plasma membrane for example, heat by 
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photoreceptor phytochrome B, cold by COLD1, salinity by glycosyl inositol phos-
phorylceramide sphingolipids and drought by OSCA1, which in turn activate a cas-
cade of downstream signaling and defense pathways and at molecular levels 
modulate the master regulator stress-responsive genes, transcription factors, and 
small RNAs (Munns and Tester 2008; Zhu 2016; Patel et al. 2019; Lamers et al. 
2020; Pandita 2019, 2021, 2022a, b, c). Stress-induced genes encode enzymatic 
proteins or proteins with structural functions, and other proteins of regulatory nature 
(Bhatnagar-Mathur et al. 2008).

3 � Transgenic Approaches for Enhancing Stress Tolerance 
in Plants

Transgenic approaches allow manipulation and transfer of any desirable gene of 
interest from the genetic reservoir for manipulating other plant species and are 
widespread for improving stress tolerance or resistance in plants (Paul and 
Roychoudhury 2018). Recent significant developments in transgenic research to 
fine-tune and tailor single or multiple stress tolerance in sensitive crop plants are 
deliberated in subsequent sections.

3.1 � Abiotic Stress

The abiotic stress responses are complex in nature with various complex, well-
synchronised networks and regulatory pathways which cross-talk at the biochemi-
cal and molecular levels (Mittler and Blumwald 2010; Varshney et al. 2011; Pandita 
2019, 2021, 2022a, b, c). The wild, untapped germplasm, stress-responsive regula-
tory genes within and across plant families, transposons, master regulators like tran-
scriptional factors and signalling proteins, quantitative trait loci (QTL) e.g., Saltol 
QTL (Thomson et al. 2010) and SKC1 (Ren et al. 2005), microRNAs (miRNAs) 
and their expression profiling regulate abiotic stress-related signalling pathways and 
aid in designing of abiotic stress-tolerant crops (Sunkar et al. 2012; Bhaskara et al. 
2015; Negi et al. 2016; Isayenkov 2019; Jha 2019; Patel et al. 2019; VanWallendael 
et al. 2019). In crop plants like rice, wheat, maize, barley, tomato, potato, and many 
other species, drought, salinity, extreme temperature stress-responsive miRNAs act 
as negative regulators (Zhou et  al. 2010; Zhang and Wang 2015; Barciszewska-
Pacak et al. 2015; Pandita and Wani 2019; Pandita 2022b, c). Some of the examples 
of transgenics generated for resistance to abiotic stress factors are summarized in 
Table 35.1.
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Table 35.1  Transgenic crop plants resistant to abiotic stress

Transgenic plant Gene introduced
Resistance to 
stress type References

Arabidopsis 
thaliana

JcLEA from Jatropha curca Salinity Liang et al. (2013)
SiLAE from Setaria italica Salinity Wang et al. (2014c)
GhPIP2;7 from Gossypium hirsutum Drought Zhang et al. (2013)
BvCOLD1 from Beta vulgaris Cold Porcel et al. (2018)
Mpgsmt and Mpsdmt from 
Methanohalophilus portucalensis

Drought, 
salinity

Wei et al. (2017)

NsylCBL10 from Nicotiana 
sylvestris

Salinity Dong et al. (2015)

TaHSP26 from Triticum aestivum Heat Chauhan et al. (2012)
OsDREB1D from O. sativa Cold, salinity Zhang et al. (2009)
ZmbZIP72 from Zea Mays Drought, 

salinity
Ying et al. (2012)

TaNAC67 from Triticum aestivum Cold, salinity, 
drought

Mao et al. (2014)

TaNAC47 from T. aestivum Salt, cold, 
drought

Zhang et al. (2016)

A. thaliana, 
Oryza sativa

microRNA156 Drought Kantar et al. (2011), 
Ren et al. (2012)

Cajanus cajan P5CSF129A from Vigna aconitifolia Salinity Ahmad et al. (2014)
Cicer arietinum P5CS from V. aconitifolia Salinity Ghanti et al. (2011)
Glycine max GmPIP1;6 from G. max Salinity Zhou et al. (2014)

AtDREB1A from A. thaliana Drought Polizel et al. (2011)
G. max,
Triticum 
dicoccoides

microRNA 166 Drought Kantar et al. (2011), 
Li et al. (2017)

Ipomoea batatas BADH from Spinacia oleracea Salinity, cold He et al. (2011)
Lycopersicon 
esculentum

BADH betaine aldehyde 
dehydrogenase from Spinacia 
oleracea

Heat Luo et al. (2017)

LeAN2 from Lycopersicum 
esculentum

Heat Meng et al. (2015)

Medicago 
truncatula

MtP5CS3 from Medicago 
truncatula

Salinity Surekha et al. (2014)

MtWRKY76 from Medicago 
truncatula

Drought, 
salinity

Liu et al. (2016)

Morus indica Hva1 from Hordeum vulgare Salinity, 
drought, cold

Checker et al. (2012)

Nicotiana 
tabacum

AdLEA from Arachis diogoi Salinity Sharma et al. (2016)
AhNAC3 from Arachis hypogaea Drought Liu et al. (2013b)

N. tabacum, 
Arabidopsis 
thaliana

GmbZIP1 from G. max Drought, 
salinity, cold

Gao et al. (2011)

(continued)

D. Pandita



797

Table 35.1  (continued)

Transgenic plant Gene introduced
Resistance to 
stress type References

O. sativa OsPIP1 from O. sativa Salinity Liu et al. (2013a)
P5CS from Vigna aconitifolia Salinity Kondrák et al. (2012)
Trehalose-6-phosphate synthase 
(OsTSP1) from Oryza sativa

Salinity, 
drought, cold

Fan et al. (2012)

OsCIPK23m from O. sativa Drought Yang et al. (2008)
HSP70 from Citrus tristeza virus 
(CTV)

Salinity Hoang et al. (2015)

OsERF4a from O. sativa Drought Joo et al. (2013)
AtDREB1A from A. thaliana Drought Ravikumar et al. 

(2014)
OsEREBP1 from O. sativa Drought Jisha et al. (2015)
microRNA 29 Salinity Barrera-Figueroa 

et al. (2012)
Osa- microRNA 319b Cold tolerance Wang et al. (2014a, b)

O. sativa subsp 
indica

SbDREB2 from Sorghum bicolor Drought Bihani et al. (2010)

O. sativa, A. 
thaliana

OsLEA3–2 from O. sativa Salinity, 
Drought

Duan and Cai (2012)

P. davidiana × P. 
bolleana

PtCBL10A PtCBL10B from 
Populus trichocarpa

Salinity Tang et al. (2014)

Poncirus 
trifoliata

Betaine aldehyde dehydrogenase 
gene (AhBADH) from Atriplex 
hortensis

Salinity Lai et al. (2014)

Solanum 
tuberosum

Pyrroline-5-carboxylate synthetase 
(P5CS) from A. thaliana

Salinity Kim and Nam (2013)

TPS1 from yeast StDS2 Drought Fu et al. (2011)
Choline oxidase from Arthrobacter 
globiformis

Cold, salinity He et al. (2010)

Zea mays LEA Rab28 gene from Z. mays Drought Amara et al. (2013)

3.1.1 � Drought

Transcriptional factors (TFs) such as MYB and MYC, dehydration-responsive-
element-bindings (DREBs) abscisic acid-responsive element binding proteins 
(AREBs)/abscisic acid-responsive element binding factors (ABFs), nuclear factor 
Y-B subunits (NF-YB), and tryptophan– arginine–lysine–tyrosine (WRKY) have 
important roles in regulation or switching on the expression of drought responsive 
genes and are thus efficient targets for transgenics (Bhatnagar-Mathur et al. 2008; 
Lata and Prasad 2011; Wang et al. 2016).

Transgenic tomato plants resistant to drought stress were generated with DNA 
cassette containing nos terminator and Arabidopsis C repeat/dehydration-responsive 
element binding factor 1 (CBF1) (Tsai-Hung et  al. 2002). The cold and 
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drought-resistant transgenic apple lines were generated by Osmyb 4 gene (isolated 
from rice) over-expression (Pasquali et  al. 2008). The DREB1b TF gene over-
expression induced tolerance to the low temperature and water deficiency in trans-
genic grapevine plants (Jin et  al. 2009). The transgenic banana plants showed 
drought tolerance by over-expression of MusaWRKY71 from Musa species 
(Shekhawat and Ganapathi 2013). The CmWRKY1 transcription factor (TF) iso-
lated from Chrysanthemum morifolium and on over-expression in Chrysanthemum 
cv. Jinba behaves as positive stress regulator (Fan et  al. 2016). Transgenic lines 
displayed better tolerance for drought stress in a number of other plant transgenic 
lines like Agrobacterium tumefaciens-mediated transformation of tomato plants 
with bacterial mannitol-1-phosphate dehydrogenase (mtlD) gene (Khare et  al. 
2010), potato cv. ‘Superior’ with choline oxidase gene (CodA) from Arthrobacter 
globiformis (Cheng et  al. 2013), potato (Solanum tuberosum cv. Desiree) with 
StnsLTP1 (Gangadhar et al. 2016), mulberry with Hva1 gene from barley (Checker 
et al. 2012). Plant micro-RNA (miRNA) regulates drought responses. Transformation 
of tomato over-expressing Sly-miR169c down-regulated nuclear factor Y subunit 
genes (SINF-YA1/SINF-YA2/SINF-YA3) and multidrug resistance-associated pro-
tein gene (SIMRP1). This led to increased tolerance to drought traits in tomato 
plants (Zhang et al. 2011a, b). OsNCEB3 overexpression by CRISPRa improved 
accumulation of ABA and tolerance to salinity and drought in rice (Huang et al. 
2018). CRISPR/dCAS9 based activation of ABA-responsive element binding pro-
teins/ABRE binding factors (AREB/ABFs) activates gene expression and enhances 
drought resistance in Arabidopsis plants (Roca Paixão et al. 2019). In Arabidopsis 
and maize, ARGOS genes are negative regulators of ethylene signal responses and 
when overexpressed or by using CRISPRa approach enhance drought tolerance and 
grain yield in these plants (Shi et al. 2015, 2017).

3.1.2 � Temperature Extremes

The high temperature (heat) stress produces hydrogen peroxide and superoxide in 
plant cells, and affects crop growth and productivity. The more plants have capabil-
ity to scavenge ROS by enzymes like superoxide dismutase (SOD), glutathione 
reductase (GR) and peroxidase for normal growth and metabolism, the more is heat-
ing stress tolerance in plants (Noctor and Foyer 1998; Chaitanya et  al. 2002). 
Transgenic apple and tomato plants developed by cytosolic ascorbate peroxidase 
(cAPX) gene over-expression showed enhanced heat tolerance (Wisniewski et al. 
2002; Wang et al. 2006). Overexpression of Cu/Zn superoxide dismutase (Cu/Zn 
SOD) gene in potato enhanced tolerance to heat stress (Tang et al. 2006). The over-
expression of S-adenosyl-I-methionine decarboxylase (SAMDC) from 
Saccharomyces cerevisiae in tomato plants enhanced production of polyamines 
namely spermidine and spermine and enhanced tolerance to high temperature stress 
(Cheng et al. 2009). The upregulation of heat shock protein (HSP) namely CgHSP70 
gene improved peroxidase (POD) activity and proline content in chrysanthemum 
plants to endure heat stress (Song et al. 2014).
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3.1.3 � Salinity

Salinity affects various metabolic pathways and leads to osmotic and ionic/hor-
monal homeostasis in plant cells. Plant strategy in response to salinity is osmotic 
adjustment and compartmentation and exclusion of Na+ and Cl− ions (Munns and 
Tester 2008; Hasegawa 2013). Transgenic plants with over-expression of Na+ trans-
porter HKT1 lessen Na+ ion toxicity in shoots and develop salt-tolerant plants (Paul 
and Roychoudhury 2018). GmSALT3 study between salt-tolerant and salt-sensitive 
soybean accessions suggested stress-related, molecular evolutionary signatures for 
rigorous, robust selection for alleles of salt tolerance (Guan et al. 2014; Haak et al. 
2017). The approaches for the generation of transgenics include transformation 
with novel genes or altered expression levels of existing genes, e.g., genes of com-
patible organic solutes, water channel proteins, antioxidants, ion transporters, tran-
scription factors, miRNAs etc. for salt stress tolerance. ABA-responsive element 
(ABRE), CBF (C-repeat binding factor)/DREBs (dehydration-responsive element 
binding protein, MYC (myelocytomatosis oncogene)/MYB (myeloblastosis onco-
gene), and NAC (NAM, ATAF and CUC) transcription factors provide tolerance to 
salinity (Lata et  al. 2011). Overexpression of mitogen-activated protein kinase 
kinase (MKK) enhanced tolerance to salinity in rice plants. Overexpression of pro-
tein kinases upregulated multiple genes of osmotic-stress responses in cucumber 
(Oh et al. 2014). Transgenic plants of tobacco and rice overexpressing E. coli TPS 
gene (otsA) showed tolerance to salinity and increase in productivity (Garg et al. 
2002; Penna 2003; Wu and Garg 2003; Jun et al. 2005; Guo et al. 2014). Choline 
oxidase (CodA), choline dehydrogenase (BetA), and betaine aldehyde dehydroge-
nases (Bet B) genes exhibited tolerance to salinity stress in Escherichia coli, 
Arthrobacter globiformis, and Atriplex hortensis. The CodA, BetA, and Bet B gene 
over-expression in Nicotiana tabacum, A. thaliana, O. sativa, Brassica juncea, 
B. napus, B. oleracea, and B. campestris exhibited tolerance to salt stress (Shirasawa 
et al. 2006; Bhattacharya et al. 2006; Ahmad et al. 2008; Duan et al. 2009; Cheng 
et al. 2013; Nguyen et al. 2013; Jiang et al. 2013; Lai et al. 2014). Transgenics gen-
erated with overexpression of SOD genes in rice, TaMnSOD in poplar plants, 
CuZnSOD and APX genes in sweet potato, DHAR gene in tobacco and potato 
plants exhibited enhanced salt stress tolerance (Eltayeb et al. 2006; Prashanth et al. 
2008; Wang et al. 2010, 2011; Eltayeb et al. 2011), and with chloroplastic betaine 
aldehyde dehydrogenase (SoBADH) gene isolated from Spinacia oleracea and 
transferred to sweet potato cv. Sushu-2 (Fan et  al. 2012), Arabidopsis thaliana-
derived H+-pyrophosphatase AVP gene in bottle gourd line ‘G5’ (Han et al. 2015), 
strawberry D-galacturonic acid reductase (GalUR) gene transferred to Solanum 
lycopersicum var. cerasiforme (cherry tomato) (Lim et al. 2016) and wheat Na+/H+ 
antiporter gene (TaNHX2) in chilli pepper plants exhibited improved salinity toler-
ance (Bulle et al. 2016). Transgenic RNAi silencing of OsSRFP1 rice plants showed 
increase in salinity and cold tolerance due to increase in antioxidant potential. This 
can be achieved by CRISPRi as well (Fang et al. 2015, 2016). CRISPRi of transcrip-
tion factor encoding OsRR22 gene increased salinity stress tolerance in O. sativa 
L. (Zhang et al. 2019). CRISPR/Cas9 mediated downregulation and knockdown of 
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Auxin response factor (SlARF4) increased salinity tolerance in tomato (Bouzroud 
et al. 2020). CRISPRi knock-down of NADPH oxidase decreased salinity tolerance 
and ectopic expression of pumpkin RBOHD improved tolerance to salinity stress in 
Arabidopsis thaliana (Huang et al. 2019).

3.2 � Biotic Stress

Transgenic plants resistant to insect pests, fungi, bacteria and viruses have been 
tailored in Zea mays, O. sativa, Triticum aestivum, Glycine max, Solanum tuberosum, 
Solanum lycopersicum, Hordeum vulgare, Carica papaya and Medicago sativa, 
squash, sugar beet, cotton, oilseed rape, and tobacco (James 2013). Some of the 
examples of transgenics generated for resistance to biotic stress factors are summa-
rized in Table 35.2.

3.2.1 � Resistance to Insect Pests

Bacillus thuringiensis produces proteinaceous crystalline (Cry) toxins which are 
toxic to lepidopteran insects by binding to their epithelial cell receptors of mid-gut 
(BANR 2000; Gahan et al. 2010). Bt genes encode Cry and these genes on transfer 
to various crops provide protection against insects (Gahan et al. 2010). Bt trans-
genic maize shows protection against Ostrinia nubilalis and Sesamia nonagriodes 
(with cry1Ab/cry1Ac or cry9C), Spodoptera frugiperda (with cry1F), and root-
worms of Diabrotica (with cry3Bb, cry34Ab and cry35Ab) (James 2012). Bt cotton 
contains mainly cry1Ac or cry1Ac and cry1Ab fusion genes (James 2013). Bt pota-
toes with cry3Aa gene shows protection against Leptinotarsa decemlineata (Coombs 
et al. 2002). Bt brinjal shows protection against Leucinodes orbonalis. Bt crucifer 
vegetables show protection against Plutella xylostella pathogen (James 2012). Bt 
alfalfa with cry3a gene shows protection against Hypera postica (Tohidfar et  al. 
2013). The maize line MIR162 lines with vip3Aa20 gene showed resistance against 
various insects such as black cutworm, corn earworm, fall armyworm and Western 
bean cutworm (CERA 2010).

Lectins protect plants against Hemiptera (Powell et al. 1995). Transgenic rice 
plants with Allium leaf agglutinin (ASAL) gene showed resistance to hopper insect 
pests and with Galanthus nivalis (snow drop) agglutinin (GNA) showed tolerance 
against brown plant hopper (BPH) (Li et al. 2005; Saha et al. 2006).

Plant protease inhibitors (PI) are natural defense system and protect plants from 
predation by insects (Reeck et al. 1997). The first PI gene encoding trypsin/trypsin 
inhibitor CpTI (Cowpea Trypsin Inhibitor) was isolated from cowpea and trans-
ferred to a plant species which showed enhanced insect resistance (Hilder et  al. 
1987). Oryzacystatin 1 (OC1) cysteine PI isolated from rice seeds has been 
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Table 35.2  Transgenic crop plants resistant to biotic stress

Transgenic plant Gene introduced Resistance to stress type References

Alfalfa cry3a Insect Tohidfar et al. 
(2013)

Apple NPR1 gene Apple cedar rust caused by V. 
inaequalis and 
Gymnosporangium juniperi-
virginianae; Apple Blight 
Disease by Erwinia amylovora

Thakur et al. 
(2018)

Apple cv. golden 
delicious

Knockdown of 
MLO-7; DIPM-1/2/4

Powdery mildew in grape 
cultivar Chardonnay; Fire 
Blight Disease

Malnoy et al. 
(2016)

Banana cv. ‘Sukali 
Ndiizi’ and ‘Naki

Ferredoxin like 
protein (Pf1p) gene

Banana Xanthomonas wilt 
(BXW) caused by 
Xanthomonas campestris pv. 
musacearum

Namukwaya et al. 
(2012)

Chickpea cryIAc Insect Sanyal et al. 
(2005)

Chilli Pepper Coat Protein gene
(CMVP0-CP)

CMVP0 and CMVP1 pathogen Lee et al. (2009)

Cotton Bean chitinase Fungi Tohidfar et al. 
(2005)

crybaby Cotton bollworm Tohidfar et al. 
(2008)

Cucumber Knockdown of 
eIF4E (eukaryotic 
translation initiation 
factor 4E) gene

CVYV, ZYMV, PRSMV-W Chandrasekaran 
et al. (2016)

Eggplant cryIIIB Leptinotarsa decemlineata Iannacone et al. 
(1997)

Grape cv. Freedom rpfF gene (from 
Xylella fastidiosa)

Pierce’s disease Lindow et al. 
(2014)

Grapes Thompson 
Seedless grape

Stilbene synthase 
gene VqSTS6

Powdery mildew disease Cheng et al. 
(2016)

Grapevine knock down of 
susceptible (S-gene) 
MLO-7

Powdery Mildew Pessina et al. 
(2016)

Grapevine 
rootstock of 
V. Berlandieri 9 
V. Rupestris cv. 
Richter 110

Agrobacterium 
oncogene-silencing 
gene

Crown gall resistance Galambos et al. 
(2013)

Maize cry1H European Corn Borer Jansens (1997)
Papaya Viral coat protein 

gene sequence and 
replicase (RP) gene

Papaya Ring Spot Virus 
(PRSV)

Gonsalves (2004), 
Xiangdong et al. 
(2007)

Potato Snow drop lectin Potato aphid Gatehouse (1997)

(continued)
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Table 35.2  (continued)

Transgenic plant Gene introduced Resistance to stress type References

Rice Xa21 class Bacterial blight Song et al. (1995)
Chitinase Fungi Itoh et al. (2003)
Cowpea serin PI Stem borer Duan et al. (1996)
Barley trypsin 
inhibitor

Insect Alfonso-Rubi 
et al. (2003)

OsMKK6 UV radiation stress and blast 
infection

Wankhede et al. 
(2013)

Stilbene Synthase 
Gene (STS) of Vst1

Pyricularia oryzae fungi Coutos-Thévenot 
et al. (2001)

Soybean Viral coat protein Soybean Dwarf Virus Tougou et al. 
(2006)

Rps1-k Phytophthora Gao et al. (2005)
cry1A Insect Macrae et al. 

(2005)
Strawberry Coat Protein (CP) Strawberry Mild Yellow Edge 

Potexvirus (SMYELV-CP)
Finstad and Martin 
(1995)

Tobacco LpiO and Rpi-blb1 
co-expression

Late blight Vleeshouwers 
et al. (2008)

Cotton ERF gene Bacterial blight Champion et al. 
(2009)

CMV replicase 
derived dsRNA

Viruses Otang Ntui et al. 
(2014)

Watermelon cv. 
Feeling, China 
rose, Quality

ZYMV coat protein 
(CP), PRSV-W (CP)

ZYMV, PRSV-W Yu et al. (2011)

transferred to crop species like rice, wheat, oilseed rape and brinjal and these plants 
show protection against attacks by beetles and aphids (Duan et al. 1996; Altpeter 
et al. 1999; Rahbe et al. 2003; Sharma et al. 2004; Ribeiro et al. 2006). Bt-corn 
called Bt-Xtra has been generated with introgression of cry1Ac, bar from 
Streptomyces higroscopicus and potato proteinase inhibitor (pinII) (Oksman-
Kaldentey and Barz 2002).

Alpha-amylase inhibitors control seed weevils. Phaseolus vulgaris amylase 
inhibitor gene on transference into transgenic Pisum sativum made their seeds resis-
tant to larvae of bruchid beetles and pea weevil (Shade et al. 1994; Morton et al. 
2000). The transgenic chickpea with this gene showed resistance to bruchid weevil 
(Ignacimuthu and Prakash 2006), whereas Coffea arabica seed extracts of trans-
genic plants inhibited amylolytic enzyme (Barbosa et al. 2010).

3.2.2 � Resistance to Bacterial Pathogens

Pathogens may contain genes which encode toxin-detoxifying enzyme. The tab-
toxin is produced by Pseudomonas syringae pv. tabaci which is converted to 
tabtoxinine-β-lactam in plants. Tabtoxinine-β-lactam stops glutamine synthase and 
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cytotoxic ammonia accumulates in plant. Pseudomonas syringae pv. tabaci protects 
itself from this tabtoxin-by-tabtoxin resistance gene (ttr) expression which acety-
lates tabtoxin to inactive form. The ttr gene transgenic tobacco showed reduced 
symptoms (Batchvarova et al. 1998). Harpins (hrp) genes of phytopathogenic bac-
teria encode type III secretory pathways. The hrp genes elicit hypersensitive 
response (HR) on non-host or resistant host plants and for pathogenesis on suscep-
tible hosts. The hrp gene secretions cause localized cell death by reactions like 
accumulation of reactive oxygen species (ROS). Harpin NEa (HrpNEa) (inducer of 
systemic acquired resistance (SAR)) is encoded by the gene hrpN of Erwinia which 
causes fire blight of apple. The transgenic plants with enhanced HrpNEa levels 
show increase in resistance to bacterial pathogens (Malnoy et al. 2005). Another 
approach for resistance against bacterial pathogen is by ethylene responsive tran-
scription factors (ERF), which regulate pathogenesis-related (PR) gene expression 
(Grennan 2008). The ERF gene isolated from cotton and transformation in trans-
genic tobacco exhibits resistance to pathogen of bacterial blight (Champion et al. 
2009). Transgenic Arabidopsis plants with presence of photosynthetic type Plant 
Ferrodoxin Like Protein (PFLP), showed enhanced resistance against bacterial 
pathogens (Lin et  al. 2010). The other success stories include: transformation of 
ferredoxin like protein (Pf1p) gene in banana cv. ‘Sukali Ndiizi’ and ‘Naki’ devel-
oped resistance against Banana Xanthomonas wilt (BXW) caused by Xanthomonas 
campestris pv. musacearum (Namukwaya et al. 2012), Agrobacterium oncogene-
silencing gene in grapevine rootstock of V. berlandieri 9 V. rupestris cv. Richter 110 
developed crown gall-resistant lines (Galambos et  al. 2013), rpfF gene (isolated 
from Xylella fastidiosa) in grape cv. Freedom developed resistance against Pierce’s 
disease (Lindow et al. 2014), stilbene synthase gene VqSTS6 from Chinese wild-
type Vitis quinquangularis accession Danfeng-2 in Vitis vinifera Thompson Seedless 
grape developed resistance against powdery mildew disease (Cheng et al. 2016) and 
RNA-interference mediated knock down of susceptible (S-gene) mildew resistance 
locus o (MLO) in grapevine against powdery mildew (Pessina et al. 2016).

3.2.3 � Resistance to Fungal Pathogens

A number of strategies have been applied for achieving fungal resistance in plants. 
These include protection by Chitinase and glucanase genes which encode glycolytic 
enzymes with cell wall degrading abilities (Jongedijk et  al. 1995; Ceasar and 
Ignacimuthu 2012; Tohidfar et al. 2012), glycoproteins (Di et al. 2010), R genes 
(resistance) (Pel et al. 2009), and activation of phytoalexins in various transgenic 
plant species (Wankhede et al. 2013). Development of transgenic crops like grape-
vine cv. Neo Muscat, peanut and cotton by transformation with plant or microbial-
derived genes encoding β-1,3-glucanase (degrade glucans) and chitinase which 
hydrolyzes chitin present in fungal cell walls after pathogen infection showed 
enhanced resistance to fungal diseases (Yamamoto et al. 2000; Rohini et al. 2000; 
Tohidfar 2012). The simultaneous chitinase plus glucanase expression in tomato, 
carrot, and tobacco (Neuhaus 1999; Melchers and Stuiver 2000), kiwifruit 

35  Transgenic Approaches for Stress Tolerance in Crops



804

over-expressing soybean b-1,3 glucanase gene (Nakamura et al. 1999), alfalfa glu-
canase gene in brinjal cv. Pusa Purple Long (Singh et al. 2014), Trichoderma har-
zianum b-1,3-glucanase gene bgn13,1 in strawberry (Mercado et al. 2015), tobacco 
ChiC gene in carrot (Punja and Raharjo 1996), RCC2 rice gene in strawberry (Asao 
et al. 1997), thaumatin II gene from Thaumatococcus danielli (African serendipity 
berry) in Fragaria × ananassa (strawberry) (Schestibratov and Dolgov 2005), chi-
tinase gene from common bean, a glucanase or a thaumatin-like protein, both from 
Nicotiana tabacum and a combination of both in strawberry cv. ‘Pajaro’ (Vellice 
et al. 2006), bacterial chitinase (chi B) gene in Litchi chinensis cv. Bedana (Das and 
Rahman 2010), CHIT42 and CHIT33 from Trichoderma harzianum in Solanum 
tuberosum (Lorito et al. 1998), Malus domestica (Bolar et al. 2001), Brassica olera-
cea var. italica (Mora and Earle 2001), and ChiC from Streptomyces griseus strain 
HUT 6037 in addition to bialaphos resistance (bar) gene into Solanum tuberosum 
(Khan et al. 2008) enhanced tolerance to fungal growth in these transformed plants.

Polygalacturonase inhibiting proteins (PGIP) of plant cell wall prevent endo-
polygalacturonases activity present in fungal pathogens (Oelofse et al. 2006). The 
transgenic wheat exhibited improved resistance to Fusarium head blight (FHB) on 
transfer of L3 gene (N-terminal fragment of yeast ribosomal protein) and also 
improved levels of deoxynivalenol (DON) mycotoxin in kernels of wheat plants (Di 
et al. 2010).

To overcome the late blight in Solanaceous species, several biotechnological 
approaches for conferring resistance have been performed. LpiO gene effectors acti-
vate innate immunity of Solanum species and cause HR. The co-expression of LpiO 
(effector) and Rpi-blb1 (resistance gene) in Nicotiana benthamiana identified Rpi-
sto1 and Rpi-pta1 as resistance genes to late blight disease (Vleeshouwers et  al. 
2008). The assembling of Rpi-sto1 (Solanum stoloniferum), Rpi-vnt1.1 (Solanum 
venturii) and Rpi-blb3 (Solanum bulbocastanum) in susceptible cultivar Desiree 
lead to HR in 4% of transgenic plants (Zhu et al. 2012). The activation of phytoalex-
ins of defense mechanism confers disease resistance in some plant species. Rice 
transgenics generated by stilbene synthase gene (STS) of Vst1 showed improved 
resistance to Pyricularia oryzae (Coutos-Thévenot et al. 2001). Hordeum vulgare 
showed enhanced resistance to powdery mildew disease (Liang et  al. 2000). 
Mitogen-activated protein kinase (MAPK) cascade regulate expression of genes of 
phytoalexin synthesis in rice under UV (increased) radiation stress and blast infec-
tion (Wankhede et  al. 2013). OsMKK6 transgenic rice lines over-expressed 
phytoalexins.

3.2.4 � Resistance to Viral Pathogens

Some 700 viruses cause diseases in plants and crop losses. The approach of coat 
protein-mediated virus resistance resists viral pathogens in crop plants. Examples 
include resistance to Papaya Ring Spot Virus (PRSV) was obtained in high-yielding 
papaya hybrid lines by transformation with viral coat protein gene sequence as 
transgene and mutation of replicase (RP) gene (Gonsalves 2004; Xiangdong et al. 
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2007), viral resistance in strawberry by expressing coat protein (cp) gene isolated 
from Strawberry Mild Yellow Edge Potexvirus (SMYELV-CP) (Finstad and Martin 
1995), chilli pepper transformed with coat protein gene (CMVP0-CP) to generate 
tolerance against CMVP0 and CMVP1 pathogen (Lee et  al. 2009), banana (cv. 
Dwarf Brazilian) tolerant to Banana Bunchy Top Virus (BBTV) (Borth et al. 2011), 
virus resistance in lily cv. ‘Acapulco’ by transformation with replicase gene of 
Cucumber Mosaic Virus (Azadi et al. 2011), and watermelon cv. ‘Feeling’, ‘China 
rose’, and ‘Quality’ transformed with ZYMV coat protein (CP) and PRSV W CP 
genes showed complete resistance to Zucchini Yellow Mosaic Virus (ZYMV) and 
Papaya Ring Spot Virus type W (PRSV W) (Yu et al. 2011).

Potato event HLMT15- 15 was resistant to Potato Y Virus (PYV) or potato event 
RBMT21-350 was resilient to PLRV (Potato Leaf Roll Virus) (James 2013). The 
tobacco expressing defective Cucumber Mosaic Virus (CMV) replicas derived 
dsRNA showed defence against viruses. The transgenic plants showed virus resis-
tance through defective Movement Protein (MP) of virus (Hallwass et  al. 2014; 
Otang Ntui et al. 2014; Peiró et al. 2014). Pathogen-resistant plants have been pro-
duced by engineering antibodies or rAb fragments which inactivate pathogens/pro-
teins of pathogenesis (Cardoso et al. 2014). The pokeweed antiviral protein (PAP) 
depurinate extremely conserved parts of ribosome which further leads to the inhibi-
tion of viral protein translation system (Thamizhmani and Vijayachari 2014). 
Poinsettia plants resistant to Poinsettia Mosaic Virus have been developed by hair-
pin RNA gene silencing (Clarke et al. 2008). Tomato transformed with AC4 gene-
RNAi construct showed suppression of activity of tomato leaf curl virus (Praveen 
et  al. 2010). Transgenic banana resistant to BBTV expressed small interference 
RNA (siRNA) which targeted the viral replication initiation (Rep) gene (Shekhawat 
et al. 2012).

The resistance to viruses is generally attained by introduction of gene sequences 
from pathogenic viruses into the genome of crop plants by use of gene silencing, 
antisense RNA and RNAi and clustered regularly interspersed short palindromic 
repeats (CRISPR)-associated protein (CRISPR/Cas) toolbox (Ramesh et al. 2007; 
Yan et  al. 2007; Ali et  al. 2015; Baltes et  al. 2015; Mamta and Rajam 2018). 
CRISPR/Cas9 technology could successfully develop resistance to Cucumber Vein 
Yellowing Virus (CVYV), Zucchini Yellow Mosaic Virus (ZYMV) and Papaya 
Ring Spot Mosaic Virus-W (PRSMV-W) resistance in cucumber plant by knock-
down of eukaryotic translation initiation factor 4E (eIF4E) gene (Chandrasekaran 
et al. 2016), to powdery mildew in grape cv. Chardonnay by knockdown of MLO-7 
and to fire blight disease by knockdown of DIPM-1/2/4 genes in apple cv golden 
delicious (Malnoy et al. 2016).

4 � Conclusion

The dawn of transgenics has revolutionized approaches of designing stress resilient 
crop plants for the development of sustainable agriculture and global food security. 
The sensor receptors, antioxidant system, transcription factors, microRNAs and 
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other stress signaling pathway genes as discussed above have been tailored to design 
overexpressed or knockdown stress tolerant-lines of crop plants with resilience to 
various stressors by genome editing toolboxes of antisense RNA, RNAi, miRNA 
and CRISPR/CAS induction (CRISPR activation) or repression (CRISPR 
interference).
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Chapter 36
Translationally Controlled Tumor Protein 
and Its Relationship with Responses 
of Plants to Abiotic Stresses

Deyvid Novaes Marques, Nicolle Louise Ferreira Barros, 
and Cláudia Regina Batista de Souza

Abstract  Food security and plant productivity can be affected by abiotic stresses, 
which are associated with substantial yield losses in several plant species including 
crops worldwide. Thus, there is great relevance in prospecting molecular compo-
nents of plants. This includes proteins that are related to endogenous defense 
response mechanisms, to produce tolerant plants, and to provide insights into the 
complexity of molecular strategies in response to these stresses. The translationally 
controlled tumor protein (TCTP) is a protein family highly conserved in eukaryotic 
organisms, which has been associated with several roles at the cellular level, such as 
those related to growth, development and defense. Compared to the TCTP proteins 
from animals, the studies focused on plant TCTPs are still incipient. However, sev-
eral studies have confirmed the importance of these proteins in plant development 
and tolerance against abiotic stresses. In addition, studies using TCTP proteins puri-
fied from plants have shown activities, such as molecular chaperone and antioxidant 
activity, potentially related to abiotic stress response. In this review, we summarize 
current knowledge about the intracellular localization of plant TCTPs and present 
several evidences regarding the role of TCTP in plant response to several abiotic 
factors, such as drought, salinity, cold, high temperature, and heavy metal stress. 
Here, functional analysis of TCTPs by heterologous expression in bacteria and 
transgenic plants, and differential gene expression analysis, as well as putative cis-
acting regulatory elements potentially involved in the abiotic stress found in TCTP 
promoter genes regulated by phytohormones are presented.
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1 � Introduction

Crop productivity and yield worldwide can be impaired by environmental stresses, 
which include abiotic factors that affect plant metabolism, growth and physiol-
ogy. Given the high socio-economic importance of plants, the efficient applica-
tion of approaches for increasing abiotic stress tolerance or modulating 
stress-induced responses is relevant. Use of strategies for their genetic improve-
ment focused on the tolerance against abiotic stresses is highly relevant. Within 
this context, providing insights associated with tolerance mechanisms-based 
genetic improvement and the prospection of molecules responsive to abiotic 
stresses constitute a potential strategy toward the production of tolerant plants in 
the field. However, despite the elucidation of several tolerance mechanisms, the 
knowledge regarding the contribution of several proteins in abiotic stress toler-
ance is still very limited.

Phosphatases and protein kinases, which act as signaling molecules, as well as 
transcription factors (such as bZIP, NAC, AP2/ERF, and MYB/MYC) and other 
proteins (e.g., LEA proteins, HSPs and aquaporins) encoded by stress-responsive 
genes are examples of proteins identified and well known as important components 
of regulatory networks of plant response to abiotic stress (Dos Reis et  al. 2016; 
Marques et al. 2017a).

Among the proteins whose studies on function in plant response to abiotic 
stresses are still incipient, we highlight here proteins of TCTP family. Several stud-
ies have verified the role of this family in the tolerance of transgenic plants (Marques 
et al. 2023a). In this review, we summarize the current knowledge about the rela-
tionship of TCTP proteins with responses of plants to abiotic stresses. First of all, 
we introduce TCTP family. Further, we summarize the information on the role of 
TCTP in plant response to several abiotic factors.

2 � TCTP

Translationally controlled tumor protein was initially identified in mammalian 
tumor cells, where its regulation at translational level was confirmed (Gross et al. 
1989). However, over the years, it was verified that this protein is present in normal 
cells and that it is transcriptionally regulated (Sanchez et al. 1997).

The TCTP constitutes a protein family highly conserved in the course of evolu-
tion and ubiquitously expressed in all eukaryotic organisms (Bommer and Thiele 
2004). Two primary regions (TCTP1 and TCTP2) of high sequence homology 
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characterize the TCTP family (Thaw et  al. 2001). According to Gnanasekar and 
Ramaswamy (2007), the TCTP is one of the 20 proteins more expressed in 
eukaryotes.

Animal studies were responsible for the first identification of the TCTP function 
related to its response to stress conditions, as well as to physiological processes, 
such as those related to cell growth and development. These functions include inter-
action with microtubules (Gachet et al. 1999), calcium binding (Sanchez et al. 1997; 
Xu et  al. 1999), regulation of apoptosis (Chen et  al. 2007; Rho et  al. 2011) and 
protection against heat stress (Gnanasekar et al. 2009).

In plants, the first study on TCTP gene detected its differential expression through 
the induction of cell division into Pisum sativum (Woo and Hawes 1997). Later, 
Sage-Ono et  al. (1998) verified that the transcript levels corresponding to TCTP 
increased gradually in violet plants (Pharbitis nil) subjected to darkness, being, 
therefore, identified as a dark-inducible cDNA.

Some authors observed that TCTPs of some plant species can be found in phloem 
(Barnes et  al. 2004; Hinojosa-Moya et  al. 2013). Barnes et  al. (2004) identified 
TCTP as a protein present in the phloem of Ricinus communis. Likewise, Toscano-
Morales et al. (2014) detected that the gene products of AtTCTP2 (mRNA or pro-
tein) are capable of long-distance movement through the phloem in tobacco plants 
(Nicotiana tabacum). Moreover, the same authors detected the AtTCTP2 mRNA in 
all adventitious and primary roots of transgenic plant, providing evidence that this 
gene can be regulated by transcriptional or translational level (Toscano-Morales 
et al. 2014).

Studies have already analyzed the role of plant TCTP regarding important aspects 
of plant development, such as auxin homeostasis (Berkowitz et al. 2008), cell pro-
liferation (Brioudes et  al. 2010), and inhibition of apoptosis (Hoepflinger et  al. 
2013). However, when compared to animals, the studies related to TCTP of plants 
are still incipient, given the remarkable divergence among plants (Gutiérrez-Galeano 
et  al. 2014) as well as their genomic complexity and multiple plant response 
mechanisms.

3 � TCTP and Its Potential Role in Response 
to Abiotic Stresses

Differential gene expression analysis and proteomics (Table 36.1) as well as func-
tional studies constitute an important step for prospecting plant genes, reference 
gene selection for RT-qPCR (Huang et al. 2014), and preliminary analysis of gene 
products potentially related to response to abiotic stresses. Prospecting plant genes 
encoding TCTPs related to abiotic stress response has been involving studies of dif-
ferential expression, as well as functional analysis by means of heterologous expres-
sion, evaluation of purified protein and analysis in transgenic plants (Fig.  36.1). 
Knowledge and new insights regarding TCTP-related tolerance might also be 
improved by employing some proteomic approaches. For example, although 
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Table 36.1  Some examples of TCTPs in transcriptomic and proteomic studies for comprehensive 
understanding of plant response to abiotic stresses

Data type Specie source Abiotic stress References

Proteome Brachypodium 
distachyon

H2O2-induced stress Bian et al. (2015)

Proteome B. distachyon Osmotic and cadmium stresses Chen et al. (2018)
Transcriptome Morus alba High level of UVB irradiation with 

and without dark treatment
Guan et al. (2018)

Proteome Potentilla fruticosa 
L.

Heat stress Guo et al. (2017)

Proteome Poplar plants Cadmium stress Huang et al. 
(2020)

Proteome Hordeum marinum Salt stress Maršálová et al. 
(2016)

Proteome Hordeum vulgare L. Drought stress Mostek et al. 
(2015)

Proteome Hordeum vulgare L. Low phosphorus availability Nadira et al. 
(2016)

Proteome Arabidopsis 
thaliana

Mannitol-induced stress Nikonorova et al. 
(2018)

Proteome Oenothera 
glazioviana

Copper stress Wang et al. 
(2017a)

phosphoproteomics is a potential approach to provide insights into plant tolerance 
mechanisms and has an emerging use in experiments involving some abiotic factors-
induced stresses (Marques et al. 2021), information on the phospho-regulation of 
TCTP during plant abiotic stress responses is still limited. Furthermore, new insights 
into stress-induced responses and the related organ-specific mechanisms have been 
provided by plant grafting (Marques et al. 2023b, c). This approach can be applied 
in further studies on plant TCTPs under abiotic stress conditions.

Although the transcriptional regulation of TCTP remains to be elucidated, cis-
acting elements potentially involved in the response to abiotic stress have been 
detected in the promoter of TCTP genes of plants (Table 36.2). Among them, ABA-
responsive elements (Kim et al. 2012), those involved in methyl jasmonate respon-
siveness (Zhang et al. 2013) and cis-elements associated with stress response, such 
as anaerobically induced, salt-induced, heat shock, and water stress responses 
(Deng et al. 2016).

Through the analysis of deduced amino acid sequences from plant TCTPs, it is 
possible to predict the presence of putative binding-sites to calcium, microtubules, 
Rab GTPase and to antiapoptotic protein MCL1, as well as phosphorylation sites, 
and TCTP1 and TCTP2 domains (Fig. 36.2). Phosphorylation is a post-translational 
modification that plays a major role in activating many proteins in response to abi-
otic stresses, such as calcium-dependent protein kinases (Rampitsch and Bykova 
2012). These two latter domains seem to be related to protein-protein interactions of 
TCTPs (Ermolayev et al. 2003; Jung et al. 2004).
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Fig. 36.1  Prospecting of 
plant TCTPs responsive to 
abiotic stresses

3.1 � Differential Expression of TCTP Genes in Response 
to Abiotic Stresses

3.1.1 � Plant Hormones

Abscisic acid (ABA) works as the central regulator of abiotic stress tolerance in 
plants (Sah et al. 2016). Other hormones, such as jasmonates and ethylene, also play 
essential roles in regulating plant response against these stresses (Kazan 2015). 
These hormones are important for modulating expression of transcription factors, 
which in turn regulate the expression of their target responsive genes (Sah et al. 
2016; Kazan 2015).

Some studies concluded that the induction of plant TCTP genes by phytohor-
mones such as abscisic acid (ABA) (Kim et  al. 2012; Wang et  al. 2015; de 
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Fig. 36.2  Alignment between deduced amino acid sequence of plant TCTPs by Clustal Omega 
(Sievers et al. 2011). The following putative elements are highlighted: TCTP 1 and TCTP 2 signa-
tures; Ca2+ and microtubule binding sites, phosphorylation sites for casein kinase II (CKII) and C 
kinase (CK) and MCL1 motif. Three conserved amino acids residues of binding domain to Rab 
GTPase are indicated by black arrows (Glu-E, Leu-L)
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Carvalho et  al. 2017; Meng et  al. 2017), jasmonate and ethylene (Wang et  al. 
2012, 2015; de Carvalho et  al. 2017) is a crucial step for responses to abiotic 
stresses. Thus, such information works as preliminary evidence on the role of 
TCTPs as downstream components to plant hormones in signaling pathways 
involved in abiotic stress response.

3.1.2 � Drought, Salinity, High Temperature, and Humidity Stresses

Significant increase in plant TCTP expression under drought stress has been verified 
through proteomic analysis (Ghabooli et  al. 2013; Zhang et  al. 2014; Koh et  al. 
2015). Proteomic analysis of vine plants (Vitis vinifera) exposed to high salinity and 
drought allowed the identification of TCTP as being one of the proteins expressed 
in response to such stress (Vincent et al. 2007). Likewise, in Jatropha curcas, stud-
ies revealed changes in expression levels of JcTCTP in response to salinity (Qin 
et al. 2011). An elevated TCTP expression was verified in a wheat cultivar (Triticum 
aestivum) selected by its high salinity resistance (Guo et al. 2012).

Mostek et al. (2015), analyzing root proteome of salt-sensitive and tolerant bar-
ley lines, observed the TCTP upregulation in the tolerant one. Santa Brígida et al. 
(2014) evaluated the expression pattern of MeTCTP from cassava (Manihot escu-
lenta) by RT-PCR and confirmed increased transcript production in response to 
increased NaCl concentration in cassava leaves. The differential expression of 
GmTCTP in response to high temperature and humidity stress has been verified 
(Wang et al. 2017b). Thus, several studies have confirmed changes in gene expres-
sion of plant TCTPs under abiotic stresses.

3.1.3 � Flooding

Chen et al. (2014) analyzed the maize leaf proteome and confirmed that flooding 
was related to programmed cell death (PCD), and the TCTP was up-regulated in 
response to this stress. The TCTP protein is associated with the PCD suppression 
and regulated by flooding stress (Chen et al. 2014), and it represents a feature shown 
by other heat shock proteins (HSPs), as reported by Qi et al. (2011).

Chen et al. (2014) also concluded that under flood stress, there was a consider-
able increase in the accumulation of hydrogen peroxide (H2O2), which could be 
responsible for inducing TCTP expression under such stress. In accordance, Barba-
Espin et  al. (2010) verified that H2O2 pre-treatment induced the TCTP protein 
expression in pea seedings.

3.1.4 � Heavy Metal Stress

Regarding the involvement of TCTP in response to heavy metal stress, Ermolayev 
et  al. (2003) detected a TCTP gene differentially expressed in roots of soybean 
(Glycine max) tolerant to aluminum stress, possibly contributing to both plant 
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development and aluminum resistance. The authors suggested that this protein 
could be involved in the maintenance of Ca2+ homeostasis in stressed plants cells, 
since the concentration of such ion in different cellular compartments plays an 
important role in easing the damage caused by aluminum.

In accordance to studies reporting a highest TCTP expression in eukaryotes 
under heavy metal stress (Sturzenbaum et al. 1998; Schmidt et al. 2007), Wang et al. 
(2012) verified that OsTCTP expression levels in rice (Oryza sativa) were substan-
tially increased in plants subjected to mercury stress. In addition, OsTCTP levels 
were more pronounced in the cultivar tolerant to Hg2+ than in the wild one (Wang 
et al. 2012). Likewise, Li et al. (2016) verified the up-regulation of TCTP of rice 
roots under inorganic mercury and methyl mercury stress using metalloproteomic 
approaches.

3.2 � In Vitro Analysis and Heterologous Expression of Plant 
TCTP Genes

Despite the wide variety of TCTP genes already identified (Table 36.3), a few stud-
ies have isolated and characterized plant TCTP genes focused on the evaluation of 
response to abiotic stresses so far (Table 36.4). However, the available information 
on functional studies confirms the potential of these proteins for plant defense 
against these stresses.

Li et al. (2013) verified that the supercoiled DNA protection increasing against 
metal-catalyzed oxidation was proportional to the increased concentration of puri-
fied HbTCTP1 of rubber tree that corresponds to the fact that HbTCTP1 expression 
was regulated by the treatment with H2O2. Deng et al. (2016) also detected antioxi-
dant activity of HbTCTP in metal-catalyzed oxidation system.

Studies have also highlighted the role of TCTP cell protection in non-plant 
organisms through its regulation by oxidative stress, even when the stress level in 
cells is still low (Lucibello et al. 2011). In turn, the expression induction of a TCTP 
from Brugia malayi nematode avoided cell DNA damage and Escherichia coli cells 
death caused by oxidative stress induced by H2O2 (Gnanasekar and Ramaswamy 
2007), in accordance with the results obtained by Nagano-Ito et al. (2009), which in 
turn established a CHO-K1 cell line overexpressing TCTP. This line confirmed that 
protection against H2O2toxicity is an additional physiologic function of mamma-
lian TCTP.

Structural analyses in such studies have not yet been performed. In silico analy-
sis of the amino acid sequence of plant TCTPs do not indicate the presence of con-
served domains that are typical of enzymes of antioxidant system (Fig.  36.2). 
According to Gnanasekar and Ramaswamy (2007), TCTP lacks typical enzymatic 
active site, but it might not be functioning as an antioxidant enzyme. Thus, the 
domains related to antioxidant activity of plant TCTPs remain to be identified, 
although Munirathinam and Ramaswamy (2012) have already found that small 
ubiquitin-like modifier is important for antioxidant function of human TCTP.
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Table 36.3  Molecular weight of some plant TCTP proteins predicted by ExPASy Proteomics 
Server (http://ca.expasy.org/tools/pi_tool.html, http://ca.expasy.org/tools/pi_tool.html)

Plant species
Number of 
aa

Predicted molecular weight 
(kDa)

Acession
(GenBank/NCBI)

Arabidopsis thaliana 168 18.8 AAM66134
Arachis hypogaea 168 19.1 ABI84255
Brassica oleracea 168 19 AAL13303
Cicer arietinum 168 19.1 XP_004495707
Cucumis melo 168 18.7 NP_001284461
Cucurbita maxima 168 19 ABC02401
Elaeis guineensis 167 19 ACF06595
Glycine max 168 18.9 NP_001237819
Hevea brasiliensis 168 19.1 ACI04518
Hordeum vulgare 168 18.8 Q9M5G3
Jatropha curcas 168 19.1 ABO25950
Larix kaempferi 167 18.7 AGW01241
Litchi chinensis 168 18.7 ADZ75463
Manihot esculenta 168 19.1 AGQ45636
Medicago sativa 167 18.9 CAA67207
Medicago truncatula 168 19.1 AES61401
Nicotiana tabacum 168 18.7 AKG62084
Oryza sativa 168 18.9 ALF37646
Physcomitrella patens 170 18.9 XP_001758666
Picea sitchensis 160 18 ABK25668
Pisum sativum 167 18.8 P50906
Populus trichocarpa 168 19.1 ERP57941
Pseudotsuga menziesii 167 18.8 CAA10048
Rheum australe 168 18.8 ACH63210
Ricinus communis 168 18.9 XP_002512437
Salvia miltiorrhiza 168 18.8 ABW16955
Selaginella moellendorffii 168 19.1 XM_002982802
Solanum lycopersicum 168 18.9 NP_001234566
Solanum tuberosum 168 18.8 NP_001275182
Sorghum bicolor 167 18.8 XP_002453140
Thellungiella halophila 168 18.8 BAJ33998
Vitis vinifera 167 18.9 XP_010649714
Zea mays 167 18.6 NP_001105104

Heterologous expression studies have also been performed to verify the plant 
TCTP roles. For example, Meng et  al. (2017) observed positive responses of 
CsTCTP1 and CsTCTP2 from Cucumis sativus under salt and heat stresses. On the 
other hand, a negative response of these CsTCTP genes under drought and HgCl2 
stresses were observed in a prokaryotic system (Meng et al. 2017).

The overexpression of MeTCTP recombinant protein from cassava by our 
research group resulted in increased salinity (Santa Brígida et al. 2014) and heat 
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Table 36.4  Some examples of plant TCTP genes isolated and characterized and their relationship 
with abiotic stress response or tolerance

TCTP genes 
of plants Source species

Relationship with response or tolerance 
to abiotic stress References

AtTCTP Arabidopsis 
thaliana

Drought tolerance with rapid ABA-
induced stomatal closure

Kim et al. (2012)

BoTCTP Brassica 
oleracea

Cold, high temperature, and salinity 
tolerance

Cao et al. (2010)

CsTCTP1; 
CsTCTP2

Cucumis sativus In prokaryotic cells, positive responses 
to salt and heat stresses and a negative 
response to drought and HgCl2 stresses

Meng et al. (2017)

HbTCTP Hevea 
brasiliensis

Regulated by drought, cold, salinity, 
H2O2, ethylene and methyl jasmonate; 
antioxidant activity in metal-catalyzed 
oxidation system

Deng et al. (2016)

HbTCTP1 H. brasiliensis Regulated by drought, cold, salinity, 
H2O2, ethylene and methyl jasmonate; 
antioxidant activity in metal-catalyzed 
oxidation system

Li et al. (2013)

JcTCTP Jatropha curcas Regulated by salinity and high 
temperature

Qin et al. 2011

MeTCTP Manihot 
esculenta

Regulated by salinity; protective 
function against salt and heat stress in 
bacterial cells; chaperone activity

Santa Brígida et al. 
(2014), Marques 
et al. (2017a, b)

OsTCTP Oryza sativa Mercury tolerance; regulated by 
abscisic acid and H2O2; enhanced 
activity of antioxidant enzymes; 
protective function against Hg2+ stress 
in yeast strains

Wang et al. (2012, 
2015)

SlTCTP Solanum 
lycopersicum

Salt and osmotic tolerance de Carvalho et al. 
(2017)

(Marques et al. 2017b) tolerance in E. coli cells. In another study, yeast strains over-
expressing OsTCTP showed increased survival to stress. The authors also concluded 
that OsTCTP protein could form complexes with Hg2+ or participate in the transport 
regulation of such ions to the extracellular space, or even participate in the transpor-
tation of other toxic compounds related to Hg2+ (Wang et al. 2012).

3.3 � Plant Tolerance Against Abiotic Stress Mediated by TCTP

After identifying genes differentially expressed under abiotic stress conditions, as 
well as preliminary functional analysis, the analysis in transgenic plants overex-
pressing or silencing a gene of interest allows a more detailed functional character-
ization of this gene. In this section, information obtained from studies of transgenic 
plants overexpressing or silencing TCTP is presented.
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3.3.1 � Drought

Kim et al. (2012) observed that the TCTP-related drought tolerance and stomatal 
closure is associated with elevated cytosolic calcium and microtubule depolymer-
ization in Arabidopsis thaliana. Plant TCTP proteins are not only distributed in the 
cytoplasm (Table 36.5). Thus, the role of TCTP in abiotic stresses tolerance in other 
cellular compartments besides the cytoplasm remains to be elucidated.

de Carvalho et al. (2017) verified the function of SlTCTP from tomato as a key 
mediator of ABA-dependent regulation of stomatal movement, when overexpressed 
in tobacco, may require changes in the abundance of a subset of aquaporins, the 
downregulation of BAM1 (encoding β-amylase 1), up-regulation of ASPG (a gene 
encoding an aspartic protease in guard cells) and a higher accumulation of unsatu-
rated fatty acid.

Other authors have also reported the calcium-binding activity of TCTP from dif-
ferent plant species (Hoepflinger et al. 2013; Li et al. 2013; Nakkaew et al. 2010). 
Further studies may contribute to the current knowledge about the importance of 
calcium interaction with TCTP in their role in drought tolerance as well as other 
stresses, since calcium binding proteins are components of plant defense against 
various abiotic stresses (Tuteja and Sopory 2008). Structural studies are also impor-
tant to understand the conformational modifications in plant TCTP proteins after 
their interaction with Ca2+ in the response to abiotic stresses. We have performed the 
prediction for calcium-binding property of MeTCTP by molecular dynamics simu-
lations. In such investigation, the main residues related to this interaction were iden-
tified in a in silico experiment (Marques et al. 2019).

According to the results obtained by Aoki et al. (2005), the TCTP can contribute 
to stress resistance through interaction with other proteins located in the phloem. 
These authors analyzed rice and pumpkin (Cucurbita maxima) and detected that the 
TCTP interacts with proteins involved in long-distance movement through phloem 
(for example, RNA binding proteins, such as CmPP16) and contributes to its trans-
port. The protein CmPP16 contributes to the increase of photosynthetic capacity 
during the drought, as genetic transformation assays carried out by Ramírez-Ortega 
et al. (2014).

Table 36.5  Some examples of cellular localization of plant TCTPs

TCTP Localization Reference

AtTCTP Cytoplasm Kim et al. (2012), Hoepflinger et al. 
(2013)

AtTCTP Nucleus Toscano-Morales et al. (2014)
OsTCTP Cytosol and nucleus Wang et al. (2015)
HbTCTP Membrane, cytosol, and nucleus (rice 

protoplasts)
Deng et al. (2016)

SITCTP Cytosol and nucleus Bruckner et al. (2017)
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3.3.2 � Cold, High Temperature, and Salinity

Cao et  al. (2010) found that cabbage plants (Brassica oleracea) silenced for the 
BoTCTP gene showed a decrease in tolerance to cold, high temperature and high 
salinity. Proteins that act as molecular chaperones are related to the defense response 
of plants at the cellular level, both under stress caused by high temperature (Wang 
et al. 2004) and by cold (Sanghera et al. 2011).

Gnanasekar et al. (2009) observed that the TCTP of humans and of Schistosoma 
mansoni act as a heat shock protein and as molecular chaperone (by interacting with 
another protein and protecting it).

It commonly occurs a cross-talk among molecular chaperones and other protec-
tion mechanisms against stresses, through interaction of such proteins with apopto-
sis regulators, cellular cycle, differentiation and status redox (Wang et al. 2004).

As highlighted by Wang et al. (2004), the response at the cellular level occurs by 
the joint action of several chaperones in the performance of activities that are criti-
cal to the survival of cells subjected to stress, such as maintaining functional confor-
mation of native proteins, preventing the aggregation of non-native proteins, 
refolding of denatured proteins to regain their functional conformation, and also 
removing polypeptides that, although non-functional, are generated from misfold-
ing, denaturation, or aggregation.

Plant TCTPs have putative binding domain to Rab GTPase (Fig. 36.2). Thaw 
et al. (2001) verified that TCTP show structural similarity of TCTP to a family of 
guanine nucleotide-free chaperones with GDP/GTP free form Rab proteins-binding 
property was previously reported (Thaw et al. 2001).

Furthermore, in silico analysis indicate the presence of domains related to 
protein-protein interactions in plant TCTPs (Fig.  36.2). In fact, after translation, 
TCTP of plants have the ability to interact with other proteins. For example, AtTCTP 
interacts with proteins to regulate apoptosis in Arabidopsis (Hoepflinger et  al. 
2013). In tobacco, NtTCTP interacts with NTHK1 (a subfamily II ethylene receptor 
tobacco Histidine Kinase1) and prevents NTHK1 from proteasome-mediated pro-
tein degradation (Tao et al. 2016). In Hevea brasiliensis, the HbTCTP interacted 
with rubber elongation factor (REF), 17.5 kDa heat shock family protein, annexin, 
and REF-like stress related protein1 (Deng et al. 2016) proteins.

Recently, we verified the molecular chaperone activity of purified MeTCTP, in 
addition to ability of recombinant MeTCTP in improving tolerance of bacterial cells 
against heat stress (Marques et al. 2017b). It remains to be elucidated whether TCTP 
of other plant species also acts as a molecular chaperone, as well as whether plant 
TCTP can occur in cooperation with other molecular chaperones.

3.3.3 � Mercury and Oxidative Stresses

Wang et al. (2015) showed that OsTCTP is related to the increased activity of sev-
eral antioxidant enzymes in transgenic rice plants, reducing H2O2 levels induced by 
Hg2+, by molecular mechanisms not yet elucidated. These authors also verified that 
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the overexpression of OsTCTP in plants increased the tolerance of plants to Hg2+ 
stress. Thereby, the TCTP role can be related to the roots defense mechanism against 
the exposure to heavy metal.

Enhanced H2O2-mediated oxidative stress tolerance was observed in tobacco 
plants overexpressing HbTCTP or HbTCTP1 (Deng et  al. 2018). As mentioned 
above in this review, the activity of rubber tree TCTP was confirmed in vitro. Within 
this context, it is clear that TCTP has a role against oxidative stress independent of 
antioxidant enzymes. However, based on the results obtained by Wang et al. (2015), 
further studies are needed to increased knowledge on TCTP and antioxidant system 
enzymes. Altogether, these results confirm the potential of TCTP for the generation 
of tolerant plants against different abiotic stresses.

4 � Conclusions and Future Perspectives

In this review, information on the high potential of TCTP proteins related to molec-
ular mechanisms of plant endogenous response and tolerance were presented. 
Further studies involving molecular cloning, structural characterization, expression, 
protein function analyses, regulation at the cellular level, interaction with other gene 
products, and overexpression and/or silencing in transgenic plants will contribute to 
better understanding of how TCTP is functionally related to the increase and modu-
lation of tolerance of plants to different abiotic stresses.
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Chapter 37
Plant Tissue Culture and Crop 
Improvement
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Abstract  Micropropagation is used in both crop production and agriculture. Crop 
improvement by genetic engineering methods is possible in most cultivated crops. 
There is major challenge to produce more genetic diversity by vegetative method 
due to lack of suitable genotype, and hence the growth of crops decreases. But there 
are many ways to increase crop improvements by vegetative methods (tissue culture 
method) including micropropagation, meristem tip culture, somatic embryogenesis, 
somaclonal variation, ovary method, protoplast, somatic hybridization, secondary 
metabolites, cryopreservation, and haploid production method. Micropropagation is 
a vegetative method which produces the clones of cells though various techniques 
containing explant sources (such as root, shoot, sterilized conditions, and plant 
transfer to soils). For micropropagation techniques, selected genotype for vegetative 
growth of soft woody plants is used, for example, adventitious shoot (sugarcane 
nodal formation). Another meristem tip culture method has the capacity to produce 
virus-free plants, e.g., garlic. The protoplast method needs nutrition and culture 
media for plants’ growth. The cryopreservation method produces storage of plants 
by low temperature under laboratory treatments. This chapter discusses various 
methods of tissue culture to increase crop growth and improvement.

Keywords  Plant tissue culture · Micropropagation · Meristem culture · Somatic 
embryogenesis · Anther culture · Cryopreservation
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1 � Introduction

It is expected that by 2050, the human population will be increased to one thousand 
million (FAO 2017). One of the biggest challenges is to feed the increasing popula-
tion by the production of food at large scale. But due to short availability of fertile 
land and climate change, crop development seems to be stabilizing and unexpect-
edly reducing. It is thought that, to feed the 10 billion people of the global popula-
tion, 60% rise in the production yield could be required (Springmann et al. 2018). It 
is known that the improvement of health of plant material and providing genetic 
variability are brought through a technique which is known as tissue culture tech-
nique. While most plant species have tissue culture methods, numerous crops, espe-
cially grains and trees, still require constant improvements. In vitro selection is used 
for the rapid identification of mutants with beneficial agronomic properties such as 
salt or drought resistance or disease resistance (Ali et  al. 2013b; Kordrostami 
et al. 2022).

Tissue culture is introduced to all plant culture, including callus, cell, proto-
plasm, anther, meristem, embryo, and organ cultures and its benefits as a multiplica-
tion technology (Raina et al. 2018; Abbas et al. 2019). Plant cells and tissues on 
reproduction approaches below disease-free environment and controlled condition 
of light temperature and moisture are grown in this technique. It is germ-free, artifi-
cial growth of living organism tissue, and their components under specific physical 
and chemical conditions (Hassani et al. 2018). Vegetative propagation is one of the 
modern techniques to regenerate specific plant species. It has newly enhanced spe-
cific role in plant growth, disease control, and secondary metabolites production 
(Asif et al. 2012; Oseni et al. 2018). There are many methods involved in this tech-
nique like micropropagation, meristem culture technique, and somaclonal varia-
tions (Liu 2019). All these methods have the properties to produce the plants under 
germ-free conditions, and these methods can be performed in a very short duration 
of time (Shanee et al. 2011; Gulzar et al. 2020).

2 � Methods of Tissue Culture

2.1 � Micropropagation

Micropropagation is the artificial culture-based species-specific propagation of 
approved genetic constitution. Micropropagation is usually connected to extensive 
production at affordable prices (Torgbor 2020). Selected plant cells are distant, 
treated, and raised in a disease-free environment for cloning in this technique. 
Cloning isolation technique established the fact that somatic cells under suitable 
environment can be converted into complete plant (Gupta et al. 2020) (Fig. 37.1).
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Fig. 37.1  Several plant tissue culture techniques (Mehbub et al. 2022)

2.1.1 � Advantages of Micropropagation

The advantages of micropropagation (Chandana et al. 2018) are as follows:

•	 Fast reproduction by vegetative propagation
•	 Provides specific and controlled environmental conditions to plants
•	 Provides the availability of vegetative materials throughout the year disregarding 

to the regional and seasonal variation
•	 Helps in identification as well as development of mutant having specific proper-

ties as somaclonal variation
•	 Helps in development of secondary metabolites
•	 Provides the platform for the conservation of threatened plant species
•	 Provides specific range as well as succeeding to the development of specific 

plant-based pharmaceuticals
•	 Provides the tools for the preservation of genetic materials by cryopreserva-

tion method
•	 Produce the plants that are resistant to disease and stresses
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2.1.2 � Drawbacks of Micropropagation

•	 Expensive laboratory instruments as well as service are required (Ray and 
Ali 2018).

•	 The plants that produced are not autotrophic.
•	 One can face many problems such as poor acclimatization to the area.
•	 ‘De novo’ regeneration is used in micropropagation, the risk of genetic changes 

increases.

2.1.3 � Methods of Micropropagation

2.1.3.1  Aseptic Culture

The aseptic technique is also called the method of sterilization in which plant parts 
are sterilized under hygienic conditions. The experimental design of sterilization is 
used for the identification and removal of contamination as well as for the determi-
nation of preventions during tissue culture process (Ikenganyia et al. 2017). There 
are many sources of contamination such as environment (airflow carries microor-
ganisms that contaminated the culture media), culture media (that is used to produce 
plant tissues also can allow the growth of microorganisms such as bacteria and 
fungi), and plant materials (surface of plant materials can be contaminated with 
microorganisms). All these sources of contamination could be identified with the 
help of aseptic culture method (Soumare et al. 2021).

Once the contamination source is identified, the next step is to sterilize the instru-
ments such as flask, beakers, and glass slides. For this purpose, two methods are 
used (chemical method and dry heat method). In chemical method, specific chemi-
cals (ethylene oxide, chlorine dioxide, sodium hypochlorite, and mercuric chloride) 
are used to sterilize the tissue culture media and to identify the growth of microor-
ganisms. While dry heat method involved the sterilization in which drying ovens are 
used, which allows 1 h heating process to reach the sterilization temperature (Wang 
et al. 2022).

2.1.3.2  Shoot Multiplication

Several micropropagation techniques use fragments such as shoots, root noodles, 
and buds. For micropropagation method, shoot multiplication technique is used in 
laboratory for many plants such as Aloe vera species, English walnut, and pineap-
ple, etc. Many products such as lignosulphonate and other hormone like cytokinin 
help in shoot multiplication process (Wan Abdullah et al. 2020). This is the true 
proliferation stage, where the culture is removed from foregoing cycle, cut into 
pieces as well as disease-free re-growing on new medium in individual culture 
dishes. In this step, cytokinins growth regulators that speed up cell separation and 
germination are largely adapted (Gilbert et al. 2018). For profit of propagules, in 
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Fig. 37.2  Cytokinins effect on shoot multiplication (Nowakowska et al. 2022)

one year, 26 cycles are carried out. Because of the higher concentration of cytoki-
nins, root growth did not take place in culture media (Fig. 37.2; Nowakowska et al. 
2022). As a result, for reproduction, buds or shoots are frequently used (Gosal and 
Wani 2018).

Micropropagation of pineapple commercially facilities successive farming in a 
liquid environment for the expansion of axillary meristems and shoots (common 
micropropagation’s focus of majority pineapple production (Ananas comosus L.) 
through a quick absorption technique is preserved). Three different steps are taken 
by the meaningfully short-lived falling system all over this process: shooting, shoot 
variation, and extension. In demand to grow many rooted shoots, it is now recog-
nized as an active method of plant production to increase the growth of apical or 
axillary twigs (Sudheer et al. 2022). Sea oats, an important grass species, that domi-
nate genetic material and cytokinin chemical can be efficiently used to stimulate 
shoot growth of oats species (Sahab et al. 2021).

2.1.3.3  Induction of Roots and Hardening

To make micropropagation methods simple and more successful at inducing roots 
on microshoots, rooting vessels were recognized. In demand to improve the perfor-
mance of microshoots, this study highlights the advantages of osmotic potential in 
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liquid culture over agar gel culture (Patel 2021). Through tests, the ideal root hor-
mones and possible hardening media for Gerbera jamesonii micropropagation pro-
cedures were recognized. IBA (indole butyric acid) and GA3 (gibberellic acid) were 
used for root study. However, sand, cocopeat, vermiculite, and vermiculite mixture 
were used for gerbera hardening testing. Many root introduction structures were 
measured physically and biochemically at the hardened of the gerbera plant. Based 
on a diversity of variables, higher abscisic acid levels (3 and 4 ppm), lower gibberel-
lic acid concentrations, and the best overall abscisic acid performance were recog-
nized (van Zijl et al. 2018).

2.1.3.4  Transfer of Plantlets to Soil

Plants will die soon if placed in regular greenhouse or field conditions that are cul-
tured on agar-based media. The ability of roots to absorb water is reduced by 
removed damage and poor contact with the substrate. Removing glass plants is 
more stimulating due to their slow growth and fast wilting. Reduced cell wall stress 
caused by these plants’ reduced cellulose and lignin deposition increases cellular 
water absorption and glass turgorness in leaves and stems. While reducing damage 
to the root system, apply cellulose plugs to root plants in vitro and move them to 
soil. This can significantly increase wilting resistance (Tanveer et al. 2012; Li 2020).

2.2 � Meristem Culture

Meristem culture is the most frequent method of get the virus-free plants from a 
structurally diseased plant (Shen and Hsu 2018). Various studies have established 
the effective production of virus-free plants of distinct species by these techniques. 
Meristem culture subsequently has been useful to get good plants free from virus 
(Javaid et al. 2012b; Adhikary et al. 2021). Instead of tissue in meristem culture, 
shoot tip has the maximum ability for growth into whole plant. The separation and 
expansion of shoot meristem is of great importance for reproducing the plants which 
should not be affected by pathogens. Shoot meristem culture is used over a large 
area for the production of different types of crops, and these crops have been grown 
into base of horticulture micropropagation industries (Vir and Kumar 2021). For 
example, shoot meristem culture is used to produce plants that are free of viruses. In 
the process of meristem culture, the dome and leaves present in the subapical zone 
are removed. If there is any damaged part of stem present outside, then shoot culture 
can be used rather than meristem culture (Pal et al. 2019).

Practically, the first meristem culture to find the virus-free plants of Dahlia from 
diseased individuals was cultivated through shoot tip in culture medium and some 
bud formation in sugarcane (Brar and Khush 2021). In the apical meristem cell, 
genetic stability is present, so for producing plants with same phenotype and geno-
type like explant source, those meristem cells have great chances in 
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micropropagation technique. As top culture of meristem technique has ability to 
produce virus-free plants, pathologists are interested in it (Javaid et  al. 2012a; 
Trivedi 2021). Top meristem culture technique is made for propagation of number 
of plants. It is thought as commercially workable technique currently (Johns 2019). 
Apical meristem culture technique is call for the eradication of shoot meristem 
parts, their installation on growth media in different sterilized conditions, and future 
arrangements of growth hormones and culture circumstances (Singh Shekhawat 
2019). Meristem culture has benefits to other culture methods like disease plants 
can be removed. Another important method of meristem culture is the spread of 
haploid plant. Meristem culture of haploid plants can be exploit for their prolifera-
tion. Some drawbacks like plants are regularly affected with the germ-free plants 
which approved from one generation, and it can be increased if followed with the 
help of meristem culture disease plants (Kendurkar and Rangaswamy 2018).

2.3 � Somatic Embryogenesis

Somatic embryos are very helpful tools for vegetative multiplication and for inves-
tigation of regulation of embryo development. Somatic embryogenesis is regenerat-
ing multi-step process. It starts from proembryogenic masses development, and it 
continues to maturation, desiccation, and regeneration of plants. Somatic embryo-
genesis is multifunctional process. Through somatic embryogenesis, some new 
structures are formed which can be produced in new whole plant. These structures 
are formed through cells having embryogenic capacity generated by somatic cells 
(Méndez-Hernández et al. 2019).

The embryo formation initiation process is still uncleared. However, it is investi-
gated that unequal distribution of auxin is needed for embryo formation (Márquez-
López et  al. 2018). Development of somatic and zygotic embryo is based on 
classification of plants even they have morphological similarities. It was thought 
that zygotic embryos are nutrified through phloem tissues, while somatic embryos 
utilize external source of carbohydrates (Baba et  al. 2009; Quinga et  al. 2018). 
Application of plant growth regulators has vital role in culture medium especially 
during somatic embryogenesis induction, as they induce cell differentiation. But it 
depends on concentration and quality of plant growth regulator used in culture 
medium (Grzybkowska et al. 2018).

2.4 � Somaclonal Variation

Somaclonal variation is a mutational and inherited process that arises the effect of 
using tissue culture techniques. Somaclonal variation depends on explant source 
and means of reproduction through differentiated tissues (Habib et al. 2012; Bridgen 
et al. 2018). It is investigated that there is more genetic diversity in vegetatively 
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propagated plants instead of seed propagated plants. So, the presence of somaclonal 
variation has vital role to generate genetic diversity between plants. These plant spe-
cies reproduce vegetatively. Different crops show somaclonal variations for aspects 
based on quality and quantity, like concentration of proteins in Oryza sativa, high 
concentration of sugar in sugarcane, early trimming of corn, changes in plants 
height, color of grains, tolerance of herbicides in tomato resistance of disease in 
maize, sugarcane, and Solanum tuberosum, and tolerance of salinity stress in Oryza 
sativa (Hannachi et al. 2021).

Somaclonal variation may be utilized for the selection of genotypes capable to 
both biotic and abiotic stresses. For example, in ornamental plant species, selected 
genotypes resistance to abiotic stresses as low temperature or high salinity leaf and 
flower morphology may be changes (Manchanda et al. 2018). Some disadvantages 
to manipulation of somaclonal variation as a breeding method depend upon geno-
type, absence of markers (DNA) that allow to recognize chosen mutants.

2.5 � Embryo/Ovary Method

Ovary culture is a method of cultivated ovaries separate through the pollinated or 
un-pollinated segments. It is also called zygotic ovary/seed liberation technique 
which is the most primitive technique used. Major application of embryo method is 
for interspecies crossbreeding (Degefa 2019). Embryo culture is required for sepa-
rating and producing a zygotic embryo under germ-free situations on purifying 
media for the purpose to acquire feasible plants. An unsuccessful embryo and ova-
ries of different plant species damaged by harmful chemicals can restart growth 
under suitable development conditions (Gupta et  al. 2022; Rehman et  al. 2022). 
Embryo culture is useful to breeders as breeding cycle becomes shorter, compara-
tively easy as well as demanding a simple nutrient medium.

2.6 � Protoplast Culture

Protoplast is the spherical- or oval-shaped part of cell which is covered with cell 
membrane. Somatic hybridization or protoplast fusion is the process in which a 
hybrid is generated by the fusion of protoplast. In genetic engineering, protoplast 
culture is used for DNA transfer and also the transfer of chloroplast, mitochondria, 
and plasmid. Different methods are involved in culturing of protoplast which are 
given by Bridgen et al. (2018) and Javaid et al. (2022b).
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2.6.1 � Hanging Drop Method

In 1970, Kao proposed this technique of culturing protoplast. According to this 
technique, protoplast was incubated and suspended at low light intensity and at 
some specific position. This method is functional in the cases where inhibition in 
normal growth of tissues is occurred by smooth substrate through which tissues are 
growing (Jan et al. 2018). By reducing the evaporation rate and surface area ratio, 
inhibition in growth of tissues can be controlled. In order to obtain successfully 
cultured protoplast, their high efficiency and sufficient density are essential 
(Maekawa et al. 2022). The maximum density of protoplasts affects the cell division 
and the microcell formation. It is normally between 1.104 and 1.106 protoplast 
within 1 ml of media, if the densities are very high, linkage as well as joining of the 
cell colonies can take place (Makarem et al. 2021).

2.6.2 � Agar Plating Method

Bergmann at the year of 1960 introduced this technique. In the culture plate, agar 
(that is melted) is mixed with the pure protoplast which is suspended in a medium 
(Ermert et al. 2019). At the stage of preparation, temperature is maintained at 4 °C; 
after that, it is placed to the contamination-free environment at temperature of 
27–30 °C (Lal and Lal 2019).

2.6.2.1  Microculture Technique

In this method, very small droplets of protoplasts are placed on the microscopic 
glass-slide. Two cover slips are used to cover the glass slides. For protecting the 
protoplast suspension, the third cover slip is used. This technique is highly applied 
for the cultivation of tobacco crop (complete mature plant from isolated protoplasts) 
(Chadipiralla et al. 2020).

2.6.2.2  Factors Involved in Culture Media Formation

Major factors are involved in the formation of the media preparation, such as the 
sugar contents, light intensity as well as temperature (Espinosa-Leal et al. 2018). 
Placing liquid medium intersecting the solid medium is generally more challenging, 
and the absorbents within the media can be more easily controlled. For example, 
when the cell wall is being restored between the first division, the values of osmotic 
pressure should be decreased to ensure that cell division will not halt. In a fluid 
medium, the thickness of cells can be controlled easily and changed in the chamber 
of culture which is required in the process of cultivation is simple (Pantelidou 
et al. 2021).
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Table 37.1  Antiseptics used for removal of endophytic contamination in plant tissue cultures

Applied substance Plant species Success of decontamination References

Kanamycin and streptomycin 
sulphate at 10 μg mL−1 each were 
added to shoot multiplication 
medium + 2 mg L−1 
BAP + 10 mg L−1 adenine sulfate

Guadua 
angustifolia

Bacterial growth was 
inhibited, and intensive 
formation of high-quality 
shoots was observed

Alagarsamy 
et al. (2018)

Antibiotic, cefotaxime at 
62.5 mg L−1 was supplemented to 
Morishige and Skoog (MS) 
medium for establishment

Helianthus 
tuberosus L.

It recorded 0% 
contamination, 100% 
survival of stem nodes 
cultures

Abdalla et al. 
(2021)

Copper sulfate (CuSO4 5H2O) at 
70 mg L−1 was
supplemented to MS medium + 
5 mg L−1 BA for shoot 
multiplication

Philodendron 
selloum

It eliminated the 
endogenous bacteria 
contamination to 0%, 
without decline in growth 
of in vitro shoots

Seliem et al. 
(2021)

2.6.2.3  External Conditions of Cultivation of Protoplast Cultures

Protoplast’s development is inhibited by very high light intensities. Some species 
such as legumes are tolerant to light but other species are sensitive to light intensity. 
It depends on genotype that the protoplast culture took place at temperature from 22 
to 30 °C (Verduci et al. 2020; Javaid et al. 2022a) (Table 37.1).

2.7 � Somatic Hybridization

Somatic hybridization is the result of interspecific hybridization of the parent spe-
cies (Table 37.2). In the family, Brassicaceae may control the hurdle between illus-
trative that may not be intersect. In fact the nucleate, mitochondrial as well as 
chromoplast genome of unlike and sexually opposite species can be joined into an 
individual genetic constitution through somatic hybridization (Pathania et al. 2021; 
Naqve et al. 2021). However, fertility restoration remains an issue that should be 
addressed in order to the better combination. The initiation of disease-resistance 
gene is one of the several specific aims in plant reproduction. In the genus Brassica, 
increased resistance of seedlings to infection with mycopathogens like Alternaria, 
Phoma, and Plasmodiophora is the problem as the resistance gene is only found in 
species that is closely associated with food crops, that is a classic crossbreeding 
drawback. Through protoplast fusion, this restriction may be removed to some 
extent (Ali et al. 2013a; Gramazio et al. 2020).
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Table 37.2  Examples of somatic hybridization in different plants

No of genus
Parent species and their chromosome 
number

Chromosome number of 
hybrid

1 Interspecific hybrids
Brassica B. oleracea (2n = 18), B. campestris 

(2n = 20)
Wide variation

Nicotiana N. tabacum (2n = 48), N. alata 
(2n = 18)

66–71

2 Intergeneric hybrids
Raphanus × Brassica Raphanus sativus, B. oleracea Raphanobrassica
Datura × Atropa Datura inoxia, Atropa belladonna Daturotropa

3 Intertribal hybrids
Arabidopsis × Brassica Arabidopsis thaliana, B. campestris Arabidobrassica
Thlaspi × Brassica Thlaspi perfoliatum, B. napus Thlaspobrassica

2.7.1 � Protoplast Fusion and Isolation

In protoplast fusion, mesophyll and hypocotyl protoplasts or mesophyll and callus 
protoplasts are most often used. The reasons are the optical control of fusant forma-
tion in accordance with the content of chloroplasts as well as vacuole. Plant’s pro-
toplast can be isolated mechanically or enzymatically (Klimek-Chodacka 
et al. 2020).

•	 In mechanical isolation, cutting plant part and removing protoplast from the cut 
surface have historically been an important technique but is rarely used due to 
insufficient numbers of isolated protoplasts. However, its advantage is that it 
eliminates the influence of unknown enzymes on the protoplast (Moon 
et al. 2021).

•	 Enzyme isolation is useful because protoplasts are obtained in large numbers, 
cell is not damaged, and osmotic condition can be affected (Ren et al. 2021). The 
cell is extracted through breaking the middle lamella as well as dissolving the 
tissues into single cell. Enzyme isolation can be executed into two different 
methods: two-step or one-step method. In the first step of a two-stage process, 
single cell is extracted by using commercially available enzyme preparations 
(e.g., macerozyme and macerase). In the second step, the free cells were pro-
cessed into protoplasts with cellulase by dissolving the cell walls (Yang et al. 
2020). The cells are released to the enzyme for a short time in single-step isola-
tion. One-step isolation is much common, in which tissue loosened regularly 
(e.g., by cutting into strip) is placed in a mixture of enzyme (pectinase and cel-
lulase, commercially available preparation). For each plant objects, the specific 
compositions of the enzyme fusion is required, and the maximum pressure of the 
extraction medium (Belwal et al. 2018).
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2.8 � In Vitro Production of Secondary Metabolites

In vivo cultivations involve the production of new cell, tissue, as well as organ 
derive solely from the division of the mitotic cells, resulting in cloning of cell, tis-
sue, and persons, all with as same genetics as parental plant (Khanday and 
Sundaresan 2021). Plant-derived medicinal compounds (PDMC) are as similar as 
the secondary metabolite production from therapeutic plants (Cardoso et al. 2019). 
The usage of in vivo techniques for the production of secondary metabolites, par-
ticularly PDMC, has the main advantage, less impact on environment because of 
controlled conditions in the in vivo culture chamber, the better control is possible to 
the production of PDMCs through the development of protocol to quicken the accu-
mulation of fresh biomass and rise in the production of PDMCs in tissue; seasonal 
self-regulating incremental manufacture from PDMC; under sterile conditions, pro-
duction of PDMC and a very low risk of pollution with undesirable lethal com-
pounds (Atif et al. 2020).

In vivo production of PDMCs consists of growing explants of target medicinal 
plants using plant cells and tissues culture technique. Explants are surface decon-
taminated and injected in vivo by using culture media that is pre-formulated and 
cultured in various phases by controlling the environmental conditions (Cardoso 
2018). In vivo micropropagation with the help of accommodation and plant devel-
opment in greenhouses or in field is an auspicious policy for the production of 
plants secondary metabolite, especially in infrequent or rare species, which are hard 
to broadcast or grow slowly, and in vulnerable species for recurring phytosanitary 
problems, such as in vegetative proliferation (Srivastava et al. 2022). Then, the tech-
niques which are used to yield virus-free plants can also be useful for increasing 
plants biomass efficiency and PDMCs content, that is detected in Allium sativum. 
The in vivo technique enables in addition to accelerating significant propagation of 
particular high PDMC genotype, both native and those advanced in breeding plans 
(Kapoor et al. 2018).

2.9 � Cryopreservation and In Vitro Germplasm Storage

Cryopreservation can be demarcated as freezing of feasible organic substantial as 
well as succeeding packing at lower temperature, if possible, liquid nitrogen. The 
growth of strategies for cryopreservation of plant’s cell as well as organ follows the 
progress completed from mammal system. For the mammal’s system, the finding of 
chemicals through Cryoprotective possessions is an important phase on the way to 
the development as well as modification of Cryopreservation Technology. The main 
innovation in this regard was the discovery that glycerol could protect bird sperm 
from freezing damage (Bustani and Baiee 2021).
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Table 37.3  Shows the plant’s cryopreservation bank present in different countries

Cryo-methods Plant species
Institution 
(Country)

Number of 
shoot regrowth 
(%) accessions References

DV Allium sativum,
A. macrostemon,
A. sativum
Aggregatum group,
A. × Proliferum

NAC (Rep. 
Korea)

1158 34–
100

Kim et al. (2012)

Citrus spp.,
Fortunella spp.,
Microcitrus 
australasica,
Poncirus trifoliata 
hybrids

USDA-ARS,
NPGS (USA)

451 NS Volk et al. (2019)

Fragaria spp. USDA-ARS,
NPGS (USA)

NS NS Jenderek and Reed 
(2017)

Manihot esculenta CIAT 
(Colombia)

480 Machida-Hirano and 
Niino (2017)

IITA (Nigeria) 9 63–
100

Dumet et al. (2013)

IITA (Nigeria) NS NS Panis (2019)

Cell and tissue culture is usually kept in a well-lit area at 25 °C. Though this 
needs episodic transmission to new medium, which involves not just high labor as 
well as expenses, nevertheless also the danger of pollution in addition occasionally 
damage of all germplasm. In addition, cell’s culture reared in batch subdivision is 
subject to genetic loss such as changes in ploidy level, changes, endomitosis, trans-
locations, gene extension, etc. Therefore, the genetic solidity of nearly beneficial 
somaclonal cells line created in  vivo cannot be guaranteed (Mat Sulaiman 
et al. 2020).

Additional significant feature is the preservation of Germplasm. The current 
plant’s Germplasm bank is usually supplied from seed collections (Table  37.3). 
Though seed provides the efficient storing systems for genetic substantial, most of 
the variables and the resulting plants do not reflect the true characteristics of the 
parent plant (Engels and Ebert 2021). Currently, there is no dpendable method for 
the long-lasting preservation of germplasm, both from vegetatively propagated 
plants and from plants with refractory seeds. In addition, the Germplasm of occa-
sional, leading, also threatened plants species should be preserved. To overcome 
this problem, in  vivo method is being improved for temporary as well as long-
standing storing and preservation of Germplasm. In vitro culture Cryopreservation 
in fluid N2 have enabled plants retrieval of a number of species is optional for long-
standing storing of germplasm, particularly vegetatively circulated cultures 
(Benelli 2021).
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2.10 � In Vitro Production of Haploids

Haploidic plant contains the number of gametophyte chromosomes. They are very 
important in mutation induction research, and they are also required in large quanti-
ties for the development of Homozygous plant (Ahmar et al. 2020). However, the 
traditional methods that farmers use for their production are cumbersome, and labor 
intensive is not very efficient. With the advent of in  vitro techniques to induce 
androgenesis, it is clear that these methods greatly accelerate haploid production for 
plant breeding programs and lead to early release of cultivars (Chaikam et al. 2019).

2.10.1 � Methods of Haploid Production

Several methods are available to obtain haploid and DH (double haploid), of which 
in vivo anther culture/isolated microspores are the utmost efficient as well as gener-
ally used.

2.10.2 � Anther Culture

Anther Cultures are frequently the methods of excellent for DH productions within 
various plants so that the effortlessness of the method permits the establishment of 
large-scale Anther culture as well as implementation to a widespread variety of 
genotype (Richa 2022). In many genotypes, it has been observed that pre-cultivation, 
physical/chemical actions functional to cut bloom, entire flowerings/anthers earlier 
cultivation, perform as triggers for the induction of the sporophyte pathway, and 
thus the development of fertile pollen (gametophyte pathway) inhibits.

Early methods like refrigeration, high heat condition, high moisture, drought 
stress, anaerobiotic treatments, and deficiency of nitrogen, ethyl alcohol, 
C-irradiation, disrupting agent, electrical stimulation, average pH, and heavyweight 
metallic methods are very general methods in anthers and anther culture (Ali 
et al. 2021).

Generally, after pretreatment, flower bud is exterior pasteurized through absorp-
tion in 70% (v/v) ethanol for several records, tracked through absorption within the 
Na Hypochlorite solution having some droplets of Tween 20 for 10–15 min and then 
through washing three times for 5 min each by germ-free distilled liquid. In the final 
phase, the microspores are cut to the filament as well as located on a media. The 
exceptions were barley ears, which were sterilized only by spraying with 70% etha-
nol or through absorption within 70% ethyl alcohol for 5 min, then rinsing by sterile 
cleaned water (Ncumisa 2021).
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2.10.2.1  Uses of Anther Culture

•	 By developing haploid plants, crops are improved through anther culture 
technique.

•	 Vegetables, cereals, and other crops such as watermelon, asparagus, and cabbage 
are also improved through anther culturing method (Gotame et al. 2018).

•	 For producing various horticulture plants, this method is highly used.
•	 In conservation of germplasm and cryogenic studies, anther culture is used as an 

alternative for developing the highly stable embryo (Bijalwan 2021).

2.10.3 � Isolated Microspore Culture

This method is achieved through releasing tissue from corporal anthers, needs well 
apparatus as well as services. This technique provides an outstanding organization 
for studying microspore’s instruction as well as embryogenesis also offers a stage 
for evolving molecular studies as well as can produce double haploid plant that is 
applied to quicken plant’s breeding packages. In addition, isolated microspore cul-
ture has numerous benefits on anther’s culture, where the occurrence of the anther’s 
wall may lead to the development of diploid, somatic callus, and plants (Niazian and 
Shariatpanahi 2020).

Although the protocol for culturing isolated microspores varies from laboratory 
to laboratory, the basic steps for growing donor plants, collecting floral organs, iso-
lating microspores, culturing and inducing microspores, regenerating embryos, and 
doubling chromosomes remain the same. Isolated microspores, given the optimal 
combination of culture and stress conditions, can be switched from the normal 
gametophyte developmental pathway to the sporophyte pathway and subsequently 
produce haploid or DH embryos and plants (Seguí-Simarro et al. 2021).

Microspore culture in all species has no universal procedures because of modifi-
cations between species and between genetic constitution in a species within 
embryogenic responses. Standard protocols are generally used in the initial screen-
ing of species for eight responses to microspore culture, named as mustard species, 
barleycorn, and Nicotiana tabacum. Although there are slight differences in tech-
nique since laboratories to laboratories, the elementary phases included within cul-
turing microspores are constant as well as involve in developing contributor plant, 
collecting flowery structures, microspore cultures as well as initiation, embryo 
rebirth, and chromosome duplication, if needed (Shumilina et al. 2020).

3 � Unpollinated Ovary Culture

Modern technique within plant tissue culture and experimental embryology has suc-
ceeded within inducing haploid plants by culturing unpollinated ovaries. This means 
that not only microspores but also megaspore gametophyte of angiosperm may be 
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stimulated for sporophyte development in vitro, opening new avenues for genetic 
research and haploid reproduction. Meanwhile, in the finding of the first haploid in 
Datura stramonium in 1921, many attempts have been made to induce partheno-
genic development of unfertilized eggs or other embryo sac cells. Many methods 
have been tried and can be unevenly divided into two types. One is the in  vivo 
induction of haploid by various physical, chemical, or biological stimuli (Anju 
et al. 2021).

4 � Embryo Rescue from Wide Cross

Embryo rescue is an in vivo technique used to save or protect the weak, immature, 
or hybrid embryos from its degradation. This technique is also useful for the pro-
duction of seedless fruits such as grapes (Si-Hong et al. 2020). For this purpose, 
seedless plants are hybridized with parent seedless cultivars resulting in significant 
production of seedless grapes. In this technique, ovaries are divided 12–15 days 
after fertilization. The improved seeds are cultivated in vivo on EC3 media as well 
as additional rooting and germination were induced essentially. All rescued shoot-
initiated plant embryos are exposed to repeated shoots also repetitive subcultures to 
keep plants in vivo until the following growing period. Whole plant with roots as 
well as shoots is toughened and brought to the ground. Embryo-saved plant harden-
ing, rhizobium immunization, and field transmission are also carried out (Pen 
et al. 2018).

5 � Conclusion

Plant tissue culture is widely applied for different purposes including micropropa-
gation (most successful application at commercial level), meristem tip culture (used 
for the purpose of cultivation of pathogen-free plants), somaclonal variation (to 
produce enough genetic diversity in vegetatively propagated plant species), and 
some others. The most important benefit of plant tissue culture technique is that dif-
ferent crops that are resilient to water, salt, or cold stresses can be produced. 
Somaclonal differences in tissue cultures have been hired to improve many such 
things that are used in the group of novel diversities of crops. In vivo cultivations are 
the technique used to produce secondary metabolites in which novel cell, tissue as 
well as organ are resulting from mitotic cell partition, cloning of cell, tissue as well 
as individual, all through the similar inheritances as the parent plants. 
Cryopreservation is the freezing of biological material that are stored at very low 
temperature, preferably liquid nitrogen. This technique is highly used for the long-
standing storing of germplasm of different plants. In short plant, tissue culture is the 
advance technique that helps in increment of crop production with sustainability.
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Chapter 38
Nanotechnology for Climate-Resilient 
Agriculture

Somali Dhal and Harshata Pal

Abstract  Current agricultural processes are no longer viable due to climate change 
and population expansion. The current agricultural challenges are food security, 
natural resource sustainability, boosting nutrient efficiency, and climate change. 
Therefore, we need technological interventions that can be effective as an adapta-
tion strategy for farming issues. In an era of climate change, nanotechnology will be 
a viable intervention that will drive the agricultural revolution and provide us with 
efficient methods for dealing with climatic conditions. Because of their unique 
qualities at the nanoscale, nanoparticles are said to improve carbon stability and 
possibly soil sequestration. Nanotechnology solutions to strengthen input efficiency, 
reduce drought stress, and increase soil temperature are particularly relevant to poor 
nations. The use of nanoscale agrichemical formulations has boosted efficiency and 
reduced environmental losses. The purpose of this chapter was to emphasize the 
potential of nanomaterials for climate-resilient agriculture.

Keywords  Nanotechnology · Agriculture · Nanoparticles · Climate · Resilience · 
Biotic and abiotic stress · Nanofertilizers

1 � Introduction

Climate change is having an influence on agriculture all across the world. Still, 
nations such as India are particularly susceptible due to their large agricultural pop-
ulation, high demand for natural resources, and inadequate coping mechanisms. It 
is commonly assumed that the prevalence of extreme climatic events, such as 
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droughts and floods, has harmed agricultural production and productivity in most 
sections of the nation, disproportionately harming the farming population. Due to 
these reasons, there is a need for such a system that can utilize existing natural 
resources in agricultural and animal production systems to produce long-term 
greater productivity and farm revenue under climate variability. Such systems can 
help make agriculture robust to the effects of climate change, therefore increasing 
agricultural production and ensuring nutritional and food security for all. Climatic-
resilient agriculture (CRA) is a multifaceted method of managing the intercon-
nected and directly affected by climate change components of agriculture and food 
security (Munawar et  al. 2020). According to the World Bank, the CRA should 
achieve three major outcomes such as: (i) enhanced productivity, (ii) resilience, and 
(iii) carbon sequestration (Jayaraman et al. 2022). From this perspective, nanotech-
nology can revolutionize agriculture by offering up new opportunities, such as the 
development of nanosensors to safeguard agricultural produces. Nanotechnology is 
the synthesis and manipulation of matter at length scales of at nano-dimensions 
(Patel et al. 2021). This opens the possibility of engineering the material’s physio-
chemical characteristics to boost agricultural resource efficiency. For instance, nan-
otechnology can help detect diseases to manage the growing frequency of their 
attacks due to climate change (Kumar et al. 2021). This scenario can be controlled 
with advanced molecular and cell biology methods linked to genetic engineering 
and molecular nanodevices. The utilization of nanotechnology in agriculture has 
commenced and will continue to expand with substantial consequences for several 
agricultural disciplines and the food industry. It would surely motivate scientists to 
create ways to help people cope with the negative impacts of climate change. 
Developing nations are particularly interested in nanotechnology solutions that 
tackle low-use efficiency of inputs (such as fertilizer, irrigation water, and pesti-
cides), drought stress, and rising soil temperature (Fu et  al. 2020). Nanoscale 
agrichemical formulations have improved efficiency and reduced environmental 
waste. Improved yields can be predicted when nutrients are distributed more effec-
tively. Nanoporous materials capable of holding and steadily increasing water dur-
ing droughts might likewise be expected to boost output. Other nano-derived 
systems include nanocarriers for fertilizers, macro- and micronutrients, pesticides, 
and genetically engineering plants (Hofmann et al. 2020). They help plants by pro-
viding resistance to biotic or abiotic stress, increasing photosynthetic ability, and 
enabling plants to sense and report their level of stress or nutrient needs. In this 
chapter, we discuss nanotechnology’s prospects and how it plays a critical role in 
climate-resilient agriculture (Fig. 38.1).

2 � Delivery of Agrochemicals Through Nanofertilizers

Several nanotechnologies, including growth regulators, molluscicides, bactericides, 
fungicides, and fertilizers, have been created and evaluated as possible agrochemi-
cals. Nanofertilizers are nanometer-scale compounds that contain macro- and 
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Fig. 38.1  Agriculture applications of nanotechnology. Controlled-release nanofertilizers boost 
crop growth, yield, and productivity. Crop enhancement is accomplished by using a nano-based 
target delivery technique (gene transfer). Nanopesticides can provide adequate crop protection. 
The use of nanosensors and digital controls considerably aids precision farming. Nanomaterials 
can also be employed to improve plant stress tolerance and soil quality 

micronutrients and are given to crops in a regulated manner. Nanofertilizers are 
categorized into three types based on the kind of formulation (Tului et al. 2021):

	1.	 Nanoscale fertilizer: It is a standard fertilizer with a smaller particle size, usually 
in the form of NPs.

	2.	 Nanoscale additive fertilizer: It contains a supplemented nanomaterial.
	3.	 Nanoscale coating fertilizer: Here, nutrients are encapsulated by nanofilms.

Different types of metal and metal-derived systems can act as nanofertilizers. For 
example, metal-based NPs include nanozinc, iron, silver, gold, and silica. Some 
quantum dot (QD) derived nanofertilizers include QDs in gold, ZnCd series/ZnS 
core shells, QDs in Mn/ZnSe, and QDs core-shell. The metal oxide NPs have been 
tested for their biological fate and toxicity in agricultural productions. Such NPs 
include FeO, TiO2, CeO2, Al2O3, and ZnO (Zhang et al. 2016). Liu and Lal (2015) 
created a nanofertilizer comprising Ca- and P-hydroxyapatite NPs that increased 
soybean seed yield more than traditional fertilizers. Micronutrients are nutrients 
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that plants require in smaller amounts but are as vital for plant metabolisms, such as 
chloride, manganese, boron, nickel, copper, molybdenum, iron, and zinc. 
Nanoparticulated fertilizers are a type of different system that ate utilized to directly 
or indirectly  to deliver important bioactive chemicals to plants. In the context of 
fertilizers, these nanoparticulated materials might be carbon, silica, or other organic 
polymer-based bases. The efficiency of chitosan NP encapsulating NPK for foliar 
uptake by wheat grown in sandy soil was investigated by Abdel-Aziz et al. (2016). 
They reported an increment in the crop yield after using chitosan NP as a fertilizer 
containing NPK. McGehee et al. (2017) have shown that multi-walled carbon nano-
tubes (MWCNT) boost fruit output in hydroponically grown tomatoes (McGehee 
et  al. 2017). Because of its unique physicochemical properties, MWCNT has an 
amazing interaction with plants, considerably enhancing their development. They 
have the potential to collect more light energy via plant chloroplasts while increas-
ing the pace of electron transport and, eventually, the rate of photosynthesis. 
MWCNT also increases plant water absorption capacity, total biomass, blooming, 
and yield (Joshi et al. 2018). Joshi et al. (2020) investigated the effect of oxidized 
MWCNTs on rice seeds and evaluated growth, germination, physiology, yield, and 
toxicity results. They reported that the MWCNT-treated rice plants had increased 
chlorophyll content in their vascular tissues and larger root length than the non-
treated plants. Such morphology facilitated the absorption of nutrients from the 
soils, leading to a faster growth and boosting crop production (Joshi et al. 2020).

3 � Plant Stress Management

Biotic (e.g., pests and diseases) and abiotic variables (e.g., drought, flood, humidity, 
and temperature) significantly impact crop yield. Crop improvement and output are 
inversely related to biotic and abiotic stressors. Farmers have relied considerably on 
pesticides to lessen crop losses, negatively affecting human health and environmen-
tal sustainability. Furthermore, synthetic pesticides and growth regulators utilized 
as a traditional technique of mitigating biotic and abiotic challenges endanger agri-
cultural sustainability (Farooq et al. 2022). As a result, the primary objective is to 
promote the rapid adaptation of plants while protecting existing delicate ecosystems 
as they seek to survive environmental challenges. Nanomaterial engineering 
advances show that nanofertilizers can boost crop output in currently unfavorable 
settings.

Another group of researchers made an exceptional effort to investigate the appli-
cations of nanomaterials during abiotic stress conditions. They discovered that com-
pared to traditional fertilizer-applied wheat plants, the life cycle of wheat plants 
with nanofertilizer was shorter for yield output from the planting date (Abdel-Aziz 
et al. 2016). The application of nanofertilizers to accelerate plant development and 
productivity demonstrates their effectiveness in agricultural operations, particularly 
in drought-prone locations where crop maturity is a key feature for sustainable crop 
production. Furthermore, NPs are useful in detoxifying or remediation of hazardous 
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contaminants such as heavy metals. Wang et al., for example, indicate that foliar 
application of nano-Si considerably increases Cd stress tolerance in rice plants by 
controlling Cd accumulation (Wang et al. 2015).

Synthetic insecticides and growth regulators, which are often utilized to alleviate 
biotic challenges, endanger agricultural sustainability. In such scenarios, nanopesti-
cides, such as nanofungicides, nanoherbicides, nanomolluscicides, and nanonema-
ticides, can effectively mitigate biotic stresses (Hossain et  al. 2020). These 
compounds have a similar component: a nano-based carrier or nanocarrier. For 
example, biosynthesized AgNPs obtained from cotton plant stem extract have strong 
antibacterial activity (Vanti et al. 2019). Oncomelania hupensis snails can be con-
trolled with Ag nanoparticulated molluscicide, while Biomphalaria pfeifferi can be 
controlled with polylactic acid encapsulating curcuminnisin (Omobhude et  al. 
2017). Different plant diseases could be effectively controlled by metal oxide nano-
materials (e.g., CuO and ZnO) (Giannousi et al. 2013; Shenashen et al. 2017). As a 
consequence, the wise use of NPs can boost agricultural yield while protecting envi-
ronmental health. Nanocomposites have been intensively investigated in crop pro-
tection in recent decades due to their great efficacy and eco-friendliness. 
Nanocomposite-based insecticides and fungicides are effective in crop protection. 
Different biopolymers, such as chitosan, alginate, and starch, have been used to 
formulate nanocomposites containing metal NPs (such as AgNPs) (Le et al. 2019; 
Sarkar et al. 2021). Graphene oxide-based nanocomposites have also been devel-
oped with acaricidal activity to get rid of mites (Wang et al. 2019).

Crop yield might be boosted more if the illness is detected early. Nanotechnology-
based techniques might be effective instruments for this critical job. Nano-based 
biosensors, nanoimaging, nanoparticulated systems, and nanopore DNA sequenc-
ing tools have greatly improved pathogen detection accuracy, persistence, and time 
duration, as well as the advancement of high-throughput instruments for the qualita-
tive detection of plant infections. It was recently shown that quantum dots with 
variable surface chemistry, minor photobleaching impact, and strong fluorescence 
could traverse plant cell wall pores and effectively detect biotic and abiotic stressors 
(Wu et al. 2017).

4 � Role of Nanobiosenosrs in Climate-Resilient Agriculture

Nanobiosensors are non-invasive, sensitive, and particularly built sensors that use 
nanoscale materials and structures to detect biological molecules or cells (Abu-
Salah et al. 2015). They are designed to be highly sensitive and selective and can be 
used for a variety of applications, including environmental monitoring and food 
safety testing. The real-time response signals produced by nanobiosensors are eas-
ily collected and analyzed. Nanotechnology-based sensors can transform plant 
security by permitting plants to interact with farmers when they are stressed and 
would benefit from human interference. Nanobiosensors have the potential to play 
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a significant role in climate-resilient agriculture. Some possible uses include the 
following:

Soil and plant health monitoring: Nanobiosensors can be used to detect the pres-
ence of pathogens and nutrient deficiencies in soil and plants. This information can 
be used to optimize crop yields and reduce the use of pesticides and fertilizers.

Water quality monitoring: Nanobiosensors can be used to monitor water quality, 
detecting the presence of pollutants and pathogens that can harm crops.

Climate monitoring: Nanobiosensors can be used to monitor weather conditions 
such as temperature, humidity, and precipitation. This information can be used to 
optimize irrigation and other crop management practices.

Crop stress detection: Nanobiosensors can detect the presence of stress markers 
in plants, indicating that the plant is under stress due to environmental factors such 
as high temperatures, drought, or high salinity. This information can be used to take 
action to mitigate the stress and protect the crop. Nanobiosensors can be used to 
detect the presence of biotic stress, such as pests and diseases in crops, allowing for 
early detection and rapid response.

Overall, using nanobiosensors in agriculture can help farmers understand their 
crops and the environment better, allowing them to make more informed decisions 
and improve crop yields in a changing climate.

Although the use of nanosensors in plants is still in its infancy, intriguing studies 
have suggested that early detection and amplification of diseases or resource short-
ages using genetically encoded nanosensors might increase the efficiency of 
resource allocation. Below is a discussion of the most recent and significant results 
involving identifying abiotic stress, monitoring real-time activities, and detecting 
pathogen.

4.1 � Abiotic Stress Detection

Important signaling molecules, including reactive oxygen species (ROS), phytohor-
mones, inorganic elements, primary metabolites, and gaseous ROS, can all be used 
to reliably monitor the health status of plants under abiotic stress conditions 
(Mansour et al. 2019). These chemicals, especially ROS and inorganic elements, 
which are well-recognized secondary messengers involved in responses to a wide 
range of stressors, are at the forefront signaling network that elicits correct adapta-
tion responses in plants. Hormonal signaling starts the processes that reduce stoma-
tal conductance or permit root elongation in response to resource shortages 
frequently associated with ABA, IBA, and ethylene (Kim et al. 2010). The role of 
jasmonate signaling in plants’ resistance to water stress, salt, cold, or physical injury 
has been documented (Tiwari et al. 2016). Resistance reactions to plant pathogens 
are frequently linked to ethylene, NO, and methyl salicylate. Numerous studies have 
also shown that carbohydrates such as glucose and sucrose help plants subjected to 
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abiotic stress develop tolerance. By enhancing the functionality of existing monitor-
ing equipment and facilitating the comprehension of the interaction between key 
molecules that influence the tolerance mechanisms, the combined use of nanomate-
rials and the discovered key signal molecules can certainly change our viewpoints. 
Genetically encoded nanosensors stand out among the several techniques used 
recently to create nano biosensors as a very effective strategy with a bright future.

The most recent method for creating smart biosensors uses NPs with genetically 
encoded nanoscale to screen important stress-responsive biomolecules. This method 
produces genetically encoded sensors with the capability of real-time recording of 
potential changes in the activity of the biomolecules (Walia et  al. 2018). 
Physiologically linked sensitivity with temporal resolutions that may recognize 
dynamic essential signaling proteins and be recorded and examined on the scale of 
seconds are now well-understood thanks to genetically encoded sensors. This 
method can only be used in crop plants if there are effective DNA transformation 
processes for delivering DNA cassettes or plasmids, and each crop plant must be 
optimized gradually (Toyota et al. 2018).

4.2 � Biotic Stress Detection

A successful and complete biotic stress management approach is attainable with the 
goal of modern technology for accurate intensity evaluation, forecast, and firsthand 
diagnosis. A wide range of molecular techniques has been developed to diagnose 
phytopathogens, which, while very precise, are time-consuming and expensive. 
Nanobiosensors, on the other hand, are considerably better than traditional 
approaches in terms of efficiency, non-destructiveness, cost-effectiveness, and accu-
racy. Some plants produce volatile organic compounds in response to insect attacks. 
These compounds can be detected with the help of a wireless nanosensor network 
for sensing insect attacks (Afsharinejad et al. 2015). These nanosensors can com-
municate with the gateway system attached to the plants and respond accordingly. 
Singh et  al. (2010) revealed that Karnal bunt disease in wheat plants might be 
detected using a nano-gold immunosensor. Yao et  al. (2009) used antibody-
conjugated-fluorescent silica NPs to detect bacteria that produce leaf spots in 
Capsicum sp. and Solanum lycopersicum (Yao et al. 2009). Such surface-modified 
SiNPs are prepared through nontoxic methods. These NPs have been proven to 
carry antibacterial properties against pathogenic microorganisms, including 
Escherichia coli (Ananda et  al. 2021) and Alternaria longipes (Ji et  al. 2022). 
Modern methods have been developed to anticipate the presence of infections. For 
example, using nanosensors based on FRET for high temporal resolution real-time 
analysis of signaling molecules.
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4.3 � Real-Time Monitoring of Urease Activity

Nanobiosensors can be used to monitor real-time urease activity by detecting the 
presence of ammonia, a by-product of urease-catalyzed hydrolysis of urea. There 
are several different types of nanobiosensors that can be used for this purpose.

Enzyme-linked nanoparticle biosensors: In this type of sensor, nanoparticles 
(such as gold or silver) are coated with urease enzymes. When urea is present, the 
enzymes catalyze the hydrolysis of urea to produce ammonia, which binds to the 
nanoparticles. The change in the optical properties of the nanoparticles can then be 
used to detect the presence of ammonia and measure urease activity.

Carbon nanotube biosensors: Carbon nanotubes can be functionalized with ure-
ase enzymes and used as a sensing element for urease activity. The electrical proper-
ties of the carbon nanotube change when ammonia is produced, allowing for 
real-time monitoring of urease activity.

Microelectrode-based biosensors: Microelectrodes functionalized with urease 
enzymes can detect changes in pH or electrical potential resulting from the produc-
tion of ammonia during urea hydrolysis.

These nanobiosensors can be used to monitor urease activity in real-time, by 
detecting the presence of ammonia and measuring the amount of urea hydrolysis. 
This can be useful in various fields such as soil nutrient management.

Works of literature have also reported using biosensors to detect various enzy-
matic activities in plants. The presence of urea can be determined by detecting 
Urease and Glutamate dehydrogenase (GLDH). Urease catalyzes the breakdown of 
urea to produce HCO3

− and (NH4
+). Ions containing NH4

+ are usually unstable and 
quickly dispersed in the environment. GLDH converts NH4

+, α-ketoglutarate 
(α-KG), and NAD to create NAD+ along with glutamate right away. The immobili-
zation of urease on an appropriate matrix is critical for constructing a urea sensor 
based on electrochemistry. Therefore, metal oxide NPs-chitosan-based hybrid com-
posites have sparked the interest of researchers in developing the required biosen-
sor. ZnO, Fe3O4, CeO2, and others have been proposed as suitable matrices for 
biomolecule immobilization (Mandal et al. 2019). These nanomaterials have high 
catalytic efficiency, surface-to-volume ratio, and adsorption capacity, aiding a bio-
sensor’s stability and sensitivity.

5 � Soil Remediation

Soil and water are the fundamental elements necessary for long-term agricultural 
production. Water pollutants may be precipitated or filtered, but soil contamination 
is far more difficult to remove. Nanotechnology breakthroughs provide a global 
opportunity to repair effectively or re-store damaged soil (Patra et al. 2016). NPs 
have recently been scrutinized for their ability to remove pollutants through a num-
ber of mechanisms, including adsorption, redox reactions, precipitation, and copre-
cipitation, which are facilitated by their huge specific surface area. Hyperaccumulators 
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Table 38.1  Role of different nanoparticles in the in vitro removal of heavy metals and pollutants 
from contaminated media

Nanoparticles (NPs) used
Contaminants 
remediated Applications Reference

Polyvinylpyrrolidone-coated 
Fe3O4 NPs

Cd and Pb Cd and Pb-NPs were 
integrated with the process of 
bioremediation mediated by 
Halomonas species

Cao et al. 
(2020)

Zerovalent iron (nZVI) 
commercial suspension

As Successful removal of arsenic 
heavy metal

Gil-Díaz 
et al. (2016)

Graphene oxide NPs (nGOx) 
and nZVI

Metals, namely, 
Cd, Pb, Zn, Cu, 
and As

NPs acted as strategies for the 
immobilization and 
stabilization

Baragaño 
et al. (2020)

Titanium oxide NPs-bonded-
chitosan nanolayer 
(NTiO2-NCh)

Cd and Cu Application of NTiO2-NCh 
eliminated Cu and Cd

Mahmoud 
et al. (2018)

Palladium (Pd), Pd NPs Cr The use of Pd NPs as 
bionanocatalyst was explored

Ha et al. 
(2016)

Magnetic iron oxide NPs Cu, Ni, Pb NPs remediated Cu2+, Pb2+, 
Ni2+

The study also identified this 
NP as an excellent biosorbent

Mahmoud 
et al. (2016)

ZnO NPs Cu, Cd, Cr, and 
Pb

The applications of ZnO NPs 
showed the maximal removal 
of Cr, Cu, and Pb

Akhtar et al. 
(2021)

Adapted from open access source from Rajput et al. 2022

and indigenous soil bacteria might improve biodegradation processes with the aid of 
NPs, increasing the potential amount of remediation (Rajput et al. 2022). This might 
be referred to as nanophytoremediation or microbial-mediated nanoremediation. 
Plant contamination, bioavailability, and metal accumulation by plants play a role in 
the effectiveness of nanophytoremediation to remove heavy metals from polluted 
locations.

Nanobioremediation is a low-cost method of using plants and bacteria to break 
down toxic chemicals, thereby improving soil quality and lowering pollution. The 
technique may eliminate, retain, or reduce the number of pollutants present by 
breaking down toxins in the soil. Bioremediation effectiveness has already been 
examined and improved by utilizing different techniques and methods; however, 
nanotechnology has enhanced the process with a fresh aspect (Bharagava et  al. 
2020). Table 38.1 lists various NPs and their application in removing heavy metals.

6 � Crop Improvement

Nanotechnology can be used to improve crop yields and resistance to environmental 
stressors through genetic modification, precise delivery of fertilizers, pesticides, 
and fungicides, and crop monitoring. This can help to increase food security in a 
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changing climate and the sustainable use of resources. MWCNT, for instance, has a 
good effect on the germination of seeds from various agricultural species, including 
soybean, tomato, maize, peanut, corn, wheat, barley, and garlic (Srivastava and Rao 
2014). Similarly, applying nanoscale SiO2, TiO2, and zeolite to agricultural plants 
favorably stimulates seed germination (Changmei et al. 2002; Manjaiah et al. 2019). 
Additionally, it was shown that Fe/SiO2 nanomaterials had a great potential to 
enhance barley and maize seed germination (Disfani et al. 2017). The underlying 
processes by which nanomaterials could accelerate germination are yet unknown, 
despite a sizable amount of research on these valuable benefits. Studies have shown 
that nanomaterials can pierce the seed coat, promote water absorption and con-
sumption, activate the enzymatic system, and eventually enhance germination and 
seedling development (Changmei et  al. 2002; Banerjee and Kole 2016). 
Nanomaterials, such as ZnO, TiO2, FeO, and hydroxyfullerenes, have been shown 
to improve crop quality and accelerate crop growth to germination of crop species, 
including mustard, onion, spinach, tomato, potato, and wheat (Dubey and Mailapalli 
2016; Shojaei et al. 2019). For instance, OH-functionalized fullerenes found in car-
bon nanostructures called fullerols frequently benefit plant development. Varying 
dosages of AgNPs greatly increase the seed germination rate in maize, watermelon, 
and pumpkin while negatively affecting maize root elongation (Almutairi and 
Alharbi 2015; Szőllősi et al. 2020). The nanopriming of rice plants using a biocom-
patible AgNP synthesized from Kaffir lime leaf extract increases seed germination 
and amylase activity associated with seedling development and induces aquaporin 
gene upregulation (Mahakham et al. 2017). These results showed potential applica-
tions for nanomaterials in enhancing agricultural yields and product quality. These 
solutions provide excellent prospects to promote agricultural sustainability while 
improving crop yields and plant nutritional benefits.

7 � Carbon Management in Soil

Nanotechnology may help prevent climate change in the modern period by storing 
carbon in terrestrial pools. The nanomaterials are said to improve carbon stability 
and potential soil sequestration because of their special nanoscale features. 
Contradictory reports on nanomaterials’ possible effects on soil microorganisms are 
one of the main barriers preventing the widespread adoption of this technology for 
climate change mitigation. However, ongoing efforts are required to investigate the 
potential for using nanotechnology to sequester carbon without affecting ecosystem 
production to create climate-smart agriculture (Pramanik et al. 2020). This section 
will draw attention to the possibility of nanomaterials for better soil carbon manage-
ment and the prospects for forthcoming nanotechnology research concerning soil 
carbon investigation.
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7.1 � Nanomaterials for Enhancing Soil Structure

Crop cultivation relies heavily on the soil. It is the interface between microflora and 
macroflora, nutrients, organic materials, humic acid, and water. Soil also retains 
water, minerals, and pollutants, which helps to mitigate agriculture’s environmental 
effects. The aggregation and structure of the soil are important in the soil-atmosphere 
continuum’s ability to regulate carbon effectively. Nano-enabled additives might 
improve soil quality by lowering inputs and increasing nutrient usage efficiency, for 
example, by using nanostructures tailored to target and release nutrients or pesti-
cides solely in the plant rhizosphere (Frouz et al. 2009; Zheng et al. 2018; Gao et al. 
2018; Okolo et al. 2020). Significant progress has been made in understanding how 
different management techniques impact soil carbon storage as influenced by vari-
able soil aggregation and vice versa. Some methods include crop rotation, zero till-
age, appropriate fertilization, nutrient management, and adding humic compounds 
to the soil (Pramanik et al. 2020). These studies have shown that soil aggregation 
and stability may be improved by using the right management techniques and 
increasing the carbon content in the soil. Research attempts that link the benefits of 
nanotechnology in improving soil aggregation for carbon storage are still in their 
infancy. Nanomaterials have been used in several attempts to enhance soil structure 
and related qualities. Nanomaterials can be added to soil to improve water retention 
by forming a network of small pores that can hold water and nutrients. This can help 
to reduce water loss and improve crop yields in dry or drought-prone regions. They 
can also be added to soil to improve aeration by creating a network of small pores 
that allow air to circulate. This can help to promote the growth of beneficial micro-
organisms and improve plant root growth. Additionally, nanomaterials can be used 
as a delivery system for nutrients, allowing them to be taken up more efficiently by 
plant roots. This can help to improve crop yields and reduce the need for excessive 
application of fertilizers. They stabilize soil and reduce erosion by binding soil par-
ticles together. This can help to improve the structural integrity of soil and reduce 
the risk of landslides and other forms of soil erosion. Most of this research has 
looked at how nanomaterials may improve soil structure concerning mechanical soil 
qualities for engineering reasons.

A few research works have only explored how nanomaterials affect soil structure 
in soil aggregation and carbon storage in soil (Aminiyan et al. 2015). These studies 
provide evidence for the beneficial impacts of nano-Fe, nano-zeolite, and nano-ZnO 
particles on carbon buildup in soil used for agricultural purposes. Adding nano-
zeolites to soil increases water-stable aggregates’ mean weight diameter (MWD) 
and the amount of organic carbon in each aggregate size fraction. According to 
some research, forming cation bridges between organic matter and clay crystals in 
the presence of Ca2+ ions results in more stable aggregates that give soil micro-
aggregates structural stability, which in turn protects organic carbon against micro-
bial and enzymatic effects (Rowley et al. 2018). The aggregation of soil can also be 
improved by nano-ZnO and Fe particles. Reports also suggest that nano-ZnO 
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and- Fe induced extracellular polysaccharide production from various microorgan-
isms. This influences soil aggregation, organic carbon content, and moisture reten-
tion (Pramanik et al. 2020).

7.2 � Nanomaterials to Sequester Carbon in Soils

Soil carbon sequestration is the method of CO2 removal from the atmosphere and 
storage of CO2 in the pool of soil carbon. Plants predominantly facilitate this method 
through photosynthesis, with carbon stored as soil organic carbon. This has been 
considered an effective technique for increasing soil functions while preserving 
stable CO2 concentrations in the atmosphere. Pramanik et al. (2020) have stated dif-
ferent ways through which the sequestration of organic carbon in soil can be 
enriched through chemical, physicochemical, and biological protection to soil 
organic carbon (SOC). These mechanisms can be employed through practices such 
as adopting varied cropping systems, mulching, unified nutrient management, con-
servation agriculture, enhanced grazing, agroforestry, and forest management. 
Natural NPs, such as nanoclays, hydrous Fe oxides, or oxyhydroxides at the 
nanoscale, have been studied for their potential implications on soil carbon stability. 
The distinct electrical, magnetic, kinetic, and optical features of NPs have been 
linked to improved carbon stability in soil (Monreal et al. 2010). Allophane is a non-
crystalline aluminosilicate and a natural nanoclay found in Andisols. Allophane 
nanoclay has been shown to retain a high percentage of carbon (11.8%) after intense 
peroxide treatment. This indicates that allophane might have a role in SOC stability 
and long-term sequestration. There have also been reports of high concentrations of 
SOC in allophonic soils (Calabi-Floody et  al. 2015). Such situations might have 
arisen due to the protection of SOC as a result of the arrangement of SOC and min-
erals in the gaps of allophane aggregates (Filimonova et al. 2016).

8 � Case Study: Wheat Crop and Nanotechnology

Wheat (Triticum aestivum) is the world’s chief staple crop. Wheat is continually 
subjected to many biotic and abiotic stressors, resulting in massive economic fatali-
ties. To solve these issues, breakthrough technologies that can increase wheat pro-
duction while reducing the danger of different biotic and environmental pressures 
must be brought into modern agriculture. Among these technical developments, 
nanofertilizers, nanopesticides, nanoherbicides, nanosensors, and smart delivery 
systems have proved useful in agriculture and crop production. Carbon nanotubes, 
lipids, zerovalent metals, metal oxides, quantuts, nano polymers, and dendrimers 
with various properties such as nanofibers, nanowires, nanosheets, and so on are the 
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most common types of nanomaterials utilized in agriculture and related industries 
(Kashyap et al. 2020). Thus, nanotechnology brings up new avenues for wheat pro-
duction and protection. Several wheat experiments have shown that metal NPs may 
enter seeds without impacting germination. Wild and Jones (2009) demonstrated 
MWCNT breaching the cell wall of roots and reaching the cytoplasm using two-
photon excitation microscopy (Wild and Jones 2009). Subsequently, the nanomate-
rials penetrated into epidermal cells and were involved in the circulation of the plant 
system from root to xylem tissues. NPs are transferred through cell wall pores by 
plasmodesmata and channels that link neighboring cells via an apoplastic or sym-
plastic route.

NPs have considerable potential for managing and controlling wheat insect pests 
and illnesses. Savi et al. (2015) revealed that even at 100 mM concentration, ZnO 
NPs effectively inhibited deoxynivalenol production and F. graminearum infection 
in wheat grains (Savi et al. 2015). Aside from metal oxide NPs, the antibacterial 
activity of chitosan-loaded NPs has been found to suppress the Fusarium head 
blight of wheat. Chitosan NPs also substantially inhibit F. graminearum fungal 
growth, colony formation, and conidial germination (Panyuta et al. 2016). Hence, 
nanomaterial-derived products may provide a low-cost and dependable option for 
insect pest control, and further research may broaden the NP-based technologies in 
wheat pest management.

Nanofertilizers are a new class of synthetic fertilizers that include easily acces-
sible nutrients on a microscopic size. Nanofertilizers are more soluble and efficient 
than conventional fertilizers. Using nanofertilizers enhances the solubility and dis-
persion of insoluble nutrients in the soil and boosts bioavailability. Furthermore, 
plants quickly absorb nanofertilizers and can deliver nutrients to the soil or plants 
for longer duration (Rameshaiah et al. 2015). Abdel-Aziz et al. (2016) studied wheat 
plants’ foliar absorption of chitosan NPs containing nitrogen, phosphorus, and 
potassium. The results showed that wheat plants cultivated on sandy soil using 
chitosan-based nanofertilizers increased the calculated wheat yield (Abdel-Aziz 
et al. 2016).

Overall, it is possible to conclude that nanotechnology has the greatest potential 
to increase wheat growth and productivity under stressed environments. However, 
more testing is required to discover the optimal concentration, manner, and timing 
of administration and investigate the underlying physiological mechanisms respon-
sible for increased wheat growth and production. Nanomaterials might be incorpo-
rated with existing wheat crop production and protection technology to have a 
greater influence on cropping systems.

9 � Conclusion

Nanotechnology has profited from control over their composition, shape, and func-
tioning by designing NPs to meet various agricultural demands. Nano-enabled tech-
nology solutions might be a critical instrument during the agri-tech insurrection 
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required to convert agriculture into one that is more climate-resilient and sustain-
able. The combination of nanomaterials and other organic and inorganic substances 
for climate-sensitive cultivation can further broaden the use of nanomaterials to help 
fix current and emerging global challenges such as chemical detection, pollution 
emission control, decontamination, and anti-terrorism activities. Because there are 
certain worries regarding the toxicity of nanomaterials, future study guidelines to 
enhance sustainable nano-enabled agriculture research have been created. The dis-
covery and manufacture of novel materials might improve the environment for nan-
otechnological applications in chemistry, material science, biology, environmental 
sciences, chemical engineering, and various other sectors. The discovery of nano-
specific features that begin good and harmful reactions is critical to developing 
nanomaterial design for boosting crop productivity in the next revolution. Various 
laboratory and field tests will be required to create complete data to influence future 
choices, legislation, design, and development. While access to such knowledge 
remains difficult for the nano sector, progress toward more universal design guide-
lines for nanomaterials has been made. These discoveries and techniques can poten-
tially translate into the creation of nanomaterials for agricultural crop production.
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Chapter 39
Mitigation of Plant Abiotic Stress by Plant 
Growth-Promoting Bacteria, Hormones, 
and Plant Extracts

Muhammad Saqlain, Safura Bibi, Athar Mahmood , 
Muhammad Anjum Zia, Muhammad Mansoor Javaid, and Javaria Nargis

Abstract  Abiotic stress derives through rapid increase in the frequency and 
intensity of climate change causing hazardous problems. These environmental 
constraints induce different changes in the plants. The most common action of 
these environmental stresses is to generate reactive oxygen species (ROS) which 
alters the internal mechanism of plants. When it becomes excessive, accumula-
tion in plant cells can lead to damage in cellular compartments and disrupt vari-
ous physiological aspects in plants. To cope with these environmental problems, 
different strategies are introduced, such as the use of phytohormones, nanopar-
ticles, biofertilizers, and biostimulants. Plant hormones help to stimulate plant 
growth under different stress conditions. Different nanoparticles applications 
such as ZnO, Fe2O3, and Fe3O4 also improved the plant metabolism under salt 
and heavy metal stress. Some PGPRs also used to mitigate abiotic stress. 
Biostimulant is an organic substance that promotes plant growth, nutrient uptake, 
and stress resistance. Plant extracts also have positive effect on the plant growth 
under environmental stresses such as moringa leaf extract which play crucial role 
in stimulating plant tolerance of abiotic stress. It enhances the photosynthetic 
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activity and enzymatic antioxidant activity in plants. This chapter comprehen-
sively reviews and upgrades our understandings about alleviation of abiotic 
stress by using different strategies, but most beneficial is use of plant extract, and 
their defensive mechanism against stress.

Keywords  Abiotic stress · Phytohormone · Biostimulants · Moringa · Antioxidant 
activity

1 � Introduction

Poor seedling emergence and plant growth are problems that plants face due to 
abiotic factors (Lamichhane et al. 2018). Numerous abiotic factors including UV 
radiation, heavy metals, salinity, temperature, and drought pose considerable 
dangers to plants and have a negative effect on agriculture and the ecosystem, 
causing significant losses (He et al. 2018). Plants as a sessile have adaptation to 
these stresses by evolving powerful strategies over the course of evolution in 
order to survive in these challenging circumstances. In these circumstances, 
plants start a variety of molecular, physiological, and cellular reactions (Fancy 
et al. 2017). As a result, it is important to be aware of the proper techniques for 
achieving effective germination, enhancing plant growth, and comprehending 
methods for decreasing the effect of restricting environmental factors (Dutta 
2018). In plants, reactive oxygen species and reactive nitrogen species ROS and 
RNS (nitric oxide or nitrous oxide) play crucial signaling roles. Abiotic stress 
tolerance and resistance require adequate regulation of ROS/RNS equilibrium 
because excessive (ROS and RNS) formation may cause damaging to cell and the 
deactivation of signaling molecules (Ali et al. 2013; Fancy et al. 2017). Due to 
the increased ROS that cause for oxidative stress in plants, these environmental 
stresses severely damage crops by reducing productivity by up to 50% in a dif-
ferent variety of crops (Shafi et al. 2009). To mitigate negative impacts of the 
abiotic stresses and to improve the growth and production of plants, a variety of 
techniques have been used. These strategies include the creation of genetically 
engineered crops, the use of various chemicals, advanced farming methods and 
improving irrigation systems (Ali et  al. 2015; Ali and Kim 2019). Recently, a 
number of biostimulants (substances or microorganisms) have been employed to 
boost crop output, raise tolerance of abiotic stress, and increase the effectiveness 
of nutrition (Luziatelli et al. 2019).

A variety of environmental stresses that plants experience, such as heavy metal, 
drought, heat, salinity, light, cold, and pesticide, impair their cellular and physiolog-
ical functioning (Sharma et  al. 2018; Jabeen et  al. 2019). Environmental stress 
reduces plant development and growth through impacting variety of physio-
chemical mechanisms, such as photosynthesis, antioxidant systems, and hormonal 

M. Saqlain et al.



883

indicating (Asif et  al. 2012; Saed-Moucheshi et  al. 2019). These abiotic stresses 
cause crops to produce compounds that restrict growth and decrease their ability to 
survive in drought-stress environments. In response to ecological stresses, plants 
alter several molecular and cellular alterations that ultimately support their growth 
(Baber et al. 2009; Giri 2011). Plants produce organic compounds or osmolytes to 
protect the photosynthetic apparatus from various abiotic stressors. The most well-
known organic solutes are polyamines, sugars such as trehalose, mannitol, and gly-
cine betaine GB, as well as proline and sorbitol. These osmoprotectants are produced 
under various environmental conditions and provide resistance to cells that are 
barred from peering inside the plant’s cellular structure (Balal et al. 2014; Ozturk 
et al. 2021). Accumulated sugars such as mannitol, galactinol, and trehalose under 
stress have reported frequently in crops, and several plant genetic factors play a 
significant role in the formulation of osmolytes (Ozturk et al. 2021). Plant biostimu-
lant is a broad category of compounds that can be introduced around a plant and 
have beneficial impacts on growth of plant and nutrition as well as on the ability of 
the plant to withstand both abiotic and biotic stress. A lot of these also provide pro-
tection against environmental stresses such as water shortage, salinization of soil, 
and temperatures exposure that are not ideal for growth (Du Jardin 2015; Hanif 
et al. 2017).

2 � Abiotic Stress

Extreme temperature, osmotic stress, water, and salinity are among the abiotic 
stresses that have impact on yield of crop. Plants can adapt to environmental 
stress signals by modifying metabolism and growth (Javaid and Tanveer 2014; 
Bhusal et al. 2019). The plant’s root is an important organ which maintains crop 
productivity and performs a variety of activities. Because there is a direct con-
nection between soil and roots, these are the principal sites for plants to detect 
changes in the environment (Javaid et al. 2016; Saini et al. 2018). Mineral nutri-
ents, light, carbon, and water are necessary for the plant growth, nourishment, 
and reproductive process of plants. Extreme environmental stress can result from 
a variety of factors, including drought, salinity, extremely hot or low tempera-
tures and heavy metals. The capacity of a plant to detect stimuli and react to them 
may be advantageous to existence (Naylor and Coleman-Derr 2018). The water 
stress restricts root growth, blooming, fruit production, stomatal opening, leaf 
size, and water potential of the leaf (Osakabe et al. 2014). Because of this, plants 
have developed a variety of systems for conserving water or controlling their 
growth until they are exposed to harmful situation (Gupta et  al. 2021a, b). 
Understanding the metabolism, which comprise genes of regulation and their 
pathways of metabolism in different plant types, is essential for reducing stress 
in plants (Javaid et al. 2020; Manna et al. 2021).
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2.1 � Salinity Stress

Salinity is identified as the environmental condition that has very detrimental effects 
on plant development and growth, photosynthesis, and ion stability, outweighing all 
other environmental factors (Ahanger et al. 2014). As most agricultural plants can-
not thrive in highly salinized conditions, salinity poses a danger to productivity of 
crop (Ikram et al. 2019; Zörb et al. 2019). Anthropogenic and other sources of salt, 
particularly NaCl concentrations [EC >4 dSm−1 or 40 mM], can make soils unfit for 
the use of agriculture (Bhat et al. 2020). Plant experience physiological, morpho-
logical, and changes at molecular level as a result of salinity stress, which hinders 
their ability to grow, develop, and survive. Furthermore, stomatal conductance and 
enzyme activity can also be negatively impacted by excessive salt concentrations 
(Kumar and Verma 2018). Salt-induced osmotic stress is the primary cause of the 
reduction in growth and yield. It can disrupt plant’s relations with water, these mod-
ifications have an impact on the functions of numerous enzymes and plant metabo-
lism (Munns and Tester 2008). Along with salt-induced osmotic stress, toxic salt 
buildup also inhibits plant growth. The most common salts are Na+, Cl−, SO4

2−, and 
HCO3, all of which are extremely hazardous. However, the crops range in how sen-
sitive they are to various harmful ions. The common consensus is that excessive Na+ 
buildup results in nutritional imbalance and specific ion toxicity. Because plants 
lose their ability to control Na+ transport in salt sensitive species or at the highest 
levels of salt, the ionic effect of salt predominates over the osmotic effect (Munns 
and Tester 2008). Reactive oxygen species harm cell membranes, nucleic acids 
(DNA, RNA), proteins, and lipids and are increased by the presence of excessive 
salt and drought (Kumar et al. 2017). Programmed cell death and the buildup of too 
much ions (Na+ and Cl−) causes conditions known as hypertonic may also result 
from salt stress (Zhang et al. 2018; Welgama et al. 2019). One important reason to 
the reduction in growth of plant and output due to salinity is a crop’s capacity for 
photosynthetic development. The efficiency with which a plant rejects or compart-
mentalizes the harmful ions determines how tolerant the photosynthetic system is to 
salinity (Yadav et al. 2011).

2.2 � Drought Stress

In contrast to the water scarcity, which is the condition where water falls below the 
30%, a drought situation is known as a condition where the capacity of total water 
is between 12% and 20% for a period of 16 days (Kränzlein et al. 2022). One of the 
most common factors that affect microbial activity, crop development, yield output 
and quality is drought (Abdul Rahman et  al. 2021; Tanveer et  al. 2017). Stress 
caused by a water shortage is a drawback on microorganisms of soil that can result 
in a decline in enzyme function, loss in the cycling of nutrients (such as C, N, and 
P), and soil fertility, which in turn can affect plant productivity, especially for crops 
that are susceptible to drought, and economic implications (Nguyen et al. 2018).
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The relative water content, transpiration rate, and leaf water potential of plants 
under drought stress are all affected and all significantly decrease, and their leaf 
temperature also rises (Anjum et al. 2011). Wheat used water more efficiently when 
supplies were scarce than when it was well-watered. They linked the reduced tran-
spiration and greater water use efficiency to stomatal closure. Plant water content 
and cell turgor potential are significantly lowered by drought, which often has a 
negative effect on rate of growth and crop output (Tanveer et al. 2013; Hu et al. 
2015). Lack of water has a significant impact on how nutrients are taken by roots 
function and transported to the upper part of plant such as shoots. Reduced transpi-
ration flow, disruption of the nutrient intake, unloading system, and lower inorganic 
nutrient absorption are all possible outcomes. Drought stress unable to absorb nutri-
ents; nitrate and phosphate were retained in grains, whereas K+ accumulation in 
stem and leaves. Under mild and severe water stress circumstances, K+ absorption 
decreased by 67 and 82%, respectively (Rouphael et al. 2012).

Under drought condition, the soil state strictly relates to the development of 
plants. Plant physiology, biochemistry, and morphology are all directly impacted by 
drought (Hanaka et al. 2021). Furthermore, it slows down seed germination rate and 
growth of seedling. Also there was a response of plant to water scarcity at the tran-
scriptome, metabolomic levels (You et  al. 2019). The presence of microbiota to 
plant roots is disrupted by severe and protracted drought stress, drastically altering 
the microbiome composition of the plant roots and changing the structure and 
release of root exudates as well as the availability of beneficial nutrients (Khan et al. 
2019). Drought alters the microbiome of plant roots, promoting actinobacteria and 
numerous other gram-positive species (Breitkreuz et al. 2021).

2.3 � Heavy Metal Stress

Environmental contamination results from the extensive use of hazardous waste 
brought on by the rise of industry and agriculture (Jan et al. 2016). Each sort of pol-
lution has an adverse effect on plants, but addition of some toxic metals to soils and 
streams are particularly worrisome because of their protracted environmental per-
sistence (Briffa et al. 2020). Due to its detrimental biological effects, heavy metal-
induced soil pollution in the agriculture sector has grown to be a significant 
ecological concern. Due to their extensive availability and their severe and long-
lasting negative effects on plants growing in such polluted soils, these toxic pollut-
ants are known as soil toxins. Each heavy metal has different negative impacts on 
plants (Rehman et al. 2020). Continual exposure of plants to very hazardous quanti-
ties of cadmium metal causes a reduction in the amount of water, nutrients, and 
photosynthesis that plants can perform. Additionally, chlorosis, growth restriction, 
and eventually mortality occur in plants that are grown in soil that has high levels of 
the element cadmium (Jin et al. 2015).

A significant amount of zinc metal is deposited in soil which cause of anthropo-
genic activities such as sewage sludge, fertilizers, emissions of municipal waste, 
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and others. While cadmium is insignificant and potentially hazardous for higher 
plants and other living things, zinc is an essential complement for all living things. 
Zinc convergences in contaminated soils may result in phytotoxicity. Significant 
zinc concentrations in soil impair a variety of plants’ metabolic processes, delay 
growth, and speed up plant aging. Plants that are contaminated with zinc experience 
altered root and shoot growth. In addition, chlorosis, which can affect other plant 
components, is brought on by zinc toxicity in early leaves (Mirshekali et al. 2012; 
Habib et al. 2016).

Chromium is a heavy element that pollutes groundwater, soil, and other environ-
mental areas. The tanning industry is a big consumer of water, and the majority of 
the wastewater it produces, which has a high chromium metal content, is dumped 
into the environment. Chromium overexposure restricts plant growth, results in 
chlorosis in the leaves, unbalances nutrient intake, and damages the root tips (Ertani 
et al. 2017; Javaid et al. 2022a). Chromium has negative effects on plant growth, 
including changes to the cycle of germination and the growth of the different plant 
parts. As a result, excessive chromium metal exposure affects yield effectiveness 
and total dry matter production. Additionally, chromium harms plant physiological 
processes such as photosynthesis and the absorption of dietary minerals (Singh 
et al. 2013). The capacity of plants to produce reactive oxygen species or the ability 
of enzyme metabolites to be inhibited by chromium exposure both affect plant 
metabolism (Wakeel et al. 2020; Javaid et al. 2022b).

2.4 � Heat Stress

Global crop productivity is seriously threatened by heat stress as a result of rising 
greenhouse gas emissions. It is described as a spike in temperature great enough to 
permanently harm plant development and growth. In general, heat shock or heat 
stress can be caused by a temperature increase of more than typically 10–15 °C over 
ambient (Liliane and Charles 2020). Leaf drop, especially in trees, is heat stress in 
plants. To save water, many plants will lose portion of their leaves. Many crops have 
production issues in hot temperatures. In hot weather, flowers fall off of plants, 
while under cool-season crops such as broccoli bolt (Tilley 2019; Javaid et al. 2022c).

The distribution and procreation of life on Earth are severely constrained by 
temperature, which is a crucial physical parameter (Richter et  al. 2010). Even a 
small temperature increase over the ideal temperature for growth can stop the life 
cycle. As a result, nearly all living things had switched on pathways of signaling to 
detect the heat and reprogrammed cellular processes to protect themselves against 
heat harm. Because plants are sessile and cannot bear extremely high temperatures, 
a complex sense and response system had to develop to satisfy the pressing need 
(Takahashi and Murata 2008).

The multiple-subunit protein-pigment complex which is known as photosystem 
II (PSII) is made up of the reaction center, oxygen-evolving complex (OEC), light-
harvesting pigment protein complex (LHCII), and other components (Shen 2015). 
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LHCII absorbed and transported light quantum excitation energy through pigments 
in the reaction center throughout the initial photochemical reaction course. The 
principal charge product of charge separation, [P680 + Pheo], initiates the electron 
transport process and utilizes the OEC to extract electrons from H2O (Cardona 
et al. 2012).

There were components of the photosynthetic electron transport chain. Electron 
transport caused NADP+ to take an electron, decrease it to NADPH, and then 
undergo coupled photophosphorylation to produce ATP. Calvin cycle is driven by 
NADPH and ATP and then CO2 is fixed as a result. Because the entire process of 
photosynthesis necessitates close coordination between subunits and the super-
molecular complexes in lipid bilayers, it was also susceptible to heat stress 
(Yamamoto et al. 2008). According to Ohira et al. (2005), the unfolding of protein 
or unspecific aggregation, is the most detrimental direct consequence of heat shock 
on PSII functions. It was made worse by the enhanced membrane fluidity brought 
on by the increased temperature. Additionally, the thylakoid’s internal arrangement 
was messed up simultaneously (Horváth et al. 2012).

Only after prolonged exposure to moderately high temperatures can injuries or 
death occur. High temperatures can directly harm organisms by denaturing and 
aggregating proteins and raising the membrane lipids’ fluidity. The inactivation of 
mitochondrial and chloroplast enzymes, the decrease in protein production, the 
breakdown of proteins, and the loss of membrane integrity are examples of indirect 
or delayed heat damage (Howarth 2005).

2.5 � Chilling Stress

Abiotic stress, known as chilling, affects growth, yield, and quality of fruit (Zhang 
et al. 2021). Open-field crops are frequently affected by chilling stress; during the 
season of winter to early spring, the plants are grown in a greenhouse solar system 
(Wani et al. 2016). By interfering with the carbon-oxygen cycle, the production of 
photosynthetic pigments, and the CO2 supply, the photosynthetic apparatus is either 
directly destroyed by cold stress or is indirectly hampered by it (Allen and Ort 
2001). When vegetation is subjected to cold stress, they experience substantial 
changes in gene transcription, protein synthesis, and metabolism (Dou et al. 2021).

The fluidity of the plant membrane decreases, leading to a decline in enzyme 
activity and disturbances in the stomatal response at low temperatures (Ding et al. 
2019). As a result, when plants are under cold stress, photosynthesis is frequently 
the first mechanism to be hindered. Because the Calvin-Benson cycle is less active 
under cooling stress, the overdrive of electron transport powered by light energy (Bi 
et al. 2019). Reactive oxygen species, which are hazardous chemicals, are created 
when extra electrons escape into the surrounding O2 at the end of the electron trans-
fer chain (Asada 2006). As a result, ROS attacking neighboring photosystems or 
thylakoid membranes directly, photosynthetic activity is drastically reduced, and 
plant growth is inhibited (Takagi et al. 2016).
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3 � Approaches to Mitigate Abiotic Stress

Different biological, chemical, biochemical, biostimulant, antioxidant, and plant-
extracted materials are used to mitigate the plant abiotic stresses.

3.1 � Plant Growth-Promoting Bacteria

According to a number of investigations, microbes that encourage plant develop-
ment are essential for reducing climate change (Krishnamoorthy et  al. 2021). 
Certain microbial communities, such as methanogens, which are found in wetlands, 
oceans, rumens, and termite guts, create methane. Methylotrophs, on the other 
hand, use methane as a carbon source to lower the amount of methane in the envi-
ronment. The importance of plant-associated beneficial microorganisms has 
increased recently due to their crucial function in boosting crop output and offering 
resilience to stressful environmental conditions (Rani et al. 2021). Both a direct and 
an indirect mechanism are used by the (PGPB) to accelerate plant growth. This 
involves consuming minerals, producing phytohormones, fixing atmospheric nitro-
gen, or by creating different enzymes, antibiotics, siderophores, or improved soil 
texture, thus boosting the immune system’s defenses against numerous infections 
(Prittesh et al. 2020). Microorganism, are consider as effective to mitigate the dif-
ferent abiotic stresses (Fig. 39.1; Rehman et al. 2021).

Fig. 39.1  Mechanism of microbes to mitigate abiotic stress in plants (Kumar and Verma 2018)
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3.2 � Plant Growth-Promoting Rhizobacteria

Plant growth-promoting rhizobacteria (PGPR) are soil microorganisms that live in 
the rhizosphere and work to enhance plant development and growth by secreting a 
range of control chemicals. They could attach to the inside of the plant, the leaves, 
the roots, or the phyllosphere (endosphere). Because they can communicate with 
the host plant much more efficiently because they reside inside the tissues of the 
plant, Plant growth-promoting endophytes (PGPE) are often the most successful at 
encouraging growth (Giauque et al. 2019). Because they are shielded from the out-
side world, the PGPR are also far less susceptible to the typical chemical-physical, 
biotic, and abiotic fluctuations in the soil. Endophytic bacteria primarily penetrate 
plant tissues through the growth-related natural fractures that occur in the roots. 
They develop from the environment of the roots’ rhizosphere. Plant exudates and 
radical metabolites constitute a key resource for attracting and selecting the finest 
microorganisms (Podile and Kishore 2006). The positive role of the bacteria that 
reside inside plants is mostly demonstrated by directly increasing nutrient absorp-
tion through the alteration of plant hormone levels. The most significant and thor-
oughly studied direct process is nitrogen fixation (Fig. 39.2; Vocciante et al. 2022).

Fig. 39.2  The highly effective network of functional interactions that PGPR has built to sustain 
plants’ health and performance in the face of environmental stressors and abiotic pressures. 
Exopolysaccarides (EPS), ABA (abscisic acid), volatile organic compounds (VOCs), HCN (hydro-
gen cyanide), IAA (indol2-3-acetic acid), and ACC (1-aminocyclopropane-1-carboxylic acid) 
(Vocciante et al. 2022)
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3.3 � Phytohormones

A phytohormone called salicylic acid governs plant growth, development, and 
defense against environmental threats in a number of different ways (Arif et  al. 
2020). Additionally, salicylic acid is involved in DNA repair and abiotic stress tol-
erance and is present throughout the plant’s life cycle, from seed germination to 
fruiting (Koo et al. 2020). In fact, salicylic acid was discovered to cause oxidative 
stress at greater concentrations whereas lower quantities are observed to alleviate 
the harmful effects of abiotic stress (Miura and Tada 2014).

Polyamines, which are aliphatic polycations with low molecular weight and can 
be free, conjugated (attached to other small molecules, like phenolic acids), or 
linked, are found in all living organisms (connected with multiple macromolecules) 
(Pál et al. 2015). Cytokinins also regulate seed germination, leaf senescence, abiotic 
and biotic stress adaption, cell division, and differentiation (Wu et al. 2014).

Jasmonic acid regulates the development of plants' reproductive organs, seed 
germination, nitrogen storage, assimilate transfer, root growth, tuber formation, 
flowering, fruit ripening, senescence, and plant defense against environmental 
threats (Tavallali and Karimi 2019). Salicylic acid is essential for plant development 
improve, resistance against disease, fruit formation, and as an enzyme activator in 
stressed plants’ antioxidant systems (El-Esawi et al. 2017).

3.4 � Biostimulants

Biostimulants that include a combination of chemicals or microbes used to improve 
plant nutrition and lessen the effects of abiotic stress are also referred to as “plant 
biostimulants.” The source for biostimulants is expected to grow quickly between 
2017 and 2025, at a rate of 10.2% yearly. On the other hand, only around 25% of 
commercially available biostimulant products worldwide are based on microorgan-
isms (Hamid et al. 2021). Crops are treated with microbial plant stimulants (MPBs) 
to encourage plant uptake and utilization of various nutrients, hence promoting 
plant growth and production. Examples of MPBs that use direct and indirect pro-
cesses to encourage plant growth and development in both usual and stressful condi-
tions include mycorrhizal and non-mycorrhizal fungi, bacterial endosymbionts, and 
PGPR. MPBs create and sustain sufficient activity close to plants, which regulates 
how they react to diverse stimuli (Ali et al. 2017b).

To improve plant growth, nutrition, and stress tolerance, the environment around 
a plant can be treated with a variety of compounds known as plant biostimulants, 
often referred to as agricultural biostimulants. Some plant stimulants also serve as 
environmental defense, albeit most are transported to the rhizosphere to aid with 
nutrient absorption. Some of the stressors include a lack of water, salinized soil, and 
exposure to temperatures that are unsuitable for growth (Du Jardin 2015). Instead of 
being nutrients in and of themselves, biostimulants help nutrients to be absorbed 
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and either help promote development or help people resist stress (Brown and Saa 
2015). Impact of a commercial biostimulant based on seaweed and specific yeast 
extracts on tomato (Solanum lycopersicum L. var. Micro-Tom) productivity, mor-
phological characteristics, proximate composition, and nutraceutical benefits in 
plants raised under normal conditions. Yeast and seaweed extracts are getting more 
and more well-liked. They are utilised in horticulture as a plant biostimulant because 
of their various defensive effects against abiotic stresses (Rouphael and Colla 2018).

4 � Plant Extract

Even if the growth in fertilizers has not always been accompanied by an increase in 
productivity, agricultural fertilizers have been misused to expand plant production 
systems. The majority of the mineral fertilizers that were used have been lost in the 
soil due to shallow roots’ insufficient capacity to absorb minerals, especially in 
vegetable cropping systems, which has led to soil pollution and deterioration (Colla 
et al. 2017). The greenhouse industry is especially sensitive to this problem since it 
uses substantially more fertilizer per unit area than any other agricultural technique 
(Rouphael et al. 2018). As a result, the only way to accomplish sustainable agricul-
tural intensification is to raise plant crops’ resource efficiency (RUE) while reduc-
ing their consumption and environmental impact of chemical fertilizers (Stasio 
et al. 2017).

Plant biostimulants (PBs), which are commodities that promote plant nutrition 
processes without regard to the nutrients they contain, may be a promising and envi-
ronmentally friendly strategy to improve crop quality features, abiotic stress resis-
tance, soil and rhizosphere availability of restricted nutrients, or nutrient usage 
efficiency (Rouphael and Colla 2018).

The green synthesis of selenium nanoparticles (SeNPs) utilizing a range of 
medicinal plant extracts is more inexpensive, simple, environmentally friendly, and 
nontoxic when compared to alternative processes that rely on microorganisms such 
as bacteria and fungi. The green manufacturing of SeNPs has effectively and conve-
niently utilized a variety of plant extracts (Alam et  al. 2019). Unexpectedly, the 
plant extract contains secondary metabolites, alkaloids, tannin, cinnamic acid, ses-
quiterpenes, phenolic acid, and monoterpenes, all of which may function as stabiliz-
ing and reducing agents in the manufacture of biocompatible SeNPs (Javed 
et al. 2020).

Plants can partially resist against stress naturally through chemical development 
or physical modification (Janská et al. 2010). In addition to activating their natural 
defense system, plants’ capacity to endure heat stress can also be improved by exog-
enous delivery of several stress-relieving compounds (Zia et al. 2021). Despite sig-
nificant advancements in increasing heat tolerance through the use of numerous 
inorganic compounds and plant growth regulators, the utilization of natural sources, 
particularly plant extracts, is still relatively low (Farooq et al. 2009). Plants’ ability 
to withstand stress has been improved by moringa’s phytochemical components. 
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Moringa leaf extract increased seed emergence in salt-stressed plants, enhanced 
protein synthesis, activated antioxidant activities, and eventually increased wheat 
grain output (Basra et al. 2011). The presence of significant numbers of phenolic 
compound, which are capable of reducing ROS and have high antioxidant activity 
(Ilyas et al. 2015).

4.1 � Plant Extract Used to Mitigate Abiotic Stress in Plants

4.1.1 � Moringa Plant

The family Moringaceae, which includes the drumstick, horseradish, and benzoyl 
trees, is home to the genus Moringa. Cuttings or seeds can be used to propagate 
these trees (Abd Rani et al. 2018). Tropical and subtropical regions of the world 
contain it (Asante et al. 2014). Only Moringa oleifera has a variety of uses among 
all Moringa species. It is indigenous to India and is resistant to a variety of environ-
mental challenges. It is grown all over the world, including in Pacific Islands (Abd 
Rani et al. 2018). Because it contains large amounts of numerous essential phyto-
chemicals, including fatty acids, terpenoids, and minerals. The roots, leaves, fruit, 
pods, and seeds of the M. oleifera plant are nutritious (Gopalakrishnan et al. 2016). 
As a potential substitute for proprietary compounds such as alum sulphate, M. ole-
ifera seeds’ active coagulant and antibacterial properties could be used to purify 
water (Özcan 2020).

4.1.2 � Moringa Leaf Extract

Moringa leaf extract (MLE) includes essential nutrients, vitamins, flavonoids, gly-
cosides, carbohydrates, amino acids, and phytohormones that assist the develop-
ment and growth of plants, MLE acts as a powerful biostimulator or bioenhancer 
(Zulfiqar et al. 2020). It decreases ROS, boosts plants, and alleviates a variety abi-
otic stresses. It has a lot of antioxidants as well. The moringa extracts efficiently 
lessen environmental stressors on plants such salt by promoting the enzymatic anti-
oxidant activity as well as total sugars and content of amino acid (Zulfiqar 
et al. 2020).

4.1.3 � Moringa Leaf Extract Composition

For the manufacture of MLE, dried and ground leaves of moringa were extracted 
with ratio (4:1) of ethanol or water, then go through liquid extractions (Wright et al. 
2017). Essential nutrients, including carbohydrates, lipids, proteins, fiber, minerals, 
and vitamins, are present in MLE. The high nutrient content of MLE has a signifi-
cant impact on the physiological, therapeutic, and medicinal qualities of plants 
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(Abd Rani et al. 2018). Vitamins A, B, C, and E, minerals, and amino acids includ-
ing arginine, lysine, phenylalanine, histidine, tryptophan, valine, and methionine 
are all rich in leaf extract (Yasmeen et al. 2013).

4.1.4 � Effect of Moringa Leaf Extract on Plants

MLE can be given to plants through different methods, such as applied by foliar 
spraying, treating seeds, and rooting. Plant physio-biochemical characteristics are 
aided by MLE. Germination is a crucial stage in the growth of plants. MLE is neces-
sary for seed germination, just like typical phytohormones such as GAs and IAA 
(Zulfiqar et al. 2020). Freshly harvested MLE contributes to improved plant growth, 
development, and yield attributes, which in turn enhance crop performance. 
Additionally, it boosts antioxidant content, plant hydration status, and membrane 
stability (Rehman et al. 2014).

The highly important metabolic processes of photosynthesis and gas exchange in 
plants control growth responses. MLE treatment increased the conductivity of sto-
mata, rate of photosynthetic mechanism, and chlorophyll concentration (Elzaawely 
et al. 2017). By encouraging flowering and fruiting as well as maintaining the fruit’s 
post-harvest quality and beauty, MLE application promotes reproductive growth 
(Zulfiqar et al. 2020).

Abiotic stresses that affect plants include salinity, drought, heavy metals, and 
temperature. Therefore, reducing environmental stress is essential for crop yield and 
food security. A unique biostimulant and natural growth promoter, MLE treatment 
increases plant tolerance to a variety of environmental signals. IAA, GAs, cytoki-
nins, and mineral nutrients are abundant in MLE, which lessens the damaging 
effects of salinity (Ali et al. 2017a).

4.2 � Abiotic Stress Mitigation by Moringa Leaf Extract

4.2.1 � Salt Stress Alleviation by Moringa Leaf Extract

Salinity stress puts crop output and sustainable agricultural practices at risk on a 
global scale. By producing different ionic, oxidative, and osmotic stress, it changes 
many traits of plants (Arif et al. 2020). By encouraging antioxidant defense mecha-
nisms such as the proline content, MLE improved salinity stress tolerance by lower-
ing ROS. Thus, MLE preserved plant growth and developmental features, which 
reduced the damaging effect of salt (Howladar 2014). MLE treatment raised pro-
line, total sugar, and phenol concentrations as well as CAT, APX, and SOD activity, 
which decreased the detrimental effects of salt (Yasmeen et al. 2013). Application 
of MLE to the leaves also aided yield characteristics such grain weight, biological 
yield, straw yield, and grain yield (Latif and Mohamed 2016).

39  Mitigation of Plant Abiotic Stress by Plant Growth-Promoting Bacteria, Hormones…



894

4.2.2 � Drought Stress Alleviation by Moringa Leaf Extract

Drought stress has a significant impact on plants, biomass, production, and meta-
bolic processes. Numerous metabolic, morphological, developmental, physiologi-
cal, and ecological traits, such as plant functions, are also affected by drought 
condition (Seleiman et al. 2021). The application of MLE improved the ability of 
plants to withstand drought by enhancing traits such as yield per plant, dry and fresh 
mass, plant height, photosynthetic efficiency, carotenoid and chlorophyll (Chl), pro-
line content, sugar content, and phenol content (Hanafy 2017). Under drought 
stress, MLE treatment in Zea mays L. positively controlled the growth of plant, 
biomass, stability of membrane, cell osmoticum (Pervez et al. 2017).

4.2.3 � Heavy Metals Stress Alleviation by Moringa Leaf Extract

In Phaseolus vulgaris, cadmium stress enhanced ROS, electrolyte leakage, peroxi-
dation of lipid, and instability of membrane. MLE treatment reduced the impacts of 
Cd stress and improved the morphological traits of the plant (Howladar 2014). 
Catalase, peroxidases POX, polyphenol oxidase Glutathione reductase GR, and 
Superoxide dismutases SOD activities were all increased by MLE, which also 
improved growth of plants and developmental procedures (Khalofah et al. 2020).

4.2.4 � Heat Stress Alleviation by Moringa Leaf Extract

Due to global warming, there has been a rise in high temperatures during the last 
few decades. Heat-induced oxidative stress is deleterious to plant structure, photo-
synthesis, and membrane stability (Zhao et al. 2020). Heat stress causes irreparable 
harm to a plant’s photosynthetic machinery. MLE lessens the effects of heat stress 
by raising the activity of the photosynthetic system, total Chl content, Chl a/b ratio, 
and carotenoid concentration. Carotenoids prevent the oxidative damage brought on 
by heat stress (Batool et al. 2019). By increasing relative water content, growth, 
proline, total soluble sugar content, biomass, and the activity of catalase and POX, 
which lowered ROS, MLE injection successfully promoted heat stress tolerance in 
wheat. In addition to grain weight and spike length, MLE also generates other yield 
characteristics (Afzal et al. 2020).

5 � Conclusion

It is concluded that the application of biofertilizers such as phytohormone, nanopar-
ticles, PGPR, and other chemicals application mitigates the different environmental 
stresses. They also promote plant growth under stressful conditions. But there is 
need to increase the food security and production due to exponentially increasing 
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population. As a result, it is important to reduce negative impacts of abiotic stress on 
plants. Natural biostimulants are low cost, sustainable, organic, and eco-friendly. 
These impart the positive result in plant growth and yield. Moringa plant extract 
plays a crucial role in increasing the photosynthetic mechanism. It is rich in nutri-
ents, vitamins, sugars, flavonoids, and phytohormone. It also improves the rate of 
germination, growth, relative water content, water use efficiency, and activity of 
enzymatic antioxidant. It acts as natural bioenhancer and biostimulator, which help 
in increasing the morpho-physiological attributes of plants under normal and stress-
ful condition. Moringa leaf extract application increases the tolerance and resis-
tance against abiotic stress in plants.
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Abstract  Environmental pollution due to toxic heavy metals and organic pollut-
ants has become a global concern because of its adverse effects on plants, animals, 
as well as humans via food chain contamination. However, the elimination of these 
harmful contaminants from the polluted media requires abundant energy and com-
plex engineering techniques. Bioremediation offers the best possible solution to 
reduce or remove these noxious pollutants with minimum energy costs. 
Microremediation, mycoremediation, and cyanoremediation have effectively elimi-
nated or degraded toxic contaminants and resultantly promoted plant growth and 
development. Phytoremediation is also an environmentally friendly technique to 
remove pernicious pollutants using different mechanisms such as phytostabiliza-
tion, phytofiltration, phytodegradation, phytoextraction, and phytostimulation. 
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Further, the efficiency of phytoremediation can be enhanced using electric current, 
chelating agents, plant growth regulators, soil amendments, co-cropping, and bacte-
rial inoculation resulting in more removal of pollutants due to high biomass 
production. Furthermore, plants deploy various stress tolerance mechanisms to 
mitigate the detrimental effects of harmful pollutants and maintain cellular redox 
homeostasis. The tolerance mechanisms exhibit the maintenance of plant physio-
logical and biochemical processes and promote plant growth and crop improvement 
through various protective approaches. Phytoremediation is not only used to remove 
harmful pollutants but also offers the purification of soil, water, and air. In addition, 
phytoremediation is a green technology and economically viable. The efficacy of 
phytoremediation depends upon various factors including soil characteristics, type 
of pollutant, presence of organic matter, and properties of microflora in the rhizo-
sphere. Additionally, disposal methods for the toxic plant waste are also of signifi-
cant importance in the proper transport and dumping without any leakage of leachate 
from the disposal sites. However, the knowledge of the interaction between plants 
and microbial communities in the rhizosphere regarding the efficient removal of 
toxic pollutants has not been investigated fully. Therefore, a comprehensive study is 
still needed to investigate the involved mechanisms and more advanced technolo-
gies should be developed to purge toxic contaminants efficiently.

Keywords  Bioremediation · Ecosystem services · Heavy metals · Organic 
pollutants · Phytoremediation · Stress tolerance

1 � Introduction

Industrialization and urbanization have created many environmental problems glob-
ally. Although less production of toxic substances during different operational activ-
ities is supported worldwide, the industrial revolution and rapid urbanization have 
led to contamination of soil, water, and air worldwide (Azhdarpoor et  al. 2014; 
Rostami and Azhdarpoor 2019). Soil contamination is a global concern and the 
toxic compounds are found in combined forms and rarely in separate forms in the 
environment. Further, the presence of toxic heavy metals and polycyclic aromatic 
hydrocarbons (PAHs) in the soil is very common (Ebrahimi et al. 2018). These toxic 
metals exist in ionic or colloidal forms and are commonly soil soluble but cannot be 
degraded like other organic compounds into less toxic ones. These metals can 
remain in the soil for a longer period of time with a half-life of more than 20 years 
(Ruiz et al. 2009). However, the toxicity of these metals depends upon their concen-
tration ranging from 1 to 100,000 mg kg−1 (Karami and Shamsuddin 2010). There 
are various sources of these toxic metals contaminations including drilling, melting, 
military activities, industrial projects, and fuel production which pose adverse 
impacts on human health via food chain contamination (Azhdarpoor et al. 2015). 
The environmental degradation due to heavy metal pollution has affected more than 
10 million people worldwide (Ahmadpour et al. 2012).
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Similarly, PAHs are also noxious compounds with two or more benzene rings 
and contaminate soil through different activities such as asphalt production, petro-
chemical industry, aluminum production, incomplete combustion, and creosote 
industry. Most of the compounds are mutagens and carcinogens posing human 
health risks (Tsibart and Gennadiev 2013). On the other side, high-energy and more 
advanced engineering processes are required to purge these toxic compounds. In 
addition, the outcome of these processes is not satisfactory, and later the composi-
tion and biochemical properties of soil. Nevertheless, numerous methods are being 
employed to treat contaminated soils. Bioventing is also a method to decompose 
toxic compounds using microbes in the soil but the maintenance of biological con-
ditions plays a crucial part in the process (Kalantary et al. 2014). The removal of 
contaminants by providing heat is another method to reclaim polluted soils and is 
known as thermal reclamation. During this process, generated heat will result in the 
evaporation of contaminants in the gaseous phase which can be easily controlled 
and separated (Stegmann et  al. 2013). A slurry reactor is another well-known 
method for the reduction of contaminants in solution form in a reactor by providing 
optimum suitable conditions. Further, soil reclamation is considered as the best 
option to reduce contamination based on decomposing activities of the microbes 
(Pino-Herrera et al. 2017). Lastly, phytoremediation is a promising technique for 
the elimination of contaminants using green plants. This technique is preferred to 
other conventional methods due to its cost-effectiveness, soil texture conservation, 
and minimizing impacts on the environment (Rostami et al. 2017; Parseh et al. 2018).

2 � Sources of Contaminants in the Environment

Natural, industrial, and anthropogenic activities are the potential sources of toxic 
pollutants and contamination in the environment. These sources such as mining, 
volcanic eruptions, rock weathering, and applications of agrochemicals can enhance 
contaminants levels such as heavy metals and organic pollutants. These pollutants 
result in the reduction of soil quality and consequently pose severe impacts on 
human health (Latif et al. 2018). There are various sources of heavy metals and dyes 
such as textile, pigments, paper industry, rubber, and plastics which significantly 
affected environmental health. The untreated wastewater from industries is directly 
released into nearby water bodies directly affecting the colour and quality of water 
leaving harmful effects on aquatic life (Sarojini et al. 2022). Metal accumulation in 
plants can adversely influence plant growth and resultantly yield as well. In addi-
tion, other physiological, biochemical, and metabolic processes are also perturbed 
badly due to the heavy metal contamination (Saravanan et al. 2020). Several heavy 
metals such as nickel (Ni), manganese (Mn), lead (Pb), copper (Cu), zinc (Zn), and 
cadmium (Cd) have been reported to have deleterious effects on living organisms. 
Moreover, the emissions of arsenic (As), Pb, and Cd by air have also influenced a 
large area (Jacob et al. 2018). Organic pollutants are also spread in the environment 
via various activities such as combustion of hydrocarbons, oil spills, industrial 
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waste, shipping activities, sewage discharges, surface sediments, and lubricants 
(Barletta et al. 2019). In addition, other activities such as textiles, foam, plastics, 
carpets, television casing, furniture, petrochemicals, and leachate can cause detri-
mental impacts on water, soil, and air media eventually risking human health (Anim 
et al. 2017).

3 � Toxic Effects of Contaminants on the Environment

Heavy metal contamination can perturb various metabolic processes in plants and 
humans as well. Such metals via food chain contamination can accumulate in the 
body and cause severe disorders (Sharma et al. 2018). Due to their nonbiodegrad-
ability, heavy metal pollution is a major source of contamination (Chaoua et  al. 
2018). Soil contaminated with heavy metals would affect living organisms through 
the biomagnification process and influence their biochemical pathways. Elevated 
concentrations of these heavy metals are taken up by plants and translocated from 
roots to shoots. This heavy metal pollution results in soil degradation, oxidative 
burst in plants, phytotoxicity, and carcinogens for humans as well (Ghori et  al. 
2019). In addition, metal toxicity can inhibit plant growth, reduce yield, and perturb 
metabolic functions (Asati et al. 2016). Heavy metal contamination can induce the 
generation of reactive oxygen species (ROS) which can dismantle membranes and 
can also affect the microbial community by destructing soil biochemical properties 
(Jiang et al. 2019). Organic pollutants are biodegradable and mostly spread in the 
environment through anthropogenic activities resulting in pollution. There are some 
toxic pollutants such as polychlorinated biphenyls (PCBs), PAHs, polybrominated 
diphenyl ethers (PBDEs), phenols, petroleum, and organochlorine pesticides 
(OCPs), and other pesticides (Masindi and Muedi 2018). For instance, PCBs exhibit 
lipophilic characteristics, and high-temperature resistance can be part of food chain 
contamination posing serious health risks in humans including eye and skin irrita-
tion. However, PCB exposure can significantly inhibit plant growth (Iqbal 
et al. 2022).

4 � Translocation of Contaminants in Plants

Plants require a trace amount of metals for metabolic processes; however, higher 
accumulation of heavy metals pose adverse effects on plants. Cationic transporters 
assist in uptake of these heavy metals from soil to roots and then translocate to aerial 
parts (Glavac et al. 2017). In the case of hyperaccumulators, these stored heavy met-
als in plant vacuoles are transported to shoot system via xylem vessels. There are 
various steps involved in the translocation of metals from the soil to roots and there-
after to shoot system. The first step is the metal ions-binding to cell wall. Zinc and 
Cu ions present in the apoplast determine the number of metal ions present in root 
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cells. Thereafter, the interface of the cell membrane and cell wall possesses higher 
accumulation of heavy metals (Dalcorso et al. 2013). The cationic exchange capac-
ity of the root determines the uptake of metal ions. The cell wall is accountable for 
metal uptake and immobilization (Guigues et al. 2014). The next step is the move-
ment of metals through plasma membrane transporters to the shoot system via 
xylem vessels or phloem vessels either binding with proteins or chelating agents 
(Manara 2012). During this translocation, various transporters are involved such as 
ZIP family, CDE, NRAMP, Cu transporter family, P-type ATPase transporter fam-
ily, multidrug and toxic compound extrusion protein family, oligopeptide trans-
porter family, and ATP-binding cassette transporter family (Lin and Aarts 2012; 
Kolaj-Robin et al. 2015).

5 � Accumulation of Contaminants in Plants

Heavy metal transporters are implicated in the translocation of metals from soil to 
aerial plant parts. Some of the transporters are also present in the plasma membrane, 
and these metals are transported with other nutrients to plant cells (Sun et al. 2016). 
There are various genes responsible for the expressions of these metal transporters. 
The metals complex is formed in the xylem vessels with chelating agents and then 
translocated to shoot (Shen et al. 2017). The hyperaccumulators translocate metals 
from root to leaf tissues. Different factors can affect the hyperaccumulation state 
such as plant species, soil temperature, organic content, and pH, as well as the type 
of heavy metals (Ravanbakhsh et al. 2019). Accumulation of metals occurs in three 
steps: metal transportation from the cell membrane and then toward the shoot region 
via xylem loading of metals followed by cellular accumulation of metals or detoxi-
fication (Wood et al. 2016). The metal deposition rate of plants is based on uptake 
capacity and metals translocation in plants (Sassykova et al. 2020).

Heavy metal accumulation occurs first in plant roots. Some plants can absorb or 
adsorb heavy metals by roots and then transport them to aerial parts while some 
plants do not translocate to upper parts (Fuente et al. 2016). In addition, some plant 
species can accumulate heavy metals in specific compartments to prevent the toxic 
effects of contaminants while some store metals in plant tissues with modified oxi-
dation states (Wei et al. 2015; Ying et al. 2019). The second accumulating site is the 
plant shoot system where metals are transported through xylem vessels. Different 
factors can influence the uptake efficacy of metals such as the plant defense system, 
the effectiveness of the transport system, plant physiology, and vacuoles composi-
tion (AbdElgawad et al. 2020). The metal translocation from root to shoot (leaf and 
stem tissues) depends upon the atmospheric conditions, metal bioavailability, soil 
pH, contamination level, toxicity, metal transfer, and soil texture as well (Johnsen 
and Aaneby 2019).
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6 � Bioremediation Techniques

Bioremediation refers to the contaminant removal from the polluted environment 
using living organisms. Heavy metals and other organic compounds are directly or 
indirectly released into the environment and influence human health as well as ani-
mals and plant resulting in crop productivity and yield losses. Soil degradation is 
also one of the detrimental consequences of these harmful contaminants. However, 
different bioremediation approaches such as micro-remediation, mycoremediation, 
cyanoremediation, and phytoremediation are extensively used to reclaim contami-
nated soils (Azubuike et al. 2016; Yaashikaa et al. 2022).

The main objective of bioremediation is to eliminate toxic metals and harmful 
organic substances from the soil in order to decrease their bioavailability. However, 
it is impossible to degrade heavy metals but due to their changed physical and 
chemical characteristics, these metals can be transformed into other less toxic 
forms. Nonetheless, the efficacy of bioremediation depends upon the nature of toxic 
chemical and plant specie, microbes, and fungi. There are numerous mechanisms 
for microbial remediation such as complex formation extracellularly, accumulation 
intracellularly, redox reactions, and precipitation of toxic pollutants (Yang et  al. 
2018). In parallel, microbes also utilize a biosorption mechanism for the elimination 
of contaminants. The immobilization of heavy metals or other organic compounds 
is facilitated by extracellular materials and consequently results in the binding of the 
cell surface with ionic functional groups (Ayangbenro and Babalola 2017; Etesami 
2018). Moreover, siderophores play an essential role in microbe-assisted remedia-
tion. These siderophores are released by fungi, bacteria, and plants as well and func-
tion in binding with heavy metals because of their chelating nature resulting in the 
reduction of metal toxicity (Saha et al. 2016). Additionally, microbes also produce 
biosurfactants involved in metal complexation (Sarubbo et al. 2015). This complex-
ity of metals causes the solubilization of metals and reduces metals in the final 
medium facilitating insolubility of metal salts. Microorganisms can use both enzy-
matic and non-enzymatic processes to eliminate heavy metals from contaminated 
media (soil, air, and water).

6.1 � Micro-remediation

Micro-remediation is used to degrade harmful and toxic compounds into less toxic 
substances using different microbes, especially bacteria. This process is carried out 
by specific enzymes secreted by microbes, and the final products will be no toxic or 
less harmful compounds. Microbes utilize two pathways for defense responses 
against these toxic substances either by producing enzymes or through opposing the 
toxic metals. In addition, microbes also have the ability to eliminate toxic pollutants 
through different approaches including volatilization, adhesion, and transformation 
(Alvarez et al. 2017; Iqbal et al. 2020). Moreover, other mechanisms could also be 
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involved such as mineralization, accumulation, biosorption, bioleaching, and micro-
bial interactions with metals. Higher concentrations of metals or other organic com-
pounds result in damage to the plasma membrane and induce defense responses to 
mitigate that damage. Further, gene editing in microbes using recombinant DNA 
technology has made it easier to improve contaminant removal efficacy by geneti-
cally modified microorganisms (Verma and Kuila 2019). Therefore, microbes with 
altered genetic makeup have shown effective results in contaminant removal from 
air, soil, and water. Molecular mechanisms can also efficiently increase the micro-
bial potential to remove pollutants from different types of contaminated media. 
However, the limitations of utilizing microbes with genetic modifications are the 
mass production of effective strains and their survival in natural environments. In 
addition, such modified microbes could also negatively affect native microflora.

6.2 � Cyanoremediation

This process is used to remove hazardous pollutants including heavy metals, pesti-
cides, and dyes by using algae or cyanobacteria from contaminated media. Various 
algal species such as Chlorella, Spirogyra, Spirulina, and Oedogonium are being 
used for the amelioration of contaminated sites. However, studies also displayed 
that the higher levels of heavy metal accumulation in Spirulina resulted in the inhi-
bition of its growth (Balaji et al. 2014). Despite this, other algal species have been 
used widely because of their availability, role in CO2 fixation, and source of biofuel. 
In the case of cyanobacteria, two mechanisms have been identified for the removal 
of toxic compounds. Firstly, the physical adsorption of contaminants by outer cells, 
and the second is the accumulation inside the cells. Nevertheless, it is a time-taking 
process because it required time for the binding and transport of targeted proteins 
(Singh et al. 2019).

6.3 � Mycoremediation

Various scientific reports have documented the use of certain fungal species for the 
elimination of toxic heavy metals as well as organic compounds. These fungal spe-
cies include Aureobasidium, Candida, Mortierella, Cladosporium, Emericella, 
Aspergillus, Fusarium, Gliocladium, and Ganoderma. These fungi have the capa-
bility to release enzymes for the degradation of pollutants even in the absence of 
nutrient-rich environments (Mani and Kumar 2014). Interestingly, the end products 
of mycoremediation are nontoxic or less toxic in nature. The longer filamentous 
fungi assist in the quicker removal of toxic substances as compared to bacteria. 
Certain fungal species can also be used as a biological control in agriculture by 
decomposing agriculture waste such as Trichoderma species. Some other fungi such 
as Funneliformis geosporum can also increase soil fertility and results in higher 
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crop production. Moreover, fungal species have also been noticed to enhance metal 
adsorption by roots (Khan et al. 2019). To adsorb metals, fungal species utilize two 
mechanisms either sequestration or avoidance. The avoidance strategy is used to 
reduce metal concentration via biosorption, uptake, and precipitation and results in 
toxicity, while chelation occurs in the processes of sequestration intracellularly 
(Akhtar and Mannan 2020). Hence, mycoremediation is considered an effective 
approach for treating heavy metals and other organic compounds. Nevertheless, less 
concentration of contaminants is adsorbed using these hyperaccumulators due to 
less biomass production, but fungi can remove or accumulate higher toxic com-
pounds due to their diverse molecular mechanisms. There are several factors affect-
ing mycoremediation such as pH, fungal species, growth conditions, temperature, 
and redox potential (Kumar et al. 2019).

6.4 � Phytoremediation

In the process of phytoremediation, plants are used to remove toxic contaminants to 
mitigate the harmful repercussions of heavy metals, and organic compounds. To 
remove the organic contaminants, several mechanisms include degradation, stabili-
zation, rhizoremediation, and volatilization but for heavy metals sequestration and 
extraction are utilized by plants (Patra et al. 2020; Saleem et al. 2022). As compared 
to other bioremediation techniques, phytoremediation is a more effective, feasible, 
and simpler technique. There are certain characteristics that are required for a plant 
to be a hyperaccumulator such as tap or fibrous roots based on pollution depth, toxic 
levels of the contaminant, plant growth rate, plant adaptation to specific ecological 
conditions, and resistant plants to diseases. The main steps involved in the removal 
of toxic contaminants are uptake of pollutants by roots, transportation via the xylem 
to upper plant parts and then the accumulation of pollutants in plant shoot (Shah and 
Daverey 2020). Plants that can grow in polluted sites and remove toxic pollutants 
are termed as phytoremediators. The addition of plant growth promoting bacteria 
also plays a crucial role in biomass production by enhancing plants’ ability to toler-
ate high concentrations of pollutants. Phytoremediation is an environmentally safe 
approach and can be applied with other traditional approaches to eliminate pollut-
ants from polluted sites (Khalid et al. 2017). Phytoremediation can be categorized 
into five groups such as phytostimulation, phytofiltration, phytotransformation, 
phytoextraction, and phytostabilization (Fig.  40.1; Ramanjaneyulu et  al. 2017; 
Ashraf et al. 2019).

6.4.1 � Phytostimulation

Phytostimulation refers to the breakdown of organic compounds into less toxic and 
simple compounds in the presence of microbial activities (Souto et al. 2020). In the 
rhizosphere of plants, the microbial activities can be increased in various ways such 
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Fig. 40.1  Different types of bioremediation and phytoremediation processes along with 
approaches to increase the efficacy of phytoremediation of heavy metals and organic pollutants

as root exudates can supply amino acids and carbohydrates to rhizospheric microbes, 
and oxygen is also provided by roots to enhance the aerobic transformation of pol-
lutants. Further, increased biomass production of roots can also elevate the avail-
ability of organic carbon and rhizospheric fungi (mycorrhizae) can degrade organic 
compounds which are not disintegrated by bacteria. Furthermore, plant also acts as 
a habitat for microbial populations (Yadav et  al. 2010; Sophia and Shetty 
Kodialbail 2020).

6.4.2 � Phytofiltration

This type of phytoremediation is used to remove harmful pollutants by using plant 
roots from contaminated groundwater or wastewater (Bokhari et al. 2022). In this 
technique, contaminated water is provided to plants for a while, then plants are 
shifted to polluted sites to remove toxic pollutants. In addition, plants are harvested 
when their roots are fully saturated. Phytofiltration can be subdivided depending 
upon which plant organ or part is being used for the removal of contaminants; for 
instance, plant roots (rhizofiltration), plant seedlings (blastofiltration), and plant 
shoots (caulofiltration) (da Conceição Gomes et al. 2016). This method is used to 
mitigate the impacts of toxic contaminants on the groundwater by absorption, 
adsorption, and precipitation. The precipitation of pollutants occurs when the pH of 
the rhizospheric zone is altered by root exudates (Javed et al. 2019). Interestingly, 
for the purpose of rhizofiltration, terrestrial as well as aquatic plants can be employed 
for the extraction of different toxic heavy metals including Cd, Pb, Ni, Cu, Zn, and 
chromium (Cr). However, terrestrial plants are preferably used because of their long 
length, and fibrous roots (Dhanwal et al. 2017).

40  Bioremediation and Phytoremediation Aspects of Crop Improvement



912

6.4.3 � Phytotransformation

This technique is the disintegration of toxic pollutants into less toxic ones through 
plant metabolic pathways or enzymatic catalyzed processes. However, this tech-
nique is independent of the microbial community (Kumar et  al. 2018). 
Phytotransformation is also recognized as phytodegradation, and it is used only for 
the disintegration of organic pollutants. During this process, volatile compounds are 
also released via transpiration due to the breakdown of compounds known as phy-
tovolatilization. Nevertheless, this technique is only confined to organic pollutants 
and some heavy metals including selenium (Se) and mercury (Hg). In this process, 
organic compounds are absorbed by plant roots and converted into less toxic sub-
stances or released into the atmosphere (Kumar and Gunasundari 2018).

6.4.4 � Phytoextraction

Phytoextraction is the implementation of fast-growing plants to remove heavy met-
als from certain contaminated media (Pajević et al. 2016). This technique can be a 
natural or chemical-mediated process. The natural or continuous phytoextraction is 
employed to remove contaminants (heavy metals) from plant roots and then trans-
ported to upper plant parts (shoot). Following harvesting stage, plant biomass can 
be utilized to produce biogas and recover precious heavy metals through combus-
tion. This technique is commonly known as biomining or phytomining (Bhargava 
and Singh 2017). Intriguingly, this technique offers the best suitable solution for the 
elimination of pollutants from contaminated soils without changing soil properties. 
In addition, plant parts both root and shoot result in the reduction of heavy metals 
which are restored from plant parts after harvesting (Bhargava and Singh 2017). 
Hence, continuous harvesting of such plants with the accumulation of heavy metals 
can significantly reduce heavy metals concentration in the field. Surprisingly, this 
technique is 10 times more efficient and economic than other traditional approaches 
(Wan et al. 2016). The plant selected for phytoextraction should exhibit fast grow-
ing, high biomass production, longer roots, and a high accumulation of heavy met-
als (Sytar et  al. 2016). Natural hyperaccumulators are utilized in the case of 
continuous phytoextraction (Usman et al. 2018). Phytoextraction is comprised of 
different processes like the sorption of some metal fraction at the root surface and 
then entering roots via cellular membranes followed by immobilization of some 
metals in the root vacuoles. In addition, soluble metals can enter roots and move to 
the plant leaves from the roots through xylem vessels (Adrees et al. 2015).

6.4.5 � Phytostabilization

During this process, toxic and harmful pollutants are inactivated and stabilized in 
plant tissues. It is also known as phytorestoration or phytoimmobilization 
(Ramanjaneyulu et  al. 2017). This approach aims to inhibit the mobility and 
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availability of both heavy metals and organic compounds and resultantly prevent the 
leachate from groundwater contamination (Khalid et al. 2017). In this technique, 
plants are of secondary importance as compared to soil amendments. Different toxic 
pollutants are physically or chemically immobilized or fixed on plant roots by 
applying various soil amendments (Wuana and Okieimen 2011). These soil amend-
ments such as biosolids, organic matter, phosphate fertilizers, and clay minerals are 
being used for the fixation of heavy metals. However, the focus of plants is to reduce 
water filtration, minimize contact with pollutants, limit soil erosion, and reduce the 
relocation of pollutants (Akhtar et al. 2013). This strategy is not beneficial for a 
prolonged duration because the contaminants will remain in the soil at the end 
(Ashraf et al. 2019).

7 � Techniques Used to Improve the Efficiency 
of Phytoremediation

There are various approaches that can enhance the efficacy of phytoremediation 
such as the use of chelating and acidic agents, microbes, electric current, transgenic 
plants, and plant growth regulators (Fig. 40.1).

7.1 � Use of Acidifying and Chelating Agents

Different chelating agents are being used to improve the efficacy of phytoremedia-
tion. For instance, ethylenediaminetetraacetic acid (EDTA) helps in making a com-
plex soil solution containing metals that are later absorbed by roots and then 
translocated to aerial parts of the plants (Bareen 2012). However, the ability of 
plants to adsorb heavy metals depends upon the accessibility of metals in the soil. 
Therefore, chelating or acidic agents are employed to increase metal availability in 
soil to be absorbed by plants. In addition to EDTA, citric acid is also used to improve 
phytoremediation because citric acid also has amino polycarboxylic acids. Both 
ETDA and citric acid have been documented to enhance metal concentrations 
including cobalt (Co), Zn, Pb, and Cd. Nevertheless, EDTA has more effective and 
efficient chelation of Cu and Zn as compared to citric acid (Lesage et  al. 2005; 
Duarte et al. 2011). The use of chelating agents is beneficial for both increasing 
metal concentrations and modifying their transfer pathways to apoplastic from sym-
plastic to facilitate the metal transfer. In addition, chelating agents have also 
increased plant tolerance against metal deposition (Farid et  al. 2013; Ghazaryan 
et al. 2022). Therefore, the use of a proper and precise dose of chelating plays a 
critical part in the removal of metals without any negative effects.
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7.2 � Application of Electric Current

To improve the phytoremediation process for the elimination of heavy metals, elec-
tric current is provided in the soil to enhance the absorption of pollutants and other 
nutrients by plants. This method is carried out by placing two electrodes in the field 
for the generation of the electric field. The electrolysis mechanism is involved in the 
migration of contaminants from the soil (Luo et al. 2018; Gavrilescu 2022). Water 
molecules are oxidized into hydrogen ions and hydroxyl ions which alter the pH of 
the soil and assist in the enhanced heavy metal uptake by plants. This method is 
applied with the phytoremediation process to promote the heavy metal uptake. 
Nevertheless, the application of electric fields could influence the biological behav-
iour of plants and enhance plant growth (Bi et al. 2011).

7.3 � Inoculation of Bacteria

It has been reported that several bacteria have the capability to decompose organic 
contaminants in the soil such as PAHs are converted into simpler and non-toxic 
compounds by bacterial enzymes. Nevertheless, the decomposition process is slow, 
but decomposition can be increased with the addition of degrading bacteria in the 
soil (Sharma 2021; Anerao et al. 2022). These bacteria have shown effective out-
comes in the lab but would not exhibit the same decomposition rate in the field. The 
possible solution to this problem is the use of both plants and bacteria to promote 
each other simultaneously. These bacteria are also known as plant growth enhancers 
and are involved in the improvement of crops directly or indirectly. Subsequently, 
plant biomass is increased, and plant secretions are used by bacteria as nutrients for 
growing their population resulting in more decomposition of PAHs (Rostami et al. 
2016). In addition, these bacteria are also accountable to reduce heavy metal toxic-
ity and metal tolerance. These mechanisms include moving metal ions into outer 
cellular spaces, conversion of toxic metals into less or nontoxic forms, absorption or 
resorption of metal, and metal accumulation in the cells (Rostami and 
Azhdarpoor 2019).

7.4 � Selection of Transgenic Plants

The phytoremediation of contaminants can be improved if the selected plants pos-
sess the characteristics of rapid growth, long and deep roots, and high biomass pro-
duction. In addition, such plants should have potential ability to store high 
concentrations of heavy metals or organic pollutants (Rai et al. 2020). Therefore, 
plants with these traits can be achieved through genetic engineering processes. The 
use of transgenic plants for the sake phytoremediation purposes is one of the best 
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options to enhance the efficiency of toxic contaminant removal. Hence, the transfer 
of desired genes capable of the accumulation of pollutants into plants will improve 
phytoremediation through storage, absorption, and detoxification mechanisms 
(Gunarathne et  al. 2019). Nonetheless, transgenic plants can also be utilized for 
heavy metals through accumulation or tolerance mechanisms. The application of 
parser genes in the plant rhizosphere is also a suitable solution to increase secretions 
by bacteria for enhanced decomposition of pollutants. As a result, the plants do not 
require to absorb toxic contaminants by roots rather the contaminants are degraded 
by enzymatic actions of bacteria in the rhizosphere (Rostami and Azhdarpoor 2019).

7.5 � Practice of Co-cropping

Numerous scientific reports illustrated the usage of only one plant species for the 
removal of contaminants; however, these uses of two or more different plant species 
(co-cropping) could enhance the phytoremediation potential for pollutants. Hence, 
two plants could have a more synergistic effect on the elimination of pollutants from 
the contaminated media (Wang et al. 2013). Nevertheless, an antagonistic interac-
tion between two plants was also observed affecting plant growth and removal effi-
ciency of pollutants, therefore, plants must be selected through experimental trials.

7.6 � Application of Soil Amendments

The application of soil amendments is another interesting technique to remove toxic 
pollutants. Soils can be amended with organic matter, charcoal, sewage sludge bio-
char, compost, and activated carbon to increase the bioavailability of toxic pollut-
ants (Waqas et al. 2014). The use of such amendments in polluted sites depends on 
their prices, availability, and toxicity level to reduce extra costs. Moreover, compost 
can also be a good option to increase the efficacy of phytoremediation but some-
times fails (Wang et al. 2012; Marchal et al. 2014).

7.7 � Use of Plant Growth Regulators

Plant growth regulators (PGRs) are usually organic compounds that can affect the 
various biological processes of plants even at low concentrations. The environmen-
tal protection agency (EPA) reported that any substance that can enhance or reduce 
plant growth or yield by modifying the biological processes of plants is termed PGR 
(Shafigh et al. 2016; Chen et al. 2022). Moreover, when the plants produce these 
compounds then these are known as phytohormones, while these compounds are 
synthetically or naturally used for improving the role of hormones then called as 
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PGRs. Thus, the use of PGRs to increase the efficacy of phytoremediation has been 
widely studied and applied. The application of these PGRs to plants displayed 
numerous advantages such as being cost-effective, ecofriendly, and easy use 
(Cassina et al. 2011; Sun et al. 2020). There are different types of PGRs such as 
acetic acid, ethylene, auxin, gibberellins, cytokines, jasmonic acid, and salicylic 
acid. These compounds exhibit diverse varieties of actions in plants via different 
mechanisms. There are certain factors affecting their activities including environ-
mental factors, dose concentration, and plant physiology. In addition, the use of 
these PGRs can enhance plant biomass as well as reduce the adverse impacts of 
contaminants on plants (Hadi et al. 2010; Chen et al. 2020).

8 � Stress Tolerance Mechanisms in Plants 
for Crop Improvement

Stress tolerance mechanisms in plants consist of both physiological and molecular 
mechanisms. Plants use different mechanisms to purge toxic heavy metals and 
organic pollutants. There are various tolerance mechanisms that are adapted by 
plants to reduce the adverse impacts of contaminants.

8.1 � Mycorrhizal Association

Recent studies reported a fungal group capable to reduce the detrimental effects of 
heavy metals using different mechanisms (Dhalaria et al. 2020). These mechanisms 
include vascular sequestration, heavy metal accumulation in cortical cells, myce-
lium binding, and modification in pH for metal immobilization (Garg et al. 2017). 
This mutualistic interaction between plants and fungi assists in plant growth and 
development by providing essential nutrients and protection against environmental 
stresses.

8.2 � Role of the Cell Wall as Well as Root Exudates

The cell wall exhibits binding characteristics with heavy metals and plant roots 
adsorb heavy metals on their surface and confines heavy metal accumulation on the 
cell membrane (Bali et al. 2020). In addition, root exudates can enhance metal che-
lation and uptake from the soil. For instance, nickel chelators in root exudates 
decrease Ni uptake in plants (Chen et al. 2017).
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8.3 � Involvement of Plasma Membrane

Toxic heavy metals can cause damage to the plasma membrane and higher concen-
trations of heavy metals can affect different mechanisms such as protein inhibition, 
and changes in membrane composition. However, stress tolerance protects against 
the leakage of solutes from the membrane and maintains metal homeostasis (Morsy 
et al. 2012). Moreover, plants have specific heavy metal transporters for metal intake 
and metal tolerance for cellular homeostasis (Liu et al. 2019).

8.4 � Heat Shock Proteins

Heat shock protein (HSP) plays an essential role in the regulation of appropriate 
growth temperature for plant growth and development. These proteins (10–200 KD) 
act as chaperons taking part in signal transduction during stress conditions in all 
living organisms (Mishra et al. 2018). Further, HSP can modulate protein repair, 
restoration, and prevention of misfolded proteins under stress helping in the main-
tenance of cellular homeostasis (Liu and Howell 2016).

8.5 � Plant Chelation and Metallothioneins

Plant chelation synthase enzyme produces small chains of peptides enriched with 
sulphur which are further orchestrated from the reduced glutathione. However, plant 
chelation and metallothioneins are the two main outcomes of peptide binding 
ligands which are implicated in the removal of heavy metals for maintaining homeo-
stasis (Pochodylo and Aristilde 2017). Chelation genes regulate the transport of the 
chelators from root to shoots for high plant tolerance against contaminants (Hasan 
et al. 2015). Similarly, metallothioneins are also implicated in the removal of heavy 
metals with their thiol group suggesting their role in cellular homeostasis, metal 
sequestration, and protection against oxidative stress (Liu et al. 2015).

8.6 � The Presence of Amino Acids and Organic Acids

The presence of amino acids and organic acids plays a crucial role in the tolerance 
of heavy metals in plants. There are two main types of metal tolerance in plants such 
as (1) internal tolerance as well as (2) external exclusion. The former is followed by 
the metal chelation of organic acids in cytosol and conversion into less toxic forms 
while the latter the secretion of organic acids by plants facilitates metal chelation 
resulting in less bioavailability of heavy metals and metal deposition in plant roots 
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(Osmolovskaya et al. 2018). In addition, amino acids including malic acid, oxalate, 
citric acid, nitotianamine, and histidine act as ligands for heavy metals helping in 
metal tolerance and metal detoxification (Ehsan et al. 2014).

8.7 � Vacuolar Sequestration

Plants also deploy vacuolar compartmentalization to mitigate the deleterious effects 
of pollutants (heavy metals and organic pollutants). Upon the entry of heavy metals 
into cells, two mechanisms efflux or vacuole sequestration are activated for the 
detoxification of pollutants. The main vacuole serves as a storage house of the depo-
sition of heavy metals inside plants (Sharma et al. 2016).

8.8 � Trichome Structures

Trichome is a hair-like structure in plants used for heavy metal accumulation and 
tolerance. These structures are also involved in the production of different second-
ary metabolites used for the elimination of toxic metals (Harada et  al. 2010). 
Therefore, these trichomes play a critical part in providing protection against insects 
and the toxic effects of pollutants.

8.9 � Antioxidant Defense System

The recognition of pollutants in the plants results in the oxidative burst in the form 
of ROS affecting plant growth and yield. Plants employ antioxidant mechanisms to 
detoxify ROS accumulation for the reduction of ROS-mediated toxic effects (Dixit 
et al. 2015). These antioxidants maintain the balance between ROS generation and 
ROS scavenging. Plants produced different enzymatic antioxidants including super-
oxide dismutase, catalase, glutathione peroxidase, and ascorbate peroxidase, and 
non-enzymatic antioxidants including proline, glutathione, and ascorbic acid play a 
key part in the protection against biotic and abiotic stresses (Gall et al. 2015).

8.10 � Using Genetic Engineering Techniques

During this approach, genes of desired interests such as tolerance against specific 
pollutants are identified and used to enhance resistance in plants against specific 
stresses (Charfeddine et  al. 2017). For this purpose, the genes responsible for 
uptake, translocation, and deposition of contaminants are separated and 
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overexpressed to enhance tolerance in plants (Gangadhar et al. 2016). However, a 
detailed mechanistic study and interplay between plants and metal toxicity in plants 
require more research.

8.11 � Propagation Approach

The selection of plant species matters a lot for the effective and efficient tolerance 
of pollutants. Commonly, plants grown in contaminated areas are identified and 
selected and used for treating the desired contaminated sites. However, the distribu-
tion and growth of plant species could vary geographically. To solve this issue, the 
tolerant genes from such plants are transferred to desired plants through the propa-
gation technique. This approach is efficient for edible plants (Souza et al. 2016).

8.12 � Application of Bioinformatic Approaches

The identification of stress-tolerant genes has always been difficult because toler-
ance mechanisms differ from one plant to another and are the same in the case of 
genes. Therefore, a segregation study is preferred to produce progeny from parental 
plants with distinct phenotypes. Quantitative trait loci (QTL) mapping is a promis-
ing approach to identifying tolerant genes against specific toxic pollutants. This 
approach compares the cDNA library of plant for the sequence resemblance (simi-
larity) with genomic sequences (Gupta and Praveen 2019). Further, the next-
generation molecular markers (SNPs) are used for the insertion or deletion of 
specific genes.

Moreover, the use of omics approaches has also significantly contributed to rec-
ognizing tolerant signaling at genetic levels. Omics approaches such as proteomics, 
transcriptomics, metabolomics, and ionomics are utilized for the identification of 
responsible proteins, genomic changes, metabolites, and minerals as well as trace 
elements, respectively. These analyses provide huge data that further required com-
putational facilities for the storage and analysis to determine responsible genes, 
metabolites, minerals, and proteins involved in the reduction of pollutants-mediated 
toxicities (Kumar et al. 2021).

9 � Enhancement of Ecosystem Services by Phytoremediation

Phytoremediation is a sustainable approach and results in no or minimum effects on 
the environment. It is a green technology used for the efficient removal of toxic and 
harmful pollutants from contaminated media such as air, water, and soil. In addition, 
this approach is environment friendly and also economically viable.
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9.1 � Sustainable and Ecofriendly

Phytoremediation is an environment friendly technique to treat contaminated sites 
at minimum energy costs as compared to other conventional methods. This method 
utilizes solar energy and the physiological mechanisms of plants for environmental 
clean-up. Plants have the potential to remedy pollutants from different polluted 
media such as air, water, and soil. Phytoremediation can increase carbon sequestra-
tion due to planting more plants eliminating toxic contaminants and resulting in 
reducing atmospheric CO2 (Kafle et al. 2022). Further, phytoremediation can pro-
vide environmental, economic, and social welfare benefits when applied using site 
management (Burges et al. 2018). This approach can significantly improve ecosys-
tem services such as soil fertility, nutrient recycling, carbon sequestration, water 
purification, and water movement (Burges et al. 2016, 2017). Moreover, phytoreme-
diation can enhance risk mitigation in the form of phytomanagement at a specific 
site. The aim of phytoremediation is not only the removal of pollutants but also 
rehabilitate the environmental quality and resource functionality. There are various 
parameters to predict or determine the environmental quality such as pH, cation 
exchange capacity (CEC), abundance, texture, and population of microorganisms 
(Burges et al. 2018).

9.2 � Remediation of Diverse Contaminants in Different Media

The use of phytoremediation approach has been extensively applied for treating 
heavy metals and organic pollutants. Approximately 400 plant species are being 
used to eliminate heavy metals from 50 to 500 times higher than normal plants. 
These plant species include Asteraceae, Caryophyllaceae, Flacountraceae, Poaceae, 
Violaceae, Brassicaceae, Fabaceae, Lamiaceae, and Euphorbiaceae as well as 
angiosperms (Kafle et al. 2022). Interestingly, the burnt ashes of these harvested 
toxic plants can be used to compensate for the nutrient deficiency in the fields 
(Koptsik 2014). Similarly, this approach can also be used for the remediation of 
wastewater by using different plant species such as Azolla pinnata, Cyperus spp., 
Diodia virginiana, Eichhornia crassipes, Hygrophila corymbosa, Imperata cylin-
drica, Nymphaea spp., Phragmites australis, and Spirodela polyrhiza (Ekperusi 
et al. 2019). Azolla pinnata exhibited a 75% removal efficiency of dairy wastewater 
(Goala et al. 2021). Further, poplar trees have been used for the treatment of ground 
water contamination due to their deep and long root structure and high evaporation 
rate (Barac et al. 2009). Furthermore, the phytoremediation technique can be benefi-
cial to remove air contaminants, especially phytovolatilization mechanism. For 
example, trichloroethylene and perchloroethylene have been phytovolatilized using 
willow and poplar trees due to their higher biomass production. Additionally, 
Nephrolepis obliterata and Chamaedorea elegans displayed 90–100% and 65–100% 
removal efficacy of formaldehyde in a two-day experiment (Teiri et al. 2018).
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9.3 � Economic Viability

Phytoremediation also offers a cost-effective solution for treating contaminated 
sites. The overall costs needed for this approach are lower than other traditional 
methods. The costs for phytoremediation are almost 5–13-fold lesser than chemical 
methods. Another study reported that using phytoremediation for the treatment of 
dairy wastewater was more economical than using other conventional methods 
(Mulbry et al. 2008; Kafle et al. 2022). Therefore, the phytoremediation technique 
is an efficient remedy option for environmental clean-up as compared to other con-
ventional methods.

10 � Proper Disposal of Toxic Plant Waste 
After Phytoremediation

There are various disposal methods for plant waste after phytoremediation such as 
composting, pyrolysis, and incineration. The exogenous application of additives can 
modify heavy metal forms and reduce their bioavailability. Biochar amendment, 
coarse medical stone, phosphate rock, and bacterial and fungal inoculation are used 
in the composting to decrease the bioavailability factor of toxic heavy metals (Chen 
et al. 2019; Cui et al. 2021). In addition, pyrolysis can also alter the form of harmful 
heavy metals in biomass to a stable form. High temperature (550 °C) can change 
metals into stable form in acidic solutions resulting in the insolubility of metals and 
reducing the bioavailability of metals. An increase in volatilization of heavy metals 
in biochar amendments was enhanced with increasing temperature. Moreover, ferric 
salt can also improve the efficiency of pyrolysis due to its inhibitory characteristics 
of heavy metals bioavailability (Gong et al. 2018; He et al. 2020; Zhang et al. 2020). 
Further, incineration of toxic plant waste can also be carried out to recover precious 
heavy metals. Different factors can affect the pyrolysis process such as temperature, 
N2/O2 ratio, and retention time. For instance, in the case of Pteris vittata L., medium 
oxygen content and temperature around 400 °C were found optimal for incineration 
(Yan et al. 2008; Zhou et al. 2020). However, these disposal methods (pyrolysis, 
composting, and incineration) could result in secondary pollution and increase 
health risks for humans (Liu and Tran 2021). Therefore, more appropriate, and rea-
sonable use of toxic waste is very important to avoid its hazardous effects on the 
ecosystem. Hence, more research is needed regarding disposal challenges and their 
possible solutions and finding good extraction strategies to leave minimum or zero 
impacts on the environment. Therefore, it is very important to prevent the leachate 
from groundwater contamination during the disposal process and construction of 
landfills.
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11 � Conclusion and Future Perspectives

The environmental pollution due to toxic heavy metals and organic pollutants poses 
adverse impacts on plants, animals, and humans. Anthropogenic activities and rapid 
population growth contribute ecosystem contamination. However, bioremediation 
technique is more suitable and effective than other conventional approaches. The 
use of micro-remediation, mycoremediation, and cyanoremediation haven been 
reported most productive in enhancing plant growth and development as well as 
promoted crop improvement. Further, phytoremediation using fast growing plants 
with high biomass production can be employed for the elimination of harmful pol-
lutants from contaminated media. The application of phytoremediation approach 
has also significantly enhanced quality of soil and water through ecosystem ser-
vices. Plant uptake these pollutants from roots and then transported to upper parts 
of plants through various transporters. The efficiency of phytoremediation can 
enhance further using the chelating agents, soil amendments, microbial inoculation, 
and plant growth promoters. Interestingly, plants are also equipped with stress toler-
ance mechanisms to avoid the toxic effects of pollutants and main cellular homeo-
stasis. Further, the proper disposal of toxic plant waste after phytoremediation is 
also of significance importance. However, further research is needed to explore the 
interplay between soil microbial activity and plants which can affect solubility, 
immobilization, degradation of toxic pollutants. Further, more hyperaccumulators 
should be developed with characteristic of high biomass, rapid growth, and ability 
to remove more pollutants.
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Chapter 41
Ecofriendly Management of Insect Pests 
for Sustainable Agriculture

Asim Abbasi, Aqsa Asif, Zahoor Ahmad, Inzamam Ul Haq, Asad Aslam, 
Ramish Saleem, Aliza Saleha, and Zeenat Zafar

Abstract  The sustainability in food security is the prime objective of modern 
world as humans are facing severe challenges of poverty and hunger at global level. 
Among these challenges, insect pests are considered the main competitors of 
humans on earth and arguably poses a significant threat to our agriculture, ecosys-
tem and food security. Today, a number of important insect pests have occupied 
diverse parts of the earth and cause severe economic losses to our pre- and post-
harvest agricultural commodities. An accurate assessment of anticipated risks asso-
ciated with different pest control tactics is necessary to devise some viable 
ecofriendly pest management approaches for sustainable agricultural intensifica-
tion. Hence, a detailed knowledge regarding the pest habitat and its biology is 
needed to identify the best suited pest control tactic. In this regard, integrated pest 
management techniques provide useful and viable solutions to manage notorious 
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field pests and reduce crop yield losses without contaminating environment. This 
chapter highlights all important sustainable pest control tactics such as microbial, 
biological, botanicals, sterile insect technique, sex pheromones, nutrient management 
and biotechnological approaches in detail that provide useful insights for not only 
conserving beneficial biodiversity but also global environment for our forthcoming 
generations.

Keywords  Sustainable intensification · Integrated pest management · Food 
security · Environment

1 � Introduction

Agriculture is arguably considered as the backbone of any country’s economy, 
which may be influenced by a number of important factors (Loizou et al. 2019). In 
general practices, crop production of major crops is prone to heavy insect pest infes-
tation, resulting in the overall decline of agricultural output (Sharma et al. 2017). 
Statistics showed that heavy infestation of insect pests can deteriorate 70% of total 
crop yield (Carvalho 2017). Integrated pest management (IPM) is a key strategy for 
sustainable agricultural development. Although synthetic chemicals significantly 
suppress pest manifestation (Dangles and Casas 2019), they also negatively impact 
human health and their surrounding environment (Struelens and Silvie 2020). 
According to a report published in 2005 by the world trade of pesticides, the amount 
of total chemical consumed in a year was greater than 31$ billion, with 25%, 48%, 
and 14% share of insecticides, herbicides, and fungicides/bactericides, respectively, 
whereas 3% contribution is reported from all other types of synthetic chemicals 
(Zhang et al. 2011).

The major concerns regarding environmental degradation are the gradual accu-
mulation of hazardous chemicals on the soil surface, the draining of these pesticides 
into groundwater, and their harmful impacts on non-targeted entities including 
humans. Residues of these chemicals contaminate the whole ecosystem by altering 
air, water, and soil quality as well as negatively impacting the sea life beneath the 
ocean, including useful flora and fauna (Saxena and Pandey 2001; Riyaz et  al. 
2020). Hence, in order to preserve natural habitats and environment, scientists must 
look for sustainable agricultural practices (Slätmo et al. 2017). Sustainable conser-
vation of natural resources, their proper management, and use of modern and 
improved technologies for the benefit of humans could best define the true spirit of 
sustainable agricultural approaches (FAO 2014). In this regard, IPM approaches are 
gaining popularity owing to their efficient role in pest suppression along with their 
ecofriendly nature. IPM is the combination of multiple approaches, including use of 
naturally occurring biological agents, pheromone-trap, and infertility-causing tech-
niques in insects, along with DNA recombinant technology. These strategies are 
considered environment friendly because of their target specific action thus protect-
ing both non-target organisms and global environment (Deguine et al. 2021).
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2 � Integrated Pest Management

Integrated pest management is usually a combination of techniques utilized to cre-
ate a sustainable ecosystem comprising of precautionary and preventive measures to 
turn down insect pest attack and their reproduction by using ecofriendly strategies 
rather than encouraging the use of hazardous chemicals. This IPM model was first 
introduced by the end of 1950s and is considered a successful plant protection 
model which promotes natural biological control programs aiming to enhance crop 
production without causing any deadly effects on non-target organisms including 
humans (FAO 2020). Globally, IPM played a major role in the development of 
healthy pesticide free crops and also significantly enhanced crop production. 
Basically, IPM is based on a number of principles which helps us to remind that this 
strategy is not just a combination of multiple pest control practices instead, it is cre-
ated to prioritize the different crop preventive measures with minimal utilization of 
synthetic pesticides/insecticides (Barzman et al. 2015). Before introduction of the 
IPM model, use of synthetic pesticides remained the first choice of every farmer, 
which made it difficult to achieve the goal of sustainable agricultural development 
and also negatively impacted the whole agroecosystem (Naranjo and Ellsworth 2009).

3 � Microbial Control Agents

There are numerous microorganisms that work as naturally occurring biological 
control agents (Chowdhury et al. 2015; Yoo et al. 2018; Sendi et al. 2020). These 
microbes are named as entomopathogens; among them, the most prominent 
microbes are nematodes, bacteria, viruses, and fungi which could protect various 
pre- and post-harvest stages of crops from insect pest infestations (Choudhary and 
Sindhu 2015; Mihalache et al. 2018; Yu et al. 2018). These microbes have the ability 
to produce antibiotics, siderophores, toxins, hydrogen cyanide, and various other 
metabolites, which are essential in multiple IPM programs utilized in different agro-
ecosystems for controlling insect pests. Moreover, the chances of resistance devel-
opment against these microbial agents are also low because of their dual action 
mechanisms (Yu et al. 2006; Sehrawat and Sindhu 2019).

3.1 � Entomopathogenic Bacteria

Among different microbial agents, bacteria are the most widespread entomopatho-
gens effective against a score of economically important insect pests (Mampallil 
et al. 2017). It is believed that more than 100 bacterial species have been success-
fully utilized in different biological control programs against notorious insect pests 
attacking our field crops. Most of these bacterial species belong to three main 
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families: Pseudomonaceae, Bacillaceae, and Enterobacteriaceae (Ruiu et al. 2007). 
Among these bacterial entomopathogens, Bacillus thuringiensis is the most effec-
tive and viable microorganism targeting a wide range of important insect pests 
(MacGregor 2006). Upon ingestion, the bacterium secretes spores along with Bt 
Cry proteins which are lethal for insect pests belonging to different insect orders, 
including Diptera, Coleoptera, and Lepidoptera. The Bt proteins are proteolytically 
converted into toxic core fragments after solubilization in insect midgut and attach 
with receptors of the apical microvillus membrane (Bravo et al. 2013). Latterly, the 
toxins makes pores in the cell membrane, upset the cell osmotic balance and disturb 
the integrity of gut epithelium leading to septicemia (Ortiz and Sansinenea 2021). 
Moreover, biopesticides of B. thuringiensis, either natural or commercial, usually 
bypass the host defense system, particularly attains and cecropins which produce 
different antibacterial peptides in the host body to neutralize the ill effects of Bt 
toxins (Sellami et al. 2015).

3.2 � Entomopathogenic Fungi

Similarly, entomopathogenic fungi (EPF) have the potential to be utilized as a bio-
control agent against important crop pests, offering a more ecologically friendly 
alternative to conventional insect pest management approaches (Khachatourians 
and Qazi 2008; Malik et al. 2019; Sufyan et al. 2019). EPFs are renowned for their 
ability to assault pests and cause infection by directly colonizing and piercing the 
insect body via cuticle. According to an estimate, nearly 700 fungal species fitting 
in 90 genera have the potential to infect insect pests. Among these, the most widely 
used EPF usually belongs to genus Beauveria, Isaria, Metarhizium, Lecanicillium, 
and Hirsutella (Inglis et al. 2001).

The most prevalent entomopathogenic fungi, B. bassiana and M. anisopliae, 
have been isolated from diseased insect cadavers found in both tropical and temper-
ate parts of the globe (Zimmermann 2007; Sufyan et al. 2017). Various EPF species 
are claimed to be innocuous and environmentally sustainable since they can invade 
different hosts without inflicting any detrimental effects often associated with syn-
thetic chemicals (Gao et al. 2017). It has been demonstrated that these EPFs per-
form significant multitrophic functions and naturally suppress pest populations by 
inducing epizootics. Moreover, the endophytic potential of this class of entomo-
pathogens makes them a viable option to manage certain cryptic feeding insects, 
which are usually difficult to manage with synthetic chemicals (Posada and Vega 
2006; Tefera and Vidal 2009).

Uptil now, multiple companies have successfully launched spore-based entomo-
pathogen insecticides (Wraight et al. 2001). Moreover, majority of these products 
have fulfilled the requirements for registration and are now successfully utilized for 
pest management in multiple nations (de Faria and Wraight 2007; Akutse et al. 2020).

EPF also causes certain indirect deleterious impacts on certain pests through a 
wide range of indirect strategies, such as antixenosis and antibiosis (Shah and Pell 
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2003; Hartley and Gange 2009). Endophytic fungus protects their host cells against 
insect herbivore damage through a number of mechanisms, including pest deter-
rence, pest avoidance, reduction in feeding, longevity, oviposition, growth, and 
development rate (Lekberg and Koide 2005; Lacey and Neven 2006; Wang and Qiu 
2006; Valenzuela-Soto et al. 2010). Additionally, certain insect-pathogenic fungal 
strains have also been produced as natural bio-pesticides and are now readily avail-
able for the farming community. Hence, EPF are currently considered as most safe 
alternative of synthetic chemicals to manage notorious field pests (Vega et al. 2008; 
Fang et al. 2014).

3.3 � Entomopathogenic Nematodes

Under the wide umbrella of Nematodes lies the two most significant families, i.e., 
Steinernematidae and Heterorhabditidae, which comprises certain useful types of 
nematodes named Entomopathogenic nematodes (EPNs). These EPNs act as holo-
parasites and remain alive to maintain their existence; also, their lethality was 
observed against numerous crop pests (Bhat et al. 2020; Liu et al. 2020). So far, 
1700 species of Heterorhabditis and Steinernema have reported their lethal effects 
on various insects (Bhat et al. 2020). Moreover, such nematodes having multiple 
bacteria in a symbiotic relationship are considered efficient and significant naturally 
occurring biological control agents around the globe (Lalramnghaki 2017). Usually, 
these EPNs kill the host insects. However, during the complete life cycle of a nema-
tode, one of the specialized form, IJ3 (infective juvenile), stays outside the body of 
the host and transport endosymbionts, which reproduce within the intestine of 
IJ. The other forms of infective juveniles, IJ1 and IJ2, are completely dependent 
upon a host for living and do not possess any symbiotic relationship with gut bacte-
ria. The most important types of bacteria living inside the host are Xenorhabdus and 
Photorhabdus, which possess almost similar life cycles to nematodes (Sicard 
et al. 2004).

When EPNs attack their host insects, it slowly enters the body cavity (hemocoel) 
to discharge endosymbionts. Soon enough, these ejected bacteria start moving 
inside the host and release several poisonous compounds to cause toxicity and 
pathogenicity (Koppenhöfer et al. 2007). These bacteria not only produce toxins but 
also protect the remains of host insects from predators and other pathogens by pro-
ducing noxious chemicals. Similarly, the production of these guarding compounds 
also helps nematodes to reproduce (Gulcu et al. 2012). Eventually, after two or three 
successions of nematode reproduction, the corpse of host insects becomes insuffi-
cient to fulfill the nutrient requirements. Therefore, the nematode finds another host 
and provide us better pest control as compared to synthetic chemicals (Grewal and 
Georgis 1999).
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3.4 � Entomopathogenic Viruses

Entomopathogenic viruses served as an important class of bio-control agents. They 
became an integral component of different IPM programs primarily because of their 
target specificity, compatibility with other control tactics, and environmental safety. 
Besides their direct toxicity, this particular class of biological control agents also 
causes epizootics in field conditions, which gives better control of cryptic insect 
pests. More than 800 mite and insect species are vulnerable to different viral infec-
tions. However, members of the baculoviradae family were the most common 
viruses, which cause a number of deadly diseases in a score of important insect 
pests, particularly lepidopterous pests (Black et al. 1997). Granuloviruses (GV) and 
nucleopolyhedroviruses (NPV) are the two most important viruses of this family, 
infecting a number of important insect pests (Shiga et al. 1973; Sekita et al. 1984).

The viruses usually target their host after ingestion and initially infect their 
digestive system. However, the infection spreads to other body organs in case of 
severe infection, and in the end, the virus-killed insects usually resemble a virus 
particle. The infected insects usually feed and look like normal insects until death, 
as the digestive system is the last body organ to be demolished. However, their color 
usually changes, and their movement is restricted just before death. The virus-
infected insects usually develop much slower than healthy insects (Toprak et  al. 
2012). The cadavers of virus-infected insects can be seen on plants on which they 
feed. The cadavers usually burst and disseminate the virus inoculum into the envi-
ronment to infect healthy insects. The other means by which virus inoculum can 
spread from one place to another includes the movement of infected insects, birds, 
or other predators that come in contact with these insects and some abiotic factors 
such as rain splash or water runoff (Wang and Granados 1997; Braunagel and 
Summers 2007).

The target-specific action, ecofriendly nature, and potential of managing insect 
pests through secondary inoculum make baculoviruses an essential component of 
different IPM programs and a suitable replacement of synthetic chemicals (Huber 
1986; Cunningham 1995; Petrik et al. 2003).

4 � Biological Control Agents

Biocontrol agents, also known as “beneficial insects,” are a group of insects that 
help to lower populations of harmful insect pests and crop damage. These insects 
are divided into two main groups: parasitoids, insects that inhabit their host and feed 
from inside, and predators, who feed directly on pests from outside (Colmenarez 
et al. 2018). There are two types of biological control: conservation biological con-
trol and natural biological control. The term “conservation biological control” refers 
to activities carried out by humans to preserve and improve the effectiveness of 
naturally existing beneficial insects. Similarly, insects and other harmful organisms 
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may be kept under control by their natural predators and parasites via the process of 
natural biological control. This is the most economical, sustainable, and significant 
contribution of biological control to agriculture and mankind, and it occurs natu-
rally in all habitats across the globe (Waage and Greathead 1988; Colmenarez et al. 
2018). In another kind of biological control known as inoculative biological control, 
the natural enemies of the pest are gathered from an area in which they are already 
prevalent and then released in other locations where the pest was unintentionally 
introduced. The progeny of the natural enemies that were released into the new 
environment usually maintain their population up to a considerable number, so that 
it may cause a reduction in the pest populations during succeeding years. The most 
common use of this kind of biological pest management has been made against 
invasive species, which are thought to have travelled to a new location without the 
presence of their native predators or parasites. However, in augmentative biological 
control, population of a particular natural enemy is maintained in a biofactory 
before being released in field. This approach is usually carried out in order to get 
quick control of the target pests. This is done in order to maximize the performance 
of natural enemies in open field conditions (van Lenteren and Bueno 2003). This 
particular approach is considered as economically viable and ecologically sustain-
able alternate to the use of synthetic chemicals in certain agricultural systems 
(Colmenarez et al. 2018).

4.1 � Predators

Predatory insects, as the name implies, feed on other insects, including their eggs, 
larvae, nymphs, pupae, and adults. Many insect species are predatory both as larvae 
and adults, albeit they may not feed exclusively on the same food substrate. Others 
are only predatory as larvae, with adults subsisting on floral nectar and honeydew. 
However, the non-predaceous adult females actively hunt out prey to lay their eggs. 
This is because their larvae often cannot locate the prey on their own. Beetles, lace-
wing larvae, and mites are just a few predators that actively seek their food on the 
ground, on the plants, or capture it in flight, like robber flies and dragonflies. The 
labial mask of aquatic dragonfly nymphs and barbed forelegs of mantids are only 
two examples of the specialized capturing organs used by some predators (DeBach 
and Rosen 1991). Predators use a wide variety of traps for capturing host insects, the 
well-known of which are spider webs and ant lion sand pitfalls (Beckage et al. 1993).

Both the direct introduction of predators into farms and the use of certain floral 
plants to entice predators to the region are viable options. Assassin bugs are general-
ist predators that may be observed in almost all environments and feed on eggs, 
caterpillars, and other species that feed on plants (Stewart et al. 2007; Grantham and 
Arnold 2013). Similarly, another most common predator, big-eyed bugs can survive 
throughout the season after successfully colonizing a new plantation. These bugs 
exclusively feeds on all stages of mites, whiteflies, aphids and caterpillars. Moreover, 
they also maintain their population by eating plants when there are no other insects 
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around, yet they do little to no harm to the plants (Stewart et al. 2007). Similarly, the 
predatory stink bugs named as spined soldier bugs are sometimes misidentified for 
the brown stink bug, which feeds on plants. They are generalist predators, and their 
primary diet consists of the larvae of leaf beetles as well as soybean looper larvae. 
Spined soldier bugs are big enough, even fully developed caterpillars (Stewart et al. 
2007; Grantham and Arnold 2013).

There are hundreds of distinct species of ladybeetles, sometimes known as lady-
bugs, which belong to the family Coccinellidae in the order Coleoptera. Lady bee-
tles are among the most common beneficial insects. They are voracious predators, 
and both the adult and larvae prefer to feed on aphids, although they will also feed 
on other soft bodied insects (Stewart et al. 2007). There is a remarkable amount of 
diversity in the predatory behavior of these polyphagous coccinellids. Some of them 
are mobile and actively search for prey, while others are stationary and undergo pre-
imaginal growth on a single leaf. Lacewings, which belong to the order Neuroptera 
are carnivorous predators like ladybird beetles. Aphids, whiteflies, moths, and tiny 
caterpillars are their main hosts (Stewart et al. 2007).

4.2 � Parasitoids

Most of the parasitoids that are used in the biological management of insect pests 
are classified into two distinct orders, i.e., Hymenoptera and Diptera. The vast 
majority of parasitoid insects that feed on other insects are protelean parasites, 
which means that they are pathogenic only during their juvenile stages and other-
wise live independently as adults. They will often devour the whole or the majority 
of the body of their host before going to pupate either within or outside of the host. 
After emerging from its cocoon as a pupa, the adult parasite begins a new cycle of 
reproduction by venturing out in search of living hosts where it may attach its eggs. 
Most adult parasitoids need food in the form of pollen, nectar or honeydew, and 
many feeds on the body fluids of their hosts (DeBach and Rosen 1991. On the other 
hand, certain adult parasitoids can also survive on free water bodies. The life cycle 
of a parasite may be univoltine, where it has one generation for each host genera-
tion, or multivoltine, where it can have two or more generations for each host gen-
eration (Altieri and Nicholls 1998). The parasites may either act as solitary, where 
only one larva can develop on a single host specimen, or cosmopolitan, where sev-
eral larvae will develop simultaneously on a single host. However, this is not always 
the case since there are certain species can develop facultatively as solitaries on a 
tiny host and jovially on a bigger host. Certain adult parasitoids use a range of sig-
nals from both the target host and its surroundings to locate their hosts in the sur-
rounding environment. Parasitoids can locate their victims via the use of visual, 
olfactory, and tactile cues (DeBach and Rosen 1991). Once a host has been located, 
the female parasitoid will deposit an egg in, on, or around the host body. Larval 
parasitoids feed on the host’s tissues, but they might not be able to cause the death 
of the host until after it has grown and reached the adult stage. The parasitoids have 
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their pupal stages either inside or close to the host, and the newly emerged adults 
rapidly mates and scatter in the surroundings in order to locate new hosts (Hoy 1994).

Parasitoid wasps have a long history of providing significant biological control 
solutions against agricultural and forest pests. There are about 5500 known species 
of parasitoid wasps, belonging to 48 families within 12 hymenopteran superfami-
lies. Many of these insects have been successfully used in different biological con-
trol programs (Chen et al. 2014). Asian corn borer is the most devastating corn pest 
in different parts of the globe, and Trichogramma species are still efficient agents 
for its management (Wang et al. 2015).

5 � Botanical Pesticides

Naturally, plant products have vast use and application possibilities in modern agri-
cultural production systems. It is been shown that some plants include biologically 
active chemicals that are very efficient against a number of important insect pests 
(Neeraj et al. 2017). Phytochemicals, or botanicals, are active compounds derived 
from plants and employed in different IPM programs with great success. Their 
effectiveness in lowering crop toxicity has led to widespread acceptance of their 
usage in modern agriculture (Neeraj et al. 2017). Phytochemicals have increased 
significance from planting to harvesting and storing crops because of their unique 
properties, such as decreased toxicity, biodegradability, diverse action mechanism, 
effectiveness, and wide availability of primary sources (Neeraj et  al. 2017). 
Ecofriendly botanical pesticides have been shown to be efficient against a number 
of important pests, including bacteria, fungi, nematodes, and insects (Feyisa et al. 
2015; Todorov et al. 2015; Muthomi et al. 2017).

Since so many different botanical pesticides are available, it is now possible for 
us to replace synthetic chemicals with these natural alternatives for keeping the pest 
population below their threshold levels. This would significantly pave the way for 
successful adoption of different IPM programs for environment-friendly agriculture 
(Das 2014). Approximately, 2500 plant species belonging to 235 plant families have 
been recognized to possess certain biochemical qualities and can act as toxic pesti-
cide, a repellent to pests, or a growth regulator (Roy et al. 2016; Wanzala et al. 2016; 
Ahmad et al. 2017). There have also been reports of various widely used plants hav-
ing pesticidal biochemical properties which includes A. indica, T. cinerariifolium, 
A. sativum, C. longa, R. officinalis, Z. officinale and T. vulgaris (Castillo-Sánchez 
et al. 2015). Since they provide effective outcomes, isolated botanical compounds 
like azadirachtin and pyrethrum are frequent examples of distinct phytochemicals 
that have been successfully marketed in different parts of the globe (Kumar et al. 
2015; Laxmishree and Nandita 2017).

The physio-chemical processes, metabolic activities, behavioral patterns, and 
morphological characteristics of insect pests change with the application of differ-
ent botanicals, especially metabolites. The blockage of glucose in chemo-sensory 
receptor cells of lepidopterous pests associated with triterpenoids and the 
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chemo-sterilant activity of certain plant-based essential oils are the best examples of 
unique acion mechanisms of these plant-based products (Lengai et al. 2020).

6 � The Sterile Insect Technique

The sterile insect technique (SIT) basically works for the reduction in the popula-
tion of the specific insect through sexually sterilizing, mass-producing, and eventu-
ally enabling interaction of conspecific individuals in the wild (Dyck et al. 2021). 
The transformed males will compete for females by their counterparts, but this type 
of mating will not produce fertile progeny. The wild populations of a particular spe-
cies can be eliminated by releasing ample number of sterile insects in a locality. 
This will ultimately diminish the ratio of fertile insects in that area leading to the 
local extinction of that particular species. The target-specific action of SIT makes it 
a viable option to use in different IPM programs. This technique can be considered 
for managing different insects, including certain field pests such as fruit flies, bee-
tles, and many other vectors that carry disease-causing pathogens (Klassen 
et al. 2021).

The biological and ecological state of the targeted insect, the landscape or area 
features, and the feasibility of producing and releasing sterile insects will decide the 
volume of an area over which the SIT can be applied successfully (Lance and 
McInnis 2021). The success of SIT technique depends on its compatibility with 
other types of insect control methods, such as mating disruption, and is commonly 
used in different IPM and area-wide (AW) control programs. The integrated action 
of SIT and mating disruption can be synergistic even though both techniques do not 
necessarily kill the target pests but cause a significant reduction in the pest popula-
tion, usually below their threshold level (Bloem et al. 2007). This leads to extinction 
due to the unavailability of locating potential mates for progeny development and 
ecological stochasticity (Marec and Vreysen 2019). Similarly, the integration of 
biological control and SIT is also synergistic in action (Rendón et al. 2006) as the 
former performs better when the pest population is high (Vargas et al. 2004) and 
cause a reduction in pest population to a level that can be efficiently controlled with 
SIT technique (Wong et al. 1992; Gurr and Kvedaras 2010).

7 � Management of Pests Using Sex Pheromones

Sex pheromones are usually the chemicals signals which are relased by members of 
a specie to provoke a sexual response in opposite sex member of same specie (Smart 
et al. 2014; Seybold et al. 2018). The first sex pheromone was characterized in 1959 
from a silkworm specie 1959 (Butenandt 1959; Karlson and Lüscher 1959). Until 
now, about 600 species of lepidopterous pheromones have been recognized and 
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used in different area wide control programs of different field pests (Petkevicius 
et al. 2020).

Certain promising features of sex pheromones, such as target specificity, rapid 
degradation, and high efficiency even at low doses, make them a better option than 
most other pest management agents. These characteristics not only help in manag-
ing insect pests but also aid in estimating their field population and spotting alien 
species’ entry points and progress (Reddy and Guerrero 2010; Tewari et al. 2014; 
Yew and Chung 2015; Larsson 2016). Recently, sex pheromones have been deployed 
in different IPM programs with different motives, such as monitoring pest popula-
tions, mating disruption, and mass trapping (Trematerra 2012; Tewari et al. 2014).

7.1 � Monitoring

Sex pheromones have been most widely deployed in monitoring pest populations 
(Witzgall et  al. 2010). Monitoring systems primarily work on the interaction 
between the trap and pest population or the damage done by the pest species. The 
number of trapped males is used to assess the threshold level of that particular spe-
cies for taking necessary management actions. Pests with low population levels can 
also be detected with sex pheromones because of their target specificity. Invasive 
species can also be detected with this technology, allowing farmers to devise timely 
management approaches, thereby reducing ecological and economic costs (Smart 
et al. 2014).

7.2 � Mass Trapping

Mass trapping is taken as a direct control plan for mitigating the population density 
of a specific specie by using a large number of pheromones (Jones 1998; Trematerra 
and Colacci 2019). Mass trapping is a more effective way of managing insect pests 
than mating disruption, especially when both have the same number of pheromone 
sources (El-Sayed et al. 2006; Byers 2012). Mating disruption only prolongs the 
time to find a mate, whereas mass trapping delays this activity for an indefinite time 
(Hegazi et al. 2009; Trematerra 2012).

7.3 � Mating Disruption

This is a technique in which crop plants are permeated with synthetic sex phero-
mones to avoid communication between opposite genders of a similar insect species 
so that mating between them can be prevented. This technique has been broadly 
used for managing different moth insects. The ecological safety and target 
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specificity of this particular technique make it a reliable and viable tool to be used 
in different area-wide pest management programs, including invasive species 
(Lance et al. 2016).

7.4 � Push-Pull Strategy

The push-pull strategy is becoming reliable and can be easily used as an alternative 
to synthetic pesticides. In this particular strategy, attractive or repellent stimuli are 
used simultaneously for the diversion of pests. This strategy works on the simple 
principle in which the pests are directed away from a target crop by using the repel-
lent stimulus. On the other hand, these pests are attracted towards another area by 
the use of attractant stimulus. The agricultural system is now using this push and 
pull technique to deal with the issues related to pesticide resistance and injudicious 
use of pesticidal applications. Certain ecological and biological parameter of insects 
along with relations between host plants and their natural enemies largely determine 
the success of implementing this ecofriendly pest management approach (Cook 
et al. 2007). Sex pheromones can be integrated with different push-pull techniques 
to initiate the timing of a stimuli and other population management actions (Dickens 
2006; Reddy and Guerrero 2004).

8 � Management of Insect Pests with Nutrients

Resistance of crop plants against different biotic and abiotic stresses and their yield 
can be significantly enhanced with proper nutrient management programs (Van 
Bockhaven et al. 2013; Golubkina et al. 2014; Liang et al. 2015; Sakr 2016). Adding 
proper mineral nutrients to crop plants is a sustainable alternative for managing 
cryptic insect pests that have become resistant against synthetic pesticides. Some 
specific nutrients can increase crop resistance against a number of important insect 
pests, including sap-sucking and chewing insects (Golubkina et  al. 2014; Liang 
et al. 2015; Reynolds et al. 2016).

8.1 � Silicon

Insect pests usually possess the capability to redesign their metabolism against 
management approaches that have a single action mechanism; hence, plant protec-
tion strategies need instant improvements for a sustainable future (Reynolds et al. 
2009; Kvedaras et al. 2010; Dias et al. 2014; Grover et al. 2019). Application of sili-
con (Si) induces resistance in crop plants against a score of economically important 
insect pests with diverse feeding habits (He et  al. 2015; Abbasi et  al. 2022). 
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Moreover, due to its low environmental toxicity and beneficial nature, it has become 
a vital part of different IPM programs (Bellotti and Arias 2001; Epstein 2001; Hou 
and Han 2010). Silicon is taken up from soil in the form of H4SiO4 (Ma 2004; 
Epstein 2009), which ultimately concentrates in the epidermal cells of plant tissues. 
After deposition in plant cells, Si limits insect feeding by increasing the hardiness 
and abrasiveness of plant tissues making them less preferable for feeding and egg 
laying (Massey and Hartley 2009; Hartley et  al. 2015). Similarly, the chemical 
defenses induced by Si deposition include the activation of plant defensive enzymes 
(Ye et al. 2013) including trypsin protease, polyphenol oxidase, and phenylalanine 
ammonia-lyase (Reynolds et  al. 2016; Yang et  al. 2017). These enzymes signifi-
cantly extends the developmental period of insect pest making them vulnerable to 
biological control or other pest control tactics. Moreover, the application of Si also 
acts at the third trophic level and is also involved in attraction of natural enemies of 
target pests in that area through production of certain herbivore-induced plant vola-
tiles (Liu et al. 2017 Abbasi et al. 2020).

8.2 � Selenium

Selenium in low concentrations is highly effective for normal plant growth as it 
enhances plant resistance against salinity, water scarcity, and UV-induced stress acts 
as an antioxidant, and hinders the upward movement of certain toxic heavy metals 
(Pedrero et al. 2008). This will ultimately cause a significant improvement in the 
quantity and quality of crop produce (Mechora et al. 2011). Moreover, selenium 
(Se) sources and their concentrations in plants also affect the population density of 
certain insect pests primarily through direct toxicity and impeded insect growth and 
development (Trumble et al. 1998). Moreover, Se enriched diet significantly affects 
the oviposition and feeding site of S. exigua (Vickerman and Trumble 1999). 
Similarly, the preference for M. persicae was recorded on Brassica juncea plants 
treated with and without Se. The trial results showed that a significant number of 
M. persicae insects avoided Se-enriched plants (Hanson et al. 2004).

9 � Biotechnological Approaches in Insect Pest Management

Biotechnology is a branch of science that effectively utilizes a specific portion of 
living organisms or biological systems to produce or modify a product, animal, 
microorganism, or plant for particular desirable functioning (Persley 2000). It can 
also be defined as the deliberate controlled manipulation of certain biological organ-
isms to achieve effective pest control under different ecological conditions. The role 
of different biotechnological approaches, such as the incorporation of novel trans-
genic genes in crop plants and insect resistance breeding, showed promising results 
in different pest management programs. There is a score of important 
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biotechnological approaches successfully used in different insect pest management 
programs. However, gene transformation, RNA interference, and anther culture are 
of significant importance and are mentioned in detail in the below section (Talakayala 
et al. 2020).

9.1 � Gene Transformation

Genetic engineering or gene transformation of crops for resistance development 
usually involves incorporating genes or DNA segments into crop plants, making 
them resistant to insect attack. The introduced DNA segments normally encode a 
protein having an insecticidal action which offers protection against a number of 
important field pests. Insect pests from the order Diptera, Coleoptera, and 
Lepidoptera are successfully managed using this gene-incorporation technology.

9.1.1 � Bt Proteins

Since their first introduction in 1996, genetically modified crops, including 
Bt-producing insecticidal proteins derived from soil-dwelling B. thuringiensis bac-
teria have been widely used all over the globe (Abbas 2018). Particle bombardment 
of Agrobacterium-mediated transformation technologies is used to successfully 
incorporate Bt cry genes in different crop plants (Juturu et al. 2015). The Bt genes 
producing parasporal crystalline protoxins are solely responsible for insecticidal 
activity in Bt crop plants. First, the crystalline protoxin proteins get solubilized in 
the alkaline midgut of target larvae and later cleaved enzymatically to become an 
active toxic protein (Palma et al. 2014). The active toxin binds to the midgut epithe-
lium receptor cells after diffusing through the host peritrophic membrane, which 
covers its gut. The toxins make holes in midgut epithelium which paralyzes the 
insect gut forcing it to stop feeding and ultimately leading to death in 2–3 days (Paul 
and Das 2020).

9.1.2 � Vegetative Insecticidal Proteins Genes

The bacterium B. thuringiensis possess natural pesticidal properties against a wide 
range of insect pests. The bacteria is found in a variety of ecological habitats and 
secretes numerous proteins during different growth stages of its life history. Apart 
from Bt cry proteins, the other best entomocidal Bt proteins are Vips having three 
important subfamilies, i.e., Vip1, Vip2, and Vip3. They are considered an effective 
entomo toxic candidate due to their unique sequence homology and receptor bind-
ing sites. The Vip proteins are produced during the crop plant’s vegetative phases 
and protect them against target insect pests. The heterodimer toxins belonging to 
Vip1 and Vip2 subfamilies are effective against insect pests belonging to the order 
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Coleoptera and Hemiptera; however, Vip3 toxins provide protection against lepi-
dopterous pests and are the most extensively studied Vip toxin family. The Vip pro-
teins can be successfully used individually or in integration with cry proteins to 
manage different pests and are usually known as second-generation entomocidal 
proteins (Gupta et al. 2021). The pathogenicity of these Vip3 proteins against pests 
is similar to that of cry proteins, and in some cases, they showed more toxicity 
against those pests which cannot be controlled with cry proteins. The Vip proteins 
target their host by osmotic lysis, which usually results in the interruption and swell-
ing of midgut epithelial cells. Moreover, in different transgenic crops, the Vip pro-
teins have been pyramided with cry proteins to provide better pest control and 
overcome resistance to pests (Syed et al. 2020).

9.1.3 � Fusion Proteins

B. thuringiensis-based biopesticides containing different Bt toxins usually account 
for almost 90% of the total microbial insect control products (Tabashnik 1994). The 
widespread adoption of Bt-based products might trigger the development of resis-
tance in their target hosts (Ferré et al. 1995). Hence, to address the potential limita-
tions of conventional transgenic crops, gene pyramiding or stacking and using 
hybrid toxins in the same crop plant is the best option to counter the resistant insects. 
Fusion proteins are made with combination of various insecticidal proteins. In 
transgenic plants, following transcription and translation, these fusion proteins 
make a single polypeptide unit, providing better efficacy against phytophagous 
insect pests. Dow Agro-Sciences created a transgenic cotton line with a hybrid 
fusion protein, cry1Fa + cry1Be, which showed greater resistance against O. nubi-
lalis and S. litura as compared to single gene Bt cotton (Meade et  al. 2017). 
Similarly, Chakraborty et  al. (2016) also reported that transgenic rice having 
cry2AX1, a derivative of cry2Ac and cry2Aa gene, showed greater resistance against 
lepidopterous insects. Furthermore, Koerniati et al. (2020) also reported that sugar-
cane cultivars having both cry1Ac +  cry1Ab fusion proteins exhibited enhanced 
resistance against shoot borers. It was also reported that phytophagous aphids were 
more susceptible to those transgenic B. juncea lines with fusion proteins derived 
from protease inhibitors and lectin (Rani et al. 2017). Similarly, the susceptibility of 
H. axyridis and S. exigua was more pronounced on those hybrid maize lines which 
were transformed using cry2Aj/cry1Ab fusion proteins (Chang et al. 2017).

9.1.4 � Protease Inhibitors

Protease inhibitors (PIs) are a class of plant-based inhibitors that diminish the activ-
ity of digestive proteases and limit insects to digest their food properly (Macedo and 
Freire 2011). The PIs prevent proteolysis, which often results in increased pest mor-
tality, prolonged developmental duration, and reduced fecundity primarily due to 
deficits of essential amino acids in the insect body (Haq et al. 2004; Zhu-Salzman 
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and Zeng 2015). Cystatins and serpins are the two most studied plant PIs effective 
against a number of important insect pests. Serpins having an approximate molecu-
lar mass of 39–43 kDa are usually the inhibitors of serine proteases. The insecticidal 
activity of serine proteases has been explored against different insects belonging to 
order Orthoptera, Hymenoptera, Lepidoptera, Coleoptera, and Diptera (Irving et al. 
2002). Similarly, cystatins having a molecular mass of 12–16 kDa usually hinder 
the functioning of cysteine proteases which are prime food-digesting proteases in 
insects belonging to the order Hemiptera and Coleoptera.

Methyl jasmonate, a key regulator of plant defensive mechanism against insect 
pests, inhibits gut protease in wounded plants, causing nearby unwounded plants to 
produce proteases inhibitors that intimate local plantations to combat insect pest 
attack (Gatehouse 2011; Stevens et  al. 2012; Sharma 2015; Singh et  al. 2016). 
Similarly, legume trypsin inhibitors inhibit a wide range of proteases and possess an 
entomocidal activity against a score of important insect pests (Macedo et al. 2004). 
Furthermore, rice and wheat cultivars have been amended with PI genes to enhance 
their resistance against borers and stored and foliage-feeding insects, respectively 
(Xu et al. 1996; Altpeter et al. 1999; de Pg Gomes et al. 2005). Increased insect 
mortality and retarded growth were recorded when protease inhibitors were offered 
to insects through transgenic plants or as an artificial diet (Duan et  al. 2018; 
Schneider et al. 2017).

9.1.5 � α-Amylase Inhibitors

The digestion of carbohydrates in insects is dependent on a digestive enzyme called 
α-amylase. However, the inhibitors of α-amylase affect the normal working of this 
digestive enzyme and diminish insect digestion (Ishimoto and Kitamura 1989). A 
score of economically important insect pests has been controlled with these 
α-amylase inhibitors present in different vegetative organs of crop plants and seeds 
(Chrispeels et al. 1998). Similarly, the biology of C. maculatus and C. chinensis was 
negatively affected when offered seeds of P. vulgaris expressing an α-amylase 
inhibitor (Shade et al. 1994). Similarly, Kaur et al. (2022) stated that enhanced resis-
tance level in maize plants against C. partellus infestation might be attributed to the 
enhanced activity of these α-amylase inhibitors.

The inhibition of α-amylase enzyme using wheat α-amylase inhibitors is also 
associated with reduced damage potential and fecundity of a major wheat pest, 
R. hyzopertha dominica (Priya et al. 2010). Similarly, an α-amylase inhibitor coding 
gene named aAI-Pc1 was isolated from P. coccineus and incorporated into the cof-
fee plant. The transgenic plant later showed enhanced resistance against coffer 
borer, H. hampei (de Azevedo et  al. 2006). Furthermore, C. maculates exhibited 
higher larval mortality, reduced oviposition, and adult longevity when exposed to 
papaya seeds enriched with α-amylase inhibitor (Farias et al. 2007). The above stud-
ies depict the successful integration of α-amylase inhibitors genes in different sus-
tainable insect pest management programs.
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9.1.6 � Insect Chitinase

Insect chitinase enzymes are usually hydrolytic and can degrade or inhibit insect 
chitin (Pan et al. 2012). Chitin is the main constituent of insect peritrophic mem-
brane and exoskeleton and protects insects from natural enemies, mechanical dis-
ruption, and harsh ecological conditions (Su et  al. 2016; Chen et  al. 2018). The 
expression of chitinase enzyme has been expressed in diverse transgenic crops and 
proved to be a viable option for managing different economically important insect 
pests such as N. lugens, C. suppressalis, and P. solenopsis (Xi et al. 2015). Similarly, 
transgenic maize having the chitinase gene exhibited higher resistance against 
S. cretica (Osman et al. 2016). Due to their inhibitory action on different biological 
parameters of insect pests, nowadays, insect chitinases have gained much attention 
as a transgene and commercial biopesticide (Omar et al. 2019).

10 � RNA Interference for Plant Resistance to Insect

RNAi is a method of inducing resistance in plants against insects and involves the 
suppression of specific gene expression by suppressing its specific sequences. This 
technique is also renowned with certain other names, such as post-transcriptional 
gene silencing, concealment, and suppression (Kamthan et  al. 2015). It is an 
advanced novel technique of gene silencing mechanisms initiated by double-
stranded RNA at the cell level. The undesirable genes are usually repressed when a 
dsRNA is inserted into the cell. The RNAi technology works when dsRNA is 
inserted into the host system, where it expresses throughout the insect system either 
through a hairpin or by some other means (Katoch et al. 2013). This technique has 
been deployed to manage a score of important insect pests, especially sap-feeding 
insects, which are usually not controlled with transgenic crops. This particular tech-
nology opens new avenues for sustainable pest management of economically impor-
tant crop pests (Mamta and Rajam 2017).

11 � Anther Culture

It is a technique that involves the division of immature pollen and is later allowed to 
develop into embryonic tissue or callus to create haploid plants. In this technique, 
the pollen containing anthers is separated from flowers and placed in a suitable 
artificial growth medium for development. Anthers are used to produce a callus, 
root, shoot, and even a large plant using a suitable artificial growth medium. 
However, all the plants which are grown using this technique are haploid in nature. 
It is the most efficient way of rapidly producing a large number of insect-resistant 
homozygous haploid plants. Certain rice anther culture lines, such as 953510, 
953508, 952836, 953527, 953509, 953541, and 953511, have been produced using 
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this technique. All these lines exhibited a moderate level of resistance against L. ory-
zophilus (N’guessan et al. 1994). Similarly, certain rice lines which showed resis-
tance against brown planthopper, stripe virus and bacterial blight have been 
developed using this anther culture technology and have been successfully tested in 
field conditions (Park et al. 2014).

12 � Conclusion

Crop insect pests pose a considerable threat to global food security and poverty 
mitigation program all around the globe. Integrated pest management techniques 
include a diverse array of methods by which pests can be kept below their threshold 
level, and damage can be reduced. A wide range of off- and on-farm advantages, 
such as better livelihood and improved ecological and public health, can be achieved 
with the mitigated use of synthetic pesticides. Therefore, farmers must consider all 
the possible IPM techniques so that pests can be managed in a sustainable way 
without inflicting any damage to our environment, and the needs of future genera-
tions may not be compromised. Benefits go beyond improved crop yields and may 
include better soil health, improved biodiversity, livestock integration, and income 
diversification. These, coupled with better cost-effectiveness and reduced crop 
losses, make IPM techniques viable for all groups of farming communities all 
around the globe. However, efforts are still needed in this regard to enhance the 
efficacy of different IMP tools to make our agroecosystem more sustainable for our 
forthcoming generations.
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Chapter 42
Ecofriendly Management of Disease 
for Sustainable Agriculture

Dipika Mal, Gunuguntla Veera Narayana, and Malige Bhavani

Abstract  Currently, the indiscriminate use of insect pesticides has made a severe 
threat to plants by causing diseases and polluting the environment day by day. 
Organic farming is now recognized as a key area on a global scale due to the rising 
environmental pollution issues brought by a greater understanding of the drawbacks 
of the indiscriminate use of agro-chemicals. With each passing day, there is a grow-
ing demand for wholesome meals. The main worries are the negative consequences 
of chemicals on people, animals, plants, and the environment as a whole. It is pos-
sible to stimulate organic production in some high-value fruit and vegetable crops 
in order to satisfy both domestic and international demand for fresh produce. 
Chemical inputs must be used in agriculture to manage some plant diseases and 
meet the raising food demand in a populous country like India. A well-designed 
organic production technology module for a particular crop may sensibly and stra-
tegically incorporate a number of non-chemical environmental strategies. Cultural 
shifts, destruction of inoculum sources by mechanical means, bio-fumigation and 
clean cultivation using organic additives, development of organic insecticides, 
encouragement of naturally occurring biological agents, use of cover and trap crops, 
heating, low temperatures, and solar energy, etc. These plant disease control 
approaches are sustainable, environmentally safe, and excellent for the environment.

Keywords  Ecofriendly · Organic management · Organic manures, organic 
farming, sustainable agriculture · Plant disease
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1 � Introduction

Scientists and decision-makers are being compelled to carefully consider alterna-
tives to chemical agriculture because of the rising concern over environmental deg-
radation, the degradation of natural resources, and to fulfilling the food demand of 
the growing population. A viable and possible path has been identified as sustain-
able agriculture supported by green technologies in an integrated farming system. 
The widespread erosion of natural resources, including water and energy, is one of 
the two issues limiting agricultural production. Population growth speeds up the 
first, whereas agronomic deficiencies speed up the second. As we all known that 
insect pesticides have a severe negative impact on the ecosystem, and in many areas, 
the entire system that supports life is at risk due to pesticide residues in the food 
chain. In addition to endangering the ecosystem through nitrate poisoning, chemical 
fertilizers have also destroyed the beneficial soil microflora and microfauna by 
negatively impacting the chemical and physical composition of the soil.

Ecological agriculture will start to stop the misuse of natural resources when it 
successfully combines input efficiency and economic yield maximization 
(Manimozhi and Gayathri 2012). Its advancement is necessary for the achievement 
of food security and the sustainability of farming systems. Ecological agriculture 
will revive the worn-out green revolution and advance through the promotion of soil 
health, a collection of agronomic techniques that each integrate traditional and mod-
ern practices, and a strategy to value each input based on its intrinsic worth free 
from subsidies. It is necessary to regain regional expertise on framing systems. 
Higher input usage efficiency and sustainable crop yield maximization will be made 
possible by combining traditional knowledge and ecological prudence of tropical 
agriculture with contemporary technological advancements. This is an example of 
low-input sustainable agriculture (LISA) and sustainable agricultural research and 
education program (SAREP) promoted by the USA.

The most significant concerns of agriculture in recent years have been the rise in 
importance of sustainable agriculture. Additionally, plant diseases continue to be a 
significant production-minimizing factor in agriculture. Alternative pest manage-
ment methods are now required because of the use of traditional insect pesticides to 
control plant diseases raises severe questions regarding food quality, environmental 
safety, and insect pesticide resistance (Dubey et al. 2010). In order to fulfil impor-
tant ecological, economic, and social functions now and in the future at the local, 
national, and global levels without harming other ecosystems, sustainable agricul-
ture means managing and using the agricultural ecosystem in a way that preserves 
its biological diversity, productivity, regeneration capacity, vitality, and ability to 
function (Sahoo et al. 2013). The sustainability of agriculture recently underwent its 
most challenging test. The population is expanding more quickly than it used to, and 
there is a growing need for agricultural land and resources. Another is the misuse of 
fossil fuels globally and the rising costs of exploiting non-renewable resources in 
terms of both the economy and the environment. A fourth issue is globalization. 
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Like never before in history, these pressing concerns present a challenge for agricul-
turalists to create more sustainable management practices.

Agriculture needs to expand its focus beyond the previous concentration on pro-
ductivity to include and enhance public health in order to achieve the nutritional and 
food needs of a increasing population. For social harmony and for healthy environ-
ment, finding alternatives to conventional plant disease control methods that boost 
yield and enhance product quality without harming the environment is also crucial 
(Gupta et al. 2017).

1.1 � Plant Disease Management Strategies in Eco-Friendly 
Management of Sustainable Agriculture

Not just the provision of nutrients like fertilizers, but any action that might increase 
the availability and decrease the imbalance of particular components can affect 
growth and the tolerance of diseases. The majority of sustainable farming tech-
niques have been demonstrated to provide plants with a balanced diet, as well as to 
increase the availability of some nutrients and improve the plants’ resilience to dis-
ease (Ram et al. 2018). Plant growth and disease resistance can be affected by prac-
tices like crop rotation, green manure, manure application, intercropping, and 
tillage. Most of these techniques have the potential to significantly increase soil 
organic matter, which is essential for sustainable agriculture.

2 � Soil Organic Matter

The amount and quality of soil organic matter affects a variety of soil processes that 
are linked to soil health, including moisture retention, infiltration, release, and plant 
health (SOM). A cultural technique known as “field-applied organic residues” (also 
known as “crop residues,” “cover crops,” and “organic wastes”) has the potential to 
change the way that nutrients are available as well as the health of the soil. It has 
been shown that suppressive soils may be made using techniques including the addi-
tion of sphagnum peat, green manures, and animal manures, which prevent the 
development and persistence of diseases as well as the harming of agricultural 
plants. Sphagnum peat has been shown to help prevent Pythium spp. disease when 
added to the soil. Additionally, it has been shown that adding different organic 
amendments may make many plants susceptible to Phytophthora root rot (Reddy 
2017). Dairy manure can reduce the pathogens that cause sweet corn (Drechslera 
spp., Phoma spp., and Pythium arrhenomanes) and snap beans (causal agents 
Fusarium solani and Pythium spp.). Many mechanisms have been proposed to be 
involved in biologically and organic material-mediated disease suppression, includ-
ing microbiotas, microbial colonisation of pathogen propagules, destruction of 
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pathogen propagules, antibiosis, competition for substrate colonization, competi-
tion for root infection sites, and induced systemic resistance (or systemic acquired 
resistance, or SAR). The level and nature of soil organic matter can impact nutri-
tional status of the plants. Plant nutrition can be affected by the quantity and quality 
of soil organic matter (SOM). SOM can affect nutrient availability in addition to the 
total amount of nutrients in the soil by influencing the activity of soil microorgan-
isms. Therefore, nutrients can improve plant resistance to disease, improve plant 
development (which aids the plant in resisting disease), and alter the environment in 
which the pathogen thrives. Despite the fact that quantity and quality can have a 
substantial impact on soil and plant nutrient content, very few studies that focus on 
soil features and disease incidence examine the function of soil or tissue nutrient 
content in disease-suppressive effects. Fields that had previously received yearly 
organic amendments exhibited higher levels of microbial activity and K.  Lower 
NO3 level and the prevalence of corky roots were associated with positive relation-
ships between soil NO3 and plant tissue N and negative correlations between soil N 
mineralization potential, microbial activity, total soil N, and soil pH. In a different 
study, biosolids improved N nutrition in the modified soil, which promoted ryegrass 
germination, growth, and resistance to Puccinia species-caused leaf rot.

3 � Levels of Pest and Disease Management

3.1 � Level-A (Preventive)

Level-A systems-based strategy is the first line of defense for the management of 
insects and diseases. Naturally, a healthy, organic system with a good design will 
have fewer pest issues. This system is designed to stop the spread of illness and pests.

3.1.1 � Choosing Adapted and Resistant Varieties

Pick cultivars that are compatible with the regional climate. This enables them to 
develop healthily and strengthens their resistance to pests and diseases. For instance, 
tomato varieties marketed as VFN are nematode, verticillium, and fusarium 
resistant.

3.1.2 � Selection of Clean Seed and Planting Material

•	 Choose pathogen and weed free seeds for crop production.
•	 Choose planting material from healthy sources.
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3.1.3 � Choose Suitable Cropping Systems

Crop Rotation
Crops of different families are taken up in rotations. This minimizes the risk of the 
incidence of a family specific disease (Mishra 2013), e.g., cereal crops like wheat, 
barley, etc. are taken up in rotation with legumes. This breaks the disease cycle of 
Fusarium Blight.

Intercropping
Systems of intercropping have the ability to lower the prevalence of illnesses 
(Mishra 2013). However, with various intercropping systems, variable reactions to 
disease severity have been noted. An intercropping system has four strategies which 
can minimize disease effect, all of this entail slowing the attacking organism’s pop-
ulation growth rate: (1) Plants of the attacked component become inferior hosts as a 
result of the associated crop. (2) The associated crop directly obstructs the invading 
pathogen. (3) The associated crop modifies the host’s environment in a way that the 
attacking organism’s natural enemies are encouraged. (4) Resistant or non-host 
growing close to susceptible plants can actually stop the inoculum from getting to 
the hosts that are vulnerable (i.e., the non-host functions as a physical barrier to the 
pathogen inoculum). Francis (1989) noted that intercropping reduced pests and dis-
eases in 53% of experiments while causing them to increase in 18% of them. Some 
of the reasons for this increase in pests include decreased cultivation and increasing 
shade, which favour some pests and pathogens, allied species serving as substitute 
hosts, and crop remnants serving as a source of pathogen inoculums. Additionally, 
it was found that intercropping increased nutrients by increasing the consumption of 
phosphate and potassium or N from legumes.

3.1.4 � Use of Balanced Nutrient Management Moderate Fertilization

A plant becomes less susceptible to infection as it grows steadily. Too much fertil-
ization damages roots with salt, which opens the door for secondary infections 
(Kumari et al. 2019) For instance, too much nitrogen fertilizer makes the plant suc-
culent and thus more prone to illness and pest infestation. The plant is resistant to 
many illnesses when it receives a balanced potassium supply.

3.1.5 � Supply of Organic Matter

It decreases the density and activity of soil’s micropathogens while increasing the 
density and activity of soil’s microorganisms (Ahirwar et al. 2020). soil structure is 
stabilised Through the release of certain chemicals, it boosts the plants’ defensive 
mechanisms and increases the aeration and water holding capacity of the soil.
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3.1.6 � Application of Suitable Soil Cultivation Methods

It speeds up the breakdown of diseased plant components. It controls weeds, which 
act as hosts for various pests and illnesses. It safeguards the advantageous soil 
microorganisms.

3.1.7 � Use of Proper Water Management

Avoid standing water since it creates ideal conditions for various pests and diseases. 
Avoid getting water on the plants since fungi and water-borne diseases can both 
spread through droplets.

3.1.8 � Conservation and Promotion of Natural Enemies

Providing an ideal environment for the growth and reproduction of natural enemies. 
Avoid products that may harm to the natural enemies, e.g. the growing of some 
plants species that will attract ladybugs or other natural predators which will help to 
reduce populations of plant pests.

3.1.9 � Selection of Optimum Planting Time and Spacing

Most of the pests and diseases are attack the plants at a certain growth stage called 
the “critical stage”. This vulnerable stage should not coincide with the period of 
high pest density, so optimal planting time should be chosen. Optimum spacing 
reduces the spread of a disease. Good aeration of the foliage hinders pathogen 
development.

3.1.10 � Use of Proper Sanitation Measure

To stop the illness from spreading, remove affected plant components (leaves, fruits) 
from the ground. Once the plant has been harvested, throw away the leftovers. For 
instance, (a) Apple and pear growers cut off any branches that have fire blight 
(strikes). To eradicate the microorganisms that cause fire blight, the strikes are taken 
from the orchard and torched. (b) In order to eliminate fungus that might harm the 
mushroom crop, mushroom producers pasteurize the bedding material.

3.1.11 � Cover Crops

Sudan grass, rapeseed, and mustard are a few cover crops that work well to control 
nematodes. Cover crops can boost the amount of active OM, microbial biomass, and 
microbial activity in the soil as well as help with suppression. Cover crops have an 
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indirect impact on plant health by changing the composition of the soil’s microbial 
population and rhizosphere. By enhancing the soil’s ability to act as a buffer, deny-
ing the pathogen a host during the absence of compatible species, and influencing 
nitrification, which affects the type of N that predominates in the soil, crop rotation 
might reduce the severity of soilborne diseases (Reddy 2017).

3.1.12 � Trap Crops

According to Reddy 2017, these are minor plantings of a crop or crop variety meant 
to deter a specific pest from the main crop. For instance, alfalfa planted in strips 
among cotton drives lygus bugs away from the cotton crop. To get rid of the pests 
that have been drawn to trap crops, they must be exterminated.

3.2 � Level-B (Physical and Mechanical)

If level A techniques are insufficient to control the weed, insect, or disease problem, 
the second line of defence is used. Standard mechanical and physical techniques 
used in organic farming are typically included in Level B.

3.2.1 � Mulching

Organic Mulches
Organic mulches are those items of natural origin that can naturally decompose, 
such as agricultural waste, and give nutrients and humus to the soil as they break 
down, enhancing the soil’s tilth and moisture-holding capacity (Table 42.1).

Different Types of Organic Mulches
Grass clippings, straw, dry leaves, bark clippings, sawdust, compost, feathers, hay, 
mushroom compost, pine, wood chips, peanut hulls, manure, buckwheat hulls, and 
cocoa bean hulls.

Mulching can reduce disease to some extent by minimizing soil contact and 
maintaining soil moisture, e.g., mulching in tomatoes can reduce certain diseases.

3.2.2 � Canopy Management

The airflow is improved, and disease breakout is reduced by training and pruning 
trees. For instance, viticulturists remove leaves to prevent Botrytis bunch rot 
in grapes.
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Table 42.1  Different organic 
mulches used and their 
thickness (in inches)

Sl. No. Different mulches Thickness (inches)

(i) Saw dust 2 inches layer
(ii) Hay or straw 6–8 inches layer
(iii) Pine needles 4–5 inches layer
(iv) Grass clippings 2 inches layer
(v) Leaves 2–3 inches layer
(vi) Peat moss 2–3 inches layer
(vii) Compost 2–3 inches layer
(viii) Bark and wood chips 2–3 inches layer
(ix) Hulls and ground concords 2–4 inches layer

3.2.3 � Soil Solarization

Hydrothermal disinfection is accomplished through soil solarization. This is accom-
plished by exposing moist soil to direct sunlight at the hottest time of the year while 
covered in transparent polythene sheets.

Benefits of Soil Solarization
Fungal pathogens can be controlled by solarization, as can a number of other soil-
borne pathogens. Fungi like Pythium, Phytophthora, Fusarium, Rhizoctonia, etc. 
are included in this.

Nematode control: Solarization can be used to reduce the population of nema-
todes like Meloidogyne, Heterodera, Xiphinema, etc.

Several regularly occurring weeds, especially annuals, can be successfully man-
aged by solarization. Cynodon dactylon, Cyperus rotundus, and Digitaria ciliaris 
are among the monocots, whereas Crotalaria mucronata, Indigofera hirsuta, and 
Nexia sp. are among the dicots.

Plant reaction to solarization: Plants grown in solarized soil have been found to 
have a greater response to solarization (increase in plant height, number of leaves, 
better root formation, increased root nodulation in legumes and yield).

3.2.4 � Mass Trapping of Insects

Light trap used to catch moths, viz., armyworms, cutworms, stem borers, and other 
night flying insects. It is most efficient when placed before the adult moths start lay-
ing eggs.

Yellow Sticky Trap
Yellow sticky traps can be used to control whiteflies, aphids, and leaf mining flies. 
The yellow color attracts many insects, even beneficial ones. So, it should be used 
only when needed. Motor oil or transparent car grease are used. Placed around 
10 cm above the foliage, 2–5 sticky traps per 500 m2 field area.
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Pheromone Trap
It uses pheromones to lure insects. Successful in mating disruption yellow sticky 
trap, light trap, and pheromone trap.

Fruit Bagging
Additionally, it stops fruit flies from hatching their eggs on the fruit. The bag shields 
the user’s body from mechanical harm (scars and scratches). Works well with fruits 
including star fruit, guava, mango, melon, and bitter gourd.

3.3 � Level-C (Allowed Biopesticide)

If after A and B the needed level of pest control is not reached, the third line of 
defence is deployed. Inputs including biological and botanical insecticides are used 
in Level C procedures to manage pests.

3.3.1 � Biological Control

The management of pest populations through the use of natural enemies is known 
as biological control, or biocontrol. Although it frequently includes requires an 
active human management role, it typically relies on predation, parasitism, herbiv-
ory, or other natural mechanisms (such as ladybird beetles, predatory gall midges, 
or hoverfly larvae against aphids and psyllids).

Types of Biological Pest Control
Introduction: It involves the introduction of a natural enemies to a new habitats 
where they do not available previously.

Augmentation  It entails the additional release of naturally occurring adversaries 
that exist in a certain location, enhancing the naturally existing populations there. 
For instance, the Trichogramma spp are very important egg parasitoids for many of 
the agricultural pests.

Conservation  Natural enemies may be easily and cheaply conserved because they 
are already adapted to the environment and the pest that they are meant to control. 
For instance, crop plants that produce nectar that are grown around the edges of rice 
fields supply nectar to parasitoids and predators of planthopper pests.

3.3.2 � Releasing Natural Enemies

Fungi and bacteria are frequently the natural enemies that kill or reduce pests and 
diseases. They are referred to as antagonists, microbial insecticides, or 
biopesticides.
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3.3.2.1  Microbial Insecticides

Bacteria: Bacillus thuringiensis (Bt)
control of beetles and caterpillars in agricultural crops, particularly in vegetables. 

The lepidopteran pests Bacillus thuringiensis var. Kurstaki and Bacillus thuringien-
sis var. Aizawai are controlled by mosquito and blackfly. Black bollworm Spiny 
bollworms, green loopers, tomato loopers, bean armyworms, beet armyworms, cab-
bage webworms, etc.).

4 � Bio-pesticides

Some plant species contain substances that are poisonous to insects. Botanical pes-
ticides are these plant extracts when they are applied to infested crops (Prabha et al. 
2016). As natural pesticides, people have utilised azadirachtin (from neem), pyre-
thrin (from Chrysanthemum spp.), rotenone (from Derris spp.), nicotine (from 
tobacco), and limonene (from citrus). Contact, respiratory, or stomach toxins make 
up the majority of plant pesticides. They therefore target a wide variety of insects 
and are not particularly discriminating. Since botanical pesticides are often very 
biodegradable, they lose their effectiveness after a few hours or days. This once 
again lessens the adverse effects on beneficial organisms, and they are more envi-
ronmentally safe than chemical pesticides.

4.1 � Commonly Used Botanical Pesticides

4.1.1 � Neem

Azadirachtin is the substance that is active. Many types of caterpillars, thrips, and 
whiteflies are both deterred and killed. Neem oil is more abundant in neem seeds. 
Approximately 8 hours after preparation and when exposed to sunshine, a neem 
solution loses its potency. Neem is best applied in the evening immediately follow-
ing preparation in humid conditions (Table 42.2).

Neem Applications
In traditional medicine, neem has been used to cure ailments like malaria, ulcers, 
cardiovascular disease, and skin issues. Neem is utilized in the formulation of face 
masks, lotions, sunscreens, soaps, and toothpastes in the cosmetics and hygiene 
industry. It possesses a potent insect growth regulator (IGR) that can fertilize plants 
and has a wide range of additional effects on many living things, including nema-
todes and fungi. Neem seed cake can be used as a biofertilizer since it contains the 
macronutrients needed for plant growth, which boost the quality of the soil and the 
crops. They function as sterilant, growth regulators, anti-pedants, anti-oviposition 
agents, and repellents as a result of the intricacy of their composition (Table 42.3).
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Application Product Manufacturer in India

Fertilizer Ozoneem cake Ozone biotech
Ozoneem coat Ozone biotech
Parker neem coat Parker neem
Neem urea guard Neemex

Agrochemical SubhdeepNeem oil King agro food
Ozoneem oil Ozone biotech

Table 42.2  Neem applications and commercial products available in India

Table 42.3  Neem applications and commercial products available worldwide

Application Product Manufacturer in world

Fertilizer Fortune neem cake Fortune biotech (USA)
Fortune neem coat Fortune biotech (USA)
Neem cake Uniball Corporation (Russia)

Agrochemical Fortune Aza 3% EC Fortune biotech (USA)
Azamax UPL Ltd. (Brazil)
Safer brand 3 in 1 Wood stream Corp. (Canada)

4.1.2 � Pyrethrum and Pyrethrin

Pyrethrum is a chrysanthemum that resembles a daisy. Chemicals known as pyre-
thrin are obtained from dried pyrethrum flowers. To generate dust, the flower heads 
are ground into a powder. This dust can be sprayed directly on surfaces or mixed 
with water. Most insects are instantly paralysed by pyrethrin. Low doses produce a 
“knockdown” effect rather than being lethal. Higher doses are lethal. Pyrethrin 
should be stored in darkness because they degrade quickly in sunlight.

4.1.3 � Rotenone

Rotenone, an insecticidal substance, is found in the roots of numerous closely 
related tropical legumes as well as Derris species in Asia. Currently, Peruvian 
Lonchocarpus, sometimes known as cube root, is the primary commercial source of 
rotenone. In acetone or ether, rotenone is removed from cube roots. Instead of using 
pure rotenone, the complex resin is used to create the majority of rotenone products. 
To create an insecticidal dust instead, cube roots can be dried, ground, and com-
bined directly with an inert carrier.

4.1.4 � Nicotine

Nicotiana tabacum and other Nicotiana plants are the sources of nicotine, a simple 
alkaloid found in tobacco. 2–8% of the dried tobacco leaves are nicotine. Forty 
percent nicotine sulphate is a common type of nicotine found in insecticidal 
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formulations. It works well against tiny soft-bodied insects with soft bodies, such as 
aphids, white flies, fruit tree borers, termites, and cabbage butterfly larvae.

4.1.5 � Citrus Oil

Orange and other citrus fruit peels are used to extract the refined chemicals limo-
nene and linalool as well as the crude citrus oils. About 90% of crude citrus oil is the 
terpene limonene, which is removed from the oil via steam distillation. In addition 
to more than 200 other herbs, flowers, fruits, and woods, citrus peel contains trace 
amounts of the terpene alcohol linalool. One of the main ingredients of many plant 
volatiles, or essential oils, is terpenes, as well as terpene alcohols. The majority of a 
plant’s flavors and smells are produced by volatile molecules called essential oils.

5 � Biofertilizers

Nitrogen-fixing organisms are sometimes provided to farmers in the form of biofer-
tilizers, often referred to as microbial inoculants. These preparations are typically 
those that contain live or latent cells of efficient strains of helpful microorganisms. 
They are applied to seeds or soil with the goal of increasing their numbers and 
speeding up certain microbial processes to increase the extent of the plants that 
require the availability of nutrients in an assimilable form by the plants (Sahoo et al. 
2013). Due to the following benefits, biofertilizers are containing biological 
nitrogen-fixing organisms which are extremely important in agriculture:

	 I.	 They aid in the establishment and growth of trees and crop plants.
	II.	 They increase grain yields and biomass production by 10–20%.
	III.	 They assist in the practice of sustainable agriculture.
	IV.	 They are appropriate for organic farming.
	V.	 They are very crucial to agroforestry and silvopastoral systems.

5.1 � Types of Biofertilizers

5.1.1 � Rhizobium

The most common type of biofertilizer, which available on the roots of some 
legumes to produce root nodules, which resemble tumors. These nodules serve as 
ammonia producing facilities. In one crop season, the Rhizobium-legume relation-
ship can fix up to 100–300 kg of nitrogen per hectare, and in some cases, it can also 
leave behind a significant amount of nitrogen for the crop that follows.
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5.1.2 � Azotobacter

The benefits of Azotobacter biofertilizer on cereals, millets, vegetables, cotton, and 
sugarcane have been verified and documented in both irrigated and rainfed field 
conditions. Azotobacter application has been shown to boost wheat, rice, maize, 
pearl millet, and sorghum yields by 0–30% in comparison to controls. This organ-
ism has the ability to create siderophores, antibacterial and antifungal compounds, 
as well as nitrogen.

5.1.3 � Azospirillum

Microbes that may utilize atmospheric nitrogen and transfer it to agricultural plants 
include bacteria and blue-green algae. While other nitrogen fixers enter the root 
zones and cooperate loosely with plants, rhizobia, for instance, is an obligatory 
symbiont of leguminous plants. A very important member of this group is 
Azospirillum, a bacterium from the latter category that was identified by a Brazilian 
scientist and garnered media attention in the middle of the 1970s. Feed crops, maize, 
barley, oats, sorghum, and pearl millet all react to Azospirillum inoculation. 
Applications increase grain productivity by 30% in millets, 5–20% in cereals, and 
over 50% in fodder.

5.1.4 � Blue-Green Algae

It looks highly promising to use blue-green algae as a biofertilizer for rice. With 
careful use, these algae may give the nation’s whole rice farmland the same amount 
of nitrogen as 15–17 lakh tonnes of urea. Algal biofertilizer can now be produced 
in large quantities, and rice farmers around the world have already begun employ-
ing these algae. Recent studies have demonstrated that algae can assist lower soil 
alkalinity, which creates opportunities for bio-reclamation of such hostile 
conditions.

5.1.5 � Azolla

Little floating water ferns called azolla are common in shallow freshwater areas and 
low-lying meadows. This fern contains the blue-green algae Anabaena azollae. The 
Azolla-Anabaena association is a living, floating nitrogen factory that uses photo-
synthesis and about 40–60 tonnes of biomass to fix atmospheric nitrogen at a rate of 
100–150  kg  N/ha/year. It has reportedly been used as a biofertilizer for rice in 
China, Vietnam, India, Indonesia, Thailand, and other East and South Asian coun-
tries. Azolla fish made of rice has a sophisticated infrastructure in place in China.
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Table 42.4  Effect of mycorrhizal (VAM) inoculation on crop yields

Crop
P-fertilizer supplementation 
(kg P2O5/ha) % Yield increase over control

Finger millet 19 18
Soyabean 25–50 19
Chillies 37.5 55
Chickpea 40 25
Groundnut – 10–25

5.1.6 � Mycorrhizae

Mycorrhizae are symbiotic relationships between fungi and vascular plant roots. 
The primary benefit of mycorrhizae to the host plants is the expansion of the root 
fungal system’s penetration zone in the soil, which makes it easier for plants to 
absorb more phosphorus. In the soil beyond the depletion zone, which is otherwise 
inaccessible to the plant roots, the interconnected network of external hyphae serves 
as an additional catchment and absorbing surface. Numerous horticultural species, 
including apple, walnut, almond, citrus, avocado, strawberry, and grape, have been 
proven to contain endotrophic mycorrhizae. Mycorrhizae have been demonstrated 
in numerous instances to significantly enhance plant development (Table 42.4).

Fruit crops like citrus, papaya, and litchi have benefited from vesicular-arbuscular 
mycorrhizae (VAM) in India. Different citrus rootstocks were observed to absorb 
more Fe, Zn, and Mn after being inoculated with the Glomus fasciculatum fungus.

6 � Systemic Induced Resistance or Systemic 
Acquired Resistance

A common occurrence in plant pathology is the generation of pathogen resistance 
responses in plants. It was initially defined as defense against a nonvirulent patho-
gen attack. As a result, it is a persistent, non-specific resistance to diseases that is 
brought on by pathogens that produce necrosis on the diseased leaves. Systemic 
acquired resistance is used to describe a resistance that has spread across the entire 
plant (SAR). SAR can also be brought on by virulent microorganisms in addition to 
pharmacological agents like salicylic acid (SA), which is implicated in the signal 
transduction pathway leading to SAR. Wiese et al. introduced the term chemically-
induced resistance (CIR) in 2003, which is used to describe the systemic resistance 
that develops after the application of synthetic chemicals. This resistance is linked 
to the lignification of structural barriers, the activation of pathogen-related proteins, 
and the conditioning of the plants. It has been demonstrated that foliar sprays of 
nutrients including phosphates, K, and N result in systemic induced resistance 
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(SIR). Theoretically, during SIR, an immunity signals generated or released at the 
inducer leaf’s induction site is carried systemically to the challenged leaves, where 
it activates the defense systems. When exogenously administered, salicylic acid 
(SA), which has been suggested as a possible signal, generates the resistance and 
PR proteins that are frequently found with SIR. SA was found in the phloem sap of 
the upper leaves that were not infected, but it was not found in the phloem sap 
obtained from the petioles of the lower leaves that were infected with Pseudomonas 
syringae. This shows that SA might not be the primary systemic indication for 
SIR. Sphaerotheca fuliginea, which causes powdery mildew in cucumbers, can be 
managed by a foliar spray of one phosphate. The same outcomes were seen in 
maize, where foliar phosphate administration led to a systemic defense against both 
common (caused by Puccinia sorghi) and northern leaf blight (NLB) diseases 
(caused by Exserohilum turcicum).

7 � Future Perspectives

Finding the foods or vitamin combinations that can lessen illness severity will 
require more investigation. Finding the finest integrated pest management strategies 
with disease-resistant plant varieties that can be paired with particular cultural man-
agement techniques and effectively control plant disease is also required. 
Additionally, additional research is needed to determine how nutrients affect plant 
metabolism, disease tolerance, or resistance, and how this might be used to control 
plant diseases.

8 � Conclusion

In the last few years, the importance of sustainable agriculture has been increasing 
day by day. To achieve the goal of sustainable agriculture, it is very important to 
minimize the usage of chemical pesticides or fertilizers in order to ensure a sustain-
able future. Ecological management of disease for sustainable agriculture is one of 
the best practices to minimize chemical pesticides in today’s agricultural practices. 
Ecological disease management for sustainable agriculture helps management 
researchers advance soil well-being by improving soil physical, chemical, and natu-
ral properties, bringing about improved sustenance, upgraded yield, and disease 
suppression by expanding the biocontrol agents in the soil.
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Chapter 43
Use of Advance Composting Techniques 
and Areas of Improvement in Pakistan

Mujahid Farid, Nouman Munawar, Gulfam Anjum, Muhammad Abubakar, 
Umar Shahzad, Muhammd Sheraz Asif, Hina Batool, Sajal Mir, Sara Javed, 
and Hafiz Khuzama Ishaq

Abstract  Waste management (WM) is the world’s most serious environmental 
challenge. A significant portion of waste is biodegradable material (organic). 
Composting is a viable and cost-effective method of converting waste into a valu-
able product. Composting is the regulated transformation of wastes and biodegrad-
able organic materials into stable products with the help of microbes. Although 
composting has been around for a while, there are significant drawbacks that have 
limited its widespread application and effectiveness. The drawbacks include the 
inability to detect pathogens, a deficiency in nutrients, a lengthy composting and 
mineralization process, and odor creation. Over time, these difficulties have drawn 
attention to the use of synthetic fertilizers created using the coagulation–floccula-
tion process as an alternative to compost. Synthetic fertilizers enable plants to easily 
access nutrients, but their drawbacks exceed their benefits. Chemical fertilizers, for 
instance, have a negative impact on human health, ozone layer depletion, environ-
mental pollution, greenhouse effects, and marine and soil life. Farmers have turned 
back to applying composts to restore soil fertility as a result of this. Composting is 
an essential agricultural procedure that aids in the recycling of farm waste. Due to 
the presence of components that take a while to breakdown, composting takes a 
while, especially when co-composting. This study describes the appropriate man-
agement of wastes through composting, various composting procedures, the factors 
effecting composting, long-duration composting, the mechanism underpinning it, 
current trends in composting, and potential outcomes. The ability to separate mono-
fertilizers from compost, create test strips to detect heavy metals and pathogens, and 
use an odor-trapping approach can all significantly enhance composting procedures. 
The nutritional value of compost can be enhanced by adding catalysts to the basic 
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ingredients. To enhance the quality of the compost, you might also add pesticides, 
nematicides, fungicides, anti-bacterial, and viricides from plant or organic sources. 
The prolonging of the composting process will also be beneficial.

Keywords  Biodegradable · Coagulation · Chemical fertilizers · Catalyst · 
Composting

1 � Introduction

Inadequate waste disposal is hazardous to human health. In addition to being 
unsightly, it pollutes the air, harms waterbodies when dumped into them, and 
destroys the ozone layer when burned, exacerbating the effects of climate change. 
Using traditional approaches, waste is frequently mismanaged (Alam and 
Ahmade 2013; Aruna et al. 2018). Waste is burned, disposed of in seas and rivers, 
and discarded along roadsides (Ogwueleka 2009). These methods encourage the 
reproduction of insects and vermin, emit terrible aromas, are ugly, additionally 
drive global warming (during combustion). Organic waste can decompose either 
aerobically or anaerobically. Compost is generated when organic matter is con-
verted under aerobic conditions (Lasaridi et al. 2018). Methane and effluents that 
can be used as biofertilizers are created during anaerobic processing (Khan et al. 
2018). Waste may be safely disposed of by composting. Microorganisms break 
down and transform complex degradable materials into organic and inorganic 
trash during the aerobic process of composting (Toledo et al. 2018). The byprod-
ucts differ from natural soil, coals, and peats by having “humic-like” elements. 
Various biodegradable wastes may be transformed into compounds through the 
process of composting, which can then be used safely and effectively as bio fer-
tilizers and soil supplements (Cai et al. 2007; Yu et al. 2019a). The composting 
procedure aids in preventing groundwater pollution as opposed to the practice of 
landfilling garbage. Which may jeopardise subsurface water. This is because 
composting reduces the amount of polluting chemicals and microorganisms. 
These are the infectious microorganisms found in trash that are harmful to 
humans. Pollutants like persistent organic pollutants POPs that are left in the soil 
after composting are absorbed by the beneficial microorganisms. A subsequent 
portion of this evaluation goes into greater detail. Because composted manure 
contains vital nutrients and organisms that promote plant growth, using it boosts 
agricultural production and the organic matter content of the soil (Luo et  al. 
2017). This makes a significant contribution to ensuring food security. In addi-
tion to being used as fertilizer, compost is beneficial for bioremediation (Ventorino 
et al. 2019), control plant diseases (Pane et al. 2019) and weeds (Coelho et al. 
2019), prevents pollution (Uyizeye et al. 2019), controls erosion, and restoring 
wetland areas. Additionally, composting boosts soil biodiversity and lowers the 
environmental hazards of synthetic fertilizer (Pose-Juan et al. 2017). Instead of a 
naturally occurring and unmanaged process, composting is initiated and 
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maintained in a controlled atmosphere (Cáceres et  al. 2018). Composting and 
decomposition, a naturally occurring process, are distinguished by the regulating 
process (Hoitink and Fahy 1986). Although composting offers benefits, it also 
has drawbacks, including a longer completion time, an unpleasant odor, a slow 
mineralization process, and the potential for diseases that can at least partially 
withstand high temperatures, or thermotolerant pathogens, and has insufficient 
nutritional content. Farmers have been deterred from utilizing them as a method 
of sustainable agriculture by all of these. Because of this, artificial fertilizers, 
which are easily accessible, were chosen over composting as the organic 
alternative.

Composting is decomposition and mineralization of organic residue in the 
presence of oxygen, resulting in a finally stabilized product called compost which 
is just like humus and free of pathogens and phytotoxicity (Zucconi 1987). 
Composting is a biotic degradation of biological materials that occurs naturally in 
a primarily aerobic atmosphere. Bacteria, fungus, and other microbes are present 
during the process. Micro-arthropods, for example, compost, a stable, useful 
organic product, is produced by decomposing organic materials. Composting is 
also beneficial, indicates waste volume reduction and waste annihilation, also 
control on pathogenic microbes and weed seeds (Bernal et al. 2009). The cattle 
business generates a large quantity of decomposable waste, which need to handle 
according to suitable removal methods to prevent having a negative influence on 
the environment. Examples of such emissions include odor and gaseous ones, soil 
and water contamination, and so on (Burton 2003). Composting is a cost-effective 
and environmentally friendly solution to the problem of disposing of organic 
waste (Gutiérrez et al. 2017). Composting animal manure can cost significantly 
more than utilizing it directly. Since compost is created to a high grade and is paid 
to pay its production costs, for manures that need to be partially disinfected, com-
posting is excellent. (Parkinson et al. 2004). In order to produce high-quality com-
post with greater agricultural value, the current study explores the parameters 
influencing the composting of animal manures with a focus on the nutrient con-
tent, organic matter (OM) humification, and maturity level. More information is 
given on the impacts of manure composting on the environment and public safety 
by Moral et al. (2009). Despite the numerous reported pluses of composting that 
have already been mentioned, there are a number of drawbacks to this waste man-
agement strategy, including its effects on global warming, the emission oxygen 
depletion and the emission of carbon dioxide into the environment, and the gen-
eration of unpleasant odors brought on by the release of hydrogen sulphide cre-
ated by anaerobic activity. Various laws regarding the usage of the procedure have 
been put in place by various agencies in various nations as a result of these health 
effects. These drawbacks highlight the need for further development of this 
approach to solve the numerous issues raised. The management of oxygen flow 
and temperature regulation are two important areas that need improvement. These 
play a crucial role in how the bacteria that carry out the composting process work. 
Each stage’s different bacteria have a certain operating temperature; therefore, 
they must be carefully regulated. They also require oxygen in order to operate, 
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which reduces the anaerobes’ efficiency. Hydrogen sulphide is released together 
with carbon dioxide during these processes, both of which have potentially harm-
ful consequences on health, are encouraged by anaerobe activity. If these can be 
separated, there are several ways that this technique might contribute to proper 
waste management.

2 � Waste Characterization

Solid waste management is as old as human civilization. Management system of 
integrated waste for sustainable development is the greatest challenge of whole 
globe. For a good and successful waste management, the first step is waste char-
acterization. Characterization and composition of waste both are different accord-
ing to their generation source or it depend site to site (De Vega et al. 2008). Waste 
is not by birth property of anything or item but it depends on certain situation in 
which item appear and it defined by owner values to items. Solid waste character-
ization is tough and hard task because of waste heterogeneity and its spatial as 
well as temporal variations (Carlsson et al. 2015). According to source of waste 
generation, waste is categorized into four major categories with common charac-
teristics. Major categories of trash include municipal garbage, business and insti-
tutional garbage, scrap metal, and debris from building and destruction (Eisted 
and Christensen 2011).

Waste categories are further divided into subclasses known as waste type. 
Municipal waste is further divided into types in which organic waste include mixed 
municipal waste, septic tank sludge, garden and park waste, household waste, res-
taurant, canteen, and bars waste. Waste comes from the commercial/industrial is 
different according to their activity in industry. Organic waste comes from the com-
mercial and industrial include wood pulp, paper, cardboard production and process, 
and food and beverage processing plants waste. Waste from agriculture, horticul-
ture, aquaculture, forestry, and hunting is also organic waste (Gentil et al. 2011).

2.1 � Effects of Wastes

Wastes have a negative influence on the environment, which puts human lives in 
grave danger. These negative effects, which can lead to disease outbreaks, decreased 
life expectancy, and dangerous environments, have an impact on both humans and 
animals. Some wastes could decay, but those that do not produce methane gas which 
is essential for the greenhouse effect and stench. The effects of wastes on the envi-
ronment and human health will next be discussed. Wastes contaminate the soil, 
water, and air. Dust, smoke, and odor all contribute to air pollution. Burning solid 
trash releases greenhouse gases including carbon dioxide and nitrous oxide, which 
harm the ozone layer and have a warming effect (Bhat et al. 2018).
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Additionally, emitted into the atmosphere are methane and hydrogen sulphide. 
These materials are harmful to human life. Water contamination is another negative 
environmental impact of garbage. According to reports, 1400 individuals each day 
pass away as a result of illnesses and difficulties associated to water (Khan et al. 
2019). Wastes that end up in water bodies, such as rivers, streams, and seas, can 
disturb the ecosystem by reducing pH levels and making the water harmful to 
aquatic life and those who use it. Some of these contaminants have a low water solu-
bility and a high lipophilicity (Varjani et al. 2017).

Untreated wastes that contain disease vectors cause human illnesses. 
Mosquitoes thrive in stagnant water, clogged drains, tires that catch rainfall, 
empty food cans, plastics, etc. Furthermore, tissue damage, lung infections, inju-
ries from glass, razor blades, and needles, as well as parasite diseases brought on 
by direct contact with waste, are problems that trash workers must contend with 
(Alam and Ahmade 2013) ASD.  To protect refuse workers from mishaps con-
nected to trash treatment, novel automated solutions should be pushed even while 
staff use safety equipment such gloves and nasal masks (Langdon et al. 2019). 
Conducted research in Australia on the risk evaluation of organic pollutants in 
solid municipal garbage that has been composted. They were allowed to assign a 
low, medium, or high priority to each of the risk categories hazards in their study 
based on the possible negative consequences on health. This allows for the estab-
lishment of procedures for the effective and proper disposal of the various toxi-
cants from these wastes. In an another research, Gangwar et al. (2019) examined 
how electronic trash affects people’s health and reported that it releases a number 
of harmful metals into the air, producing air pollution. These wastes’ effects on 
the environment and human health have been covered in other research as well 
(Ali et al. 2019; Yu et al. 2019b).

3 � What Is Composting

As a result of microbial activity, waste decomposes and stabilizes into compost 
through a biological breakdown of organic substances known as composting 
(Kapley 2021). Composting is a sustainable method of recycling solid waste that 
uses microbial (bacteria, archaea, and fungus) potential to break down trash and 
create compost, a stable byproduct. Organic fertilizers frequently employ compost 
since it typically has a high percentage of organic material (Kausar 2010).

4 � Composting Methods

There are different types of composting that are occurring across the globe. Here is 
some important technique of composting which are common in all over the world.

43  Use of Advance Composting Techniques and Areas of Improvement in Pakistan



980

4.1 � Vermicomposting

When organic wastes are turned into a humus-like substance known as compost, the 
process is called vermicomposting. Processing the data as quickly as is practical is 
the goal. These two processes are comparable such as windrow composting and 
vermicomposting, but they are not the same. If you want to make vermicomposting, 
you should always have the highest worm population density possible (Munroe 2007).

4.1.1 � The Compost Worm

Earthworms are found in over 1800 different species around the world (Malley et al. 
2006). Eisenia fetida (Sevigny), manure worm, red worm and red wiggler is also 
known as the compost worm. This robust and adaptable worm is native to most of 
the world, and it may be found on most farms where manure piles have been permit-
ted to age for more than a few months (Gunadi and Edwards 2003).

4.1.2 � Types of Worms

Anecic Worms
Greek phrase anecic, which meaning “out of the soil,” is used. In order to get food 
down into their permanent burrows deep under the soil’s mineral layers, burrowing 
worms come to the surface at night. A nice illustration is the Canadian Night Crawler 
(Beetz 1999; Mishra et al. 2022).

Endogeic Worms
They are also burrowing worms, but because they feed on organic materials already 
existing in the soil and often dig deeper tunnels, they seldom emerge from the sur-
face (Knowles et al. 2016).

Epigeic Worms
These worms feed on decomposing organic waste and reside in the surface litter. 
They do not have burrows that are permanent. The worms employed in vermicom-
posting are known as decomposers (Ganin and Atopkin 2018).

4.1.3 � Advantage of Vermicomposting

There are various options, and not all of them will apply to all organic farmers. In 
conclusion, they are the following:

•	 In general, vermicomposting looks to be superior to conventionally generated 
compost. There are several reasons why compost is advantageous.

•	 When it comes to inoculants, vermicomposting outperforms most composts, teas 
made from compost.
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•	 Worms can be used in a variety of ways on farms, including as a source of 
protein.

•	 Organic farms can benefit from vermicomposting and vermiculture as sources of 
nutrients for additional income (Mundiyara and Jat 2017).

4.1.4 � Disadvantages of Vermicomposting

Composting is a more sophisticated process than it used to be due to the following 
reasons:

•	 It can be faster, but doing so usually involves more effort.
•	 It need greater space because worms are surface feeders and will not thrive in 

enclosed spaces.
•	 It is more susceptible to environmental stresses like frigid temperatures as well 

as drought.
•	 Most importantly, it requires greater initial capital, either in cash, or in kind to 

acquire the grubs or in terms of time and effort (Malakar and BISWAS 2019).

4.1.5 � The Five Crucial Elements

	1.	 A comfortable living environment, also referred to as bedding.
	2.	 A source of food.
	3.	 Adequate moisture (water content more than 50% by weight).
	4.	 Proper aeration.
	5.	 Temperature extremes are guarded against (Munroe 2007).

4.2 � Windrows Composting

The organic waste is broken down throughout the 22-week windrow composting 
process in open, slender heaps. Recyclable waste must be disturbed and cycled 
often for a desirable outcome. Regular stirring is done to the feedstock. A 1.5 m tall 
by 2 m wide windrow is where the food waste is dragged ahead and stored. The 
compost has to regularly be exposed to ideal processing conditions, such as air, 
light, and temperature. Turn the compost occasionally during stabilization to main-
tain an active bacterial population. The tides changing. It is crucial to keep in mind 
that composting frequency has a substantial influence on the potential for microbial 
count increase and degradation. It is recommended to turn the compost once a week 
or once every 3 days rather than every day (Awasthi et al. 2014). Composting with 
natural aeration has nonetheless generally been highly effective. Microorganisms 
can successfully be given oxygen by using an air blower in a forced aeration system. 
During productive metabolic activity, carbon is converted into carbon dioxide, 
which produces heat energy (Gopikumar et al. 2020).
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4.2.1 � Windrow for Aeration

With the addition of a supporting material, the 5-week process of static pile com-
posting can last for 12 weeks. Aeration system that consists of a blower connected 
to an open or covered stack. Once the pile is formed, there is no need for agitation 
since both the uphill and downward segments of the biofilter aerate the water. In 
contrast, turning is required. Static heaps with natural aeration cost a lot less money 
than static piles with forced aeration. (Gopikumar  et  al. 2020; Larney and 
Olson 2006).

4.3 � Composting with In-vessel

Composting occurs in the in-vessel system in a closed-circuit channel with high-
pressure aeration. It is emphasized that the rate of aeration change, which deter-
mines the quality of the compost, is a carefully regulated process. The closed system 
regularly facilitates the microbial community’s proliferation and disintegration, and 
the ongoing agitation in this module guarantees that the system as a whole is aer-
ated. This method may be optimized for composting by including a mechanical 
turning procedure (Manyapu et al. 2018; Rihani et al. 2010).

4.4 � Static Composting

This is a conventional composting technique that uses passive aeration to aerobi-
cally compost wastes. This method is being contrasted with vermicomposting, 
windrow, vessel, and Indian Bangalore composting, it has lower operating and capi-
tal expenditures but is still time-consuming. The only labor- and resource-intensive 
part of this technique is the simple construction of a mound of basic materials. 
Aeration is primarily dependent on the passive passage of air through the pile, 
which causes the organic materials to deteriorate gradually (Meng et  al. 2019; 
Gonawala and Jardosh 2018).

4.5 � Sheet Composting

Without creating a compost stack, sheet composting allows you to get the benefits 
of decomposed organic matter. The leaves, orchard trash, grass clippings, weeds, 
and vegetative food utilized in this method are thinly spread as a mulch directly onto 
the soil. Then, using a hoe, spade, or garden fork, you till the organic materials into 
the ground and leave them there to degrade rather than putting them in a mound or 
container. It is customary to cover the growing area with one or more layers of 
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organic material, which are then well watered and left to decompose until it is time 
to plant. More organic molecules, which fully dissolve, are piled in the lower layers 
(Misra et al. 2003; Stratton et al. 2000). It is a quick and inexpensive procedure.

4.6 � Berkley Rapid Composting

This composting process is quick. In this case, materials that range in size from 0.5 
to 1.5 inches compost more quickly. Soft, succulent tissues do not require being cut 
into extremely tiny pieces since they degrade quickly. To improve composition, tis-
sues must be cut into smaller pieces as they get tougher. Since it takes time for the 
first components to degrade, anything added would have to begin that process, 
lengthening the time it would take for the entire pile to decay. As a result, nothing 
should be added to a pile after it has started (Behera et al. 2020; Misra et al. 2003).

5 � Uses of Composting

5.1 � Crop Yield, Soil Amendment, and Soil Fertility Increase; 
Furthermore, Erosion Control

Compost-based compound fertilizers are currently a welcome idea since there has 
been a recent campaign to ban the usage of artificial pesticides. Majbar et al. (2018) 
asserting that compost improves plant productivity and soil fertility. Complementing 
artificial fertilizers with compost is another technique to employ it for plant growth. 
We encourage mixing the two in the correct amounts because studies show syn-
thetic fertilizers may be more helpful than compost in boosting plant development 
(Pampuro et al. 2017). Additionally, composts include microorganisms that support 
plant growth, enhancing soil fertility and plant growth. The fertility of the soil is lost 
as a result of erosion. Significant amounts of potassium, phosphorus, and nitrogen 
are lost through erosion. It has been found that organic surface-applied supplements 
work quite well to stop erosion. Compost improves the soil’s ability to store water 
and its aggregate stability (Gonawala and Jardosh 2018). This is because the soil 
contains humus, which binds to the soil and acts as a sort of “glue” to hold the vari-
ous soil elements together (Epelde et al. 2018). Humus is a stable residue left behind 
after a significant amount of organic matter has decomposed.

Compost is end product of this process, and it can be used as fertilizer and soil 
ingredient because it contains a lot of organic and inorganic nutrients in it. Compost 
can be used in gardens. It is also used as top cover of solid waste landfills as it has 
the ability to reduce methane emissions from that solid waste decomposition pro-
cess (Keener et al. 2000). Compost has the ability to increase the fertility of land and 
it reduces the need of inorganic fertilizers which in long term cause damage to soil.
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6 � Composting Process

Mesophilic, thermophilic, cooling, and maturation are the four phases of the 
composting process. There is a release of greenhouse gases such carbon dioxide 
(CO2), nitrous oxide (N2O), and methane (CH4) as well as ammonia (NH3), vola-
tile organic compounds (VOCs), hydrogen supplied (H2S), and nitrous oxide 
(N2O) are released during the complicated aerobic and anaerobic digestion pro-
cess that takes place during composting (Rincón 2019). The fundamental differ-
ence between composting and aerobic fermentation is the regulated circumstances. 
It has been demonstrated that controlling variables like bulk density, porosity, 
particle size, nutrient content, C/N ratio, temperature, pH, moisture, and oxygen 
supply is crucial for composting optimization. These conditions are then used to 
determine the best methods for microbial growth and OM decomposition 
(Agnew 2003).

7 � Characteristics of the Organic Waste for Composting

Manure is less concentrated and homogenous than compost, which distributes more 
readily and disperses evenly in the soil while obliterating diseases and weed seeds. 
The compost may also be used as a soil substitute for areas lacking soil and as fertil-
izers for pots. Composting animal manures has the following advantages over direct 
application:

Moisture and volume reduction
Odor elimination and management
Simple to use, store, and transport
Manufacture of high-quality fertilizer or substrate

Animal manures and other nitrogen-rich wastes are frequently co-composted 
with lignocellulose from agriculture and forestry byproducts. The materials that 
are most frequently utilized are cereal straws (Bernal 1998). To produce a high-
quality compost, the manure must be composted with sufficient management. 
This has led to the application of various aeration techniques. Manure compost-
ing substrate conditioning-feedstock formulae, bulking agents, and process con-
trol alternatives are explored in an effort to speed up and lower the cost of the 
process while improving the quality of the final products (Lau et al. 1992; Michel 
et al. 2004; Solano et al. 2001). All of them have high levels of organic carbon, 
little moisture, and high C/N ratios (an average of 50 for wheat straw and >80 for 
wood by-products), which can compensate for the absence of considerable levels 
of animal excrement.
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8 � Organic Matter Degradation and Nitrogen Losses

Because there are less carbon sources available as composting progresses, the rate 
of OM breakdown gradually decreases. During the maturation phase, synthesis 
activities of novel, complex, and polymerized organic molecules (humification) 
overwhelm mineralization. This method’s stabilized end products are used as agri-
cultural slow-release fertilizers. However, C and N losses are the key issues in 
manure composting since they reduce the agronomic value of compost and increase 
greenhouse gas emissions (Hao et al. 2004).

The nature of the OM affects how quickly the substrate changes during the com-
posting process, depending on how easily it degrades (Dias et  al. 2010). Bovine 
manure, chicken dung, and pig manure can all experience organic-C losses of up to 
67%, 52%, and 72%, respectively, throughout the composting process. The assess-
ment of the main emphasis of this research is on the variables influencing the com-
posting of animal manures for the creation of high-quality compost with enhanced 
agricultural value. The nutritional value, humification of organic matter (OM), and 
maturity level are the main themes. Further data on the effects of composting 
manure on the environment and public safety are analyzed by Moral et al. (2009). 
According to the OM’s degradability, the type of the material will have an impact 
on the process’ duration and scope, rate of decomposition, gas emissions, and oxy-
gen requirements. Simple sugars, lipids, and amino acids, which are labile organic 
materials, degrade quickly in the early phases of composting. Nitrogen is formed 
during nitrification when the temperature falls below the thermophilic threshold 
(40 °C), which is indicated by the production of NO3-N. The amount of NH4-N that 
the nitrifying bacteria can access determines how quickly nitrification takes place 
(Tiquia et al. 2002).

9 � Humification Process

Since it is the portion of the soil that is least susceptible to microbial degrada-
tion, the humified fraction of the soil, also known as OM, is the one that is most 
crucial for the soil’s organic fertility activities. Therefore, one agronomic cri-
teria for compost quality is assessing the degree of OM humification during 
composting. Agriculturally speaking, compost becomes more valuable when 
the OM reaches a high humification level. According to the widely recognized 
humification theories of soil OM, the creation of humic acids with enhanced 
molecular weight, aromatic properties, oxygen and nitrogen concentrations, 
and functional groups during composting is proof that the OM has been humi-
fied (Senesi 1989; García-Gómez et al. 2005). Composting results in the for-
mation of alkali-extractable Organic-C, also known as CEX, and Organic-C 
that mimic’s humic acid (CHA). Organic-C (CFA) and water-extractable 
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Organic-C, two folic acid derivatives, degrade due to microbial activity. To 
determine how much a material has been humified throughout the composting 
process, there are a number of indicators that may be employed (Roletto et al. 
1985; Xu et al. 2019).

10 � Maturity Assessment for Quality Compost

According to Iannotti et  al. (1993), stability is frequently correlated with the 
microbiological activity of the compost, whereas maturity is connected to plant 
growth potential or phytotoxicity. But since the microorganisms in unstable com-
posts create phytotoxic chemicals, stability and maturity typically go hand in 
hand (Hachicha et al. 2009). Maturity, which refers to the degree or amount of 
composting completion, suggests that a product has increased attributes as a con-
sequence of “ageing” or “curing.” Maturity is simply “the degree to which a com-
post has developed” (Antil et al. 2014). According to the Slater and Frederickson 
(2001), mature compost is “compost that does not have a detrimental influence on 
seed germination or plant development.” Maturity is described by the California 
Compost Quality Council as “the degree or level of completion of composting”, 
Bernal et al. (1998). It is best to measure two or more compost properties since 
maturity cannot be expressed by a single attribute. The relative stability of the 
substance has an influence on maturity, but maturity also refers to how other 
chemical qualities of compost affect plant growth. Certain organic acids, free 
ammonia, and other water-soluble substances may be present in high concentra-
tions in some immature composts, which may prevent root growth and seed ger-
mination (Qiao et al. 2021).

A water soluble Organic-C/Organic-N ratio of 5–6 was established by as a 
critical indicator of compost maturity. This ratio, however, can be difficult to 
detect because to the frequently very low concentration of Organic-N in the water 
extract of mature samples. Because of this, Bernal et al. (1998) and Hue and Liu 
(1995) suggested using the ratio of water-soluble organic carbon to total organic 
nitrogen to gauge the maturity of a compost. Dissolved organic carbon, the most 
energetic form of carbon, is a reliable sign of compost stability (Xu et al. 2020). 
It is possible to determine the maturity of a compost by looking at its microbial 
stability, microbial activity characteristics including microbial biomass count and 
metabolic activity, and the proportion of readily biodegradable components. 
Previously, the aerobic respiration rate was determined to be the optimal measure 
for assessing aerobic biological activity and, consequently, stability. (Kumar et al. 
2010) Under aerobic conditions, one catabolized carbon atom bonds with two 
oxygen atoms to make carbon dioxide, releasing heat and other types of energy in 
the process. As a result, there are several methods for assessing respiration, such 
as self-heating, carbon dioxide evolution, and oxygen consumption, which all 
serve as markers of how much OM is still able to degrade and are inversely related 
to stability (Gao et al. 2010).
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11 � Conclusions and Recommendations

A safer waste management technique, like composting, can take the place of a prevalent 
practice called improper waste management. The global trend is toward bettering both 
human and environmental health. Composting, which is an organic fertilizer, can be 
very helpful in attaining this objective. A focus on composting will lead to a move away 
from chemical fertilizers and toward compost. The decrease in the amount of hazardous 
substances discharged into the environment as a result of this change would unavoidably 
improve both environmental and human health. The promise of this technology still has 
to be widely publicized if farmers are to fully embrace it in its current form. Some sug-
gestions are made here on improving technologies to help them advance. It is advised 
that poly nutrients be removed from composts due to the high nutrient content in com-
posts. When a pre-planting soil study is done, it happens frequently that one nutrient 
may be deficient. In order to avoid over-applying nutrients that are not required, mono 
fertilizers can be extracted from compost’s compound fertilizer form. In addition, organ-
isms that can degrade Composting operations can be avoided by providing farmers with 
complicated degradable materials as inoculum. To address the issue of air pollution 
brought on by compost production, more study should be carried out to identify the 
odor-trapping mechanism. In order to stop greenhouse gas emissions, composting 
should have CO2 capturing systems. The anti-nematode, vermicide, bactericide, and 
fungicide generated by plants can be added to compost to increase its efficacy. By doing 
away with chemical pesticides, this will support the growth of organic farming alone. 
Items that degrade slowly should be composted separately from other materials so that 
the composting periods of other materials are not increased by the slower decaying 
materials. More study should be done to determine whether compounds that take longer 
to decompose also mineralize progressively. Biennial and perennial crops, which are 
long-term sources of nutrients, may benefit from minerals that slowly mineralize. It is 
necessary to look at this theory’s viability more thoroughly. Since this will help in select-
ing whether or not to compost them, research should include information on the nutri-
tional content of particular leaves that are decaying slowly. In underdeveloped countries 
like Nigeria, composting may be utilized to minimize the quantity of agricultural waste 
generated. Before being put to the ground, composts should always be checked for 
maturity and pathogens to minimize potential threats to the environment and other living 
things. In order to increase the composting process’ length, further study should be 
done. Even if the Berkley method was previously discovered and is still the fastest, the 
creation of faster approaches will help to sustain the composting process.
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