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Preface

The Food and Agriculture Organization of United Nations projects that global
population will increase 10.8 billion by 2080, representing an increase by 47% in
the future.1 In such context, worldwide agricultural and food production systems
are being challenged to provide enough food to meet the growing demands.
Nowadays, agriculture has also to address the sustainable use of existing natural
resources while tackling the challenges associated with the impact of climate
change.

The cultivation of Fabaceae plants, commonly known as legumes, emerges as
one of the relevant approaches to tackle these challenges. This plant family with
800 genera and 20,000 species,2 being the second most economically important
family of plants after Poaceae, encloses many benefits for agricultural and food
sustainability. Due to their ability to fix atmospheric nitrogen by establishing
symbiotic associations with nitrogen-fixing microorganisms, the cultivation of
legumes is a sustainable option to reduce the use of fertilizers and production costs,
while contributing to improve overall soil conditions. Importantly, several grain
legumes are important sources of vegetable protein for humans or important role as
forage for animals. Consequently, a growing body of research has been also
devoted to study aspects associated with their nutritional quality and
health-promoting effects.

Similarly, to other crops, legume physiology and yield are severely affected by
non-optimal environmental conditions. Abiotic stresses such as drought, salinity,
extreme temperatures, nutrient deficiencies, or toxicities have been reported to
cause crucial losses on legume growth and productivity. Although relevant fun-
damental knowledge underlying the adaptative responses of legumes to abiotic
constraints and their genetic basis have been elucidated, more research needs to be
done to translate these findings into improved elite lines that can contribute to
achieve food security. Recent advances and developments in molecular, biotech-
nological, and breeding tools have contributed to ease and wider this mission. Still,

1FAO (2018).
2Lewis et al. (2005).
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the ongoing goal is to develop legumes not able to cope with environmental
stresses, but still with considerable yield and quality.

The Plant Family Fabaceae—Biology and Physiological Responses to
Environmental Stresses combines a group of 20 chapters written by worldwide
researchers to provide novel information, regarding the major physiological,
metabolic, cellular, and molecular processes, as well as the genetic basis and
diversity, associated with abiotic stress responses. This book includes both several
chapters addressing general and unique aspects and questions of legume Biology
and worldwide impact, and a considerable number of chapters devoted to the effects
of environmental stresses have on legume responses. A special focus is provided on
running crop breeding and state-of-the-art biotechnological approaches to breed
abiotic stress resistance traits into modern crop varieties, highlighting their
achievements and still open challenges.

We would like to give special thanks to the authors for their outstanding and
timely work in producing such fine chapters. We are highly thankful to Dr. Mei
Hann Lee (Senior Editor, Life Science), Springer, Japan, for her prompt responses
during the acquisition. We are also thankful to Arulmurugan Venkatasalam, Project
Coordinator of this book, and all other editorial staffs for their precious help in
formatting and incorporating editorial changes in the manuscripts. Special thanks to
Dr. Md. Mahabub Alam, Department of Agronomy, Sher-e-Bangla Agricultural
University, Bangladesh, for his generous help in formatting the manuscripts. We
believe that this book is useful for undergraduate and graduate students, teachers,
and researchers, particularly from the fields of the plant science, botany or agron-
omy, environmental science, biotechnology, and food science.

Dhaka, Bangladesh Mirza Hasanuzzaman
Oeiras, Portugal Susana Araújo
Rohtak, India Sarvajeet Singh Gill
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Abstract Intensive agriculture and meat-based westernized diets have brought a
heavy environmental burden to the planet. Legumes, or pulses, are members of the
large Fabaceae (Leguminosae) family, which comprise about 5% of all plant species.
They are ancient crops whose popularity both for farmers and consumers has gone
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through several stages of acceptance, and in recent years, legumes have regained
their luster. This is due to a global understanding that: (1) farming systems need to
promote biodiversity, (2) biological nitrogen fixation is an important tool to reduce
the application of external chemical inputs, namely in the form of nitrogen fertil-
izers, and that (3) plant-based foods have fewer adverse environmental effects per
unit weight, per serving, per unit of energy, or per protein weight than do animal
source foods, across various environmental indicators. Legumes play a key role in
answering these three global challenges and are pivotal actors in the diversification
and sustainable intensification of agriculture, particularly in light of new and urgent
challenges such as climate change. In this chapter, we showcase the importance of
legumes as contemporary agents of change, whose impacts start in the field, but then
branch out into competitive global economies, modernized societies, and ultimately,
improved food security and human health.

Keywords Biodiversity · Biological nitrogen fixation · Nutrition and health ·
Pulses · Sustainability

1 Introduction

The word legume comes from the Latin word legumen which can be translated to
“seeds harvested in pods.” Inmany parts of theworld, such as inCanada, Bangladesh,
or India, theworld pulse is usedwhen referring to legumegrains, especially thosewith
a low content in fat. Legumes or pulses have accompanied farmers since theNeolithic
revolution, the very onset of farmingpractices ofmankind. Pea (Pisumsativum), lentil
(Lens culinaris), chickpea (Cicer arietinum), and bitter vetch (Vicia ervilia) belong
to the “Big Eight,” that package of “founder crops” which have been domesticated in
the Fertile Crescent during the 10th and 9th millennia BCE (Asouti and Fuller 2013).
Legumeswere domesticated alongside grasses as early as 10,000 years ago (Hancock
2012). Among the earliest legume cropswere chickpea, garden pea, and lentil (Sprent
2009; Hancock 2012; Smýkal et al. 2015). The domestication of other important
legumes followed later on in different regions of the world, for example, soybean
in east Asia (Sedivy et al. 2017), Azuki bean (Vigna angularis) in west Asia (Lee
2012), or common bean (Phaseolus vulgaris) in Mesoamerica (Lopez et al. 2013).
The cultivation of soybean [Glycine max (L.) Merrill] dates from China in around
2500 BCE, being now spread throughout the world mostly due to its elevated protein
content of the seeds that can reach almost 40%. Despite its particular worldwide
importance, soybean is heavily reliant on inoculation to bring it into profitable use
in non-native countries like Brazil (Alves et al. 2003).

It is thought that the introduction of legumes into cropping systems in Europe
(before the tenth century) enabled an improvement in soil quality and provided nour-
ishment to populations, relieving famine and improving overall population growth.
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More than 820 million people have insufficient food and many more consume low-
quality diets that cause micronutrient deficiencies. This has contributed to a substan-
tial rise in the incidence of diet-related noncommunicable diseases. All legumes offer
a high level of protein in above- and belowground biomass, particularly in grains, in
comparison to other crops such as cereals. They are self-supporters of nitrogen fertil-
ization through atmospheric nitrogen fixation in root nodules in symbiosis with soil
bacteria from the families Rhizobium, Bradyrhizobium, and others. The genetic reg-
ulation of these processes has been intensively investigated and various forward- and
reverse-genetic approaches have identified nearly 200 genes required for symbiotic
nitrogen fixation in legumes (Roy et al. 2019).

In times with low availability of meat, pulses—legumes with predominant grain
usage—provided a valuable source of proteins for the human diet. The biblical tale
of Esau who sold his birthright to his younger brother Jacob for the price of a lentil
stew illustrates the estimation of the pulses in early societies. In the past, meat was
often unavailable to common people, i.e., for themajority of ancient societies. Pulses,
therefore, were a sufficient alternative to meat for a healthy and whole food diet. The
traditional Milpa cropping system, a combination of maize, beans, and squash, is a
good example for the integration of legumes in sustainable cropping systems and
in the whole food human diet (Altieri et al. 2011). It integrates physiological and
morphological benefits of crops, including pulses, at the field, and offers a balanced
food composition for human consumptionwith beans as themain provider of protein.
TheMilpa system originated fromMesoamerica and has spread to many tropical and
subtropical regions across the world because of its benefits. Meanwhile, it can be
considered a model for innovative cropping systems today and in the future.

In themiddle of the twentieth century, pulses disappearedmore andmore from the
menu in the industrial countries and as well from cropping systems at the same time.
Pulses were considered to be an old-fashioned food, with nonnutritive compounds
such as lectins, alkaloids, saponins, or phytates (Muzquiz et al. 2012), with lengthy
time-consuming preparationmethods and some causing intestinal irritations. Finally,
meat was available to all social classes. There are additionally some agricultural
challenges of legume growing: they have lower yields and lower economic value in
comparison to cereals. For example, a farmer in temperate Europe (France, Germany,
Poland) can achieve a yield of 4.8–7.6 t ha−1 winter wheat and only 2.7–3.5 t ha−1

dry pea (FAO Stat 2019).
Recently, there seems to be a return to the value of pulses. Concerns about eco-

logical impacts of meat production, ethical concerns in terms of animal welfare, and
considerations for human health (Chai et al. 2019; Hagmann et al. 2019) have pro-
moted an interest in a more sustainable plant-based food production, with legumes as
a substantial contributor. In times of public discussions about the loss of biodiversity,
sustainable agriculture, and climate change, a renaissance of legumes in agricultural
systems seems a reasonable and promising way to design the future of our planet.



6 M. W. Vasconcelos et al.

2 The Biology of Legumes

2.1 Taxonomy and Morphology

The Earth currently has almost 400,000 species of plants. About 5% of plant species
are members of the large plant family Fabaceae (Leguminosae) which produce their
protein-rich seeds within simple dehiscent dry fruits botanically known as legumes
(commonly known as pods). The Fabaceae family includes 770 genera and nearly
20,000 worldwide distributed species (LPWG 2017). The Fabaceae evolved to have
root systems that enable symbiotic relationships with various species of soil bacte-
ria that are capable of fixing atmospheric nitrogen, thereby providing a basic bio-
logical source of nitrogenous compounds such as proteins and their biochemical
derivatives. Legume species are very diverse and are adapted to almost all terrestrial
ecosystems in the form of trees, shrubs, vines, and annual herbs. Legume flowers
characteristically have five petals that have evolved to a wide range of characteristic
sizes, shapes, and colors. Legume species can be self-pollinating, cross-pollinating
or both. The traditional classification of Fabaceae into the three subfamilies, Cae-
salpinioideae, Mimosoideae, and Papilionoideae, has been revised by The Legume
PhylogenyWorking Group (LPWG 2017) and Sprent et al. (2017). A new subfamily
classification presented by LPWG (2017) divides the Leguminosae into six subfami-
lies:Detarioideae (84 genera; ca. 760 species; Pantropical),Cercidoideae (12 genera;
ca. 335 species; Pantropical, Cercis warm temperate), Duparquetioideae (1 genus;
1 species; West and West-central Africa), Dialioideae (17 genera; ca. 85 species;
Pantropical), Caesalpinioideae (148 genera; ca. 4400 species; Pantropical, some
temperate), and Papilionoideae (503 genera; ca 14,000 species; cosmopolitan). The
previous subfamily Mimosoideae has been incorporated into the Caesalpinioideae
as the mimosoid clade. Species from the Detarioideae, Cercidoideae, Duparque-
tioideae, and Dialioideae are all non-nodulators. Nodulation has been confirmed in
only eight genera in the Caesalpinioideae sensu stricto subfamily. Most, but not all
mimosoids and papilionoids can nodulate (Sprent et al. 2017).

The Caesalpinoideae subfamily is highly variable, mostly trees and shrubs with
zygomorphic asymmetrical flowers. The mimosoid clade are adapted to tropical and
subtropical climates and exist mostly in the form of trees and shrubs. Their flowers
are symmetric with valvate petals and have large numbers of prominent stamens. The
Papilionoideae is the largest, most widely adapted and diverse legume subfamily.
Their floral morphology (standard, wings, and keel petals) is demonstrated by that of
the widely known species (bean, pea, and soybean) that have edible pods and seeds
used in food systems as vegetables and dry seeds. The members of this ecologically
diverse group include trees, shrubs, and herbs.
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2.2 Nodulation

Legumes form symbiotic relationships with nitrogen-fixing bacteria (rhizobia),
most of which belong to the genera Rhizobium, Bradyrhizobium, Mesorhizobium,
Ensifer (Sinorhizobium), and Azorhizobium in the Alphaproteobacteria (Denison
and Okano 2003; Tampakaki et al. 2017a, b; Ferguson et al. 2019) and in the genera
Paraburkholderia, Cupriavidus, and Trinickia in the Betaproteobacteria (Gyanesh-
war et al. 2011; Estrada-de los Santos et al. 2018). The infection of roots by rhizobia
results in the formation on roots (and occasionally stems) of unique organs called
nodules (Ferguson et al. 2013) in which the biological nitrogen fixation process takes
place (Ferguson et al. 2019). In this process, the bacterial enzyme nitrogenase cat-
alyzes the reduction of atmospheric N2 to ammonia (Howard and Rees 1996), which
is a plant-available N form.

The nodulation process in many, but not all, legumes follows root infection by
efficient compatible rhizobia strains. The root infection causes the curling of the root
hairs that entrap the rhizobia and then, after the formation of infection threads through
these structures, the bacteria enter the root cells (Peleg-Grossmanet al. 2007; Fournier
et al. 2015). According to Oldroyd and Downie (2008), the induction of cortical cell
divisions is necessary for the nodule’smorphogenesis. The bacteria within the nodule
cells are a differentiated symbiotic form of rhizobia called bacteroids. Each bacteroid
is surrounded by the symbiosome (or peribacteroid) membrane (Denison and Okano
2003; Peleg-Grossman et al. 2007). In the initiation of the rhizobia-legume symbiosis,
several compounds (e.g., Nod factors and flavonoids) are implicated. Nod factors are
lipochitooligosaccharides secreted by rhizobia that are involved in the initiation of
cell divisions in the cortex, which leads to root hair curling and the formation of
infection threads (Ibáñez and Fabra 2011; Murray 2011). Flavonoids produced by
legume roots activate NodD proteins and consequently the expression of the Nod
genes that are implicated in the synthesis of Nod factors (del Cerro et al. 2017).

Taken together, this chemical cross-talk between the rhizobia and the host legume
allows the latter to impose a degree of stringency on which bacteria can enter and
form a symbiotic nodule, but as it is based on nod genes rather than nif genes,
it cannot guarantee that the symbiosis will be effective, and hence compatible, but
“cheating” rhizobia are considered to be a significant problem for nodulated legumes
(Sprent et al. 2017).

Oxygen plays a significant role in nitrogen fixation because an adequate supply
of oxygen in the nodules is needed by bacteroids for respiration (Denison and Okano
2003). See review by Minchin et al. (2008). It is also important to point out that the
nitrogen fixation process is characterized by high energy (ATP) demands (Rutten and
Poole 2019), because the reduction of 1 molecule of N2 to ammonia utilizes at least
16 molecules of ATP (Maier 2004). These energy requirements are covered by the
respiration of bacteroids (Miller et al. 1988), but sufficient transport of carbohydrates
to the roots is needed to maintain sufficiently high respiration rates. Nevertheless,
excessive oxygen concentrations can inactivate the nitrogenase (Denison and Okano
2003), and thus the protein leghaemoglobin (Lb) is also an important component
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of the nodules, as it acts as an oxygen carrier that facilitates a controlled flux of
oxygen to the nitrogen-fixing bacteroids (Denison and Okano 2003). Furthermore,
Lb protects nitrogenase from being inactivated by free oxygen, while the Lb-bound
oxygen is accessible to bacteroids (Abdelmajid et al. 2008; Rutten and Poole 2019).
The internal red-pink color of the nodules is due to the presence of leghaemoglobin
(Rejili et al. 2012). Abdelmajid et al. (2008) linked higher nitrogen fixation capacity
with a higher accumulation of leghaemoglobin in the nodules.

3 Agronomic Impact

3.1 Nitrogen Supply via Biological Nitrogen Fixation (BNF)

Over the past decades, the excessive application of inorganic nitrogen fertilizers
has resulted in groundwater contamination with nitrates (Lv et al. 2019). Ground-
water pollution via leaching of these pollutants (NO−

3 ) is one of the most serious
environmental problems and is positively related to high nitrogen fertilization rates
(Vinod et al. 2015; Zheng et al. 2019). Thus, to reduce the groundwater pollution
with nitrates, it is important to reduce the excess application of inorganic fertilizers
in agricultural fields and/or to apply organic nitrogen sources such as compost or
manure. The use of legumes as green manures or the inclusion of legumes in crop
rotation systems is alternative to inorganic nitrogen fertilizers that can contribute to
higher crop yields and improved soil quality (Castro et al. 2017; Ntatsi et al. 2018).

Biological N fixation by legumes (e.g., faba bean, lentil, pea, chickpea, alfalfa,
red clover etc.) ranges from 21 to 389 kg ha−1 (Table 1) (Cazzato et al. 2012; Nimmo
et al. 2013; Büchi et al. 2015; Hossain et al. 2016; Snapp et al. 2017; Akter et al.
2018; da Silva Júnior et al. 2018; Dhamala et al. 2018; Ntatsi et al. 2018; Pampana
et al. 2018; Ntatsi et al. 2019).

The N2-fixation capacity of legumes (e.g., the proportion of N derived from the
atmosphere [%Ndfa] and biomass productivity) ismainly dependent on plant species,
genotypes, symbiotic bacteria (e.g., Rhizobium spp.) strains, and environmental con-
ditions (Büchi et al. 2015; Hossain et al. 2016; Akter et al. 2018; Ntatsi et al. 2018;
Benjelloun et al. 2019; Ntatsi et al. 2019).

Despite the fact that legumes contribute to nitrogen enrichment of soil BNF, it is
worth mentioning that their over-frequent use of these plant species can also lead to
nitrate leaching (De Notaris et al. 2018; Hansen et al. 2019). Thus, it is important
to optimize the use of legumes (e.g., appropriate crop rotation sequences, mixtures
of legumes, and nonlegumes) in order to reduce the risk of nitrate leaching (Hansen
et al. 2019; Rakotovololona et al. 2019).
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Table 1 Biological nitrogen fixation (BNF) capacity (kg ha−1) of commonly cultivated legumes

Common name Scientific name BNF (kg ha−1) Cultivation area References

Faba bean Vicia faba L. 118.6–311 Greece, Italy Ntatsi et al.
(2018), Pampana
et al. (2018)

Pea Pisum sativum
L.

36.6–125.3 Canada, Greece Hossain et al.
(2016), Ntatsi
et al. (2019)

Common vetch Vicia sativa L. 107–131 Switzerland Büchi et al.
(2015)

Grass pea Lathyrus sativus
L.

101–149 Switzerland Büchi et al.
(2015)

White lupin Lupinus albus L. 53.1–64.1 Italy Cazzato et al.
(2012)

Chickpea Cicer arietinum
L.

21.0–103.6 Canada Hossain et al.
(2016)

Lentil Lens culinaris
Med.

23.0–86.8 Switzerland,
Canada

Büchi et al.
(2015), Hossain
et al. (2016)

Common bean Phaseolus
vulgaris L.

16.3–71.9 Canada Akter et al.
(2018)

Cowpea Vigna
unguiculata (L.)
Walp.

36–75 Brazil da Silva Júnior
et al. (2018)

Soybean Glycine max
(L.) Merr.

90–95 USA Snapp et al.
(2017)

Alfalfa Medicago sativa
L.

103–209 Canada, China Nimmo et al.
(2013)

Egyptian clover Trifolium
alexandrinum L.

35–59 Switzerland Büchi et al.
(2015)

Red clover Trifolium
pretense L.

35.4–389 Denmark, USA Snapp et al.
(2017), Dhamala
et al. (2018)

3.2 Pre-crop Benefits Through a Combination of Residual
Nitrogen and Break-Crop Effects

Legume cropping, including rotation, intercropping, green manure, and legume-
enriched pastures, shows significant advantages over nonlegume systems in terms
of fertilizer use and hence emissions of the greenhouse gases CO2 and N2O (Jensen
and Hauggaard-Nielsen 2003). Grain and forage legumes, by virtue of their sym-
biosis with N2-fixing bacteria, can reduce the need for N fertilizer application. If
legume cropping becomes more widely adopted, this could reduce the demand for
manufactured fertilizer (Jensen et al. 2012). In terms of soil N inputs from BNF,
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an approximate value of 9 kg N mineralized per ton of stubble may be possible for
grain legume crops, with higher transfer values being recorded for forage legume
systems—15 to 20 kg N per tonne (Peoples et al. 2004, 2009, 2017). Typical rates
of BNF for grain and forage legumes are between 100 and 200 kg shoot N ha−1 per
year or growing season (Peoples et al. 2019).

Reduced fertilizer usage associatedwith legume cropping is only suitable after the
successful establishment of the root-nodule symbiosis, adequate levels of BNF, and
appropriate crop management practices to maintain N2 fixation. This may involve
inoculation of plantswith appropriate strains of rhizobia to improve nitrogen fixation,
carrying a cost in terms of energy and GHG emissions, and careful monitoring of soil
N. Liming of soils is important too in maintaining N2 fixation, N2 fixation having
the potential to acidify unbuffered soils and hence inhibit nitrogenase activity. This
acidifying activity has the potential also tomineralize inorganic phosphate and reduce
the requirement for P fertilizer addition (Williams et al. 2017).

Skowronska and Filipek (2014), in their review of life cycle analysis studies
on fertilizer manufacture, provide illustrative data on the extent of GHG savings
possible through reduced fertilizer production. Depending on the type of N fertilizer,
the combined GHG cost of production, packaging, and delivery ranges from 1.9 to
6.3 kg CO2e (carbon dioxide equivalent) kg−1 fertilizer The GHG cost for P fertilizer
is considerably less, 0.6–1.66 kg CO2e kg−1 fertilizer, with manufacture of calcium
carbonate for soil amendment accounting for 0.15 kg CO2e kg−1 (Skowronska and
Filipek (2014).

Calculation of the reduction in field GHG emissions possible with legume crop-
ping is problematic given the wide variance in data available due to differing crops,
soils, climate, management, and most significantly the type of measurement and the
time course of measurements employed. Using values averaged across 67–71 site-
years of data, Peoples et al. (2019) report an overall reduction in N2O emissions for
legume crops compared with N fertilized crops and pastures of approximately 59%,
assuming N2O emissions of 0.47 t CO2e ha−1 for legume crops and 1.16 t CO2e ha−1

for N fertilized crops and pastures.

3.3 Increased Crop Diversification and Biodiversity

Modern intensive agricultural systems are relatively simplified, focussing on a small
number of crop species, often in monocultures, and reliant on mineral fertilizers
and chemical crop protection to maximize their productivity. Heterogeneous crop
systems, however, can show improved production efficiency, yield stability, and
resilience to environmental stresses. Legume crops have great potential for opti-
mizing these benefits, whether by increasing the diversity of crops within the crop
rotation sequence or as components of crop species mixtures. The positive contri-
bution of legumes to diversification arises directly from legume-specific traits and
indirectly from their reduced reliance on agronomic inputs. This is underpinned pri-
marily by the ability of legumes to fix atmospheric nitrogen into nitrogen-rich organic
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compounds—as well as their capacity to capitalize on generating a symbiotic- or
facilitative-microbiome in the rhizosphere (Chen et al. 2019).

Nonlegume crops show up to 30% greater biomass production in a legume-
supported rotation: the benefit of BNF is estimated to be maximal when grain and
forage legume crops are present in half of the years of the crop sequence (Iannetta
et al. 2016). Despite this, grain legume production in Europe is falling (Magrini et al.
2016) and is characterized by only a few legume crop species, which has constrained
progress in legume crop improvement. There are ample opportunities to diversify
the range of legume crops and take advantage of adaptive traits in of orphan legume
species to improve, for example, their resilience to biotic and abiotic stresses (Cullis
and Kunert 2017). By enhancing soil nutrient supply and function, legumes can pro-
mote nutrient acquisition by nonleguminous plants growing in a species mixture.
Legume crops exhibit multiple traits that complement or facilitate the growth of
nonlegume species, leading to more efficient use of resources. This allows greater
productivity and profitability per unit land area to be achieved with intercropping
compared with monocultures (Martin-Guay et al. 2018). Floral resource provision
in legume-supported mixtures, along with increased canopy and root system hetero-
geneity, and reduced reliance on agronomic inputs, can promote the abundance and
activity of beneficial organisms, which facilitate ecosystem services such as pollina-
tion, nutrient cycling, and suppression of pests, diseases, and weeds (Everwand et al.
2017).

4 Economic Impact

Understanding the economics of legume systems requires an analysis of the factors
influencing the equilibrium between supply (farmers) and demand (consumers) and
the interlinkages along the supply chain, while assessing the impact of any shocks
to the system on other aspects such as trade and environment. As is the case of
any other agricultural industry, but even more so due to their benefits to the public
good (European Parliament 2013), changes to the equilibrium between the supply
and demand of legumes translates into wider long-term effects, and as such, an
analysis of legume production (e.g., assessment of farm profitability) is incomplete
and potentially incorrect if not coordinated with an analysis of demand, and of the
corresponding ripples on trade, environment, and health.

The economics of legumes in the European Union (EU) shows a production trend
closely correlated to the different types of subsidies and payments linked to the Com-
mon Agricultural Policy (CAP) reforms, and the global market prices for fertilisers
(Fig. 1). Linked to similar factors affecting livestock production, feed demand mir-
rors production trends for dry pulses (only starting in the 1980s in the case of beans).
Imports mirror the demand for processing in the case of soybeans, and mirror the
production trends for peas and, respectively, lentils, lupins and other pulses, while
showing an opposite trend to the domestic production of beans (following the rise in
the 1980s in its use for feed and food).
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Fig. 1 Legumes production and imports, uses and losses in the European Union. Source Own
creation based on FAOSTAT data (extracted November 2019)

The cultivation of dry pulses (i.e., grain legumes except soybeans) in EU countries
is significantly more frequent in: regions with higher receipt of voluntary coupled
CAP support to protein crops; regions with higher shares of organic farming; regions
with a more important role of legume consumption in regional diets; regions with
relatively deep soils and; regions displaying lower competition for land use with
sunflower. Livestock density and share of irrigable agricultural areas are significantly
negatively correlated with the share of dry pulses. Up to a certain temperature sum
maximum, also higher temperature sums seem to be beneficial for the cultivation of
dry pulses. In contrast to dry pulses, regional soybean shares in the arable area are
positively correlated with a region’s distance to the next main port and with the share
of irrigable agricultural area. Agglomeration and spillover effects may matter (i.e.,
farms located in the neighborhood of dry legume producers are also more likely to
commence cultivation of dry legumes; regions with a high share of dry pulses tend
to be close to each other), as in the case of dry pulses where a significant spatial lag
coefficient was found. Such effects, however, are likely to be effective on a spatial
scale smaller than the regional level. Potentially significant causal factors, which
have not been tested due to poor data availability, that may be positively linked to
legume production include proximity to processing facilities and trading companies
and access to extension services and regional networks and training programs (Oré
Barrios et al. 2020). Other factors well acknowledged in the literature (European
Parliament 2013)with positive causal effects on the cultivation of legumes aremarket
factors, i.e., producer prices for outputs (pulses) and inputs (nitrogen fertilisers).
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The economic circumstances of farms cultivating legumes are linked to some
of the factors mentioned above, e.g., larger organic farms show higher profitability.
There are also indirect economic benefits of legume cultivation such as the lower cost
of agricultural inputs (nitrogen and tillage cost saving) and yield effects on other crops
(e.g., cereals included in the rotation). While profits and the economic sustainability
of the farm are necessary, they may not always be sufficient and farmers’ decision-
making may be influenced by noneconomic factors, such as their perceptions of how
what they create affects other issues beyond the farm gate, such as the environment
and human health.

Similarly, consumers’ choices may be influenced by environmental and health
concerns as opposed to purely economic reasons and assessing the weight of the
different attributes of choice would help predict sustainable changes in shopping
habits and subsequent consumption patterns. A study on the own-price elasticities
of legumes shows that consumer’s demand can only change significantly if factors
other than price are considered, such as provision of targeted campaigns and better
communication of legumes’ health and environmental benefits, better availability
of healthy convenience foods, access to information on cooking, and easy recipes
(Akaichi 2019).

As represented in Fig. 1, while the consumption trend for beans has been in a
stable decrease, the consumption of peas, lentils, lupins, and other dry pulses shows
a gentle but steady increase, likely correlated to a slow change in consumer diets
reflecting a healthier pattern.

While slow, changes in consumption patterns to include more legumes are appar-
ent and need to be translated into production patterns. The current EU demand for
legumes is met partly by domestic production, partly by imports (Fig. 1) and equi-
librium analysis is necessary to assess the sustainability of the whole sector when
faced with shocks such as price fluctuations in the context of higher dependency on
imports, or changes in environmental policies leading to stronger incentives to EU
producers and thus a larger share of the demand being met by local production.

5 Social Impact

5.1 Nutrition and Food Security

Food insecurity is a reality for millions of people and households, especially in
poor and developing countries (FAO 2019). Recent data reveals that over 2 billion
people around the world do not have regular access to safe, nutritious and sufficient
food, including eight percent of the population in Northern America and Europe
(FAO 2019). Indeed, more than 820 million people in the world were still hungry in
2018. Such living conditions increase the risk of malnutrition and ultimately impair
the health of populations (FAO 2019). It is recognized that lack of protein-energy
intake, as well as micronutrient deficiencies, are major undernutrition triggers, both
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frequently associated with more severe food insecurity states (FAO 2019;Webb et al.
2018). Grain legumes could be part of the solution for these problems; however, over
time they have been significantly depreciated within human diets, and legume crops
are yet greatly under-cultivated (Foyer et al. 2016). In fact, legumes are relatively
invisible actors of our food system.

A 2015 Joint ResearchCenter policy foresight assessing the role of EUpolicies for
global food security called for a “Common Food Systems Policy,” but failed to even
mention protein crops, pulses, or legumes (Maggio et al. 2015). Whereas unique
agro-ecological benefits of legumes are gaining more recognition and are slowly
being acknowledged in food policy debates, their impact is still at the small-scale of
home-grown legume production and consumption. Nevertheless, a recent public food
procurement mandate in Portugal (Graça et al. 2018) successfully increased home-
grown legume consumption. On the large scale, only the cultivation of non-GMO
soybean for feed has increased in Italy, Germany, France, and Poland due to multiple
support policies. In other geographical frameworks, such as Canada, cost-benefit
analyses have revealed the positive impact of legume consumption (100 g cooked
legumes/day by 50%of the population) in combinationwith a low glycaemic index or
high fiber diet on healthcare costs. In addition, human productivity costs (reductions
of roughly $370 million Canadian dollars), particularly related with cardiovascular
disease and type 2 diabetes (Abdullah et al. 2017), have driven the 2019 Canada’s
FoodGuide to emphasize plant-based protein foodswithin the “protein foods” group.
Beans and lentils have been placed at the top of the list, before nuts and other seeds
and animal protein products (meat, poultry, fish, eggs, and dairy foods) (https://food-
guide.canada.ca/en/).

Historically, food and agricultural policy often lagged behind nutrition science,
though more recently this position has started to change. Legumes may already be
leading a green food revolution (Tenkouano 2011), because they have been identified
as critical to provide nutrients and balanced diets and provide nutritional security
with minimal use of resources, as well as to facilitate social-eating when cultivated
in small areas within backyards or home-, school- and community-gardens (Keatinge
et al. 2012). Their high protein content (17–30%) (Boye et al. 2010) associated with
relevant nutritional richness (Marinangeli et al. 2017), turns grain legumes into better
affordable nutritive options, comparatively to more expensive animal-based protein
food sources, such as meat or dairy products, which may be less achievable among
food insecure contexts. Legumes are also important food sources of slowly digested
complex carbohydrates (~50–65%) (Havemeier et al. 2017) and fiber (~30/100 g,
with low glycaemic index; dry weight) (Tosh and Yada 2010), as well as minerals
(Grela and Samoli 2017) like magnesium, iron, potassium, phosphorus or zinc and
several complex B vitamins (Mudryj et al. 2014), namely B1, B6, and B9. On the
other hand, they possess low energy density in terms of fat (1.3 kcal/g cooked),
providing mostly mono- and polyunsaturated fats (Grela and Samoli 2017).

Grain legumes are also relevant dietary sources of health-protective bioactive
compounds (Singh et al. 2016). Last but not least, grain legumes hold versatile
technological and cooking properties providing excellent opportunities among food

https://food-guide.canada.ca/en/
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industry to be used in the production of several convenience value-added food prod-
ucts, like flours, snacks, infant, or sports foods (Asif et al. 2013). The possibility to
store grain legumes for long periods of time without altering their nutritional value
results in one of their best features helping minimize food waste and therefore food
insecurity. Although diet is the most apparent link by which agro-food systems affect
our health, the role of legumes to provide solutions to the double burden of inad-
equate dietary intake (undernutrition) and excess food intake (overnutrition) in an
unequal world is not widely considered or understood. Still, there seems to be a con-
sensus on a sustainable and nutrient-rich plant-based diet (ovo-lacto-vegetarian and
pescetarian) that may provide optimal synergy between nutrition health and envi-
ronmental sustainability (Springmann et al. 2016; van Dooren et al. 2017). Indeed,
markets for plant protein and fiber-based diets are rapidly growing (Logatcheva and
van Galen 2015). However, without appropriate and careful reframing, public health
improvement and environmental sustainability arguments in favor of a diet-change
will not be enough to engage stakeholders and beneficiaries (c.f. de Boer and Aiking
2017) and to achieve a paradigm shift (Mason and Lang 2017).

5.2 Mitigating Effect on Climate Change

The food habits of the 7.7 billion people who inhabit our planet have been threaten-
ing all life domains, with extremely worrying expression at the climate change level
(Macdiarmid and Whybrow 2019). Animal-based foods are a significant component
of food production worldwide and meat or meat products are major dietary protein
sources, especially across more westernized countries (Willett et al. 2019). Never-
theless, livestock production accounts for considerably high amounts of total green-
house gas (GHG) emissions and other pollutants, together with increasing demands
for scarce water resources and the promotion of soil erosion (Godfray et al. 2018).
If such production and consumer patterns persist, it is expected that by 2050, there
will be a 50–80% increase in GHG emissions and a ~13–66% expansion in land
used for crop production (Clark et al. 2019), both associated with increased threats
to biodiversity (Tilman et al. 2017).

Globally, this will also translate into ~15% more water use, as well as ~50% and
~100%more nitrogen and phosphorous fertilizer use, respectively (Clark et al. 2019).
According to the literature, the production of plant-based foods has the lowest envi-
ronmental impact, achieving for example 25–150 times less GHG emissions than
ruminants produce for meat production (Clark et al. 2019). As such, a dietary shift
toward more plant-based diets, providing more eco-friendly protein food sources, is
being suggested (Willett et al. 2019). Grain legumes have caught the public’s atten-
tion over the past few years, being considered as nutritious animal food alternatives
and highlighted for their key role within sustainable food production systems (Calles
et al. 2019b). Among several important features, the atmospheric nitrogen fixation
capacity of legumes reduces the need for chemical fertilizer use during crop cultiva-
tion, helping reduce GHG production, like carbon dioxide (CO2) and nitrous oxide
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(N2O). In fact, it appears that by substituting meat with grain legumes could lead to
a reduction of up to 74% in GHG emissions, enabling the achievement of the 2020
target for the US (Harwatt et al. 2017).

Grain legume crops are also able to release high-quality organic matter into the
soil and facilitate nutrient circulation in the soil, as well as promote water retention
minimizing fossil energy inputs in the agricultural food production chain (Stagnari
et al. 2017). Indeed, the water footprint per gram of protein for grain legumes seems
1.5 times smaller than for milk, eggs and chicken meat (Mekonnen and Hoekstra
2012). When beef production is considered, such difference becomes six times less,
again in favor of grain legumes (Mekonnen andHoekstra 2012). It is possible then that
the increase in production and consumption of grain legumes could be a cornerstone
to ensure food and nutritional security, in light of ongoing global climate change
(Willett et al. 2019).

Trying to empower this message, the United Nations declared 2016 as the Inter-
national Year of Pulses (Calles et al. 2019a). In the same year, the slogan for the
celebration of the World Food Day was “Climate is changing. Food and agriculture
must too” (FAO 2016). Since then, grain legumes have been in the spotlight across
worldwide climate change mitigation strategies (Willett et al. 2019). Likewise, a
recent World Bank report states that fruits, vegetables, and legume-based products
should be supported at the expense of cereals, palm oil, and sugar, while the subsi-
dies and price support mechanisms for unhealthy ingredients should be abandoned.
However, to find pathways to more sustainable agro-food systems and innovative
policy solutions, greater civil society engagement and more effective public-sector
research and education efforts are required (Abarca-Gómez et al. 2017).

5.3 Cultural Valorisation

Traditional food products are naturally linked with local resources and cultural her-
itage of involved territories. Indeed, gastronomy and several cultural practices related
to food represent a distinctive element between different populations. All over the
world, it is possible to find a high number of traditional dishes containing grain
legumes prepared and cooked in different ways and with unique organoleptic prop-
erties, combinations that people easily associate with comfort, societal wellness,
and festive food (Polak et al. 2015). In this regard, FAO’s Information Network on
Post-harvest Operations maintains an updated database of more than 850 recipes
from more than 50 countries, where not only the traditional recipes are preserved for
posterity but also less common ingredients are presented and promoted (FAO 2015).

Cooking with pulses offers several advantages that go from their affordability for
family budgets (food security asset as previously mentioned), their long shelf-life
where nutritional value is preserved throughout, to their important organoleptic ver-
satility where savory yet subtle tastes enable their harmonious inclusion in a wide
range of cuisines and flavor profiles. Kidney beans, black beans, pigeon peas, chick-
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peas, and lentils are featured regularly in legume recipes supporting their popularity
for cuisine management andmaking these grain legumes a staple of many diets. Such
high versatility enables their inclusion in all types of servings, including entrees, soup
bases, side dishes, salads, stews, and desserts (Figueira et al. 2019).

Across the globe, consumption of traditional legume foods is popular in Brazil
(black beans with rice) (FAO 2015), in India (dhal, pappadums) (Appel 2005; Misra
2011), inMexico (refried kidney beans or chili) (FAO 2015) inMiddle Eastern coun-
tries (hummus, falafel, nakee, bajelah, fasolia) (Kamboj and Nanda 2018; Alalwan
et al. 2017), and in Mediterranean countries (navy bean soup, bean stew “feijoada,”
fave bianche) (Lăcătus,u et al. 2019; Renna et al. 2015). In addition, legume flours
are traditionally incorporated into many different foods either as batter for vegeta-
bles (onions, leeks, aubergine) or as ingredients for savory snacks, that when com-
bined with fried whole grain legumes (Alalwan et al. 2017), may be consumed as a
mid-morning or a mid-afternoon meal.

New foods using grain legumes are emerging on themarket andmay be an interest-
ing alternative to increase their consumption; nevertheless, efforts need to continue
to be made in order to promote traditional dishes and associated nutritional value. A
balance between old and new is undoubtedly the most favorable means to preserve
the heritage and health of a population.

5.4 Increasing the Social Acceptance of Legumes

More and more, populations should be aware of the impact of their choices, namely
dietary choices, on the planet’s sustainability. The grain legumes should be con-
sidered as good options even though these foods continue to be unpopular, espe-
cially in developed countries (Perignon et al. 2017). Some misconceptions related
to their consumption and subsequent gastrointestinal problems or presumed impact
on weight gain, the time needed for their soaking and cooking, and the perceived
lack of appealing preparations certainly contribute to their scarce utilization. The
promotion of legumes should start among children for several reasons: this food
group is unpopular among children and, consequently, their consumption is scarce
at this age; dietary changes are easily implemented among children, since their food
habits are not so fixed and evidence suggests that early food patterns tend to be main-
tained throughout life. On the other hand, the issues related to a “healthy planet” are
motivating targets for children (Sadegholvad et al. 2017; Smith et al. 2016).

Taste modulation starts very early in the lifecycle and grain legumes could be
gradually introduced as early as the eighths or ninth month of life (Fewtrell et al.
2017). However, since the insertion of the child within the family diet is crucial,
it is important that these foods are offered regularly and the parents also eat them.
Their inclusion in school meals is also fundamental, inclusively as a partial substitute
of animal protein. Schools are the ideal place to widely spread concepts regarding
nutritional and ecological benefits of legumes, having as major targets the children
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and their relatives (Smith et al. 2016). Issues related with the practicability of grain
legume cooking could be easily overlapped with canned alternatives or even with
pre-preparation and freezing in portions. Innovative foods containing grain legumes
and ready-to-eat options are also a good solution.

6 Conclusions

Our global society faces several challenges that are negatively impacting the health
of our planet, our people, and our agricultural economies. Increases in atmospheric
CO2 and other greenhouse gases are altering our climate in ways that are straining
our food systems. Our growing human population is worsening our ability to meet
food security and nutrition needs. And various production and processing costs are
limiting the economic potential of different players in our food value chain. While
legume crops cannot solve all of these issues, we have attempted to show how an
expanded utilization of legumes in our food production systems could supply a
number of benefits to mitigate these problems.

Our future challenge, then, is to scale up the use of legumes in a way that achieves
the most social, economic, and environmental benefits. This will require a change
in society’s acceptance of legumes and a willingness to divert some cereal-based or
meat-based production systems to legume systems and primarily to grain legumes.
Fortunately, the benefits gained from legumes are highly integrated and complemen-
tary, providing clear value to all members of the legume supply chain (producers,
food industry, and consumers). This should facilitate increased acceptance, but a con-
certed effort among agronomists, nutritionists, environmentalists, and others will be
needed to educate and promote the societal benefits of legumes. A reshaping of pub-
lic and policy maker’s opinions will be critical to ensure that legumes are elevated
to a new level in our global food network.
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Tropical Legumes: Status, Distribution,
Biology and Importance

Purabi Saikia, Akash Nag, Subham Anurag, Sandeep Chatterjee,
and Mohammad Latif Khan

Abstract Legumes have unusual flower structure, podded fruit, ability of 88%
species to form nodules with Rhizobia to fix atmospheric nitrogen, protein-rich
physiology, secondary metabolism, etc. Ca. 19,400 species under 730 genera of
legumes include important grains, pastures, timbers, energy crops, and agroforestry
species. Grain and forage legumes are grown on 12–15% of the Earth’s arable sur-
face, and grain legumes alone contribute 33% of the total dietary protein nitrogen
(N) needs of human. Biodegradable plastics, oils, gums, dyes, and inks are some
of the important industrial legumes-based produces. Besides, galactomannan gums
and isoflavones are other important legume products, used as a thickener in sizing
textiles, paper and pill formulation, as well as in folk medicines to reduce the risks of
cancer and serum cholesterol. Agriculturally important legumes can fix Ca. 40–60
million MT of N2 year−1, whereas 3–5 million MT of N2 used to be fixed in natural
ecosystems. It requires adventurous breeding programs to develop disease resistance
varieties, enhanced nitrogen fixation, and tolerance to soil constraints as well as bet-
ter use of marker-assisted technologies to enhance the yields of legume in changing
environmental conditions to fulfil the food security of the growing populations.

Keywords Diversity · Uses · Biological nitrogen fixation · Agroforestry crops

1 Introduction

Legumes (members of Fabaceae) are the second largest plant group after grasses
(members of Poaceae) in terms of their importance to humans (NAS 1979). It is the
third largest angiosperm family with about 19,400 species under 730 genera (Lewis
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et al. 2005a, b) includes important grain, timber, bioenergy crops, pasture, and agro-
forestry species. It has some specialized features including unusual flower structure,
podded fruit, ability of 88% of the species to form nodules with nitrogen-fixing
bacteria, collectively called Rhizobia to fix atmospheric N2 by a symbiotic asso-
ciation, protein-rich physiology, secondary metabolism, etc. (de Faria et al. 1989).
Legumes are cosmopolitan in distribution and are found nearly everywhere in the
world (NAS 1979) with the highest diversity in tropical and subtropical regions.
Fabaceae showed high diversity in all three main tropical vegetation types including
tropical rain forests, dry forests, and woody savannas (Sarkinen et al. 2011). It occurs
in a great variety of vegetation formations from tropics to arctic zones, seashore to
alpine habitats, and in rain forests, mangroves, peat swamp forests, seasonal forests,
savannas, and deserts (Prado 2000; Lewis et al. 2005a, b). Succulent (a semi-arid,
seasonally dry tropical forest, and bushland biome), grass (grass-rich woodland and
savanna biome), rainforest (a tropical wet forest biome), and temperate (in both the
Northern and Southern Hemispheres) are the four major biomes of Fabaceae been
grouped by Schrire et al. (2009). Many tropical species of legumes play a signifi-
cant role in the human life as it forms the most vital and valued food sources due
to their protein-rich physiology. It has considerable importance in agriculture due
to its ability to occupy different habitats and with diverse life forms (Yahara et al.
2013). Legumes are extensively grown in dry or semi-arid regions of the world, usu-
ally under rain fed rather than irrigated agriculture. Under optimal environmental
condition, most of the nitrogen demand of soil can be supplied by biological nitro-
gen fixation leads to increased nitrogen resources in soil (Unkovich and Pate 2000).
The production of a high nodule number is relevant for the production of high grain
yield and protein. Genotype of the crop, Rhizobium strains, and the environment can
affect the efficiency of the symbiosis and consequently the crop yield (Ayisi et al.
2000). Fabaceae contains many unique chemicals, especially in the seeds (Bisby
1994). Products (primary or secondary metabolites) of certain plants of Fabaceae
are reported for their cytotoxicity against human cancer cells (Roberts et al. 2001).
The American Nutraceutical Associations said that several nutraceuticals found in
legumes including vitamin B6, calcium, magnesium, sodium, zinc, copper, and man-
ganese (Roberts et al. 2001). Fabaceae includesmany invasive species, posing serious
economic threats to the native biodiversity (Bradshaw et al. 2008), and they are key
invaders in several continents (Archer 1994; Lewis et al. 2009) and oceanic islands
(Caetano et al. 2012) having strong impacts on savanna and grassland ecosystems
(Scholes and Archer 1997; Chaneton et al. 2004). Thus, there is a need of detail study
of legume diversity and uses to understand the present status, distribution, biology
and importance of legumes to widen the genetic base and to support legume breeding
programs to meet the demand of the increasing human populations in the changing
climatic conditions.
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2 Legume Biology and Diversity

Legumes (Fabaceae) are fast growing, multipurpose plants with great economic and
ecological significance. It is a monophyletic family with three sub-families, Cae-
salpinioideae, Mimosoideae, and Papilionoideae divided on the basis of floral char-
acteristics. Caesalpinioideae is the smallest sub-family (Mabberley 1997; Lewis et al.
2005a, b) comprised of Ca. 2250 species followed by Mimosoideae with Ca. 3270
species, and Papilionoideae is the largest legume sub-family with Ca. 13,800 species
(Table 1). Caesalpinioideae and Mimosoideae have tropical distribution, whereas
Papilionoideae is cosmopolitan. Caesalpinioideae is relatively rich in Africa, and
Ca. 40% of the species are found in the two contrasting biomes, grass and rainforest,
whereasMimosoideae in theNewWorld and in the grass biome and Papilionoideae in
the Asia–Pacific region including Australia and in the temperate biome (Schrire et al.
2005). Caesalpinioideae typically bears large, showy flowers, and Mimosoideae has
small flowers aggregated into heads or spikes, and papilionoideae bears characteristic
“pea” flowers with vexillary aestivation (Lewis et al. 2005a, b). Fabaceae harbours
extremely diversified life forms, including annual plants to herbaceous perennials,

Table 1 Species diversity of legumes as reported by various authors

Fabaceae Almost 18,000–19,000 species
belonging to 670–750 genera

Polhill et al. (1981)

Ca. 18,000 species classified into
≈650 genera

Polhill and Raven (1981)

Ca. 19,400 species of Ca. 730
genera

Lewis et al. (2005a, b)

Ca. 19,500 species and Ca. 751
genera

Lewis et al. (2005a, b)

Papilionoideae About 14,000 species of 476 genera Lewis et al. (2005a, b)

Approximately 12,000 species and
440 genera

Polhill and Raven (1981)

Ca. 13,800 species of 478 genera Lewis et al. (2005a, b)

Ca. 14,000 species Ahmed and Hasan (2014)

Ca. 12,000 species Ibeawuchi (2007)

Mimosoideae Ca. 3000 species with 77 genera Lewis et al. (2005a, b)

Ca. 3270 species Lewis et al. (2005a, b)

Ca. 2900 species Ahmed and Hasan (2014)

Ca. 2800 species Ibeawuchi (2007)

Caesalpinioideae Approximately 3000 species and
162 genera

Lewis et al. (2005a, b)

Ca. 2250 species of 171 genera Lewis et al. (2005a, b)

Ca. 2800 species Ahmed and Hasan (2014),
Ibeawuchi (2007)
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woody shrubs, canopy trees, vines, and aquatic plants (Lewis et al. 2005a, b) which
are basically deciduous in nature. Legumes bear typically alternate compound leaves
composedof three tomany leaflets arranged along a central stalk. In someherbaceous,
climbing species of legumes (Pisum sativum L.), some of the leaflets are modified
into spirally winding, clinging organs known as tendrils. Fabaceae is highly diversi-
fied in functional traits of leaves, stems, flowers, fruits, and seeds (Kattge et al. 2011).
Flowers of Fabaceae are generally animal pollinated and thus sensitive to pollinator
loss (Proctor et al. 1996).

3 Cultivated Legumes

Legumes were cultivated before 500 BC as confirmed by archaeological evidence,
and perhaps, soybean is the oldest cultivated legume cultivated first time in China
dated back to 3000BC (Onwueme andSinha 1991). Legumes cultivation can improve
soil physical condition by producing copious amount of polysaccharides byRhizobia
besides fixed nitrogen (N) (Ojeniyi 2002). Tree legumes may provide N-rich mulch
for cropping systems, living fences, shade trees for plantation crops and living trel-
lises for climbing cropswith fruit and vegetables for human consumption (Gutteridge
and Shelton 1993). Effective managing of N2 in the environment is one of the driving
forces behind agricultural sustainability (Graham and Vance 2000). Most of the rural
Indian populations depend on crop and animal mixed farming system to fulfil their
livelihood as well as sustenance needs. Tree legumes are cultivated in home gardens
in humid tropics (Saikia et al. 2012), and they are lopped periodically to provide
mulch for vegetables and fruit trees. Moringa oleifera is one of the dominant tree
legumes cultivated in entire India for its edible beans used a highly protein rich,
fibrous vegetables. Sesbania grandiflora is another edible tree legumes commonly
cultivated in Asia as its flowers and leaves are used for human consumption (Osman
and Anderson 1990). Tree fallow and alley cropping is growing day by day due to
food security and increasing soil degradation in Africa and Asia (Franzluebbers et al.
1998; Sanchez 2002). The Sloping Agricultural Land Technology (SALT) is using
tree legumes significantly to reduce soil erosion and restoring degraded hilly lands
with profitable farming system (Tacio et al. 1987).

4 Uses of Tropical Legumes

Legumes are known for its multipurpose utilities with great economic, ecological and
social significance. It includes many useful plants such as crops, vegetables, timber,
ornamentals, and medicinal plants (Gepts et al. 2005; Saslis-Lagoudakis et al. 2011).
Legumes can be milled into flour, used to make bread, doughnuts, tortillas, chips,
spreads, and extruded snacks or used in liquid form to produce milks, yogurt, and
infant formula (Garcia et al. 1998) in addition to traditional food, fuelwood, timber,
forage uses, soil conservation and fertility improvement (Table 2).
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Table 2 List of some common legumes of various uses along with its area of origin and IUCN
status as per the IUCN red list of threatened species

Use category Species Native Exotic IUCN red
list
category

Area of origin

Agroforestry crops Inga
oerstediana
Benth.

+ LC Mexico

Sesbania
punicea (Cav.)
Benth.

+ LC Brazil

Sesbania
bispinosa
(Jacq.) W.
Wight

+ LC Indian
subcontinent

Leucaena
leucocephala
(Lam.) de Wit

+ CD Mexico

Cassia siamea
(Lam.) H. S.
Irwin and
Barneby

+ LC Sri Lanka

Mimosa
scabrella
Benth.

+ Brazil

Sesbania
grandiflora (L.)
Pers.

+ Indian
subcontinent

Bioenergy Crotalaria
juncea L.

+ Indian
subcontinent

Vigna
unguiculata
(L.) Walp.

+ Africa

Lablab
purpureus (L.)
Sweet

+ Africa

Macrotyloma
uniflorum
Verdc.

+ LC Indian
subcontinent

Phaseolus
lunatus L.

+ Central
America

Pongamia
pinnata (L.)
Pierre

+ LC Indian
subcontinent

(continued)
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Table 2 (continued)

Use category Species Native Exotic IUCN red
list
category

Area of origin

Medicinal/industrial Cassia
occidentalis
(L.) Rose

+ Pantropical

Desmodium
triquetrum (L.)
DC.

+ Indian
subcontinent

Pterocarpus
marsupium
Roxb.

+ NT Indian
subcontinent

Astragalus
glycyphyllos L.

+ LC Europe

Pongamia
pinnata (L.)
Pierre

+ LC Indian
subcontinent

Dalbergia
sissoo DC.

+ Indian
subcontinent

Saraca indica
auct. non L.

+ Indian
subcontinent

Glycyrrhiza
glabra L.

+ LC France

Grains and forage Desmodium
triquetrum (L.)
DC.

+ Indian
subcontinent

Lablab
purpureus
(L.)Sweet

+ Africa

Vigna
unguiculata
(L.) Walp.

+ Africa

Sesbania
grandiflora (L.)
Pers.

+ Indian
subcontinent

Cassia siamea
(Lam.) H. S.
Irwin and
Barneby

+ LC Pantropical

Cassia
occidentalis
(L.) Rose

+ Pantropical

(continued)
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Table 2 (continued)

Use category Species Native Exotic IUCN red
list
category

Area of origin

Leucaena
leucocephala
C. E. Hughes

+ Mexico

Glycine max
(L.) Merr.

+ Eastern Asia,
Australia

Arachis
hypogaea L.

+ South America

Phaseolus
vulgaris L.

+ Mexico

Pisum sativum
L.

+ LC Netherlands

Cicer arietinum
L.

+ Iran, Iraq

Vicia faba L. + Afghanistan,
Iran

Cajanus
cajanifolius
(Haines)
Maesen

+ NT Indian
subcontinent

Ecosystem services Anthyllis
vulneraria
Cullen and
Pinto da Silva

+ DD Europe, North
Africa

Coronilla
emerus L.

+ Europe

Lotus delortii
F. W. Schultz

+ France

LC least concern, NT near threatened, DD data deficient
Sources The IUCN Red List of Threatened Species, Available at https://www.iucnredlist.org

5 Grain and Forage Legumes

Grain and forage legumes are grown on 12–15% of the Earth’s arable surface (Ca.
180 million ha) contributing to 27% of the world’s primary crop production. Grain
legumes alone contributed 33% of the dietary protein nitrogen (N) needs of humans
(Vance et al. 2000). The protein content of legumes depends on cultivar (legume
variety), harvest date, and local environmental conditions (Berkenkamp and Meeres
1987). Grain legumes are rich source of dietary protein (Duranti andGius 1997) espe-
cially for the Worlds’ vegetarian populations. In the nineties, Onwueme and Sinha
(1991) reported that Glycine max (L.) Merr. (Soybean) is the most important edible
legume produced throughout the world as a source of high quality protein followed

https://www.iucnredlist.org
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by Arachis hypogaea L. (Groundnut), Lens esculenta (Lentils). Nevertheless, this
trend has changed recently, with Phaseolus vulgaris ranking on the third place (Duc
et al. 2015). Soybean and peanut are the sources of more than 35% of the world’s
processed vegetable oil as well as rich sources of dietary protein for the chicken and
pork industries (Graham and Vance 2003). In terms of percentage of legume protein
N, bean (Phaseolus vulgaris), pea (P. sativum), chickpea (Cicer arietinum), broad
bean (Vicia faba), pigeon pea (Cajanus cajan), cowpea (Vigna unguiculata), and
lentils (L. esculenta) constitute the primary dietary legumes (NAS 1994).

Almost 80%of the global arable land dedicated to production of animal feed (FAO
2017). Tropical forage legumes have considerable potential to contribute towards
environment-friendly agricultural productivity and sustainable livestock production
because of their interaction with plants, soil, animals, and the atmosphere through
nitrogen cycle. Forage legumes are required to maintain animal health (Wattiaux
and Howard 2001) and productivity as well as milk and meat productivity. Meat and
dairy production are almost dependent upon quality forage legumes and grasses as
both are considered as primary food sources of livestock. Forage legumes perform an
important role in energy and protein supply for livestock (Eskandari et al. 2009) and
therefore considered as the foundation of dairy andmeat production (Russelle 2001).
Intercropping of cereals and legumes in forage production has been recognized as
an important strategy for the improvement of protein content as well as productivity
of fodders (Herbert et al. 1984). Animals need nutrient-rich fodders to meet their
nutrient requirement to express their full genetic production potential (Singh et al.
2018). India is one of the leading milk producing countries in the world, but the
productivity of milk per animal is very low. The major reason for the low animal as
well as milk productivity is the deficiency of quality fodders. Addition of faba bean
can improve the quality of wheat forage as it contains on average 2.1 times greater
protein content that of wheat (Berkenkamp and Meeres 1987).

6 Leguminous Bioenergy Crops

Suitable bioenergy crop should have high biomass and energy yields, reduced agri-
cultural inputs in terms of labour and fertilizers, and low-contaminant compositions
(McKendry 2002; Cantrell et al. 2009). Legumes are considered as an important
bioenergy crop due to their high biomass yield and no N-fertilizer requirements and
grown in entire Southeast region. Tree legumes including Leucaena leucocephala,
Gliricidia sepium, and Acacia spp. are used as fuelwood besides its timber and other
uses and can be important energy sources for households in developing countries like
India (Ryan 1994). The legume tree Pongamia pinnata can be considered as future
energy crops, particularly in relation to their impact on nitrogen inputs and the net
energy balance for biofuel production. It is gaining acceptance as a biofuel feed-
stock as it produces profuse quantities of seeds that are rich in oil (about 35–43%)
composed predominantly of fatty acids (oleic, palmitic, stearic, and linoleic) (Scott
et al. 2008). Pongamia oil contains about 50–55% oleic acid (C18:1) desirable for
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biodiesel production and about 7–10% palmitic (C16:0) and stearic acid (C18:0).
Soybeans are regarded as feedstock in biorefinery for biofuel and/or biomaterials
production (Brehmer et al. 2008). Several US cities and states now require that fleet
vehicles be powered in part by biodiesel fuel from soybean. Alfalfa stems produce
a lower output of bio-oil with higher energy content but slightly higher amounts of
biochar than soybean (Boateng et al. 2008).

7 Industrial and Medicinal Legumes

Many legumes are used for nutraceutical and pharmaceutical purposes, whereas oth-
ers contain medically important phytochemicals (primary or secondary metabolites)
with potential therapeutic effects. Phytochemicals from legumes proved as useful for
their anti-oxidant, anticancer, antiviral, anti-microbial, anti-diabetic, anti-allergenic,
anti-inflammatory, anti-fungal activities (Tyler et al. 1981). Primary metabolites
from legumes are used mainly as industrial raw materials, foods, or food addi-
tives and include products such as vegetable oils, fatty acids (for making soaps
and detergents), and carbohydrates such as sucrose, starch, pectin, and cellulose
(Morris 2003). Biodegradable thermoplastics produced from polyhydroxybutyrate
(Paetau et al. 1994), oils, gums, dyes, and inks (Morris 1997) are some of the impor-
tant industrial produces prepared from legumes. Besides, galactomannan gums and
isoflavones derived from Cyamopsis spp. and Sesbania spp. are used as a thick-
ener in sizing textiles and paper also used in pill formulation (Graham and Vance
2003). Many legumes have been used in folk medicine (Duke 1992) and isoflavones
derived from soybeans, and other legumes have the potential to reduce the risks of
cancer and to lower serum cholesterol (Kennedy 1995). Mucuna pruriens is one of
the popular herbaceous legumes of India used in more than 200 indigenous drug
formulations (Oudhia 2001). Higher intake of legume may be relevant for the pre-
vention of the occurrence of several diseases due to the hypocholesterolaemic and
anticarcinogenic activity of health-promoting compounds found in legume seeds (Vaz
Patto et al. 2015). Legumes can modify cardiovascular risk factor including, hyper-
tension, dyslipidemia, oxidative stress, obesity, and others (Morris 2003). Alfalfa
sprouts (Medicago sativa) and soybeans contain phytoestrogens helps in reducing
menopause symptoms and contributes to bone health in women due to the presence
of isofavonoids (Morris 2003).

8 Legumes in Soil Health and Ecosystem Services

Nitrogen is the primary nutrient limiting plant productivity in most of the natu-
ral ecosystems (Seastedt and Knapp 1993; Vitousek et al. 1997). Legumes play an
important role in colonizing fire-prone disturbed ecosystems through their symbiotic
nitrogen fixation abilities (Arianoutsou and Thanos 1996), but the rate of N2 fixation
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in such environments is often low. Legumes relied more on symbiotically fixed N2

and result in higher N2 availability for non-legumes (Temperton et al. 2007). Max-
imum N2-fixation rates also depend on soil phosphorus availability (Kennedy and
Cocking 1997), which in turn may limit ecosystem productivity and N2 accumula-
tion (Vitousek et al. 2001). Nitrogen fixers and fixation rates may vary within and
across tropical forests as it composed of a variety of habitats (Harms et al. 2001).
Symbiotic nitrogen fixers are most abundant in arid biomes with alkaline soils and
higher temperatures (Steidinger et al. 2019). Legume abundance influences the rate
of carbon and nitrogen accumulation in ecosystems (Knops et al. 2002). Atmo-
spheric CO2 enrichment and N2 fixation are major ecological concern and are likely
to have opposing effects in natural ecosystems. Many Fabaceae trees grow slowly
and produce very heavy wood (e.g. Dalbergia L. f.) with slow decomposition rate
and contribute to carbon storage in ecosystems (Weedon et al. 2009). N2-fixing trees
can sequester 0.11–0.07 kgm−2yr−1 of soil organic carbon (Resh et al. 2002). The
ability of legumes to sequester carbon has been considered as ameans to reduce atmo-
spheric CO2 levels. The presence of legumes often has a positive effect on ecosystem
nitrogen pools which can significantly increase above-ground biomass (Spehn et al.
2002). Legumes are able of fix atmospheric nitrogen in the soil due to their symbiotic
associations with bacteria viz. Rhizobium (NAS 1979; Ojeniyi 2002). Agriculturally
important legumes can fix Ca. 40–60 million MT of N2 year−1, whereas 3–5 mil-
lion MT of N2 fixed in natural ecosystems (Smil 1999). Farming practices have
strong influence on N2 fixation, and it helps in make use of more economically
viable and environmentally prudent N2 fixation to enhance agricultural productivity
and environmental sustainability (Peoples et al. 1995; Vance 2001). Vigorous tree
legumes have the potential to accumulate 100–600 kgNha−1year−1 (NAS 1979).
Trees legumes can also be used as a tool against desertification due to their colo-
nizing potential in environmental stress conditions (Kaul 1970; Goor and Barney
1976).

9 Constrains of Legumes Production

Productivity of legumes has been declining for the last few decades despite a large
growing area under legumes cultivation. Soil quality degradation, acidity, salinity,
landslides in hills aswell as draught in arid regionsmay limit the legume productivity.
Drought problems for legumes productivity are likely to worsen with the expansion
of water-stressed areas of the world from Ca. 28–30 countries to 50 countries by
2030 (Postel 2000). Diseases and pests are also major constraints to legume produc-
tion, especially in tropical and subtropical regions of world due to higher rainfall and
temperature. Important pathogens in common legumes include several viruses, root
rots causing fungi, anthracnose, angular leaf spot, bean rust, white mould and web
blight, Ascochyta blight and Fusarium wilt, and common bacterial blight and halo
blight (Coyne et al. 2003; Miklas et al. 2003). Molecular marker-assisted research
has enhanced the progress in disease resistance breeding in beans (Kelly et al. 2003).
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Integrated approach including certified seed programs, fallow periods to reduce vec-
tor populations, ploughing to bury infected plant tissue, biological control of root
disease as well as disease/pest resistance breeding, chemical application, and resis-
tance breeding and cultivation of draught tolerant legumes with reduced leaf size and
thick cuticle (Beaver et al. 2003; Coyne et al. 2003) are needed to enhance legumes
productivity. Management of soil acidity is of critical importance to agriculture espe-
cially for temperate and tropical regions. It depends on acid-tolerant legume cultivars
and Rhizobia as well as soil liming only to a pH at which Al and Mn are no longer
toxic (Howieson et al. 2000).

10 Future Research Prospects

• Production of biotic or abiotic stresses tolerant cultivars with ability of adapting
to changing climate is needed to meet the increasing demands for food, forage,
timber, etc., through genetic and genomics-assisted breeding and biotechnological
approaches.

• Adoption of legume-based pasture systems and increased knowledge of grazing
management principles are necessary to enhance the livestock production as well
fulfil the sustenance needs of livestock producers.

• There is a crucial need to produce drought and salinity tolerance legumes for arid
and semi-arid agroecosystems and pests and disease-resistant varieties for tropics
and subtropics.

11 Conclusion

Legumes play a critical role in natural ecosystems, agriculture, agroforestry, and
industry as well as low nitrogen environments due to their ability to fix atmospheric
nitrogen through symbiosis with Rhizobia. It requires adventurous breeding pro-
grams to develop varieties of disease resistance, enhanced nitrogen fixation, and
tolerance to soil constraints as well as better use of marker-assisted technologies
for the changing environmental conditions to enhance the yields of legume to fulfil
the food as well as livelihood security of the growing populations. It also requires
Rhizobial inoculation in the cultivated legumes for the small farmers which is consid-
ered as a low-cost technology. Tropical forage legumes have potential to contribute
significantly to environment-friendly agricultural land use and sustainable livestock
production. Landrace legumes serve as feed and food for animals and human, respec-
tively, by producing quality starch and protein to sustain life. Efforts should be given
towards discovery ofmore landraces from thewild to improve and integrate them into
farming systems for sustained food, fodder, fibre, andmedicine production across the
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globe. Farmers in tropical and subtropical regions must be educated to understand
the importance of landrace legumes in agricultural productivity.
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Nitrogen Fixation of Legumes: Biology
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Abstract Legumes (Leguminosae or Fabaceae) are considered the secondmost cul-
tivated crop, covering 14% of the total cultivated land worldwide. Legumes consid-
ered as the major source of important oils, micronutrients, vegetable proteins, fiber,
andminerals for both livestock and human consumption. Besides, they provide nitro-
gen (N) to agroecosystem through their exclusive capability to fix atmospheric N in
symbiotic relationship with soil rhizobia. The symbiotic association among legumes
and rhizobial bacterium occurs in the root nodules of legume where they access to
atmospheric N. Hence, it is of great benefit for us to understand the mechanism of
symbiotic nitrogen fixation (SNF) and their effects on the neighboring environment.
The excessive application of chemical fertilizers has resulted in an alarming dis-
turbance of the N cycle, e.g., buildup of nitrates in soil and water and atmosphere
contamination with nitrogen oxides. In order to maintain a sustainable agricultural
system, substitutes for chemical fertilizers should be sought on an emergency basis.
Biological nitrogen fixation (BNF), known as a microbiological process, is used by
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legumes that transform atmospheric N into a plant in its usable form, which can be
this alternative. Mineral N shortage is a recurring character of arid and semi-arid
soils. Consequently, it is understood that BNF is a sustainable and environmentally
friendly substitution to chemical fertilizers. There exists convincing proof that some
non-leguminous crops, in some cases,may benefit from associationwith diazotrophs.
Considerably, a natural association between plants mainly gains the potential benefit
from N fixation and bacteria, which is seldom manageable as, part of agricultural
practices. Especially in drylands, these associations are hard to maintain and are
very unreliable. Nonetheless, through recent advancements in induction of nodu-
lar structures on roots of several cereal crops, i.e., wheat and rice, the possibility of
dependable symbiosis with free-living diazotrophs, e.g., azospirilla and rhizobiamay
ultimately be achieved. Nevertheless, in this chapter, we have described the biology
and physiology of N fixation by legumes.

Keywords Bacteria · Host-plant · Legumes · Nodules · Nitrogen fixation ·
Rhizobia · Symbiotic relationship

1 Introduction and Evolution

Nitrogen (N) comprises about 78% of the earth’s atmosphere. It occurs as a
dimolecule (N2), and unfortunately, it is an unavailable form to the plants, animals,
and microorganisms. All living organisms use N in the form of ammonia to manu-
facture various macromolecules vital to life, like amino acids, proteins nucleic acids,
etc. (Mariotti et al. 2008; Lu and Tian 2017; Adams et al. 2018a). N is the limiting
reactant for an agricultural point of view. To compensate for its deficiency, farmers
use an immoderate quantity of fertilizers, which not only increases environmental
pollution but also increased the input costs (Adams et al. 2018a; Salim and Raza
2020). Very few microorganisms called diazotrophs can shatter the bonds among
two N atoms and make them in an available form that can be utilized by the living
organisms. This conversion reaction is highly exothermic and occurs only in anoxic
(absence of oxygen) conditions as the enzyme responsible (nitrogenase) is reactive
to oxygen and is deactivated by oxygen. Ammonia production is potentially toxic
and is immediately converted to amides and amino acids to form proteins, nucleic
acids (Bittsánszky et al. 2015).

BNF is the process of atmospheric N2 fixation by converting it into readily avail-
able form through the symbiotic association (Yang et al. 2017). Only the N-fixating
bacteria, i.e., rhizobia,α-proteobacteria (Sørensen andSessitsch 2007),mediateBNF.
These bacteria can make N available for plants when they live in closed associations.
Several SNF bacteria exist, having a great impact on agricultural and natural ecosys-
tems (Fig. 1). However, legumes are considered as the major contributors for usable
N inputs for making a symbiotic relationship with rhizobia (Valentine et al. 2018).

Legumes (members of family Leguminosae or Fabaceae) are the second major
group of agriculturally important crops around the globe and covers about 14% of the
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Fig. 1 Nitrogen-fixing organisms exist in both agricultural and natural systems associated with
the nitrogen cycle

total cultivation land. The family includes plants that are used for food, fodder,medic-
inal, oil, and ornamental purposes; besides these, they have unique ability to fix the
N and providing it into an available form for agroecosystem. Some important species
include Phaseolus vulgaris, Vicia faba, Pisum sativum, Arachis hypogea, Glycine
max, etc. (Afkhami et al. 2018; Valentine et al. 2018). The symbiotic association
between legumes and the rhizobial bacteria occurs in the root nodules (Karmakar
et al. 2015). Moreover, the symbiotic association and N fixation by legumes are
highly sensitive to various environmental and edaphic factors. Therefore, exploring
and understanding the N fixation by legumes responds to the ambient environmental
conditions that are important for the preservation of the ecosystem.

Current studies prove that legumes emerged about sixty million years ago (Lavin
et al. 2005). Interestingly, root nodule symbiosis is absent in most of the species of
each legume subfamily (Griesmann et al. 2018). Soltis et al. (1995) hypothesized that
nodulationwas evolved independentlywithinRosid clade. Specificgenetic characters
led to the gain and loss of function,which is still undiscovered (Doyle 2016). Legumes
have three subfamilies, and among these families, nodulation is very common in
Papilionoideae, and the least common in Mimosoideae and rare in Caesalpinioideae,
and their order is consistent, from which their lineage is evolved (Allen and Allen
1981).
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2 What Is Nitrogen (N)? And Nitrogen as an Important
Element

Nitrogen (N≡N; 225 kcal mol−1) is an essential macronutrient and second most
important element after carbon and input factor after water for crops. N has played
an essential role in development, growth, and production in crops as it is available in
soil (Krapp et al. 2014; Lu and Tian 2017; Vidal et al. 2014). Nevertheless, 78% of
the air in the atmosphere is consists of N gas. As N2 presents, here is relatively stable,
and not all prokaryotic organisms have enzymes to have a mechanism to break that
triple bond holing up together. N atoms are tomake it available for reactionwith other
available atoms. For example, the formation of ammonia with hydrogen interaction,
which is an exothermic reaction that has (energy), if a catalyst is used and must
be controlled under anoxic environment as it could inactivate nitrogenase, which
is an irreversible reaction (Valentine et al. 2018). Industrially ammonia is produced
through theHaber–Bosch process thatwas invented in since 1904 inwhich dinitrogen
(N2) reactwith dihydrogen (H2), and ammonia is produced; this process requires high
temperature and pressure with efficient catalysts (Amar et al. 2011; Nielsen 1981;
Wang et al. 2018).

The total dry weight of the plant is comprised of almost 1–5% of N, which is
an important constituent in enzymes, amino acids, chlorophyll, co-enzymes, nucleic
acids, proteins, phytochrome, and some secondary metabolites. That is why plant
growth is determined by the amount of N available in the roots. The N2 present in
atmospheric is only absorbed by plants having bacteria for N fixation in symbiotic
relation (Hawkesford et al. 2012; O’Brien et al. 2016). N regeneration occurs in two
forms, first inorganic: oxides (NO2 andNO3) and ammonia, and second organic urea,
nucleic acids, amino acids, enzymes, and proteins (Aluwihare and Meador 2008). N
most preferred form that is absorbed by the plant is nitrate and ammonia also goes
for the agricultural and cereal crops with exception to paddy, which has the most
preference for ammonia only (Gioseffi et al. 2012; Paungfoo-Lonhienne et al. 2012).

The overall consumption by crops of applied N fertilizer is almost 40–50%
(Adams et al. 2018b; Sylvester-Bradley and Kindred 2009). The significant efforts
made for the enhancement of crop efficiency by N appliance has not improved fur-
ther even after half a century has passed (Adams et al. 2018b; Cassman et al. 2002).
The excessive utilization of N has caused many problems regarding the environment
(Adams et al. 2018a). N fertilizers are not the only reason for increased eutrophica-
tion in aquatic ecosystem but also are the leading cause of ozone layer depletion in
the stratosphere and global acidification (Gruber and Galloway 2008). The adverse
environmental effects it causes and a significant cost for agriculture have made it
important to understand the plant sensing and up taking amechanism for N. To reveal
the mechanisms and all steps in the process could be the early steps to sustain a strat-
egy to improve the N utilization by crops for better and efficient agriculture (Adams
et al. 2018a; Raza et al. 2019).

N is not the only required essential element, but it is taken from soil by the
plants. The high yielding agriculture crops not only take up N from soil but also are
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dependent on the fertilizers, but a plant absorbs not all the applied fertilizers as a
large proportion leaches down in the soil. This N that is leached into to environment
could cause problems for example air and water pollution (Adams et al. 2018b; Hirel
et al. 2011).

3 Nitrogen Fixation and Types of Nitrogen Fixation

The ideal growth of a plant heavily depends upon the adequate supply of fixed N.
The most common growth limiting factors are fixed N and water. Even though N
is present of about 80% of the atmospheric gases but unfortunately, plants cannot
uptake it directly that they needed for appropriate development and growth. The
unavailability of N is because it is present in an inert form (Dalton and Kramer
2007) and cannot be used by the number of organisms, so it needs to be fixed before
assimilation. Ammonium (NH4

+) and nitrate (NO3) are the common fixed forms of
N. This conversion needs an enormous amount of energy to split the triple bond of
N atoms which encompass gaseous nitrogen (N2), is known as N fixation.

Biogeochemical are cycles, which involved in N fixation. It includes the trans-
formation of atmospheric N into ammonia (De Bruijn 2015). Hermann Hellriegel
(1831–1895), a renowned German agricultural chemist, revealed that leguminous
plants took atmospheric N and replenished the soil with the ammonium through N
fixation. There are certain other components responsible for the conversion of NH4

+
(ammonium) again into nitrogen gas (N2) and then again goes to the atmosphere
through nitrification (NH4

+ into NO3
−) and denitrification is a conversion of nitrate

into N2 gas and gaseous nitrogen oxides. Naturally, there are different ways to fix
N like, one way is by lightning (atmospheric fixation), second way is the industrial
fixation is known as the Haber–Bosch process in which atmospheric N is fixed into
ammonia by utilizing the huge amount of energy and the third one is BNF. These
processes are involved in fixing almost 380 Tg N y−1 (teragrams of N per year)
totally (Galloway et al. 2008).

In the agriculture system, the N is supplied in available form, which is produced
through theHaber–Bosch process, which transforms atmosphericN into ammonia by
utilization of huge amount of energy either sometimes, through themining ofmineral
deposits (such as rocks comprising of potassium or sodium nitrate). Chemical N
fixation accounts for the 85 million metric tons of N y−1. This fixed ammonia can be
applied in the anhydrous form to the soil. The environmental and energetic cost of
this process is very prodigious whether these fertilizers produced through a chemical
reaction or mining process. So, there is another process in which the environmental
cost and energy demands are not prodigious; that process is known as BNF (De
Bruijn 2015; Herridge et al. 2008). BNF is an essential life-supporting phenomenon
that accounts for the most fixed N supplier to endure life. The N fixation in BNF
is carried out by the nitrogenase enzyme complex (“diazotrophs”) that uses energy
in the form of ATP or electrons (reductants) supplied by the respirational process.
The resulting poisonous N is then readily converted into amides or amino acids by
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diazotrophic bacteria to produce proteins. When they die then this N is released into
the atmosphere andmineralized and uptaken by some other plants. Since it is difficult
to quantify the amount of N fixed biologically, approximations propose that possibly
150 (million metric tons) of N is being fixed in all over the world yearly, or chemical
industry which is fixed it about twice the amount (Herridge et al. 2008; Peoples et al.
1995).

There are several organisms that govern this process, including (Eubacteria,
Archaea, and actinomycetes). The point to be noted is that only prokaryotes can
fix N, and there is no evidence of eukaryotes to fix N yet, and there are several claims
that many bacterial genera can fix N (Sprent and Sprent 1990; Young 1992).

3.1 Atmospheric Nitrogen Fixation (ANF)

In the atmosphere, the N is fixed via abiotic processes like lightning or volcanic
activity that releases energy. That energy is used to drive several reactions used to
form N compounds like NO2 for atmospheric fixation (Noxon 1976). The oxidized
produced by these processes occurs in the atmosphere, dissolved in rainwater, and
went back to the soil in NH3 form (Noxon 1976). About 12% of the total N fixed
came through atmospheric fixation annually (Galloway et al. 2004;Mori et al. 1998).
The contribution of ANF is almost 5 (Tg N y−1) into global N cycles (Galloway et al.
2008). NO dissolve in the rain to form nitrates hence come to earth (acid rains) as
HNO3. Below equations showing the synthesis if NH4

+ and NO3
−.

(i) NH4
+

H2O Lightening H+ + OH−

N2 + H+ → NH3/NH4

(ii) NO3
-

N + O2 Lightening NO3

3.2 Biological Nitrogen Fixation (BNF)

N is an essential element in the lifecycle of several living organisms after oxygen,
carbon, and hydrogen because it is the part of biochemical compounds like nucleotide
amino acids, proteins, nucleic acids, and phosphates and BNF provides an enroot
to N for plants (Vance 2002). According to Galloway et al. (2004), the involvement
of BNF in naturally terrestrial ecosystems has been assessed at 107 Tg N y−1 and
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195 Tg N y−1. According to Cleveland et al. (1999), whereas input of BNF to agri-
cultural system varies from 40 Tg N y−1 (Galloway et al. 2008) to 50–70 Tg N y−1

(Herridge et al. 2008). The addition of organic N in food is very important for the
working of photoautotrophic organisms to fix N, such as terrestrial plants, cyanobac-
teria, and algae. Therefore, this process is ignited by primary producers who take N
as nitrate from the environment, reduce it into ammonia, and then produce amino
acids by assimilation of ammonia into organic acids. So, N has different forms to pass
through biosphere as NH3, NH4 the most reduced forms to NO3 to most oxidized
forms via a biochemical cycle also involved living organisms as described in Fig. 5.

3.2.1 Nitrogen-Fixing Organisms

Despite that huge percentage of N in the environment, metabolically its availability
is deficient because of the presence of N (triple covalent bond) that makes it an
inert material. The ability of N fixation is present in a few members of prokaryotes,
containing members of two kingdoms, bacteria, and archaea. Amid bacteria, the
ability to fix N2 has extensive taxonomic dissemination and includes proteobacteria,
clostridia, chlorobi, cyanobacteria, and actinobacteria. Proteobacteria includes alpha-
proteobacteria (Methylobacterium, Ochrobactrum, Devosia, Phyllobacterium) and
beta-proteobacteria (Ralstonia, Burkholderia, Cupriavidus) (Sprent 2009; Willems
2006). Some of them need plant associations, and some are free-living bacteria that
can speed up the reduction of N into ammonia (NH3) with the help of enzymes. In all
ecosystems, those diazotrophic or N-fixing microorganisms are present abundantly
as symbiotic or symbiotic organisms, which are associated with several different
plant species as shown in Table 1; and the biological organisms found in agricultural
and natural systems are illustrated in Fig. 1.

3.3 Symbiotic Nitrogen Fixation (SNF)

The life-governing phenomenon of SNF has got attention due to its increasing con-
tribution to agriculture productivity. N-fixing bacteria present in numerous phyla
(Boyd and Peters 2013), and many of the individuals from that phyla are recog-
nized to involve in fixation of N through symbiosis along with plants (Hardoim
et al. 2015). Mutually, plants have established several ways to cope with and sup-
port diazotrophs, so they obtain atmospheric N (Doty et al. 2009). The key element
between a plant host and bacterial symbiont is a nutrient exchange and falls into three
broad groups, established on the grade of sensitivity and microbe’s interdependency
and plants: unfastened relationship along with free-living organisms which fix N,
endosymbiosis intercellular and endophytic relationships.

The life-governing phenomenon of SNF has got attention due to its increasing
contribution to agriculture productivity. The easiest way to fix N through symbiosis
is the interactions with associative N-fixing bacteria and plants that are believed as a
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part of PGPR (plant growth-promoting rhizobacteria), including: (1) a relationship in
both plant hosts and diazotrophs. So diazotrophs have been separated into two distinct
categories: PGPR (plant growth-promoting rhizobacteria) and root bacteria present
in a nodule of the root. Frankia and rhizobia are grouped in root nodule bacteria.
Rhizobia α- and β-proteobacteria has an association with leguminous plants, which
is symbiotic, while Frankia has an actinorhizal relationship with plants. Parasponia
also makes a relationship with alpha-proteobacteria and form nodulation. Nostoc
(N-fixing cyanobacteria) also forms an endosymbiotic association with some plants.
PGPRs contain actinobacteria, proteobacteriaα-, β-, andγ-proteobacteria bacilli, and
cyanobacteria. Cereals also form both associative and endophytic relationship along
with numerous PGPRs. Some cyanobacteria are present inside tissues of plant are
termed as endophytes and (2) relationship in both a nodulating plant and diazotrophic
bacterial cell for the period of N fixation through symbiosis so rhizobia encourage the
nodule development in legumes using both nod factor-independent and nod factor-
dependent processes (Ahemad and Kibret 2014; Bakker et al. 2007).

The most famous symbiosis in agriculture is between leguminous plants and
rhizobia. This process of symbiosis maximizes the fixed N2 from the nodules on
plant roots (where rhizobia are present) to the plant. Give in return, plant serves them
as a home by providing protection and supplying them energy-rich food (Ahemad
and Kibret 2014). The activity of nitrogenase is severely affected by the presence
of oxygen because it might denature the enzyme, but nodules give them an oxygen-
free environment for the proper activity. While complete anoxia is not suitable but
there is a need for oxygen for the respiration of microbes and formation of energy
to derive N fixation, and that is possible due to the presence of leghemoglobin; a
protein that supplies the optimum amount of oxygen to run the process. Association
is classically symbiotic and a vastly particular mechanism both fine plant hosts and
bacteria (Dénarié et al. 1992). The infection process starts inside the legume–rhizobia
association after the adherence of bacteria and becomes the reason for root tip hair
curling (Dazzo and Gardiol 1984), and becomes infection threads. These infection
threads become the way to penetrate bacteria inside the root cortex, which leads
bacteria to the cortical cells.

Additional N-fixing, a symbiotic relationship comprises liverworts, bryophytes,
mosses, lichens, cycads, (ferns) other non-leguminous angiosperms, and pterido-
phytes. Non-leguminous root nodules (called actinorhizae) are found on several spp.
Such as alder and Myrica, and also present on huge trees like Casuarina (Sprent
and Sprent 1990), dispersed all over both climates of temperate and tropical bacteria
present within nodules has been classified under genetic name Frankia and in indi-
viduals of the bacterial family, Streptomyces. These associations between Frankia
are called and non-legumes actinorhizal associations. The formation and working
for the effectiveness of symbiosis is reliant on genetic determinants in plants and
bacteria. These steps of penetration, recognition, stimulation of host cell division,
and distinction operate the entire harmonious endosymbiosis.
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3.4 Free-Living Nitrogen Fixation

Although the emphasis of agriculture is largely on SNF, there are several microbes,
which are associated neither with plants nor with animals as they live freely and
fix N by their own and are present within soils but they are free from the direct
effect of roots of plant (Rousk et al. 2016). The first free-living was Clostridium
pasteurianum, an anaerobic microorganism found in 1901. After that, an aerobic
free-living Azotobacter chroococcum and many others were discovered. During the
enzymatic level, the free-living and SNF processes are almost the same. However,
freely living, N-fixing microorganisms are extensively dispersed within soils, but
they seldom reach to the amount of N fixed by the symbiotic associations (Ashby
1907; Elmerich 2007; Franche et al. 2009; Lema et al. 2012).

While one anticipates that a highly effective symbiotic association can fix 100–
200 kg ha−1 of N annually and only 1–5 kg ha−1 per year of N fixed is being fixed
by the free-living microorganisms (Reed et al. 2011; Zackrisson et al. 2004), these
free-living microbes are very diverse physiologically and are ubiquitous in aquatic
and terrestrial ecosystems (Reed et al. 2011). As there is a deficiency of C and N
in most soils and the N fixation is limited due to less contact with energy sources,
which is the substrates to produce ATP and for the proper functioning and synthesis
of nitrogenase, there must be a proper supply of micronutrients (Reed et al. 2011).

The drastic oxygen sensitivity of nitrogenase leads to limit the BNF by the free-
living microbes, so this problem has been at least partially reduced due to various
diazotrophs contributing to the fixation of N by symbioses (Olivares et al. 2013).
When an organismcompetes for nutrient, then antagonistic interaction like parasitism
and competition decreased the N2 quantity that they fix (Bashan and Holguin 1997;
Bashan et al. 2004). Though over-all conviction is that freely living diazotrophs does
not add vast amounts of N, which is fixed to most terrestrial ecosystems, possibly 3–
5 kg per hectare per year (Newton 2007), within some temperate and tropical forest
ecosystems, their cumulative N involvement is considered to be significant (Gehring
et al. 2005; Reed et al. 2008).

3.5 Associative Nitrogen Fixation (ANF)

Unfortunately, the most important crops like wheat, corn, rice do not have a nodule
based symbiotic relationship, and they do not have any partner to facilitate N fix-
ation. Therefore, in such crops, N fixation is also possible normally by associative
microbes through associative symbiosis. In ANF, the association between plants and
diazotrophs is very casual, and this association lacks lasting interdependence (Jones
et al. 2003). ANF and freely living fixation are tough to separate from each other
within rhizosphere (Reed et al. 2011). At this time, we assign to any fixation of N
within rhizosphere of a plant-like ANF but accept that some fixation of N might
happen due to diazotrophs which are free living. ANF has been long-reported within
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sugarcane (Döbereiner et al. 1972); andmany other tropical kinds of grass (Reis et al.
2001; Thilakarathna et al. 2016) whereas microbes, which fix N, are nearly related
with surfaces of root (Van Dommelen and Vanderleyden 2007) as well as endophytic
(Rothballer et al. 2007).

Though ANF happens in a variety of temperate and tropical spp., vast ambiguity
left near its impact on N budgets in ecosystem and plant, rates of seasonal changes,
and its reaction toward adding N externally, particularly within temperate regions
(Bottomley and Myrold 2007; Herridge et al. 2008). Switchgrass, a C4 grass was
predominating in the area of North historically. The process of conversion of N2 into
NH3 by a loose microbial-plant association is known as ANF. The association among
grasses of tropics like Digitaria and Paspalum and bacteria such as Azospirillum
brasilense and Azotobacter paspali is an example of associative symbiosis (Döbere-
iner et al. 1972). Paspalum, on external surface, the N2-fixing bacteria are present in
a mucilaginous sheath within the root. Digitaria–Azospirillum relationships include
roots assault but no development of nodule. The amount of advantage that plants
can get from such association is yet to be discovered. Azospirillum lipoferum is a
temperate “cousin” ofA. brasilense and is termed as partners with some sorghum and
corn cultivars, but its outcome might be negligible (Boddey and Dobereiner 1988,
1995).

Further official relationships of twoAcetobacter,Herbaspirillum, and diazotroph-
icus spp. along with sugarcane (Boddey and Dobereiner 1988) gratify the fixation of
N and required for the plant growth. They become established in sugarcane stem, but
they do not form any structure as the nodulation of root of leguminous plants does.
Moreover, the Acetobacter adores the lavishness of sugar to promote growth vigor-
ously and fixed the N. A portion of fixed N compounds produced by Acetobacter is
provided into and spread within the sugarcane stem. In crops, fixation of as much
as one hundred and fifty-kilogram N per hectare has been documented. Likewise,
Azoarcus spp. associated with Kallar grass and perhaps along with rice (James et al.
2000b) also specifies a substantial agronomic and economic potential (Chalk 2016;
James et al. 2000b).

4 Key Factors Regulating the Nitrogen Fixation Activity

4.1 Energy and Fixation of Nitrogen

N fixation is an energy-dependent procedure in the presence of free-living microbes,
which might get energy from the chemical source (non-photosynthetic), while pho-
tosynthetic utilizes light energy. Higher energy is required for the disassociation of
triple bonds present between two atoms of dinitrogen and converted into ammonia
(Figg et al. 2012; Qiu et al. 2018). As compared to associative diazotrophs free-living
contributes less fixed N for agriculture sector, but they contribute a healthy amount
of N to the arid land (Sorochkina et al. 2018) and the whole ecosystem (Unkovich
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and Baldock 2008). In this relationship of providing energy and getting fixed N in
return plants give nutrition and habitat to the diazotrophs and in return they get fixed
N from this association and this fixedN (ammonia) is transferred to plants to fulfill its
nutritional requirements by synthesizing different compounds like enzymes, amino
acids, nucleic acid, chlorophyll, and proteins. Schubert (1982) has stated that the
energy requirement estimation is heavily dependent on analytical data and results of
experiment. However, energy demand to fix the triple bonded dinitrogen molecules
is nearly same as needed for the assimilation of nitrate (Kennedy and Tchan 1992)
that is another main mean of N supply for a number of field crops, except rice. The
determination of the energy required for N fixation is a complicated process because
it is very nearly linked with the growth of bacteria that lives freely.

Approximations of ATP/N, molar ratios attained through equating molar growth
yields of cultureswhich is supplied byNH+ andNwhich are theN sources that ranges
from four to five for A. chroococcum (Dalton and Postgate 1969), 29 for Klebsiella
pneumoniae (Hill 1976), to 20 forClostridium pasteurianum (Daesch andMortenson
1968). In vitro studies, mostly along nitrogenase from numerous bacteria specify the
least requirement of two electrons transferred by using four to five molecules of ATP
(ATP/2e value). These values dependupon the temperature, pH, and the fraction of the
constituent proteins of nitrogenase (Orme-Johnson and Davis 1977; Postgate 2012).
In the case of energy requirements, the N2 fixation should not exist an evolutionary
obstacle to plants. Eight ATP molecules are obligatory to fix every 1/2 molecule
of dinitrogen having a triple bond between them reduced to NH3 by the bacterial
nitrogenase. Further, six ATP molecules are needed as a reductant, consequence in
elaborating that 14 ATP molecules are required per NH3 produced. The assimilation
of N is done via reduction of nitrate in the plants that need 12 ATP molecules to give
one molecule of NH3 (Postgate 1992; Cocking 2009). Therefore, reduction in the
form of energy usage, N fixation is slightly more demanding as compared to nitrate
(Postgate 1974). When a comparison is made between the growing proportion of
different legumes on nitrate and N, the energetics requirements are being estimated
and that there is no such difference for energy requirements in both nitrate and N
applied in crops (Kennedy and Tchan 1992).

The efflux of the CO2 approach was used to estimate the energy requirement in
nitrate and N applied field and found that significant efflux was being observed in
the dinitrogen applied crops that means they have more energy demand as compared
to other and looking for more carbohydrates (Schubert 1982; Silsbury 1977). No
one focused on a fact that in the nitrate applied experiment plants will produce
bicarbonate instead of C2 as in N-applied crop. Therefore, if we take into account
this metabolic difference of sources of N that will disappear the difference between
energy demands, nevertheless, in case of direct access engineered diazotrophs to the
abundant energy source, then the proposal to engineer the non-legumes based on the
energy required to fix N will be queried. Root infection substantially in the cortex
through organisms such as Azospirillum would be illustrated by an example. For the
effectiveness of N2 fixation, though not only penetration will work but also further
colonization is needed diazotrophs and some symbiosis sufficiently (Kennedy and
Tchan 1992).
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4.2 Oxygen and Nitrogen Fixation

A possibly harmful element in outspreading the array of NFS (nitrogen-fixing sys-
tems) is the familiar as this enzyme is susceptible to O2, which causes a great insta-
bility for the N-fixing enzyme complex (nitrogenase enzyme complex) (Pauly et al.
2006). Nitrogenase is highly sensitive to oxygen (Seefeldt et al. 2018). That is why
this enzyme cannot be utilized by all genera of aerobic organisms. As it is a complex
metallo-enzyme that has a major share of Fe protein that works as ATP dependent
reductase for the Mo–Fe complex that serves to give a catalytic place for the reduc-
tion of dinitrogen molecule. Fe protein provides an electron to the Mo–Fe complex
as it was reduced by the ferredoxin. Dinitrogen will accept these electrons that lead
to the synthesize of ammonia at catalytic site of MoFe protein. Fe protein is known
for having a [4Fe–4S] cluster that bridges the NifH promoters. This [4Fe–4S] cluster
makes it highly sensitive toward the oxygen (Nomata et al. 2006). In diazotrophs, this
sensitivity toward oxygen can be regulated through several mechanisms (Yamamoto
et al. 2009). To minimize this sensitivity, they enhance the consumption of oxygen
through increasing respiration; the cellular location of nitrogenase is also crucial
in regards, some oxygen protecting proteins presence, buffering of oxygen as by
leghemoglobin (Clara and Knowles 1984). At the same time, oxygen is obligatory
for the mechanism of N fixation as it is necessary for the formation of ATP through
oxidative phosphorylation. Oxygen also has a role in the development of nodules.
The high O2 ingestion of nodules, essential for provision of ATP energy, might pro-
duce reactive oxygen species (ROS). Rhizobia has a number of defense mechanisms
that can minimize the toxic impact of these ROS, comprising ROS scavengers and
reductants, which seems vital for regular nodule evolution (Tavares et al. 2007).

4.3 Leghemoglobin and Nitrogen Fixation

Nodules have to play a vital role to ensure all physiological prerequisites for N fixa-
tion in bacteroids; (1) the N fixation as it needs oxygen for the proper functioning of
nitrogenase by proving the energy generated from the oxidative phosphorylation for
N fixation on the same time at more or less on the same location; (2) it has to protect
the nitrogenase enzyme from the oxygen. So, the low concentration of oxygen in
the nodules can be achieved by: (i) in the inner nodule cortex there must be an O2

diffusion hurdle in thickly packed cells, and (ii) enhance the rate of respiration in
the bacteroids. The mechanisms behind the activity of well-packed diffusion barrier
are yet to be discovered, but it can rapidly adjust the oxygen concentration outside
and inside the nodule cortex (Vessey et al. 2005). This barrier consists of five-layer
thickness and the spaces between the cells might fill with water or air. Meanwhile,
the diffusion coefficient in air for oxygen is 104 times greater as compared to water,
so the water barrier is more desirable mean of lowering oxygen concentration in
the interior of nodules (Blevins 1989). Oxygen dissemination rates can more be
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prejudiced by the volume of intercellular H2O (Denison 1992); and intercellular gly-
coprotein (James et al. 2000a). Nevertheless, in the case of insufficient supply of
oxygen, leghemoglobin takes part to make possible the sufficient supply of oxygen
to the bacteriod. It is an important constituent of the nodule proteins as it contributes
about 5% of total nodule proteins, being encoded by the four lb genes. Its porphyrin
ring is identical to cytochrome having Fe as a central atom and it does best to bind
oxygen from the intercellular area and transporting it along the concentration gra-
dient of oxyleghemoglobin to a great affinity cbb3-type cytochrome oxidase within
bacteroids (Denison and Okano 2003; Preisig et al. 1996). In cytoplasm of infected
plant cells, leghemoglobin is present in milli-molar amount, and it plays its role to
buffer the oxygen in nano-molar concentration that will maintain high oxygen flux
for the proper phosphorylation and avoids the nitrogenase inactivation (Franssen
et al. 1995).

4.4 Carbohydrates and Nitrogen Fixation

The N fixation in the heterotrophs heavily depends upon the availability of car-
bohydrates that serves as an energy source. As these heterotrophs are in efficient
using these carbohydrates, they ultimately need large quantities to fix a considerable
amount of N that exhibits massive competition among non-N and N-fixing forms
(Stewart 1969). The efficiency of some organisms to fix mg of N by per g con-
sumption of carbohydrates is reported as for Azotobacter 10–20 mg of N2 g−1 of
carbohydrates, Klebsiella 5 mg of N2 g−1 of carbohydrates, Bacillus 12 mg of N2

g−1 of carbohydrates and Clostridium 2–27 mg of N2 g−1 of carbohydrates (Stew-
art 1969). The availability of carbohydrates in the soil to fix N is very unequal, so
sometimes, several energy sources like organic acids or alcohols might be used (Mus
et al. 2016). Aerobic microbes present in large numbers in low oxygen, and here,
they use carbohydrates more efficiently. The highest N2 fixing rate is present in upper
layers of the soil even in the absence of photosynthetic N2 fixing microbes, (Jaiyebo
and Moore 1963). Ruinen (1965) have described that Beijerinckia and Azotobacter,
which lives on leaves which provide carbohydrates via exudations in tropical trees,
along with rhizosphere and soil. Gibson (1966) has discovered that in the course
of active fixation of N, the need of carbohydrate to fix N2 and nodule maintenance
varies from 3.2 mg carbohydrate per 1 mg of fixed N that is C.R. = 3.2:1 down
to −3.0:1, for that standard being comparative to the carbohydrate prerequisite to
assimilate the combined N through plants which were in control.

4.5 Nodulation

Nevertheless, dalbergoid legumes aremonophyletic clades, contain aeschynomenoid
nodules (Lavin et al. 2001), that are distinguished by the lack of transcellular tissues,
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and uninfected cells in infected areas (Doyle and Luckow 2003). Indeterminate nod-
ules form in tribe Fabaceae and Trifolieae, which are characterized by the presence
of peripheral vasculature ontology (Magne et al. 2018) and central and apical meris-
tem zone (Franssen et al. 2015). Moreover, they also possess root apical meristem
(RAM) such as the meristematic zone (Franssen et al. 2015). Determinate nodule
formation occurs in tribes Loteae and Phaseoleae (Guinel 2009). Figure 2 shows the
currently recognized variety of legume nodules morphology. For more detail about
morphology of legume nodules, read the article published by Schwartz et al. (2013),
Sprent et al. (1989, 2013), WEBB and Sheehy (1991). Figure 3 indicates the phy-
logenetic relationship among the broad diversity of nodulating and non-nodulating
Fabids as well as non-Fabids (Gauthier-Coles et al. 2018). Nevertheless, below we
have discussed the advancement in root, stem, and para-nodules.

4.5.1 Root Nodules

Several higher plants made close associations with N-fixing microbes. Therefore,
this symbiotic association made plants independent of soil N use. Among the gym-
nosperm cycads, coralloid roots harbor symbiotic cyanobacteria (Gehringer et al.
2010). The N-fixing capability among the flowering plants evolved in several times
in one clade, the Rosid clade (Soltis et al. 1995). For N fixation, Fabales make associ-
ationswith single-celled gram-negative bacteria calledRhizobium species, and others
like Fagales, Cucurbitales, and Rosales-made associations along gram-positive fila-
mentous actinobacteria belonging from genus Frankia (Vessey et al. 2005). Genes in
bacteria known for their host-specific infection are known as nod (nodulation) genes,
which produces nod-factor (Gibson et al. 2008). A distinctive group of LysM plant
receptor kinases documents nod factors (Lohmann et al. 2010). The entry of rhizobial
cells is called as a crack-entry (Sprent and James 2007). The infection in legumes
proceeds via infection threads, which are transcellular and intercellular channels,
and at the same time in roots, cortex cells are encouraged to split/divide and develop
the nodule tissues. The physiology and anatomy of root nodules together replicate an
abundance of structural and metabolic interaction among plant and microbial sym-
bionts (Lodwig et al. 2003). The specialized bacteroids cells fix N that is wrapped
in cytoplasmic compartments. The physiology and anatomy of root nodules together
replicate a high degree of structural andmetabolic interaction among plant andmicro-
bial symbionts (Lodwig et al. 2003). The physiology of root nodules is integratedwith
different growth phases of the plant (Okamoto et al. 2008). There is a huge diversity of
shape of root nodules among different symbiosis (Sprent and James 2007). In legume
nodules, the infected tissue is central, and the vasculature is peripheral, whereas, in
Frankia-induced non-legume nodules, the infected tissue is always located outside
the root endodermis.

The symbiotic association between legumes and the rhizobial bacteria occurs in
the root nodules. Invasion of bacteroids initiated with signaling exchange between
the saprophytes free-living bacteria and legumes in the rhizosphere. Legumes root
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Fig. 2 Morphology of legume nodules. a Determinate, desmodioid. b Determinate,
aeschynomenoid. c Indigoferoid. d Lupinoid. e Indeterminate unbranched nodules. f Indetermi-
nate having one or more than one branches. g Indeterminate with many branches. h Woody. Note
that many nodules of types (f) and (g) are unbranched when young. Adapted from Sprent et al.
(2013) with permission from the publishers and the authors of the paper



Nitrogen Fixation of Legumes: Biology and Physiology 59

Fig. 3 Relative phylogenetic relationship among subject species. Species in red showingnodulating
plant species. (i) Indicating the legumes making indeterminate nodules; (d) indicating the legumes
making determinate nodules. Adapted from Gauthier-Coles et al. (2018)

exudates such as betains and flavonoids, which work as signaling molecules (Kar-
makar et al. 2015). The type of signaling molecules is specific to different rhizobia
and among legume species (Downie 1994). Representation of nodule formation in
legumes by Rhizobia is illustrated in Fig. 4. These flavonoids are detected by NodD
transcriptional protein present in rhizobia (Peters et al. 1986). Complex hormones
signaling are involved in nodule organogenesis, which includes suppression of auxin
transport toward the cortex and activation of cytokinin (Oldroyd et al. 2011). Infec-
tion is started with cell wall breakup at the connection site of plant and bacterial
infection foci (Muñoz et al. 1998). Rhizobia multiply at the tip of IT and move
toward the cortex by the process of endocytosis, thereby resulted in the acquisition
of symbiosome membrane (SM), which enclosed the rhizobial cells (Limpens et al.
2005).

4.5.2 Stem Nodules

These are the nodules present on the stems in submerged plants. A rare phenomenon
known as nodulation in the stem has been found in some genera of hydrophytic like
Sesbania and Aeschynomene. Alazard (1985) and Loureiro et al. (1994) revealed that
there are three species that are reported to have stem nodules. These nodules can be
formed ion the aerial parts of the plants, including stem and adventitious roots as
on Neptunia. As stem nodule, derive carbon from the photosynthetic process, and in
return, bacteroid fixes N. As stem nodulation is different from root, nodulation, their
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Fig. 4 Representation of nodule formation in legumes by Rhizobia. (A) Plant secretes Lectin
to attract the Rhizobium, (B) interaction between rhizobia and legume roots, (C) attachment of
Rhizobium with plant roots, (D) plant root curling to trap the bacteria, (E) formation of infection
thread and division of cortical cells, and (F) nodule formation for nitrogen fixation

N-fixing bacteria are also different. Unlike root nodules, an Azorhizobium microbe
fixes N in stem nodules.

4.5.3 Para-Nodules

Nie et al. (1992) stated that structures like nodules produced through 2,4-D might be
colonized due to diazotrophs. The name para-nodule (p-nodule) was given by Tchan
and Kennedy for defining the chemically persuaded nodule; subsequently, it varies
when compared with the nodules of the legume, which occurs naturally (Kennedy
et al. 1990). By using 2,4-D, the development of para-nodules can be induced, but
the activity of nitrogenase was not noticed (Bender et al. 1990). Similarly, Al-Mallah
et al. (1989) and Cocking et al. (1990) were able to induce the development of nodule
on non-legumes by treating rootswith a cell wall degrading enzymemixture followed
by inoculation with rhizobia in the presence of polyethylene glycol. Moreover, Jing
et al. (1990) used a mutant of R. Sesbania for the induction of nodulation on the
surface of rice roots. Nevertheless, in all these approaches, only a minimum activity
of nitrogenase was attained within these systems.
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5 Legumes and Nitrogen Fixation

The phenomenon of BNF has got attention due to its increasing contribution to agri-
culture productivity. Figure 5 depicts some advantages of the SNFmade legumes and
illustrates the N-fixing process integrated with rhizobia in legumes. In this section,
we discussed the particular aspects of N fixation by some of the most important
legumes (Table 2).

a

b

Fig. 5 (A) Some advantages of nitrogen fixation by legumes. (B) Schematic scheme illustrating the
nitrogen-fixing process integrated with rhizobia in legumes. Rhizobia impose the roots of legumes
and create nodules. Throughout the process of biological nitrogen fixation (BNF) by nodules, N2
is brought down to two NH3 molecules via rhizobial nitrogenase. However, H2 is the byproduct of
the symbiotic nitrogen fixating process
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Table 3.2 Summary of nitrogen fixation by grain and forage legumes

Grain legume N-fixing
ability
(kg ha−1)

Type of
nodules

Strains of
symbionts

Export
product

References

Groundnut
(Arachis
hypogaea)

150–200 Determinate Rhizobium,
Bradyrhizobium

Ureides Toomsan
et al. (1995)

Pigeon pea
(Cajanus
cajan)

120–170 Indeterminate Bradyrhizobium Ureides Adu-Gyamfi
et al. (1997)

Soybean
(Glycine
max)

71–108 Determinate Bradyrhizobium
japonicum,
Bradyrhizobium
elkanii,
Rhizobium
radiobacter,
Bradyrhizobium
diazoefficiens,
Paenibacillus
glycanilyticus

Ureides Gogoi et al.
(2018)

Chickpea
(Cicer
arietinum)

64–103 Indeterminate Rhizobium spp.,
Mesorhizobium
ciceri,
Paenibacillus
sp.,
Mesorhizobium
loti

Ureides
Amides

Fatima et al.
(2008)

Faba bean
(Vicia faba)

23–79 Indeterminate Rhizobium spp. Amides Danso et al.
(1987)

Black gram
(Vigna
mungo)

16–79 Determinate Rhizobium spp. Ureides Hayat et al.
(2008)

Common
bean
(Phaseolus
vulgaris)

20–60 Determinate R. lusitanum, R.
mesosinicum,
Leguminosarum,
R.
leguminosarum,
Rhizobium
leguminosarum
bv. phaseoli

Ureides Silva et al.
(1993)

Mung bean
(Vigna
radiata)

19–54 Determinate Rhizobium spp. Ureides Hayat et al.
(2008)

Pea (Pisum
sativum)

46 Indeterminate Rhizobium
leguminosarum

Amides Bhatia et al.,
(2001)

(continued)
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Table 3.2 (continued)

Grain legume N-fixing
ability
(kg ha−1)

Type of
nodules

Strains of
symbionts

Export
product

References

Cowpea
(Vigna
unguiculata)

14–35 Determinate Azotobacter,
Bacillus,
Enterobacter,
Pseudomonas,
Serratia, and
Azospirillum

Ureides Okereke and
Ayama (1992)

Lentil (Lens
culinaris)

8–14 Indeterminate Rhizobium etli,
Rhizobium
leguminosarum

Amide Cowell et al.
(1989)

Forage legumes

Hyacinth
bean (Lablab
purpureus)

214.6 Determinate Bradyrhizobium
spp.

Ureides Haque and
Lupwayi
(2000)

Hairy vetch
(Vicia
dasycarpa)

163.0 Indeterminate Rhizobium
leguminosarum
bv. viciae

Amides Haque and
Lupwayi
(2000)

Medicago
(Medicago
scutellata)

140.1 Indeterminate Ensifer meliloti Amide Haque and
Lupwayi
(2000)

Tufted vetch
(Vicia
atropurpurea)

103.6 Indeterminate Rhizobium
leguminosarum
bv. viciae

Amide Haque and
Lupwayi
(2000)

Clover
(Trifolium
steudneri)

44.7 Indeterminate Rhizobium
leguminosarum
bv. trifolii

Amide Haque and
Lupwayi
(2000)

5.1 Peanut

Arachis hypogaea L. (peanut) fixes the N across the seasons of the year (Devi et al.
2010). Peanut fixes 100–190 kg N ha−1, which is quite comparable to pea, chickpea,
and soybean (Pattee and Stalker 1995). N fixation in peanut contains a unique infec-
tion mechanism through which bacteria enter in crack entry/intercellular spreading
(Boogerd and van Rossum 1997). In this infection type, rhizobia invasion occurs
through epidermal cells of lateral emerging root, and then bacteria proliferate into
the cortical cells (Nievas et al. 2012). Peanut nodule is spherical and has no permanent
meristematic tissues, but central tissues have consisted of tightly packed bacteroids
that take part in N fixation (Dupont et al. 2012).
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5.2 Chickpea

A gram-negative and N-fixing bacterium known as Mesorhizobium ciceri forms
nodules in chickpea roots.M. ciceri, under symbiotic association with chickpeas can
fix around 120 kg N ha−1 (Herridge et al. 1995). However, nodulated chickpeas can
fix less, with values around 103 kgN ha−1 according toKurdali (1996). Nevertheless,
Turpin et al. (2002) documented that chickpea can fix about 80–135 kg N ha−1. In
this species, the major constraint in efficient N fixation is the lower availability of
inorganic phosphate (Pi) (Esfahani et al. 2016).

5.3 Soybean

Soybean is enriched with a higher level of protein content that can fulfill a signif-
icant part of human and animal nutritional diet. To make an excessive amount of
proteins, soybean plants required a lot of N content that was fixed with the help of
bacteroids (Bergersen 1969). Globally, it is described that Bradyrhizobium japon-
icum fixes 450 kg N ha−1 within symbiosis with soybean, representing 90% of the N
requirement. Soybean is economically suitable for low N-containing areas (Zablo-
towicz and Reddy 2004). This species forms determinate nodules (Ferguson et al.
2011), whose life is a few weeks. After that, it becomes senescence and new nodule
forms on the direction of the new root system (Gresshoff and Rolfe 1978). Espinosa-
Victoria et al. (2000) observed senescence in a nine-week older nodule in soybean.
In soybean, ureides act as primary N transport compounds (Tegeder 2014).

5.4 Pea

P. sativum forms a symbiotic relationship with Rhizobium leguminosarum bacteria.
Pea forms indeterminate nodules, which have cylindrical shapes (Dupont et al. 2012).
According to Bhatia et al. (2001), pea can fix 46 N kg ha−1, and according to Adu-
Gyamfi et al. (2007), pigeon pea can fix 168–280 kg N ha−1. Asparagine functions
as a dominant N transport compound in pea (Tegeder 2014), and much lesser extent,
other amino acids; exported via phloem and xylem to other plant parts. According
to Borisov et al. (2003), pea plants go through different nodule organogenesis.

5.5 Alfalfa

Alfalfa (Medicago sativa) forms a symbiotic association with Ensifer (Sinorhizo-
bium) (a genus of N-fixing bacteria (rhizobia)) and can fix 200–400 N kg h−1 y−1
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(Mouradi et al. 2018). Its nodules are mostly spherical and consisted of markedly
definite functional and developmental zones (Vasse et al. 1990). Asparagine utilized
as dominant primaryN transport compound in alfalfa (Tegeder 2014). Alfalfa as tem-
perate legumes makes indeterminate nodules (Van Rhijn and Vanderleyden 1995).
Usually, its nodules are pink in color due to leghemoglobin (Barsch et al. 2006).

5.6 Clover

Trifolium (Clover) is usually inoculated with Rhizobium leguminosarum bv. trifolii
(Yates et al. 2011). Clover forms indeterminate nodules,which arewell organized and
cylindrical (Dupont et al. 2012). Clover can fix 44.7 kg N ha−1 (Haque and Lupwayi
2000). Amides are the main transporting compound in clover species, according to
Gordon et al. (1995).

5.7 Common Bean

Common bean (P. vulgaris L.) has a low capacity to fixN than other legumes (Olivera
et al. 2004; Isoi and Yoshida 1991). Rhizobium leguminosarum bv. phaseoli forms
nodules in common bean (Mhamdi et al. 2002). According to Gualtieri and Bissel-
ing (2000), P. vulgaris nodules matured within few weeks and appeared spherical
due to non-persistent meristematic characteristics. Fernández-Luqueño et al. (2008)
reported that during nodule senescence some morphology changes are taking place
in two studied cultivars of P. vulgaris (Bayomex and Cacahuate 72) inoculated with
Rhizobium etli strain CE-3. These include a change in protein and starch granules
and their distribution, disintegration of central tissues, breakdown of a cell wall, and
cellular collapse of infected zone. Ureides utilized as dominant primary N transport
compound in alfalfa (Tegeder 2014).

5.8 Lupin

Only a fewstudies are basedonNfixationofwhite lupin as compared to other legumes
(Unkovich et al. 2010). Andreeva (1998) reported that the number of dead nodules
increased at seed filling and the pod developmental stage of lupin. According to
Sulas et al. (2016), lupins can fix 160–300 kg N ha−1. Lupin nodules are documented
as a subtype of intermediate nodules known as lupinoid nodules; as these nodules
grow, form broadening connection with roots, causing both nodules and connections
to surround root (Corby et al. 1983). Moreover, the other distinguished feather of
lupinoid nodules is that their initiation takes place in outer cortex, and the basal
laterally located meristem has bacteroids colonies, and the infected central tissues
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do not show any uninfected interstitial cells and typical zonation (Golinowski et al.
1987). However, in white lupin James et al. (1997) observed infection thread-like
structure. Lupin nodule-forming bacteria are classified in genus Bradyrhizobium
(Stępkowski et al. 2005).

6 Conclusion

There is a reliable prediction that the world population will increase more rapidly in
the upcoming years. This prediction must be utilized in a parallel way to boost agri-
cultural production to firm enough food for the increasing population. The excessive
application of N fertilizers causes unequaled disturbance in the N cycle, documented
by the immoderate amassing of various nitrates in the water and soil, and NO in
the environment. Legumes are considered the second major crop and covering 14%
of the total cultivated land worldwide. Legumes contribute a great many functions
and ecosystem services toward the sustainability of different agricultural systems in
different parts of the globe. Usually, they provide N to agroecosystem through their
exclusive capability to fix atmospheric N in a symbiotic relationship with soil rhizo-
bia. The ideal growth of a plant heavily depends upon the adequate supply of fixed N.
The most common growth limiting factors are fixed N and water. Legumes contain
the significant potential to be used in different agricultural practices, e.g., soil stabi-
lization and reforestation. The symbiotic association among legumes and rhizobial
bacterium occurs in the root nodules of legume where they access to atmospheric
N. Hence, it is of great benefit for us to understand the mechanism of SNF and their
resulting effects on the neighboring environment. However, SNF heavily depends on
the selection of rhizobia. Nevertheless, the natural association between plants mainly
gains the potential benefit from N fixation and bacteria, which is seldommanageable
as part of agricultural practices. Especially in drylands, these associations are hard to
maintain and are very unreliable. BNF by legumes is considered as an imperishable
and ecofriendly choice to chemical fertilizers.

Several factors play a vital role in the regulation of N fixation by legumes, which
include energy, oxygen, carbohydrates, leghemoglobin, and nodulation. On the other
hand, water cycling among the plant shoots and nodules plays a vital part to comfort
the high N fixation. Therefore, the selection of host-plant genotype is recommended
as a critical step to improve the efficiency of N fixation by grain and forage legumes.
In short, N fixation legumes play a crucial role in sustainable agriculture, and mainly,
their utilization in the recovery of negligible areas, notable has a very fruitful future.
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recognized as themost limiting nutrient in crop production systems. Several transfor-
mation processes are involved in the nitrogen cycle. Among them, biological nitrogen
fixation is an environmentally friendly natural resource for sustainable agricultural
systems. Recently, the reports directed to a decrease in agricultural dependence on
symbiotic nitrogen fixation due to abiotic stresses. Therefore, abiotic stresses are a
topic that increasingly occupies the attention of the world is still a matter of debate.
Although physiological mechanisms are affected in more intense abiotic stresses,
most research efforts have focused on the study of these processes. In legume plants
being grown under symbiotic conditions, one of the primary effects of abiotic stresses
is a decline in the rates of symbiotic nitrogen fixation (SNF). In the present chapter,
we summarize our current understanding of the factors that are affected by SNF
in legumes. Finally, an overview of the available resources and applications of the
physiological system for understanding the complex responses of legumes to abiotic
stresses is provided. The overall conclusion was that all physiological mechanisms
are important in understanding the regulation ofN2 fixation and its response to abiotic
stresses.

Keywords Abiotic stresses · Fabaceae family · Legumes · Symbiotic nitrogen
fixation
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N Nitrogen
NH3 Ammonia
NH4

+ Ammonium
NO3 Nitrate
N2O Nitrous oxide
NUE Nitrogen use efficiency
NADP+/NADPH Nicotinamide adenine dinucleotide phosphate
PMN Potentially mineralizable N
ROS Reactive oxygen species
SNF Symbiotic nitrogen fixation
TSN Total soluble nitrogen

1 Introduction

Nitrogen (N) has been recognized as the most limiting nutrient in crop production. It
is a crucial nutrient for plants as it is themajor component of the chlorophyllmolecule
and an essential element of the building blocks of almost all plant structures and a vital
component of enzymes, and proteins (Hofman and Cleemput 2004). For example,
N is directly linked with the optimization of crop quality through enriching protein
which plays a significant role in many biochemical activities in plants by acting as
a structural unit as well as enzymes (Grant and Flaten 1998). Among others, N is
the most imperative plant nutrient for crop production and being used in relatively
large amounts by all living things (Campbell et al. 1986; Hodges 2010). It occupies a
unique position among essential nutrients because agricultural crops require a more
enormous amount of N to achieve maximum yield through stimulating root growth
and crop development as well as uptake of the other nutrients (Hofman and Cleemput
2004; St. Luce et al. 2011).However,N concentration in soil and plant is continuously
declining due to lack of consideration associated with intensive cropping (Ghosh
et al. 2003). Hence, scientists in the world are more concentrated on research upon N
fixation and plant nutrition. Also, the role of human activities in the global nitrogen
cycle has become a topic of increasing research attention (Galloway et al. 1995).

In most ecosystems, nitrogen is the element that regulates net plant primary pro-
duction (Lambers et al. 1998). However, nitrogen is also a big issue for environmental
sustainability because leaching of nitrate (NO3) can reduce groundwater quality, and
nitrous oxide (N2O) emission—a significant contributor to greenhouse gas emission
and global warming (Campbell et al. 1995). Consequently, N management plays a
vital role in improving crop yield and quality, environmental safety, and ultimately
the economics of crop production (Campbell et al. 1995). But its content is declined
which owing to continuous crop cultivation without giving due attention to nitrogen
requirement (Ghosh et al. 2003). Mechanistic knowledge of the soil N cycle is crit-
ical in understanding the behavior of ecosystems and their responses to natural and
anthropogenic mediated change (Jones et al. 2004).
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Imbalanced uses of chemical fertilizers have led to creating the problem in the
environment (Sun et al. 2017). For example, greenhouse gas such as nitrous oxide
(N2O) is produced bymicrobial action on inorganic fertilizers in the soilwhich causes
a reduction of the ozone layer, as the ozone layer serves as a safeguard against
the harmful effect of UV-rays. Although the application of nitrogenous fertilizers
increases the crop yield (carbohydrate), the excessive use of these fertilizers causes
the negative effects on the environment aswell as decreases the potassium (K) content
in food grains. K is an important element for human health which controls the rise in
blood pressure and also avoids the risks of heart attack (American Heart Association
2016). Furthermore, the excessive use of chemical fertilizers is the foundation of
the ammonia (NH3) emissions (Sheppard et al. 2010), and are currently responsible
for 75% of global NH3 emissions (Hamaoui-Laguel et al. 2014). Therefore, it is
an urgent need to lower the adverse environmental impacts of agricultural chemical
fertilization. Different initiatives are in progress, aiming to improve N nutrition and
N use efficiency (NUE) in plants, such as the manipulation of plant N metabolism.
The biological N fixation (BNF) is a promising alternative to improve N nutrition,
as the use of inoculants of diazotrophic bacteria in agriculture has been proven to
enhance N availability and uptake, to promote plant growth, to increase biomass,
and to keep the plants healthy (Adesemoye and Kloepper 2009). The main benefit
of using legumes is to ensure that the BNF which, in turn, decreases the amount of
nitrogen (N) fertilizer needed for the succeeding crop (Kumar et al. 2018).

In legume plants grown under symbiotic conditions, one of the primary effects of
abiotic stresses is the decline in the rates of symbiotic N fixation (SNF). In the present
chapter, we summarized the current understanding of the factors that are affected by
SNF in legumes. Finally, an overview of the available resources and applications
of the physiological system for understanding the complex responses of legumes to
abiotic stresses stress is provided.

2 Transformation Processes that Are Involved in the N
Cycle

2.1 N Transformation

Many transformation processes of N are engaged in the soil. These transformation
processes are called the N cycle. The knowledge of these processes is important
for the management of N and fertilizer. In agricultural and natural ecosystems, N is
very dynamic and subjected to several processes. There are a few different processes
involved in N cycling (Fig. 4.1), which are described below:
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Fig. 4.1 Transformation processes that are involved in the N cycle

2.2 Mineralization

This a process by which N from organic matter in the soil is converted to ammo-
nium (NH4

+). The three major forms of N involved in biological N are proteins
(amino acids), plant cell wall components (amino sugars, such as cellulose and
chitin), and nucleic acids. Mineralization of organic matter is the process of bio-
logical degradation of proteins, amino sugars, and nucleic acids to the ammonium
form. Plants can uptake either NH4

+ or NO3
−, depending on the species and envi-

ronment. When plants uptake N as NH4
+ form, it is quickly transformed into NO3

−)
or NH3 (Boudsocq et al. 2012).

Nitrogen (N) released by mineralization is often a vital source of N for plant
growth and strongly depends on soil factors (D’Haene et al. 2008). Generally, N in
crop residues is in the organic form which is not directly available for plant growth,
and this organically bound N is only available for crops or microbial growth through
Nmineralization during the decomposition of crop residues (Lupwayi et al. 2006;Van
Den Bossche et al. 2009). Therefore, an accurate estimate of potentially available N
in soil is essential to ensure optimum crop yield and quality and to minimize nutrient
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loss to the environment that may result from the overuse of fertilizers (Bordoloi et al.
2013). The N availability for plant uptake is dependent on the rate of carbon (C)
mineralization (Kaneez-e-Batool et al. 2016). Tillage increases the mineralization of
total soil N (Schomberg and Jones 1999).

2.3 Nitrification

The process of converting the ammonium form to the nitrate is called nitrification
(Ward 2011). Generally, most of the N taken up by plants is in the NO3

− form.
However the form of NO3

− is very susceptible to loss by leaching because NO3
−

is negatively charged, and soil also has a negative charge, NO3
− is not chemically

bonded to the soil tended to each other (Azam and Farooq 2003; Ward 2011). Nitri-
fication is a two-step process, in the first step, NH4

+ is converted to nitrite (NO2
−)

by a group of obligate autotrophic bacteria known as nitrosomonas species. Another
group of obligate autotrophic bacteria known as nitrobacter species that carries out
the second step, where NO2 is further converted to NO3

− (Rao et al. 2017). Also,
a few heterotrophs can carry out nitrification, but usually at much lower rates than
accomplished by the autotrophic bacteria (Sun et al. 2006; Schläppy et al. 2010).
During nitrification, slight amounts of nitrous oxide (N2O) and nitric oxide (NO) is
formed (Schreiber et al. 2009, 2012).

2.4 Denitrification

Denitrification is an anaerobic biological process that is the opposite of the nitrifica-
tion process (Munch andVelthof 2007; Bouwman et al. 2013). There are two types of
denitrification: (i) biological denitrification—biochemical reduction of NO3

− N to
gaseous compounds. During biological denitrification, NO3

− and NO2
− are reduced

to N oxides (NO, N2O) and molecular N (N2) by microorganisms and these gaseous
products are not available for plant uptake, and (ii) chemo denitrification—refers to
the same reduction pattern and end products, but it is not carried out by microor-
ganisms (Spanning et al. 2005; Munch and Velthof 2007; Bouwman et al. 2013).
This denitrification mainly occurs in the subsoil and acid conditions. This type of
denitrification is more crucial to NO3

− pollution in deep groundwater (Shivran et al.
2006).

2.5 Immobilization

Theprocess bywhich the available ammonium form is consumedbymicroorganisms,
while becomes unavailable to the plant is called N immobilization. This process is
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the opposite of mineralization and mainly occurs when soil microorganisms absorb
inorganic N and make it immobilize for plant uptake. The C:N ratio of soil organic
materials vastly influences the immobilization process. For example, the C:N ratio
> 25:1 is good for immobilization while the C:N ratio below 20:1 could be optimum
for mineralization (Tully and Ryals 2017).

2.6 Nitrogen Fractions

2.6.1 Total Soil Nitrogen

The total soil N content is generally mirrors of total soil organic C as the N cycle is
inextricably linked to the C cycle (Bradford and Peterson 2000).

2.6.2 Total Soluble Nitrogen (TSN)

The term TSN can be used as soluble organic N (SON) or extractable organic N
(EON) or dissolved organic N (DON). Recently, Xiang et al. (2008) proposed that
it would be the more appropriate term to say EON, which is obtained by extraction
rather than SON. It is defined as organic N present in dissolved form in soil solution
(Murphy et al. 2000). Dissolved organic N is defined as the fraction of soil organic
N, which is collected in situ using a lysimeter, rhizon or suction cup, among other
devices, and where no extractant is used (Ros et al. 2009). Dissolved organic N orig-
inates from many compounds which enter the soil from a range of sources including
dry and wet deposition, litter-fall, root, and microbial exudation, turnover of roots
and organisms, urine and feces, and organic fertilizer additions to soil (Haynes 2005;
Kalbitz et al. 2000). Among these sources, root exudates and turnover are likely
to be the most important in many agricultural systems mainly where inorganic fer-
tilizers are added (Christou et al. 2006). In most ecosystems, N plays a vital role
in mineralization, leaching and plant uptake (Jones et al. 2004). Altering land use
induces a quantitative change of soil water-soluble organic matter, but knowledge of
such change is still limited (Zhao et al. 2012). Water-soluble organic matter contains
labile organic carbon and N, which is very sensitive to soil management (Zhang et al.
2011).

2.6.3 Potentially Mineralizable Nitrogen (PMN)

The active fraction of soil organic N is considered as a potentially mineralizable N
(PMN) which is mainly responsible for the release of mineral N through microbial
action, and it is composed of a heterogeneous array of organic substrates including
microbial biomass, residues of recent crops, and humus (Curtin and Campbell 2007).
Theoretically, PMN is the amount ofN thatwillmineralize in infinite time at optimum
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temperature and moisture (Curtin and Campbell 2007). Franzluebbers et al. (1995)
reported that PNM at 0–5 cm depth was higher in NT (no-tillage) soils than in CT
(conventional tillage) and with rotated than continuous sorghum, and increased with
increasing cropping intensity after nine years in south-central Texas.

2.6.4 KMnO4 Extractable-N

KMnO4 extractable-N as a predictor of N availability in soils. Alkaline KMnO4 is a
quick and reliable indicator of indigenous soil N supply in soils under a rice-wheat
cropping system (Nayyar et al. 2006).

2.6.5 Amine Nitrogen

Amino sugar N has been considered as potentially labile N pools in the soil (Khan
et al. 2001; Mulvaney et al. 2001). Amino sugar N appears to be the more sensi-
tive indicator of N availability. Amelung et al. (1999) sampled soils along a climo-
sequence from Saskatchewan-Canada to Texas-USA and found that amino sugar N
concentration varied predictably with mean annual temperature and precipitation.
Zhang et al. (1999) noted that cultivation reduces 50% amino sugar N concentration
in the soil, like many other fractions. Mulvaney et al. (2001) have concept amino
sugar N in the soil would serve as an identifiable and easily mineralizable N pool.

3 Prospect of Legume-Rhizobium Symbiosis in Agriculture

The biological N fixation (BNF) is a promising alternative to improve N nutrition,
as the use of inoculants of diazotrophic bacteria in agriculture has been proven to
enhance N availability and uptake, to promote plant growth, to increase biomass,
and to keep the plants healthy (Adesemoye and Kloepper 2009). The associative
and endophytic diazotrophic bacteria naturally colonize and contribute with fixed
N to several economically important plant species, comprising a natural system to
be explored. However, the mechanisms regulating this plant–bacteria association
are still not clear; thus, a better understanding of the mechanisms is necessary to
allow improvement and manipulation of this association, and possibly an extension
of it to non-natural hosts. Quantitative analyses of BNF and plant growth promotion
demonstrated that plant and bacterial genotypes are important factors in controlling
the efficiency of the association (Carvalho et al. 2011).

In this context, one challenge in this area is the determination of the best combina-
tion of diazotrophic bacteria and plant varieties to obtain the maximum benefit from
this association in agriculture. A considerable effort should be made to understand
the molecular and genetic factors controlling all steps of the association: recognition,
colonization, N fixation, and plant growth promotion. Several advances came from
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genomic approaches, and integrative gene expression maps are being generated for
some plant species colonized with associative and endophytic diazotrophic bacteria.
Possible regulatory mechanisms involved were identified, and functional analyses
are now necessary. Also, it is important to determine common regulatory pathways
governing a fruitful association with diazotrophic bacteria, as well as those specific
to plant–bacteria genotypes.

N status might act as a critical signal-regulating and integrating various metabolic
processes that occur during association with diazotrophic bacteria. Besides directly
providing ammonium to plants, the associative and endophytic diazotrophic bacteria
enhanceNuptake of inoculated plants, an effect that could be important for improving
N Use Efficiency (NUE). Nevertheless, high N levels inside plants seem to signal
feedback control, negatively regulating BNF, and bacterial colonization (Carvalho
et al. 2014; Sapountzis 2016).HighN in soil could contribute to an increase inN levels
in plants, activating this negative feedback control. Therefore, a clear understanding
of the mechanisms in N regulation during plant interaction with associative and
endophytic diazotrophic bacteria could provide tools to maximize the benefits for
crop production.

4 BNF Inputs to Agricultural Systems

While the Haber-Bosch N fertilizer production system is considered to have ensured
crop production to fed millions of people throughout the world, it is not without the
following major concerns: the several-fold increase in reactive N cycling throughout
the ecosphere; the relative lack of efficiency of reactive N under agricultural use,
which may lead to major ecological issues of water contamination and eutrophi-
cation; and the demand for fossil fuel, which is generally demanded as natural gas
(Rockström et al. 2009;Good andBeatty 2011;Kim et al. 2011; Sutton et al. 2011). In
contrast, even with all these caveats, the growing population and the desired increase
in income will only demand higher levels of food production, particularly of meat
and dairy products (Godfray et al. 2010). Meeting these demands will be impossible
without a reliable N source. While chemically fixed fertilizer will necessarily be a
part of the various options deployed by agricultural and soil scientists throughout the
world, and increased reliance on BNF is one of the significant and sustainable alter-
natives for both maintaining and/or increasing agricultural yield and reducing both
environmental and economic concerns linked to N fertilizer use (Doane et al. 2009).
One point to keep in mind is that these alternatives are not either/or solution sets and
should not be thought of as such. Both other options are simply tools to increase agri-
cultural yield to allow human resources needs to be fulfilled in such a way that future
generations will have access to at least the same pool of natural resources as previ-
ous ones did. Unfortunately, even though obtaining global N fertilizer estimates is
relatively easy, getting estimates for biologically fixed N is not easy (Herridge et al.
2008; Peoples et al. 2009). One of the first reasons for this difficulty is the sheer
number of possible biological systems, which all have different BNF capabilities,
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natural ranges, cultivated ranges, areas, and potential yields. Burris (1981) has been
quoted by Herridge et al. (2008) as having said that “potential authors could use a
variety of methods to fill in the values in the N cycle, from gazing at crystal balls,
consulting sages to cranking out computer-generated random numbers.” However,
the most common method is a literature review, and choosing the numbers thought
to be a more logical approach (Figueiredo et al. 2013).

The difficulty in estimating global BNF can be roughly divided into the following
several different reasons:

1. Methodological problems in field-scale BNF estimation
2. Highly variable BNF rates, which are strongly affected by environmental and

agricultural concerns
3. Difficulty in estimating individual cropping systems, worldwide distribution, and

cultivated areas.

The first and second reasons intermingle with the high variation in BNF rates and
lead to highly variable estimates, for example, for soybeans (Glycine max), which
range from 0 to 450 kg shoot N ha−1 according to different sources cited by Peoples
et al. (2009). Besides, another major problem is that the root system is routinely not
included in the BNF estimates, which may lead to soybean going from a net exporter
(Di Ciocco et al. 2011) to a net fixer of soil N (Singh et al. 2004). When considering
the importance and number of agricultural systems in which soybean participates,
this change may have significant effects on the overall N balance. Even with all these
caveats, it is still highly important to achieve a total estimate, which has been well
executed in several reports on a global or national scale (Herridge et al. 2008; Peoples
et al. 2009). One common approach has been to obtain an estimate for the average
BNF rate per hectare and thenmultiply by another estimate of the total cultivated area
of the specific system. This approach may also be performed with some subdivision
as exemplified by the recognition of different BNF rates for Argentinean-, Brazilian-,
Chinese-, and North American-grown soybeans (Okogun et al. 2005; Hungria et al.
2006;Oberson et al. 2007; Schipanski et al. 2010;DiCiocco et al. 2011). As indicated
by the previous examples, a further point to consider is that BNF estimation is
much more common for the legume-rhizobia symbiosis than for other systems, such
as grass-endophyte associations or Azolla-cyanobacteria symbiosis, which results
from a better knowledge of the system, a much more precise estimate of occurrence,
a vastly higher number of punctual experiments from which to derive raw data, and
the sheer importance of the legume-rhizobia symbiosis in world agriculture. Most
estimates for global BNF are 120 Tg of N year−1 (Herridge et al. 2008) and legume-
rhizobia symbiosis accounting for approximately a sixth of that estimation (Peoples
et al. (2009). These values are less than those estimated for the N fertilizer industry
of ca. 140 Tg of N year−1 (Canfield et al. 2010). In contrast, while most estimates
indicate that approximately 1–2% of global energy consumption is directly linked
to N fertilizer production. There should also be a lower NOx emission derived from
BNF, and thus lower glasshouse effects, because all the N is in an organic form by
definition and, therefore, should not be available for denitrification most of the time
(Jensen et al. 2012). This consideration is also important when considering that there
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is an international tendency to demandmore sustainable agriculturewith less resource
consumption for a given yield level, which could bemaximized through further use of
BNF as a rule in agricultural systems (Wilkins 2008), and if non-BNF advantages of
legume inclusion are considered, such as the reduction in disease incidence or nutrient
mining of deeper layers allowed by their higher root system (Köpke and Nemecek
2010).All these advantages require a greater need formanagement knowledge,which
is one of the primary reasons for the greater reliance on N fertilizer as an alternative.
The greater need for management knowledge is due to the highly localized effects of
environment and cropping systems, which demand a high level of experience of the
farmer to maximize their efficiency as exemplified by the variable effects of species
and cultivars of legumes seeded with barley, the effect of a fertility gradient on BNF
from legume-grass mixtures (Schipanski and Drinkwater 2012), or the impact of
cutting management and Desmodium species in a mixture with corn (Kifuko-Koech
et al. 2012).

5 Nitrogen Fixation in Legumes as Influenced by Abiotic
Stresses

The rate ofNfixationwas affectedbymanydifferent physiological and environmental
factors in soil, such as temperature, water holding capacity, water stress, salinity, N
level, pH, and other nutrients. Many of these factors, including temperature, affect
many aspects of N fixation and assimilation, as well as factors such as respiratory
activity, gaseous diffusion, and solubility of dissolved gases, which ultimately affect
plant growth (Coskan and Dogan 2011).

5.1 Soil Water Status and Nitrogen Fixation

The development of soil microbes is affected by ground moisture via absorption
mechanisms, water flow, and accumulation of nutrients. Soil moisture affects the
microbial population in the soil, including the rhizobium population, decreased
osmotic pressure under crucial resistance levels and partially affecting photosyn-
thesis, root structure, and exudations (Manzoni et al. 2012; Van Horn et al. 2014).
Poor legume nodule formation is probably due to a decline in landmass rhizobium
levels during and after the dry spell in the tropical climate. It is not appropriate to
disregard the effect of land-moisture efficiency on photosynthesis and vitality, and
therefore also impacting in nodule formation. Rhizobium has established a range of
pathways to respond to moisture stress, mainly through the biosynthetic aggregation
of inorganic and organic dissolved salts. For example,R.meliloti eliminates osmoreg-
ulation stress-induced development suppression by producing suitable dissolved salts



86 A. EL Sabagh et al.

such as potassium ions, dopamine, arginine, nicotinamide methionine, betaine pro-
line, trehalose, and dipeptide, N-acetyl glutamine amide (Boscari et al. 2002). Many
integrated solutions would be utilized as development resources of either N or C,
indicating that its catabolism may be controlled during aqueous pressure to avoid
deterioration.

Water stress is one of the main factors influencing the mutualistic relationship of
N-fixing rhizobium and legume hosts. It was previously reported that some mecha-
nisms are disturbed in the physiochemical reactions of mutualistic N-fixing to stress
caused bymoisture deficiency, namelyC shortage andCnodulationmetabolites, oxy-
gen (O2) constraint, and responded directive through the accumulation of N fixation
products. During drought, compared with drought-tolerant genotypes, the amount of
14C released for nodules is about four times that of drought-resistant fixed N2 geno-
types as reported by Serraj (2003). Initially, plants produced a higher concentration
of organic compounds that help plants to survive against drought stress (Ulrich et al.
2019). But later on, field evidence suggested that organic compounds produced by
plants in response to drought stress inhibit the enzymatic activity which leads to a
reduced rate of the biological N fixation process (Serraj 2003; Streeter 2003; Ulrich
et al. 2019). The conclusion is that every one of three physiological mechanisms are
vital for understanding the regulation of N2 fixation and its response to soil drying.
Water deprivation is a status that causes dehydration in plants (Kozlowski and Pal-
lardy 1997). The principal mechanism through that plants develops when in drought
is to manage water loss. Water loss from plants is modulated by morphological mod-
ification or physiological adaptation. Morphological adaptation of plants includes
leaf rolling, stomatal response, while physiological adaptation includes metabolism
at low leaf wetness, enzymatic and non-enzymatic antioxidants in plant cells and
secretion of stress response plant hormones (Taiz and Zeiger 2002). The area of
arid or semi-arid land is growing worldwide, as soils grow to be salinized thanks to
intensive irrigation and inflated temperatures, thus limiting crop yields.

5.2 Salinity: Physiological Impacts on Legume Nitrogen
Fixation

Abiotic stresses threats agriculture and leading to the deterioration of the environ-
ment, which resulted in crop loss global (EL Sabagh et al. 2015, 2019). Salt stress
impairs plant metabolism and structure. Salinity has devastating impacts on legumes
by affecting germination and vegetative and reproductive growth, and to biological
N fixation capacity (Van Hoorn et al. 2001). In this scenario, proteins play a crucial
role in salt tolerance, acclimatization, and cellular adjustment. In legumes, salt stress
has significantly limited productivity as an adverse effect on the growth of the host
plant, root nodule bacteria and their symbiotic development and N fixation capacity
(Zahran 1999). Legume plants are classified into sensitive or moderately sensitive
according to their degree of sensitivity level. Legumes such asMedicago truncatula,
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Medicago sativa, orPisum sativum very sensitive to high salinity whileVicia faba,G.
max, Phaseolus vulgaris, or A. hypogea are more salt-tolerant (Swaraj and Bishnoi
1999).

In rhizobium-legume symbiosis, the process of nitrogen fixation is highly related
to the physiological status of the host plant (Zahran 1999). As said previously, sym-
biotic N fixation is dependent on the host plant genotype, Rhizobium strain, and the
interaction of these symbionts with pedo-climatic factors and environmental condi-
tions. There are two phases of salinity: the early phase (osmotic phase), the response
of plants under saline conditions due to outside the root zone, whereas late phase
(ionic phase), where the toxicity of the accumulation of salt inside the plant (Chen
et al. 2014). Salinity imposes three primary stresses on plants. A combination of
these three factors adversely affects the physiological, biochemical, and molecular
changes in the plant process (Edelstein et al. 2011).

Soil salinity causes impacts on rhizobial biology, as well as legumes physiology.
Most of the rhizobia are sensitive to the harmful effects of high osmolarity (Talibart
et al. 1997). The sensitivity of different rhizobia species and strain to salt stress
varies considerably, and some of these bacterial strains can persist and survive in
saline soils (Van Hoorn et al. 2001). Morphological alterations of bacteria under salt
stress include the expansion of cell size, distortion of the cell envelope, and change
of rhizobial cell structure (Vanderlinde et al. 2010). The same author also stated that
besides the surface components, several symbiotic bacteria might suffer additional
changes in the saline environment: alterations such as a decrease in the synthesis
of exopolysaccharides. Further, there are some reports on changes in the length of
the side chain of lipopolysaccharide (Soussi et al. 2001), and deletion of periplasmic
oligosaccharide involved in bacterial osmotic adaptation (Ghittoni and Bueno 1995).

In legumes, higher sensitivity to salinity is observed during seedling and devel-
opmental stages than the germination stage (Bayuelo-Jiménez et al. 2002). Also,
salinity affects nodulation and the final yield. Early studies uncovered that salinity
interferes with N uptake and biological N fixation, which limits N supply in legumes
(Essa 2002). Nodules are vital for N fixation in legumes but nodulation is susceptible
to salinity. Salinity affects the infection process by inhibiting root hair growth and
by decreasing the number of nodules per plant and the amount of N fixed per unit
weight of nodules (Zahran 1999; Bruning and Rozema 2013). Legumes are grown
in saline environments often exhibit reduced number and weight of root nodules
(Swaraj and Bishnoi 1999). A significant reduction in N fixation and total N content
in snap bean plants grown under saline conditions has been recorded (Campbell et al.
1986). The negative effect of salinity on rhizobium–legume symbiosis is reflected in
the inhibition of specific nitrogenase activity. Thus, in saline soils, the yield of legu-
minous crops is decreased due to the lack of successful symbiosis mainly because
of drop-in bacteroid respiration and in the leghemoglobin (Lb) content (Delgado
et al. 1994). For instance, previous studies on salinity and legumes revealed that
salinity substantially affects the formation of the nodules in pigeon pea (Manchanda
and Garg 2008) and faba bean (Rabie and Almadini 2005) leading to senescence of
premature nodules in soybean (Sarath et al. 1986). The treatment of Cajanus cajan
(L.) Millsp. plants with NaCl resulted in early greening of the nodules, a decline in
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nodule Lb, decreased acetylene reduction activity (ARA) and reduced N content of
leaf and stem (Swaraj et al. 2000; Manchanda and Garg 2008). Salt tolerance was
linked with the higher stability of O2 nodule conductance of the tolerant rhizobia
when increasing soil salinity (L’taief et al. 2007). Bolaños et al. (2006) stated that
nodule number and weight diminished in salt-stressed nodules of pea plants, and
most of them appeared pale in contrast with the control pink nodules. These results
reveal that the effectiveness of symbiotic interaction under salinity depended on the
symbiotic efficacy of the isolates under standard conditions and no correlation with
the source of root nodule bacteria (soil or nodule) or their salt tolerance.

A multifaceted sequence of events coordinated by the host and bacterial signaling
underlie and lead to the development of symbiotic interaction. Rhizobia respond to
flavonoids exuded by the leguminous roots by secreting lipo-chito oligosaccharides
nodulation factors (NOD), the crucial molecular signal to trigger the nodulation
program in a compatible host (Bruning and Rozema 2013). Salinity can negatively
affect this signal exchange (Miransari and Smith 2009). According to Estévez et al.
(2009), salinity stress also increases the biosynthesis of nod factors (NFs) and changes
their structure with a high number of different new biologically active NFs being
generated. Primary NF-triggered responses causing root hair deformation involved
several changes as intra- and extra-cellular alkalinization, phosphatidic acid, and
diacylglycerol formation, and accumulation of reactive O2 species (Cooper 2007).
It was observed that, in the absence of flavonoid inducers, a high concentration of
NaCl induced nodulation genes (nod genes) and the production of NFs (Guasch-
Vidal et al. 2013). Pre-incubation of Bradyrhizobium japonicum with the molecular
signal genistein (NF inducers) was described as a method to alleviate the stressful
effects of high salinity on soybean and B. japonicum symbiosis (Miransari and Smith
2009).

Accumulation of low molecular compounds as a result of salt in the external
root environment was found, but they are not interfering with normal biochemical
reactions. Disaccharides, sugar alcohols, amino acids, and sulfonium compounds are
some examples of the lowmolecular compounds accumulated under salt stress (Iqbal
et al. 2015; Slama et al. 2015). The accumulation compatible osmolytes help to raise
the osmotic pressure to counteract the high concentration of inorganic salts in the
vacuole and the root medium and act as an energy sink, such as C and N2 source.
Additionally, these compounds also protect some structures from denaturation (Iqbal
et al. 2015; Slama et al. 2015). Sucrose metabolism decreases under salt stress via
lowering the supply of dicarboxylic acids by bacteroids. It is mainly associated with
a lower content of malate in the nodule cytosol (Liu et al. 2018). Trehalose (a non-
reducing sugar), is abundant in root nodules (López et al. 2008). During nodule
senescence, 84% of sucrose content reduced while trehalose is remaining constant.
Meanwhile, trehalose acts as an osmoprotectant (Müller et al. 2001; Vogel et al.
2001). Khan et al. (2017) reported that salt stress declined photosynthesis, decreased
the sugar contents by 22–47%, total sugar in stems, leaves, and developing pods
was increased by increasing sucrose infusion of salt-treated chickpea plants. In salt-
stressed chickpea plants, sucrose infusion increased drymass (2.6 fold), pod numbers
(3.8 fold), seed number (6.5 fold), and seed yield (10.4 fold).
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Amino acids, such as alanine, arginine, glycine, serine leucine, andvaline, together
with the amino acid, proline, and the non-protein amino acids, citrulline and ornithine
have been accumulated plant under salt stress (Annunziata et al. 2017, 2019). Under
salt stress, legume plants accumulate high levels of proline to adjust osmotic poten-
tial. High levels of proline in nodular tissues were found in M. truncatula (Chun
et al. 2018), and L. japonicus plants. M. sativa accumulates a large amount of pro-
line betaine, and proline as osmoprotectants. Proline–betainewithin nodules interfere
with N fixation (Trinchant et al. 2004). In soybean nodules, proline level increases
resulting in high ratios of NADP+/NADPH (nicotinamide adenine dinucleotide phos-
phate) and activation of pentose phosphate pathway and final production of purine.
Derivate of proline act as the transporters of fixed N2 (Miransari et al. 2013).

Nodulation is highly sensitive to salt stress, climatic conditions, soil properties,
and growth stage of the plant. Previous studies uncovered pigeon pea and faba bean
substantially effect by the salt stress and led to senescence of nodules (Cordovilla
et al. 1995). The curly root hair formation causes inhibition of bacteria colonization,
eventually reducing the infection rate, weight, and the number of nodule formation.
Chickpea cultivar inoculated with Rhizobium strain and irrigated with saline water
significantly decreased total nodule number per plant and average nodule weight
also reported by Flowers et al. (2010) and Egamberdieva et al. (2014). Microscopic
observations showed loss of turgor of the peripheral cells, loss of rigidity of the cell
wall, inhibition of nitrogenase activity because of the reduction of the protein leghe-
moglobin by oxidative stress and by the carbohydrate content of both cytosol and
the bacteroids (López-Gómez et al. 2016). P. vulgaris nodules inoculated with salt-
tolerant rhizobium tropically wild-type strains showed a reduction of the nitrogenase
activity rather than its decreased salt-tolerance mutant derivatives (Manchanda and
Garg 2008; Latef and Ahmad 2015).

Early studies revealed that salt stress interferes with nitrogen uptake, which limits
N supply in legumes. For instance, the reduction of NO3 supply from the soil causes
a reduced protein content of legumes including mung bean, chickpea and faba bean
(Ghassemi-Golezani et al. 2010; Stagnari et al. 2017). Further, salt stress decreased
the amino acid, carbohydrates, polysaccharides, and protein contents in legumes such
as mung bean which interfere with photosynthesis, nutrient uptake and nutritional
imbalance, and final yield (Farooq et al. 2017). The reduction of nodule-soluble
protein may result from the decrease in protein synthesis and increase of protease
activity in the cytosol. The P. sativum L. cv. Lincoln plants subjected to 50 mM
sodium chloride stress for three weeks, showed a significant reduction in acetylene
reduction activity (ARA) and leghemoglobin (Lb) content in isolated nodules. NaCl
reducedARAactivity by77%andLbby50%inpeanodules treatedwith 50mMNaCl
(Delgado et al. 1994). In chickpea plants inoculatedwithMesorhizobium ciceri strain
Ch-191 and challenged with salt stress during the vegetative stage, it was reported
that growth was inhibited by the highest NaCl, whereas inhibition of nodulation and
N fixation even at the lowest NaCl concentration (Soussi et al. 1998). Salt-tolerant or
salt-sensitive Rhizobium leguminosarum strains were inoculated to legumes plants
under salt stress and reported that higher levels of nodule mass and N fixation decline
in response to salinity (Cordovilla et al. 1999; Dong et al. 2017). According to Sadiki
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andRabih (2001), 200Moroccan accessions of chickpeawere evaluated for salt stress
for dry weight, nodule mass, nitrogenase activity, and total N under NaCl treatments
and revealed MCA 103, MCA 131, and MCA 250 were selected as salt SNF tolerant
lines. The efficiency of symbiotic interaction under salinity condition depends on the
symbiotic efficiency of the isolates, and it did not correlate with the source of root
nodule bacteria or their salt tolerance (Roumiantseva et al. 2006).

A said previously, rhizobial strains are also sensitive to salinity, which severely
affect the symbiotic N fixation and thus limit the legume productivity. Salinity limits
the growth of rhizobia, which reduces rhizobial cell number, restrict root infection,
inhibit nodule development, and impairing nodule activity (Alexandre and Oliveira
2013). Different genotypes show variation in salt tolerance. Rhizobium japonicum
strainUSDA191 ismore tolerant to 0.4MNaCl treatment than is the strainUSDA110
(Yelton et al. 1983) whereas Mesorhizobium strains are more sensitive to salt stress
than are strains of Rhizobium and Sinorhizobium but are more tolerant than strains of
Bradyrhizobium (Alexandre and Oliveira 2013). Therefore isolation and evaluating
salt-tolerant rhizobia are key aspects for alleviating the adverse effect of salinity,
particularly in arid and semi-arid regions.

Rhizobium has a different internal porousness, measured by its ability to grow at
totally different concentrations of binary compounds (two-element salt). B. japon-
icum, Rhizobium etli and R. are salt-sensitive, and their growth is totally reserved
at a hundred-millimeter binary compound (Boncompagni et al. 1999); Arthrobac-
ter, Rhizobium tropici IIB, and S. fredii are moderately sensitive, their growth at
two hundred millimeters binary compound is reserved, while Aiolopus strepens and
Agrobacterium tumefactiens are strongly salt resistant and grow at three hundred
millimeters binary compound (Bernard et al. 1986). Rhizobium spp. isolated from
nodules of Hedysarum, Leucaena, and Prosopis plants will tolerate up to five hundred
millimeter binary compounds (Zhang et al. 1991). Rhizobia survive in stress due to
the expression of NaCl-responsive loci leading to the accumulation of osmoregu-
lators, enhanced production of exopolysaccharides, ROS-scavenging enzymes, and
heat shock proteins and chaperones (Vriezen et al. 2007).

5.3 N Fixation in Legumes as Influenced
by High-Temperature Stress and Soil Temperature

In general, plants experience the situation of heat stress when they expose to high-
temperature events. The impact of heat stress (herein referring to the one due to high
temperature) depends on the intensity, exposure duration of the stress and the growth
stage of the crop. Heat stress that often co-occurs with drought is reported to affect
various crops leading to a severe reduction in yield potential (Bita and Gerats 2013).
Indeed, the temperature is one of the major factors affecting seed yield and quality in
legumes (Ruelland and Zachowski 2010; Christophe et al. 2011). Numerous reports
highlight the effects of high-temperature stress in the reproductive phase of legumes
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such as chickpea (Kaushal et al. 2013; Kumar et al. 2013), pea (Guilioni et al. 1997),
common bean (Gross and Kigel 1994; Vara Prasad et al. 2002), mungbean (Tzudir
et al. 2014; Bindumadhava et al. 2016) and cowpea (Ahmed et al. 1992).

Further, the high-temperature stress was found to be one of the foremost factors
affecting the symbiotic N fixation of legume crops. Keerio and Wilson (1998) and
Keerio (2001) reported that N fixation in legumes was severely inhibited at high tem-
peratures. These reports highlighted that when the temperature exceeds 35 °C in the
root zone, this could affect N fixation while N fixation severely inhibited at 45 °C in
soybean cultivars (Keerio 2001). High soil temperature is one of the severe factors,
which can restrain the development of N-fixing association in arid and semi-arid
regions. The persistence of rhizobia in the soil is profoundly affected by high tem-
peratures because it causes detrimental effects (Niste et al. 2013). Themost favorable
temperature range for optimum growth of rhizobia is 28–31 °C, andmany of rhizobia
are unable to grow at 38 °C (Graham 1992). High soil temperature could adversely
affect both free and symbiotic rhizobia (Zahran 1999). However, certain rhizobial
strains isolated from Acacia are reported to survive at high temperatures reached
up to 44 °C (Zahran et al. 1994). High temperature can influence the exchange of
molecular signals between rhizobia and the symbiotic partners (Sadowsky 2005).
Moreover, it is also stated that high temperatures can inhibit bacterial adherence to
root hairs of legumes, bacteroid differentiation, nodule structure, and function of
legume root nodules (Zahran 1999; Alexandre and Oliveira 2013). Sudden tempera-
ture fluctuations are known to stimulate the synthesis of heat shock proteins (HSP),
which can play a defensive role by tolerating heat effects without alteration of the
inner cell temperature (Xu et al. 2011). Thoughmost bacteria have only a less number
of HSP, rhizobia appear having exclusion of HSP (Alexandre and Oliveira 2013).

High soil temperatures in tropical and subtropical regions are a significant problem
for the biological N fixation of legumes (Michiels et al. 1994). High root tempera-
tures strongly affect microbial inoculation and N2 fixation in several legume species,
including soybean (Munevar and Wollum 1982), guar [Cyamopsis tetregonoloba
(L.)] (Arayankoon et al. 1990), peanut (Kishinevsky et al. 1992), cowpea (Rainbird
et al. 1983) and beans (Piha and Munnus 1987; Hungria and Franco 1993).

However, critical temperatures for BNF appeared to be species dependent. For
example, N2 fixation is 30 °C for clover and pea and range between 35 and 40 °C for
soybean, guar, peanut, and cowpea (Michiels et al. 1994), for common beans (Phase-
olus spp.) 25–30 °C being hindered by root temperatures between 30 and 33 °C (Piha
and Munnus 1987). Many early reports showed that high soil temperature inhibits
legume biological N fixation by affecting on nodulation, nodule establishment, and
nitrogenase activity (Roughley and Dart 1970;Whitehead 1995). Soil temperature in
the root zone is one of the controlling factors for nodulation andnodule establishment;
thus, attention is necessary on the minimum and maximum soil temperatures, and
the optimum range of temperatures, which are favorable for N fixation. Responses
of N2 fixation in legume species to soil temperature were extensively studied and are
summarized in Table 4.1.

It was further shown that higher root temperatures affect disease, N fixation, and
leguminous crop development (Kasper et al. 2019) and even have a significant impact
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Table 4.1 Summary of soil optimum temperature range andminimum andmaximum temperatures
for N2 fixation in different legume species

Plant species Minimum (°C) Optimum (°C) Maximum (°C) References

Alfalfa (Medicago
sativa L.)

2 2–25 Waughman (1977)

2 35 40 Dart and Day
(1971)

Guar (Cyamopsis
tetragonoloba
Guar)

37–40 Pate (1961)

Barrel medic
(Medicago
truncatula
Gaertn.)

2 20 35 Dart and Day
(1971)

Narrowleaf lupin
(Lupinus
angustifolius L.)

10 20–30 Halliday (1975)

Big-leaved lupin
(Lupinus
polyphyllus
Lindl.)

1.5 25 Waughman (1977)

Birdsfoot trefoil
(Lotus
corniculatus L.)

10 25–27 35 Rao (1977)

40 Michiels et al.
(1994)

Common vetch
(Vicia sativa L.)

2 20 40 Dart and Day
(1971)

Purple vetch (Vicia
atropurpurea
Desf.)

24 Pate (1961)

Cowpea (Vigna
unguiculata (L.)
Walp)

5 40 Dart and Day
(1971)

2 20–30 40 Dart and Day
(1971)

Faba bean (Vicia
faba L.)

5 20 Waughman (1977)

Common bean
(Phaseolus
vulgaris L.)

35 Piha and Munnus
(1987)

5 15–25 Halliday (1975)

Field/garden pea
(Pisum sativum
L.)

0.5 25 Waughman (1977)

20–26 Lie (1971)

Peanut (Arachis
hypogaea L.)

40 Kishinevsky et al.
(1992)

(continued)
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Table 4.1 (continued)

Plant species Minimum (°C) Optimum (°C) Maximum (°C) References

2 25 35 Dart and Day
(1971)

Soybean (Glycine
max L.)

27 Kuo and Boersma
(1971)

20–25 Lindemann and
Ham (1979)

5 20–35 40 Dart and Day
(1971)

2 5–30 Dart and Day
(1971)

Red clover
(Trifolium pratense
L.)

12–26 Small and Joffe
(1968)

Subterranean
clover (Trifolium
subterraneum L.)

5 12–32 Gibson (1971)

15 Roughley and Dart
(1970)

5 13–26 Halliday and Pate
(1976)

26 Small and Joffe
(1968)

Arrowleaf clover
(Trifolium
vesiculosum)

25 Schomberg and
Weaver (1992)

White clover
(Trifolium repens
L.)

21 Masterson and
Murphy (1976)

9 Frame and
Newbould (1986)

on species and varietal interactions. The optimal temperatures interaction between
legume and the rhizobial combination is about 30 °C for clover and pea, between
35 and 40 °C for soybean, peanut, and cowpea, and between 25 and 30 °C for
popular legumes (Long 2001; Reynolds-Henne et al. 2010). LaFavre and Eaglesham
(1986) reported that nodulation of soybean was strikingly inhibited at 42 and 45 °C
during 12-h and 9-h days, respectively. Moreover, the same study indicated that no
correlationwas found between the ability of plant strains to grow at high temperatures
under in vitro culture and its ability to nodulate at high temperatures (ElSheikh and
Wood 1989). Piha andMunnus (1987) observed that in response to high temperature,
bean nodules formed were small with low specific nitrogenase activity at 35 °C
temperature.

The acetylene reduction assay has been extensively used in research to measure
N fixation (Witty and Minchin 1988; Vessey 1994). Minchin et al. (1983) reported
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that the nodulated roots of some legumes were decreased the rate of ethylene pro-
duction by 40–60 when exposed to acetylene. By contrary, Mederski and Streeter
(1977) found a 60% decline in nitrogenase activity in soybean, which occurred at the
end of 6 days’ continuous exposure to an acetylene-air mixture. Further, acetylene
reduction by N-fixing organisms occurred over a wide range of temperatures with
maximum activity between 24 and 33 °C but rapidly declining at higher temperatures
(Dart and Day 1971). Sinclair and Weisz (1985) reported that the rate of acetylene
reduction in soybean increased with soil temperatures up to 30 °C and declined
slightly up to 34 °C and reduced drastically above this temperature. In addition,
some reports suggested that the activity of leghaemoglobin in transporting oxygen
to the respiratory sites without inhibiting the oxygen-sensitive nitrogenase enzyme
system could be also affected by high temperatures (Brun 1978). Heat waves could
regulate the diffusion of oxygen into the nodules, and high temperatures could affect
the role of leghaemoglobin in delivering oxygen to the respiratory sites without
inhibiting the oxygen-sensitive nitrogenase enzyme system (Brun 1978). Hartwig
et al. (1987); Vessey et al. (1988) reported that nitrogenase is limited by oxygen sup-
ply and thereby ATP (Adenosine triphosphate) availability rather than by reductant
reduced ferredoxin availability in clover and soybean (Table 4.2).

The chaperones are characterized as folding modulators, in configuring and sta-
bilizing a wide range of polypeptides presented in the wrong conformational struc-
ture (Alexandre and Oliveira 2013). The chaperone genes dnaKJ and groESL in
thermo-tolerant and thermosensitive isolate of rhizobia were studied to understand
themolecular basis of high-temperature stress tolerance by comparing the expression
levels (Alexandre and Oliveira 2013). Nandal et al. (2005) stated that the mutants
of Rhizobium sp. strain, tolerant to high temperature, exhibited a different protein
profile compared to the wild-type at high temperature and showed over-expressed
proteins and new proteins as well. Moreover, this study also showed that exopolysac-
charides (EPSs) and lipopolysaccharides (LPSs) and protein synthesis in the mutant
strains were found less thermosensitive than in the parent strain and the role of Hsps
synthesized by the heat-resistant mutants at 43 °C can relevant for the thermostol-
erance found in mutants. However, this overproduction of protein was confirmed by
other studies in mutant strains as DnaK (Alexandre and Oliveira 2013; Abd-Alla
et al. 2014a, b), in chickpea rhizobia as GroEL (Rodrigues et al. 2006) and also
in Mesorhizobium strains (Laranjo and Oliveira 2011). All these studies suggested
the possible molecular mechanisms behind the high-temperature effects on BNF
associated with legumes.

5.4 N Fixation in Legumes as Influenced by Soil Acidity
and Alkalinity

Soil acidity has long been known to decrease symbiotic N fixation in legumes
under acidic conditions. The excess of H+ alters cell-membranes permeability while
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inducing cation efflux, impairing plant nutritional status and growth (Bambara and
Ndakidemi 2010; Abd-Alla et al. 2014a, b). Liming is often required to neutralize the
undesired effect of high H+ in the soil, and therefore, to solve the negative influence
of acidic soil on plant growth (Ferreira et al. 2016).

6 Strategies to Enhance Legumes Nitrogen Fixation

6.1 Using the Conservation Agricultural Practices
for Improving Rhizobium-Legume Symbiosis

The amount of nitrogen that is fixed by legumes crop is reduced by environmental
factors like rainfall and temperature (Streeter 2003). Although the Legume family
consists of about 18,000 species, only small numbers of legume species are used
as crops and pastures, being critical food and feed crops worldwide (Herridge et al.
2008).Higher amounts and percentages of the proportion of nitrogen derived from the
atmosphere (%Ndfa) have been observed in the grain of pea under a no-tillage system
compared with conventional tillage field within a 4-year rotation experiment (Matus
et al. 1997). Indeed, the water content in the root zone during nodule formulation
control nitrogen fixation, gas exchange, and nodule activity (Weisz and Sinclair 1988;
Liu et al. 2012). Reduced crop growth and development under water tress may also
secondarily affect %Ndfa by lowering plant demand for N (Chalk et al. 2010). The
percent N derived from the atmosphere by legumes was a higher increase in the
landscape with low inorganic soil N (Sullivan et al. 2007; Singh et al. 2018). Doran
(1980) observed that soils under zero-tillage management had lower soil nitrate
compared with soils under conventional tillage. Indeed, the reduced levels of soil
nitrate in soils under zero-tillage management were associated with increased N
fixation by soybean (Hughes and Herridge 1989; Wheatley et al. 1995).

The CT practices typically leave less than 15% residue on the surface, while
conservation tillage practices often leave more than 30% of residue as a soil cover at
the time of planting of the next crop (Sullivan et al. 2007; Singh et al. 2018). Zero
tillage often results in increased soil water content (Lafond et al. 1992), and this
reduced water stress may increase N fixation in grain legumes (Bennet and Albretch
1984). N fixation by lentil grown by using zero tillage management was 10% higher
than when cultivated using conventional tillage, whereas N fixation by pea was 31%
higher using zero tillage. Pea fixedmoreN than lentil under zero-tillagemanagement,
while no differences in N fixation by pea and lentil were observed under conventional
tillage as reported by Herridge et al. (2008). Zero tillage retains crop residues on the
soil surface, and this often results in lower available soil N content in the rooting
zone as compared to conventional tillage (Doran 1980).

The minimum/zero-tillage practices and maintaining the crop residues on soil
surface play an important role to sustain soil fertility, improving water use efficiency,
physical conditions of soils and enhance crop productivity (Dalal and Chan 2000).
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Overall, the no-tillage enhanced the N2 fixation as compared to tillage treatment
(Mohammad et al. 2010), ultimately increased the growth and yield of growing crops.
It is due to a significant proportion of N (58.20–76.51%) was derived by mungbean
through symbiotic atmospheric N fixation plus crop residues retained under the no-
tillage treatment (Mohammad et al. 2010). It has been demonstrated the merits and
demerits of both conventional tillage and no-tillage impact on the amount of N fixed,
growth, and yield of a crop. It has also been reported that the effect of tillage methods
depends on crop species, climate, site, and time of tillage (Martinez et al. 2008).

Roots near the surface derive a higher proportion of their N from the symbiosis
with rhizobia (Lory et al. 1992). While deeper nodules account for relatively low
levels of N2 fixation (McDermott and Graham 1989; Tajima et al. 2007). Tillage
practices may also interact with the method of inoculant application, which itself
may impact nodulation patterns, nitrogen fixation, as well as legume growth and
yield (Denton et al. 2017). Conservation tillage systems that provide limited soil
mixing may have lower nutrient levels at depth, which may increase the N2 fixing
activity of nodules within these regions because the N would rarely reach levels that
inhibit N2 fixation (Virginia et al. 1986).

Antagonism between nitrate concentration in the soil solution and the N2 fixation
process in nodules is the primary constraint the crop faces in terms of increasing
N uptake (Streeter and Wong 1988). High levels of soil mineral N as NO3 form
can reduce the amount of N2 fixed by legumes (Høgh-Jensen and Schjoerring 1994;
Thilakarathna et al. 2016) as it costs less energy for legumes to take up N from
the soil than fix N biologically from the atmosphere (Cannell and Thornley 2000).
The number and dry weight of nodules decrease with increasing mineral N contents
(Koutroubas et al. 1998), and the percentage ofNderived from atmosphere decreases,
with a concomitant increase in the percentage of N derived from fertilizer (George
and Singleton 1992).

7 Conclusion

Earlier findings in the chapter revealed that N is essential for plants, belonging to
almost all structures of plant and a vital constituent of chlorophyll, enzymes, and pro-
teins. As a result, N is needed relatively large amounts than other nutrients. Numerous
transformation processes that are involved in the N cycle contributes to the uptake
N by plants. Among them, symbiosis biological N fixation is an environmentally
friendly natural resource of N for sustainable agricultural systems. Recent research
findings found a decreasing trend of symbiotic N fixation in agricultural systems
as a result of adverse abiotic stresses. Therefore, new and growing research efforts
focusing on the effects of abiotic stresses on the symbiotic N fixation are needed
to cope with their adverse effects on the physiological mechanisms of plants. In
legume plants grown under symbiotic conditions, one of the primary effects of abi-
otic stresses is a decline in the rates of symbiotic biological N fixation. In the present
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chapter, we summarized the current understanding of the abiotic stresses which are
responsible for symbiotic biological N fixation in legumes.
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Genetic Engineering and Genome
Editing for the Improvement of Fabaceae
for Abiotic Stress Tolerance

Ehsan Valiollahi, Jorge A. Pinto Paiva, and Ana Sofia Duque

Abstract According to the new WMO Global Climate Report (released on March
2019), the years 2015–2018 were the four warmest years on record. Moreover, the
alternation of heat waves and drought with the occurrence of extreme events become
a challenge for agriculture in forthcoming years. Plants from Fabaceae family are
the third largest family of flowering plants and second in economic importance,
being cultivated for food and animal feed. They also provide the benefits of nitrogen
fixation due to Legume-Rhizobium symbiotic relationship. However, their produc-
tivity is limited by different biotic and abiotic constraints, and the improvement of
Fabaceae for stress tolerance is an important requirement regarding the future climate
scenario. In this chapte we will focus on works related to the genetic engineering and
genome editing for the improvement of Fabaceae plants regarding their tolerance to
abiotic stresses. As candidates for genetic engineering purposes we can find numer-
ous abiotic stress-related genes (e.g., LEAs, ZIPs, HSPs) and transcriptional factors
(e.g.,MYBs, ABFs,HSFs); that have been used with some degree of success either in
model or other important grain and forage legumes. Recently, considerable research
has revealed the active role of micro-RNAs (miRNAs) in many aspects of plant
development and in the response to various environmental stress conditions. Some
examples of their usage for engineering for abiotic stress tolerance in legumes and
their possible future exploitation will be addressed. Finally, we will provide a resume
on genome editing techniques related to stress tolerance and discussed forthcoming
applications in Fabaceae improvement.
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1 Introduction

Pulses and forage legumes (Leguminosae or Fabaceae) well known for their nutri-
tional and health benefits may play important roles on mitigation of climate change
impact and on the contribution to the sustainability of Agriculture (Araújo et al.
2015). Main advantages of legumes in terms of soil conservation and sustainability
are related to their ability to fix atmospheric nitrogen due to Legume-Rhizobium
symbiotic relationship. They are also responsible for providing the main source of
vegetable protein for human diet and are essential for livestock feed (as forage pro-
duction). In developing countries, legumes could play a major role in the eradication
of protein–energy malnutrition (Maphosa and Jideani 2017). Nevertheless, legume
productivitymight be limited by different biotic and abiotic constraints. According to
the 25th World Meteorological Organization (WMO) “Statement on the State of the
Global Climate in 2018” report (WMO 2019) the exposure of the agricultural sector
to climate extremes would threaten to reverse the gains made in ending hunger and
malnutrition. Indeed, the alternation of heat waves and drought with the occurrence
of extreme events, like flooding, extreme rainfall, and extratropical storms, consti-
tute a challenge for agriculture in the forthcoming years. Thus, the improvement of
Fabaceae for stress tolerance is an important requirement regarding the current and
future climate scenario. In this context, it is crucial to provide deep insights into the
molecular responses to stress, including the function of stress-responsive genes and
their effects on phenotypic changes, allowing the development of biotechnological
tools to accelerate breeding of legumes crops for stress resistance (Kudapa et al.
2013; Duque et al. 2013; Deshmukh et al. 2014; Nadeem et al. 2019).

Currently, abiotic stress-responsive genes can be grouped in genes involved in
protecting cells from stress by producing important metabolic proteins, and in genes
involved in regulatory pathways and signal transduction during the perception and
response to stress (Duque et al. 2013). The first group of stress-responsive genes
include those with a putative function in stress tolerance by coding for important
proteins such as chaperones, membrane proteins (e.g., water channel proteins and
potassium transporters), detoxification enzymes, or enzymes involved in the synthe-
sis of osmoprotectants or compatible solutes. A second group of stress-responsive
genes comprises those coding for protein factors involved in the further regulation of
signal transduction or gene expression such as transcription factors (Agarwal et al.
2018).

Recently, plant non-coding RNA (long-ncRNAs and small-ncRNA) have also
been considered major regulators of stress response gene expression mechanisms
in both biotic (e.g., virus, bacteria, and fungus pathogens) and abiotic stresses (e.g.,
drought, heat, salinity, cold, and nutrient starvation). Among small non-coding RNA,
micro-RNAs (miRNAs) represent a class of 20- to 24-nucleotides small non-coding
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molecules which regulate gene expression at the posttranscriptional level, by binding
to the coding sequence (CDS) or untranslated region (UTR) of specific mRNAs,
targeting them for cleavage or by directing translational repression at themRNA level
(Zhang et al. 2006; Ding et al. 2012; Alptekin et al. 2017; Wang et al. 2018b, 2019).
MiRNAs biogenesis initiates from the transcription of miRNA-coding genes by the
RNA polymerase II activity in the nucleus into long primarymiRNAs (pri-miRNAs),
which are then processed by an enzyme DICER-LIKE1 (DCL1) into a precursor
miRNA (pre-miRNA) of 80–500 nt (Liu et al. 2018). Pre-miRNA is unstable in
the nucleus and is processed into guide (miRNA) and passenger (miRNA*) strands
duplex, by DCL1, and transported outside the nucleus by the protein HASTY (HST;
a homolog of Exportin 5) (Park et al. 2005; Pareek et al. 2015). Exported miRNA-
miRNA* duplexes are processed by helicases to produce mature miRNAs, which
are incorporated into the RNA-induced silencing complex (RISC) to repress the
expression of the target genes by perfect or near perfect pairing of miRNAs and
their target sites (Bartel 2004; Sanei and Chen 2015) (see Fig. 1). The discovery
and understanding of this natural conserved defense mechanism against double-
stranded RNA (dsRNA) has transformed the aforementioned into a powerful tool for
genetic engineering and functional genomics studies. Several conserved miRNAs
are important modulators of the expression of various abiotic stress-related genes
which are significantly altered (upregulated or downregulated) in stress conditions
(Shriram et al. 2016; Chauhan et al. 2017).
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Fig. 1 Schematic representation of plant miRNA biogenesis and miRNA roles in the RNAi mech-
anisms. MiRNA genes begin to be transcribed by RNA polymerase II as long primary transcripts
(pri-miRNA) that are stabilized by the addition of a 5′ 7-methylguanosine cap and a 3′ polyadeny-
lated tail (Rogers and Chen 2013). These pri-miRNAs fold into stem-loop structure that can be
recognized and processed into a precursor miRNA (pre-miRNA) of about 80–500 nucleotides in
length, by Dicer-like 1 (DCL1) enzyme with RNase III endonucleases activity (A). Then, DCL1
generates miRNA-miRNA* duplex (B) and the 3´terminal nucleotide of each strand needs to be
methylated by the Hua Enhancer1 (HEN1) RNA methyltransferase (Park et al. 2005; Yu et al.
2005) (C). Methylated miRNA-miRNA* duplex is exported to the cytoplasm with the assistance of
HASTY (D). After the removal of miRNA*, mature miRNA is incorporated into the RISC (a com-
plex ribonucleoprotein containing the Argonaute (AGO) protein, responsible for mRNA cleavage),
and act by inhibiting the translation (E) or by modulating the cleavage of target mRNA (F)
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Plant genetic engineering has been claimed as the fastest agricultural technique
for crop improvement (Zhou and Luo 2013). Potent biotechnological advancements
especially in post-genomic era are developing infrastructures for sustainable agri-
cultural crop development to bypass the environmental hurdles challenges (Xu et al.
2019).

Two main transformation strategies have been employed for genetic engineering
using expression constructs with the gene/cDNA of interest to be integrated into
the plant genome. The most used method for foreign gene transfer into plant cells
and for the subsequent regeneration of transgenic plants is based on the natural
Agrobacterium tumefaciens system; but particle bombardment has also been exten-
sively exploited for plant transformation especially in recalcitrant species orwhen the
aim is the DNA integration into the plastid genome (plastid transformation) (review
in Duque et al. 2013). Agrobacterium-mediated transformation approach is been
mainly used in dicotyledonous species (dicots), and particle bombardment of DNA
coated gold or tungsten beads, preferably in monocotyledonous species (monocots)
(Gomes et al. 2019). Additionally, by using Agrobacterium rhizogenes (revised as
Rhizobium rhizogenes; Young et al. 2001), it is also possible to induce the produc-
tion of transformed hairy roots and obtain composite plants, rather than transgenic
whole plants, as further described in this chapter in An et al. (2017) work in soy-
bean. Moreover, one key factor to take into consideration in engineering of abiotic
stress-tolerant plants is the choice of the promoters. The cauliflower mosaic virus
(CaMV) 35S promoter has been the most commonly used for dicots crops. However,
in some cases, the use of stress-inducible promoters, that allow the expression of a
transgene only when it is required, could be a better option (e.g., Kasuga et al. 2004;
Wang et al. 2013; Hou et al. 2016). In addition to the overexpression or heterolo-
gous expression of a desired gene/cDNA, by the means of plant transformation with
constructs enclosing the gene(s) of interest; since the early 1990s, it is also possible
the effective downregulation of gene(s) by stable transformation using the antisense
RNA technique (reviewed inMol et al. 1990). Moreover, since the discovery of RNA
silencing pathways, several artificial RNA silencing technologies were developed,
such as hairpin RNA, artificial micro-RNA, intrinsic direct repeat, 3′ UTR inverted
repeat, artificial trans-acting siRNA (small interfering RNA), and virus-induced gene
silencing technologies (reviewed in Guo et al. 2016). In this chapter, we will empha-
size the plant RNA silencing pathway classified as posttranscriptional micro-RNA
pathway, whose bases are shown in Fig. 1. Since plant miRNAs are assigned to mod-
ulate stress responses and adaptation processes, the miRNA-based biotechnology
has huge potential for improvement of crop tolerance to abiotic stresses (Budak and
Zhang 2017).

Recently, the advent of the genome editing (GE) technology opened new possi-
bilities of engineering any genomic sequence in a crop plant, by efficient targeted
precise mutagenesis (including gene knockouts, knockdowns, modifications, and
the repression and activation of target genes) (Khandagale and Nadaf 2016). While
there is still a dynamic debate between stakeholders, including regulators, scientists,
industry, and non-governmental organizations, about considering GE technology as
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non-GM (non-genetically modified) (e.g., Eckerstorfer et al. 2019); it is undoubt-
edly that GE has a vital role for future utilization in molecular breeding to enhance
abiotic stress tolerance. Even though only few studies have adopted GE for editing
for stress tolerance in Fabaceae, a brief introduction to GE (especially CRISPR/Cas9
technology) and some recent examples will be provided in Sect. 4 of this chapter.

To conclude, in this chapter, we will focus on works related to genetic engineer-
ing for the improvement of Fabaceae for abiotic stresses tolerance. Some examples
of stress-related genes and stress-related miRNAs, their usage, and possible future
exploitation for genetic engineering will be addressed. Finally, we will provide a
resume on genome editing techniques and discussed forthcoming applications in
Fabaceae abiotic stress improvement.

2 Stress-Responsive Candidates for Genetic Engineering
Purposes

Thedevelopment of newhigh-throughputmethodologieswith reduced costs to access
the transcriptome and proteome, and the release of plant genome sequences for
several species contributed to the fast increase knowledge on candidate respon-
sive genes to a variety of abiotic stresses, such as heavy metals, flood, osmotic
and ionic stress, drought, heat or cold stresses, that can be further used for genetic
engineering purposes [see the recent reviews by Ramalingam et al. (2015), Jha et al.
(2019), Nadeem et al. (2019)]. Ramalingam et al. (2015) discussed the use of pro-
teomics andmetabolomics approaches to understand the stress responsemechanisms
in Fabaceae, as well as cellular and developmental processes, including symbiosis.
These authors presented an overview of important proteins that are differentially
expressed in response to various stresses in some model and crop legumes (see
tables in Ramalingam et al. 2015, and references therein). Jha et al. (2019) review
the current progress in “omics” advances to understanding the genetic makeup of
salinity tolerance and for improving salt tolerance of grain legumes. More recently,
Nadeem et al. (2019) reviewed the progresses on the research in drought stress in
legumes, focusing also on the “omics” approaches and providing a resume of genes
that could be putatively explored for improving drought resistance in legumes.

Bashir et al. (2019) identified a list of genes considered potential candidates for
the development of drought and cadmium-tolerant soybean (Glycinemax L. (Merrill)
cultivars). The genes involved in abscisic acid (ABA) degradation, gibberellin and
salicylic acid biosynthesis, hydrogen peroxide (H2O2) production and Cd transport
were upregulated, while those involved in zeatin riboside (ZR), indole 3-acetic acid
(IAA), and methyl jasmonate (MeJA) biosynthesis were downregulated, under Cd
and drought stress.Wang et al. (2018a) usedRNA-seq to determine the transcriptional
responses of soybean to heat, drought, and combined stress and identified potential
new targets for enhancing soybean stress tolerance. In wild soybean (Glycine soja
Siebold & Zucc.), major intrinsic proteins like Aquaporins (AQPs), responsive to
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salt and drought stresses, were identified through genome-wide screening, and their
mode of action elucidated using yeast two-hybrid assay and bimolecular fluorescence
complementation analysis (BiFC) (Zhang et al. 2017).

An integrated approach of proteomics and computational genetic modification
effectiveness analysis (a mathematical model constructed for metabolic simulation)
was applied to explore flood-tolerant genes in soybean (Wang et al. 2018c). Protein
levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), aconitase 1, and 2-
oxoglutarate dehydrogenase (2-OGDH) were higher in flood-tolerant soybean plants
compared to wild-type plants, under flood conditions. These three proteins were
considered good candidates to promote flood tolerance and the respective set of
genes potential candidates for genetically modified soybean (Wang et al. 2018c).

A comparative transcriptomic analysis based on full-length transcript sequenc-
ing was performed to evaluate the contribution of osmotic and ionic stress toward
the salinity tolerance in roots of Medicago sativa L. (Luo et al. 2019). Within the
alfalfa transcriptome, these authors found 188 TFs in 32 TF families present as dif-
ferentially expressed genes (DEGs) under the two evaluated stresses; among those
were important TFs families such as the GRAS, MYB, AP2-EREBP, NAC, WRKY,
and bHLH. These key osmotic and ionic stress-related genes were considered good
candidates for future studies as potential targets to improve resistance to salinity
stress via genetic engineering (Luo et al. 2019). In common bean, Phaseolus vul-
garis L., 27 Teosinte-branched1/Cycloidea/Pcf (TCP) proteins were characterized
by in silico analysis of transcriptome, and their involvement in the response to salin-
ity confirmed by comparing salt-tolerant and sensitive genotypes under salt stress
(İlhan et al. 2018). Interestingly, these authors also found that 20 TCP genes were
predicted to be targeted by miRNAs (among those miRNAs, the miR319 was the
highly represented regulatory miRNA to target TCP transcripts). Jha et al. (2019)
explored germplasm resources to identify salinity stress-responsive candidate genes
using transcriptome analysis. They presented a list of salinity tolerance genes and
their putative function for salinity tolerance in soybean, a list of QTLs/genes con-
ferring salinity tolerance in various grain legumes, and also a list of differentially
expressed genes related to salinity stress tolerance.

In the model legumes,Medicago truncatula and Lotus japonicus, transcriptomic
analysis allowed the identification of a high number of differentially expressed genes
during the early response of nodules to water deprivation, highlight genes related to
hormone metabolism and signal transduction, and genes encoding key enzymes in
ABA biosynthesis (Sańko-Sawczenko et al. 2019). Genes encoding late embryo-
genesis abundant (LEA) glycoproteins and serine-rich proteins; and a variety of
transcription factors (TFs) encoding genes, belonging to myeloblastosis oncogene
(MYB) and to the ethylene response factor (ERF) subfamily ofAP2 (AP2/ERF), basic
Helix-Loop-Helix, Constans-like, basic region/leucine zipper motif (bZIP), WRKY,
C2H2-type zinc finger and NAC families, were also found (Sańko-Sawczenko et al.
2019).

Recently, NGS-based (next-generation sequencing-based) small RNA sequenc-
ing (sRNA-seq) revealed the importance of these approaches for understanding the
importance of small RNAs (sRNAs), and more specifically of miRNAs, on cellular
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responses in legumes when exposed to abiotic stress conditions (Abdelrahman et al.
2018). Using RNA-seq, Xu et al. (2016) identified 51 chilling-responsive miRNAs
in Glycine max. The targets of these cold stress-responsive miRNAs were enriched
in oxidation–reduction, signal transduction, and metabolic process functional cat-
egories. Furthermore, 23 drought-responsive miRNA families were also reported
in soybean. Among those, 11 families were upregulated, while the other 12 were
downregulated under stress conditions (Zheng et al. 2016). Additionally, a genome-
wide study of the miRNA expression dynamics in the cell division zone of chickpea
(Cicer arietinum) root apex under water-deficit and salinity stresses revealed possi-
ble miRNA-mediated modulation of root development and root hair formation under
these conditions (Khandal et al. 2017).

Deep sequencing (also referred as high-throughput sequencing) of Vicia faba
sRNA transcriptome led to the identification of 527 and 693 salt stress-responsive
miRNAs, in salt-sensitive (Hassawi-3) and salt-tolerant (ILB4347) genotypes,
respectively. Functional annotation of stress-responsive miRNAs target genes
demonstrated their role in regulation of salt stress-related biological pathways;
including the ABC transporter pathway, MAPK signaling pathway, plant hormone
signal transduction, and the phosphatidylinositol signaling system (Alzahrani et al.
2019). High-throughput sequencing of M. truncatula seedlings showed that 81 and
129 miRNAs were stress-responsive under salt and alkali treatment, respectively.
Among them, 101 miRNAs were significantly upregulated in at least one of the
treatment groups and 35 miRNAs (including mtr-miR156 and mtr-miR171 families,
and mtr-miR159a) were overexpressed in both salt and alkali treatments. In contrast,
67 miRNAs were downregulated in one of the treatments. Pathway analysis revealed
that salt/alkali stress-related miRNAs participate in regulation of various biosynthe-
sis and metabolic pathways (Cao et al. 2018). In addition, the soybean miRNOme
(defined as the full spectrum of miRNAs in a genome) profiling in aluminum toxicity
conditions revealed that 32 miRNAs were differentially expressed during aluminum
stress. Overexpressed miRNAs in tolerant (BX10) and susceptible (BD2) genotypes
regulate the expression of genes related to amino acid metabolism and secondary
metabolism, respectively, and indicated miRNA-mediated root elongation in tolerant
genotype (Huang et al. 2018).

3 Genetic Engineering for Abiotic Stress Tolerance
in Fabaceae

Genetic engineering strategies are being used to characterize the function of several
candidate genes involved in abiotic stress response. In this section, we will focus on
the most recent studies based on the genetic engineering for abiotic stress tolerance
in Fabaceae, emphasizing different examples, both in terms of transformed species
and of the function of the chosen genes.
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3.1 Improving Tolerance to Abiotic Stress in Grain
and Forage Legumes

Protective Proteins and Chaperones
Here, we present some examples of proteins with recognized protective function
(e.g., LEA and ZFNs), under both normal and extreme conditions; including those
considered as plant molecular chaperones. Being molecular chaperones defined as
a family of unrelated classes of proteins that mediate the correct assembly of other
polypeptides (Ellis 1991), as is the case of some heat shock proteins (HSPs) (Kim
et al. 2013; Park and Seo 2015; Trivedi et al. 2016).

A late embryogenesis abundant (LEA) protein from the desert grass Cleistogenes
songoricawas inserted into alfalfa (Medicago sativaL.) via agrobacterium-mediated
transformation (Zhang et al. 2016). The expression of the CsLEA gene in alfalfa
enhanced drought and salt tolerance by improving growth and relative water con-
tent (RWC), protection of the membrane (evaluated by the malondialdehyde (MDA)
content; a parameter related to the degree of cell membrane damage), and increase
in compatible solutes (namely the osmoprotectant proline). Transgenic alfalfa over-
expressing CsLEA had decreased Na+ and increased K+ levels, resulting in a higher
K+/Na+ ratio compared to non-transgenic plants, suggesting that was able to regulate
K+/Na+ homeostasis to reduce the ion toxicity (Zhang et al. 2016). Moreover, trans-
genic alfalfa plants presented higher chlorophyll fluorescence (increased Fv/Fm; a
parameter related to the photochemical efficiency of the PS II), chlorophyll con-
tent, and net photosynthetic rate, compared to the control. Plants were tested with a
period of 15d of drought (by water withdrawn) and 10d of salt stress, followed by
re-watering. The transgenic plants were able to return to a normal state, though the
WT plants could not be recovered.

Also in alfalfa, the overexpression of aGlycine soja zincfinger protein1 (GsZFP1),
under the control of the cauliflower mosaic virus (CaMV) 35S promoter, resulted in
enhanced drought and salt tolerance (Tang et al. 2013). After a drought treatment
of 20d, three transgenic lines performed better than the WT plants; and when were
re-watered the survival rates, fresh weights, root lengths, and shoot heights of the
transgenic lines were greater than those of the WT plants. Under high salinity stress
(plants irrigated with 250 mM of NaCl solutions for 17d) the relative membrane per-
meability andMDA ofWT plants were greater than those of the lines overexpressing
GsZFP1. Conversely, more free proline and protective soluble sugars accumulated
in the transgenic alfalfa than in theWT plants (Tang et al. 2013). An example using a
HSPmolecular chaperonewill be provided in the Genome editing for stress tolerance
4.2 subsection.

Membrane Proteins
Na+(K+)/H+ antiporters (NHXs) are ubiquitous membrane proteins that play impor-
tant roles in maintaining the cellular pH and Na+(K+) homeostasis (Wu et al. 2016).
In plants, the Na+/H+ antiporter in the plasma and vacuolar membrane pumps exces-
sive Na+ from the cytosol or compartmentalizes it into tonoplasts to maintain higher
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K+/Na+ ratios in the cytoplasm, protecting cells from sodium toxicity (Almeida et al.
2017). In order to obtain a salt-tolerant alfalfa plants, Zhang et al. (2014a, b) trans-
ferred the halophyte Salicornia europaea L. Na+/H+ antiporter gene, SeNHX1, using
the Agrobacterium-mediated transformation method. Upon a salt stress treatment
(0.6% NaCl) during 21 days, the authors observed that the amount of chlorophyll
decrease andMDAcontents in transgenic overexpressing SeNHX1 plantswere lower;
while proline levels and also the activities of superoxide dismutase (SOD), peroxi-
dase (POD), and catalase (CAT) were higher, compared to wild-type plants. In this
way, the SeNHX1 transgenic alfalfa plants showed enhanced tolerance to salt through
improved photosynthesis andmembrane protection, and also osmotic adjustment and
scavenging of free radicals by the increase in proline content, and SOD, POD, and
CAT activities (Zhang et al. 2014a, b). Another antiporter gene, the AtNHX5 gene
from the model plant Arabidopsis, was used to transform soybean, and the result-
ing transgenic plants were also tolerant to the presence of 300 mM NaCl, when
compared to the non-transgenic plants (Wu et al. 2016). In a more recent work, the
AtNHX1 Na+/H+ antiporter overexpression, together with the inoculation with the
stress-resistant nitrogen-fixing strain SinorhizobiummelilotiB401, resulted in higher
forage production and increased nutrient quality in alfalfa under salt stress (Stritzler
et al. 2018).

Aquaporins (AQP) are membrane proteins that belong to the major intrinsic pro-
tein (MIP) superfamily and play an important role in plant water relations (Kapilan
et al. 2018). AQPs facilitate water movement by regulating root hydraulic conduc-
tivity under diverse stress conditions such as salt and water stresses (Shekoofa and
Sinclair 2018). Plant AQPs are classified into fivemain subfamilies including plasma
membrane intrinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), nodulin 26
like intrinsic proteins (NIPs), small basic intrinsic proteins (SIPs), andX intrinsic pro-
teins (XIPs) (Kapilan et al. 2018). Soybean composite plants (obtained by Agrobac-
terium rhizogenes transformation) and transgenic whole plants, both transformed
with the Panax ginseng tonoplast intrinsic protein1 (PgTIP1) gene, had enhanced
salt and drought tolerance bymaintaining homeostasis ofwater, salt ions, and reactive
oxygen species (ROS) (An et al. 2017, 2018).

Osmoprotectants
Transgenic strategies can also be used for the overexpression of enzymes/proteins
involved in the biosynthesis of osmoprotectants or compatible solutes, such as sugars,
polyols, amino acids (e.g., proline), polyamines, glycine betaine, and other related
compounds (Singh et al. 2015).

As an example, glycine betaine (GB) accumulates in many plants under stress
conditions, is considered non-toxic at high concentrations, and is responsible for
raising the cytoplasm osmotic pressure. GB is synthetized from two different sub-
strates, choline and glycine. The pathway of GB biosynthesis from choline involves
one or two enzymes, depending on the biological system. In higher plants, animals
andE. coli is a two-step reaction catalyzed by the cholinemono-oxygenase (CMO) or
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choline dehydrogenase (CDH), and the NAD+-dependent betaine aldehyde dehydro-
genase (BADH) (Fariduddin et al. 2013). In contrast, in the soil bacteriumArthrobac-
ter sp., a single-step reaction catalyzed by choline oxidase (COD) is responsible for
the production of GB (Fariduddin et al. 2013). The choline dehydrogenase (CDH)
and choline oxidase (COD) overexpression, in tobacco and Arabidopsis, are some
examples of the transgenic approaches used for the accumulation of GB for the pur-
pose of obtaining salt and freezing tolerant plants (Lilius et al. 1996; Hayashi et al.
1997; Sakamoto et al. 2000; He et al. 2001). InM. sativa, Li et al. (2014) generated
transgenic plants expressing the codA cDNA derived from Arthrobacter globiformis
under the control of the oxidative stress-inducible sweet potato peroxidase (SWPA2)
promoter (Kim et al. 2011). A targeting signal to the chloroplast was included by the
presence of an N-terminal transit peptide (TP) in the used construct. Salt and drought
stress analysis was performed in whole 4-week-old plants, by irrigation treatment
with 250mMNaCl solution or bywithholding thewater supply, respectively (Li et al.
2014). The tolerance of transgenic plants to salt stress was estimated based on the
contents of GB, chlorophyll, and MDA in leaves, after the stress treatment. For the
drought stress free proline content and relative water content (RWC) were accessed
in the leaves after 5 days of water withholding. As expected, the GB content in trans-
genic plants significantly increased under both stresses due to the induction of codA
transcriptional expression under the control of the stress-inducible SWPA2 promoter.
All transgenic plants showed enhanced tolerance to drought stress by maintaining
high RWC and increased levels of GB and proline compared to non-transgenic (NT)
plants (Li et al. 2014). Moreover, two transgenic lines maintained higher chlorophyll
contents and lower MDA levels, compared to NT plants. More recently, in mung
bean (Vigna radiata L. Wilczek), a grain legume cultivated in equatorial and semi-
tropical regions of the Indian subcontinent and in Southeast Asian countries, Baloda
et al. (2017) induced salt stress tolerance by introducing the codA bacterial gene
using the plasmid pGAH/codA (Hayashi et al. 1997). A simple disk leaf assay was
used on primary transformants to evaluate salt stress tolerance, and authors reported
that leaf disks from non-transgenic plants showed complete senescence while those
from transgenic plants remained green after a 4d treatment with 50–200 mM NaCl
(Baloda et al. 2017).

Other interesting biomolecules used for plant engineering toward abiotic stress
tolerance are polyamines (PAs). PAs are low-molecular-weight, positively charged,
aliphatic amines found widespread in living organisms. They are synthesized from
the decarboxylation of the amino acids arginine, ornithine, methionine, and lysine.
Putrescine (Put), spermidine (Spd), and spermine (Spm) are the plant most abundant
PAs, and their levels increase under several environmental disturbing conditions,
including drought, high salinity, and exposure to extreme temperatures (heating or
freezing) (Araújo et al. 2019). Regarding the modulation of the PAs biosynthetic
pathways, we have several works describing an increased abiotic stress tolerance
in different plant species by the means of regulating the arginine decarboxylase
(ADC) gene expression; a key enzyme responsible for Put synthesis (e.g., Alcázar
et al. 2010; Alet et al. 2011; Espasandin et al. 2014; Duque et al. 2016; Espasandin
et al. 2018; Hidalgo-Castellanos et al. 2019). Put is then converted into Spd by
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spermidine synthase (SPDS), and Spd is further converted into Spm or thermosper-
mine (tSpm), by Spm synthase (SPMS) and tSpm synthase (ACL5), respectively
(reviewed in Araújo et al. 2019). Plants from the model legume Medicago truncat-
ula cv. Jemalong constitutively expressing the Adc gene from Avena sativa showed
higher leaf accumulation of Put, Spd and norspermidine (NorSpd), when compared
to non-transformed plants (Duque et al. 2016).When subjected to severewater deficit
(SWD), bywaterwithholding, the transgenic plants showed increased photosynthetic
parameters, specifically, leaf internal CO2 concentration (Ci), net CO2 assimilation
rate (A), transpiration (E), and stomatal conductance (gs). Besides, transgenic plants
that recovered from SWD showed higher seed yield compared to non-transformed
plants, suggesting a benefit of increased PA levels in preserving legume grain yield
when exposed to drought stress (Duque et al. 2016). Recently, using those transgenic
M. truncatulaADC lines, Hidalgo-Castellanos et al. (2019) found that the expression
of the Adc gene increased the nodule biomass by favoring Sinorhizobium meliloti
root colonization and/or nodule organogenesis, which led to an increment in the
nitrogen fixation rate (NFR) per plant. Regarding the nodule metabolism, under salt
stress, ADC transgenic plants accumulated higher amounts of proline and Spm in
nodules compared to non-transformed plants (Hidalgo-Castellanos et al. 2019).

Detoxification
In this subsection, we will focus on some specific examples concerning the het-
erologous expression of enzymes considered important as detoxifying agents. As an
example, we have ascorbate peroxidases, which play important protective roles in
higher plants preventing stress toxic effects by scavenging reactive oxygen species
(ROS) (Singh et al. 2014b).

In Peanut (Arachis hypogaea L.), an economically and agriculturally important
crop, the yield and quality are negatively affected by drought and salinity (Sun et al.
2013). The peroxisomal ascorbate peroxidase gene (SbpAPX), from the extremehalo-
phyte Salicornia brachiate, under the control of the CaMV35S promoter (Singh et al.
2014b) was used for peanut Agrobacterium-mediated transformation (Singh et al.
2014a). For salt stress treatments 4-week-old transgenic peanut plants were watered
with 0–150 mM NaCl for 2 weeks, and the phenotypical differences were recorded.
Transgenic peanut plants expressing SbpAPX performed better thanWT plants, since
the total chlorophyll content, shoot length, fresh weight, and relative water content
increased concomitantly with salt stress. Furthermore, transgenic plants continued
normal growth and completed life cycle and presented lower electrolyte leakage (EL)
during the course of the experiment (Singh et al. 2014b).

Another interesting approach is plant engineering toward the overproduction of
reactive carbonyl species (RCS)-detoxifying enzymes; with the example of Vigna
mungo (blackgram) transformation with the Aldose Reductase ALDRXV4 cDNA
from Xerophyta viscosa (Singh et al. 2016). RCS species are α-ß unsaturated aldehy-
des and ketones produced from lipid peroxides, with action in environmental stress
(Mano 2012). The enzyme ALD (belonging to the aldo-keto reductase superfamily)
catalyzes the reduction of carbonyl metabolites and play an important role in the
osmoprotection and detoxification of RCS in plant cells (Mano 2012; Singh et al.
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2016). In this experiment, transgenic ALDRXV4 plants showed improved tolerance
to various environmental stresses [including drought, salt, methyl viologen (MV)
and H2O2 induced oxidative stress] (Singh et al. 2016). Transgenic plants presented
increased aldose reductase activity, higher sorbitol content, and less accumulation of
the toxic methylglyoxal, either under stress and non-stress conditions (drought and
salinity). Additionally, accumulation of ROS remarkably decreased in the transgenic
lines, compared with the non-transformed plants (Singh et al. 2016)

Transcription Factors
Transcription Factors (TFs) interact with cis-elements in the promoter regions of
abiotic stress-related genes and upregulate the expression of different responsive
genes resulting in abiotic stress tolerance. In this way, TF-based genetic engi-
neering for stress tolerance has enormous potential and transcription factors (TFs)
like Apetala2/ethylene-responsive factor (AP2/ERF), and homologous of myelocy-
tomatosis (MYC) andmyeloblastosis (MYB)oncogenes,NAC,WRKY,basic leucine
zipper (bZIP), protein kinases (MAPK, CDPK), and protein phosphatases, among
others, are important candidates for this approach (reviewed in Agarwal et al. 2018).
Numerous stress-responsive TFs have been exploited to genetic engineering for abi-
otic stress tolerance in Fabaceae, among those we can highlight common TFs, such
asMYB, AP2, BZIP, GRAS, and Zinc finger (see Table 1). In this chapter, we present
few selected examples of application of TF legume engineered for increase abiotic
stress response.

AP2/ERFs, especially those in DREB (dehydration-responsive element-binding)
and ERF (ethylene-responsive factors) subfamilies, are ideal candidates for crop
improvement because their overexpression enhances tolerance to multiple abiotic
stress tolerance such as salt, drought, heat, and cold, as well as resistances several
diseases in the transgenic plants (Xu et al. 2011; Deokar et al. 2015; Debbarma et al.
2019).

In early studies, genetic engineering usingDREB transcription factorswas accom-
plished in the attempt to improve salt tolerance in the forage legumes M. sativa and
M. truncatula (Jin et al. 2010; Li et al. 2011). In the first study (Jin et al. 2010), a
soybean DREB orthologue (GmDREB1) was used to transform alfalfa plants under
the control of the Arabidopsis Rd29A promoter. Plants were exposed to salt stress
by watering with concentrations up to 400 mM NaCl for 60 days. Transgenic plants
showed significantly higher tolerance when compared to non-transformed plants,
considering the chlorophyll fluorescence values, electrolytic leakage (EL) rates, and
contents of proline and total soluble sugars. Additionally, the transcript level of the
proline biosynthetic enzyme �1-pyrroline-5-carboxylate synthase (P5CS), impor-
tant in determining proline levels in plants, was upregulated by the stress-inducible
expression of GmDREB1 (Jin et al. 2010). In the second case (Li et al. 2011), the
MtCBF4, belonging to the AP2-EREBP transcription factor family, was overex-
pressed in M. truncatula and enhanced salt tolerance was achieved; associated with
induced expression level of corresponding downstream genes containing DRE ele-
ments, specificallyMtCAS15 andMtCAS31 (Li et al. 2011). Lately, in peanut, trans-
genic lines expressing AtDREB1A transcription factor showed improved tolerance to
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both salt and drought stresses (Sarkar et al. 2014). The experiments were conducted
with 18-day-old plants, and drought and salt stress were imposed by polyethylene
glycol (PEG) treatment (0, 10, 15, 20% PEG) or NaCl-induced salinity stress (0, 100,
150, and 200 mMNaCl), respectively. At 20% PEG, three transgenic lines exhibited
significantly improved growth parameters, including pod weight, shoot weight, total
biomass, and kernel weight, root and shoot length, and an improved root-shoot ratio,
compared to non-transformed ones. Similarly, higher root weight, root-shoot ratio,
and harvest-index (Donald 1962) were observed for transgenic plants across the var-
ious concentrations of salinity with the increased exposure time (Sarkar et al. 2014).
It is well documented that root growth is usually less affected by water deficit than
shoot growth, making the root system an essential part of drought avoidance mech-
anism (Purushothaman et al. 2017); and consequently, an increased root-shoot ratio
is commonly observed under stress situations. Other important growth parameters
such as proline content, total chlorophyll content, osmotic potential, EL, and RWC
were also increased in those transgenic peanut lines (Sarkar et al. 2014).

WhileAP2/ERF transcription factors areABA independent TFs, others, for exam-
ple, basic leucine zipper (bZIP) TFs are ABA dependent, meaning that those TFs
are responsible for regulating many ABA-responsive genes by interaction with spe-
cific ABA-responsive elements (ABREs). ABREs are cis-acting elements contain-
ing a (C/T)ACGTGGC consensus sequence that is present in the promoter region
of ABA-regulated genes that are induced by abiotic stresses and also mediate
defense responses (e.g., Uno et al. 2000; Agarwal and Jha 2010; Hoang et al. 2017).
Homodomain-leucine zipper (HD-Zip) genes noticeable increase after ABA expo-
sure (Chew et al. 2013). M. sativa plant overexpressing the Arabidopsis enhanced
drought Tolerance1 (AtEDT1) cDNA, that encodes a protein of the HD-ZIP TF
family, were subjected to drought in both laboratory and field trials (Zheng et al.
2017). These researches observed that compared with wild-type, transgenic plants
had higher survival rates and biomass, but reduced water loss under drought stress.
Moreover, EDT1 transgenic alfalfa plants had increased stomatal size (but reduced
stomatal density) larger root systems and reduced membrane permeability andMDA
content. However, chlorophyll, soluble sugar, and proline content were higher. As a
consequence of this improvement transgenic alfalfa plants grew better in 2-y field
trials and showed enhanced growth performance (Zheng et al. 2017).

Finally, we present an example regarding the overexpression of aMYB-type tran-
scription factor; a class of TFs also reported to be engaged in ABA-mediated gene
expression (Fujita et al. 2011). GmMYB84-overexpressing soybean plants exhibited
enhanced drought resistance with a higher survival rate, longer primary roots, greater
proline and ROS contents, higher antioxidant enzyme activities (POD, CAT, and
SOD), lower dehydration rate, and reduced MDA. Wang et al. (2017) also described
that ROS levels were related to the modulation of primary root elongation and
demonstrated that GmMYB84 were able to bind to the promoter of GmRBOHB-
1 and GmRBOHB-2 genes (Respiratory burst oxidase homolog protein Bs- proteins
involved inROSproduction). Table 1 summarizes several studies based on the genetic
engineering for the improvement of Fabaceae for abiotic stress tolerance.



126 E. Valiollahi et al.

Ta
bl
e
1

E
xa
m
pl
es

of
ge
ne
tic

en
gi
ne
er
in
g
of

Fa
ba
ce
ae

pl
an
ts
to
w
ar
d
to
le
ra
nc
e
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

T
ra
ns
fo
rm

ed
pl
an
t

St
re
ss

re
la
te
d
ge
ne
s

Pr
om

ot
er
/m

et
ho
do
lo
gy

A
bi
ot
ic
St
re
ss

E
ff
ec
to

n
ph
en
ot
yp
e
an
d

re
sp
on

se
s
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

R
ef
er
en
ce
s

M
ed
ic
ag
o
sa
ti
va

(A
lf
al
fa
)

G
sZ
F
P
1

(C
ys
2/
H
is
2-
ty
pe

zi
nc

fin
ge
r
pr
ot
ei
n
ge
ne

fr
om

G
ly
ci
ne

so
ja
)

C
aM

V
35
S

(c
au
lifl

ow
er

m
os
ai
c
vi
ru
s

35
S
co
ns
tit
ut
iv
e
pr
om

ot
er
);

A
gr
ob
ac
te
ri
um

tu
m
ef
ac
ie
ns

D
ro
ug
ht

an
d

sa
lt
st
re
ss

A
ft
er

re
co
ve
ri
ng

fr
om

w
at
er
-d
efi

ci
ts
tr
es
s

al
fa
lf
a
tr
an
sg
en
ic
lin

es
pr
es
en
te
d
hi
gh
er

su
rv
iv
al

ra
te
s,
fr
es
h
w
ei
gh
ts
,r
oo
t

le
ng
th
s,
an
d
sh
oo
th

ei
gh
t.

U
nd

er
hi
gh

sa
lin

ity
st
re
ss
,t
ra
ns
ge
ni
c
al
fa
lf
a

sh
ow

ed
gr
ea
te
r
re
la
tiv

e
m
em

br
an
e
pe
rm

ea
bi
lit
y

an
d
m
al
on
di
al
de
hy
de

(M
D
A
)
co
nt
en
t.
H
ig
he
r

fr
ee

pr
ol
in
e
an
d
so
lu
bl
e

su
ga
rs
ac
cu
m
ul
at
io
n
w
as

al
so

ob
se
rv
ed

Ta
ng

et
al
.(
20
13
)

(c
on
tin

ue
d)



Genetic Engineering and Genome Editing … 127

Ta
bl
e
1

(c
on
tin

ue
d)

T
ra
ns
fo
rm

ed
pl
an
t

St
re
ss

re
la
te
d
ge
ne
s

Pr
om

ot
er
/m

et
ho
do
lo
gy

A
bi
ot
ic
St
re
ss

E
ff
ec
to

n
ph
en
ot
yp
e
an
d

re
sp
on

se
s
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

R
ef
er
en
ce
s

M
ed
ic
ag
o
sa
ti
va

(A
lf
al
fa
)

C
od
A

(c
ho
lin

e
ox
id
as
e
cD

N
A

fr
om

A
rt
hr
ob
ac
te
r

gl
ob

if
or
m
is
)

E
xp
re
ss
io
n
of

co
dA

in
ch
lo
ro
pl
as
ts
;S

W
PA

2
(s
w
ee
t

po
ta
to

ox
id
at
iv
e

st
re
ss
-i
nd
uc
ib
le
pr
om

ot
er
);

A
.t
um

ef
ac
ie
ns

(E
H
A
10
5

st
ra
in
)

D
ro
ug
ht

an
d

sa
lt
st
re
ss

T
ra
ns
ge
ni
c
pl
an
ts

sh
ow

ed
en
ha
nc
ed

to
le
ra
nc
e
to

N
aC

la
nd

dr
ou
gh
ts
tr
es
s
at
th
e

w
ho
le
-p
la
nt

le
ve
l.
U
nd
er

sa
lt
st
re
ss

pl
an
ts

m
ai
nt
ai
ne
d
hi
gh

er
ch
lo
ro
ph
yl
lc
on
te
nt
s
an
d

lo
w
er

M
D
A
le
ve
ls
.

U
nd
er

dr
ou
gh
ts
tr
es
s

co
nd

iti
on

s,
pl
an
ts

m
ai
nt
ai
ne
d
a
hi
gh

re
la
tiv

e
w
at
er

co
nt
en
ts

(R
W
C
)
an
d
in
cr
ea
se
d

le
ve
ls
of

gl
yc
in
eb
et
ai
ne

an
d
pr
ol
in
e,
co
m
pa
re
d
to

co
nt
ro
lp

la
nt
s

L
ie
ta
l.
(2
01
4b
) (c
on
tin

ue
d)



128 E. Valiollahi et al.

Ta
bl
e
1

(c
on
tin

ue
d)

T
ra
ns
fo
rm

ed
pl
an
t

St
re
ss

re
la
te
d
ge
ne
s

Pr
om

ot
er
/m

et
ho
do
lo
gy

A
bi
ot
ic
St
re
ss

E
ff
ec
to

n
ph
en
ot
yp
e
an
d

re
sp
on

se
s
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

R
ef
er
en
ce
s

M
ed
ic
ag
o
sa
ti
va

(A
lf
al
fa
)

A
tN
D
P
K
2

(A
ra
bi
do
ps
is
nu
cl
eo
si
de

di
ph
os
ph
at
e
ki
na
se

2
ge
ne
)

SW
PA

2;
A
.t
um

ef
ac
ie
ns

(E
H
A
10
5)

M
ul
tip

le
ab
io
tic

st
re
ss
es

T
ra
ns
ge
ni
c
pl
an
ts

sh
ow

ed
en
ha
nc
ed

to
le
ra
nc
e
to

hi
gh

te
m
pe
ra
tu
re
,N

aC
l,
an
d

dr
ou
gh
ts
tr
es
s
at
th
e

w
ho
le
-p
la
nt

le
ve
l.
In

ad
di
tio

n,
ex
hi
bi
te
d
be
tte

r
gr
ow

th
th
ro
ug
h
in
cr
ea
se
d

ex
pr
es
si
on

of
se
ve
ra
l

au
xi
n-
re
la
te
d
in
do
le

ac
et
ic
ac
id

(I
A
A
)
ge
ne
s

W
an
g
et
al
.(
20
14
)

M
ed
ic
ag
o
sa
ti
va

(A
lf
al
fa
)

Ib
O
r

(S
w
ee
tp

ot
at
o
O
ra
ng
e

ge
ne
)

SW
PA

2;
A
.t
um

ef
ac
ie
ns

(E
H
A
10
5)

M
ul
tip

le
ab
io
tic

st
re
ss
es

T
ra
ns
ge
ni
c
pl
an
ts

ex
hi
bi
te
d
le
ss

da
m
ag
e
in

re
sp
on
se

to
m
et
hy
l

vi
ol
og
en

(M
V
)-
m
ed
ia
te
d

ox
id
at
iv
e
st
re
ss

an
d
sa
lt

st
re
ss
;a
nd

al
so

ex
hi
bi
te
d

en
ha
nc
ed

to
le
ra
nc
e
to

dr
ou
gh
ts
tr
es
s,
al
on
g

w
ith

hi
gh

er
to
ta
l

ca
ro
te
no

id
le
ve
ls
(I
bO

r
pr
ev
io
us
ly

re
po
rt
ed

to
in
cr
ea
se

ca
ro
te
no

id
ac
cu
m
ul
at
io
n)

W
an
g
et
al
.(
20
15
)

(c
on
tin

ue
d)



Genetic Engineering and Genome Editing … 129

Ta
bl
e
1

(c
on
tin

ue
d)

T
ra
ns
fo
rm

ed
pl
an
t

St
re
ss

re
la
te
d
ge
ne
s

Pr
om

ot
er
/m

et
ho
do
lo
gy

A
bi
ot
ic
St
re
ss

E
ff
ec
to

n
ph
en
ot
yp
e
an
d

re
sp
on

se
s
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

R
ef
er
en
ce
s

M
ed
ic
ag
o
sa
ti
va

(A
lf
al
fa
)

rs
tB

(s
al
tt
ol
er
an
ce

B
ge
ne

fr
om

Si
no

rh
iz
ob

iu
m
fr
ed
ii
)

C
aM

V
35
S;

A
.t
um

ef
ac
ie
ns

(L
B
A
44
04
)

Sa
lt
st
re
ss

E
nh

an
ce
d
re
si
st
an
ce

to
sa
lt-
sh
oc
k
tr
ea
tm

en
tw

as
ob
se
rv
ed

in
rs
tB

tr
an
sg
en
ic
T
0
pl
an
ts
.

T
ra
ns
ge
ni
c

se
co
nd
-g
en
er
at
io
n
(T
1)

se
ed
s,
sh
ow

ed
im

pr
ov
ed

ge
rm

in
at
io
n
ra
te
s
an
d

be
tte

r
gr
ow

th
un

de
r
sa
lt

st
re
ss

co
nd

iti
on

s.
H
in
de
re
d
N
a+
,b
ut

en
ha
nc
ed

C
a2

+

ac
cu
m
ul
at
io
n
w
as

al
so

ob
se
rv
ed

in
sa
lt
st
re
ss
ed

pl
an
ts

Z
ha
ng

an
d
W
an
g
(2
01
5)

(c
on
tin

ue
d)



130 E. Valiollahi et al.

Ta
bl
e
1

(c
on
tin

ue
d)

T
ra
ns
fo
rm

ed
pl
an
t

St
re
ss

re
la
te
d
ge
ne
s

Pr
om

ot
er
/m

et
ho
do
lo
gy

A
bi
ot
ic
St
re
ss

E
ff
ec
to

n
ph
en
ot
yp
e
an
d

re
sp
on

se
s
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

R
ef
er
en
ce
s

M
ed
ic
ag
o
sa
ti
va

(A
lf
al
fa
)

A
tA
B
F
3

(A
bc
is
ic
-a
ci
d
re
sp
on

si
ve

el
em

en
t-
bi
nd
in
g
fa
ct
or

3
(b
Z
IP

T
F)

fr
om

A
ra
bi
do
ps
is
)

SW
PA

2;
A
.t
um

ef
ac
ie
ns

(G
V
31
01
)

M
ul
tip

le
ab
io
tic

st
re
ss
es

U
nd
er

no
rm

al
co
nd
iti
on
s,
tr
an
sg
en
ic

pl
an
ts
sh
ow

ed
sm

al
le
r

le
af

si
ze
.H

ow
ev
er
,u

nd
er

dr
ou
gh
tt
he
y
ex
hi
bi
te
d

be
tte

r
gr
ow

th
,r
ed
uc
ed

tr
an
sp
ir
at
io
n
ra
te
(E
)
an
d

lo
w
er

re
ac
tiv

e
ox

yg
en

sp
ec
ie
s
(R
O
S)
.U

nd
er

sa
lt
st
re
ss

tr
an
sg
en
ic

pl
an
ts
pe
rf
or
m
ed

be
tte

r,
sh
ow

in
g
hi
gh
er

ch
lo
ro
ph
yl
ll
ev
el
s
an
d

lo
w
er

M
D
A
.T

ra
ns
ge
ni
c

al
fa
lf
a
al
so

sh
ow

ed
en
ha
nc
ed

re
si
st
an
ce

to
m
et
hy
lv

io
lo
ge
n

(M
V
)-
m
ed
ia
te
d

ox
id
at
iv
e
st
re
ss

W
an
g
et
al
.(
20
16
)

(c
on
tin

ue
d)



Genetic Engineering and Genome Editing … 131

Ta
bl
e
1

(c
on
tin

ue
d)

T
ra
ns
fo
rm

ed
pl
an
t

St
re
ss

re
la
te
d
ge
ne
s

Pr
om

ot
er
/m

et
ho
do
lo
gy

A
bi
ot
ic
St
re
ss

E
ff
ec
to

n
ph
en
ot
yp
e
an
d

re
sp
on

se
s
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

R
ef
er
en
ce
s

M
ed
ic
ag
o
sa
ti
va

(A
lf
al
fa
)

C
sL
E
A

(C
.s
on
go
ri
ca

la
te

em
br
yo
ge
ne
si
s
ab
un
da
nt

gl
yc
op
ro
te
in
)

C
A
M

35
S;

A
.t
um

ef
ac
ie
ns

(G
V
31
01
)

D
ro
ug
ht

an
d

sa
lt
st
re
ss

T
ra
ns
ge
ni
c
pl
an
ts
gr
ew

be
tte

r
th
an

co
nt
ro
lp

la
nt
s

af
te
r
im

po
se
d
dr
ou
gh
t

an
d
sa
lt
st
re
ss
es
.T

ho
se

pl
an
ts
w
er
e
ab
le
to

m
ai
nt
ai
n
a
hi
gh

er
R
W
C
,

hi
gh
er

sh
oo
tb

io
m
as
s,

fe
w
er

ph
ot
os
ys
te
m

ch
an
ge
s,
de
cr
ea
se
d

m
em

br
an
e
in
ju
ry
,a
nd

lo
w
er

os
m
ot
ic
st
re
ss

in
ju
ry

Z
ha
ng

et
al
.(
20
16
)

(c
on
tin

ue
d)



132 E. Valiollahi et al.

Ta
bl
e
1

(c
on
tin

ue
d)

T
ra
ns
fo
rm

ed
pl
an
t

St
re
ss

re
la
te
d
ge
ne
s

Pr
om

ot
er
/m

et
ho
do
lo
gy

A
bi
ot
ic
St
re
ss

E
ff
ec
to

n
ph
en
ot
yp
e
an
d

re
sp
on

se
s
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

R
ef
er
en
ce
s

M
ed
ic
ag
o
sa
ti
va

(A
lf
al
fa
)

Z
xN

H
X

an
d
Z
xV

P
1-
1

(t
on
op
la
st
N
X
H
an
d
H
+

-P
Pa
se

ge
ne
s
fr
om

xe
ro
ph
yt
e
Z
.x
an
th
ox
yl
um

)

C
A
M

35
S;

A
.t
um

ef
ac
ie
ns

(G
V
31
01
)

D
ro
ug
ht

an
d

sa
lt
st
re
ss

T
ra
ns
ge
ni
c
al
fa
lf
a
pl
an
ts
,

co
-e
xp
re
ss
in
g
Z
xN

H
X

an
d
Z
xV

P1
-1
,g

re
w

be
tte

r,
w
ith

gr
ea
te
r
pl
an
t

he
ig
ht

an
d
dr
y
m
as
s,

un
de
r
bo
th

no
rm

al
or

st
re
ss

co
nd
iti
on
s
(N

aC
l

or
w
at
er
-d
efi
ci
t)
.T

he
y

ex
hi
bi
te
d
en
ha
nc
ed

ph
ot
os
yn

th
es
is
ca
pa
ci
ty

by
m
ai
nt
ai
ni
ng

hi
gh

er
ne
tp

ho
to
sy
nt
he
tic

ra
te

(A
),
st
om

at
al

co
nd
uc
ta
nc
e
(g
s)
,a
nd

w
at
er

us
e
ef
fic

ie
nc
y

(W
U
E
),
co
m
pa
re
d
to

co
nt
ro
l

B
ao

et
al
.(
20
16
) (c
on
tin

ue
d)



Genetic Engineering and Genome Editing … 133

Ta
bl
e
1

(c
on
tin

ue
d)

T
ra
ns
fo
rm

ed
pl
an
t

St
re
ss

re
la
te
d
ge
ne
s

Pr
om

ot
er
/m

et
ho
do
lo
gy

A
bi
ot
ic
St
re
ss

E
ff
ec
to

n
ph
en
ot
yp
e
an
d

re
sp
on

se
s
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

R
ef
er
en
ce
s

Vi
gn
a
m
un
go

(B
la
ck
gr
am

)
A
L
D
R
X
V
4

(a
ld
os
e
re
du

ct
as
e
R
X
V
4

ge
ne

fo
rm

X
er
op

hy
ta

vi
sc
os
a)

C
aM

V
35
S;

A
.t
um

ef
ac
ie
ns

(G
V
31
01
)

M
ul
tip

le
ab
io
tic

st
re
ss
es

T
ra
ns
ge
ni
c
pl
an
ts

sh
ow

ed
im

pr
ov
ed

to
le
ra
nc
e
to

va
ri
ou
s

en
vi
ro
nm

en
ta
ls
tr
es
se
s;

in
cl
ud
in
g
dr
ou
gh
t,
sa
lt,

M
V
an
d
H
2
O
2
in
du
ce
d

ox
id
at
iv
e
st
re
ss
.T

ho
se

pl
an
ts
pr
es
en
te
d

in
cr
ea
se
d
al
do

se
re
du

ct
as
e
ac
tiv

ity
,h
ig
he
r

so
rb
ito

lc
on
te
nt

an
d
le
ss

ac
cu
m
ul
at
io
n
of

th
e
to
xi
c

m
et
hy
lg
ly
ox

al
,u

nd
er

st
re
ss

an
d
no
n-
st
re
ss

co
nd
iti
on
s
(d
ro
ug
ht

an
d

sa
lin

ity
).
T
he

ac
cu
m
ul
at
io
n
of

R
O
S

w
as

al
so

re
m
ar
ka
bl
y

de
cr
ea
se
d
in

tr
an
sg
en
ic

lin
es

Si
ng

h
et
al
.(
20
16
)

(c
on
tin

ue
d)



134 E. Valiollahi et al.

Ta
bl
e
1

(c
on
tin

ue
d)

T
ra
ns
fo
rm

ed
pl
an
t

St
re
ss

re
la
te
d
ge
ne
s

Pr
om

ot
er
/m

et
ho
do
lo
gy

A
bi
ot
ic
St
re
ss

E
ff
ec
to

n
ph
en
ot
yp
e
an
d

re
sp
on

se
s
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

R
ef
er
en
ce
s

Vi
gn
a
ra
di
at
a

(M
un
g
be
an
)

C
od
A

(c
ho
lin

e
ox
id
as
e
cD

N
A

fr
om

A
.g
lo
bi
fo
rm

is
)

C
aM

V
35
S;

A
.t
um

ef
ac
ie
ns

(E
H
A
10
1

st
ra
in
)

Sa
lt
st
re
ss

L
ea
f
di
sk
s
fr
om

no
n-
tr
an
sg
en
ic
pl
an
ts

sh
ow

ed
co
m
pl
et
e

se
ne
sc
en
ce
,w

hi
le
th
os
e

fr
om

tr
an
sg
en
ic
pl
an
ts

re
m
ai
ne
d
gr
ee
n
af
te
r
a
4d

sa
lt
st
re
ss

tr
ea
tm

en
t

B
al
od

a
et
al
.(
20
17
)

A
ra
ch
is
hy
po
ga
ea

(P
ea
nu
t)

A
tD

R
E
B
1A

(D
eh
yd
ra
tio

n-
R
es
po
ns
iv
e

E
le
m
en
t-
B
in
di
ng

1A
ge
ne

fr
om

A
ra
bi
do
ps
is
)

R
D
29
A

(s
tr
es
s-
in
du

ci
bl
e

A
ra
bi
do
ps
is
rd
29
A

pr
om

ot
er
);

A
.t
um

ef
ac
ie
ns

D
ro
ug
ht

an
d

sa
lt
st
re
ss

T
ra
ns
ge
ni
c
pe
an
ut

lin
es

sh
ow

ed
im

pr
ov
ed

to
le
ra
nc
e
to

bo
th

st
re
ss
es
,b
y
de
la
ye
d
an
d

le
ss

se
ve
re

w
ilt
in
g
of

th
e

le
av
es
,a
nd

by
im

pr
ov
ed

gr
ow

th
pa
ra
m
et
er
s,
su
ch

as
:p

ro
lin

e
co
nt
en
t,
to
ta
l

ch
lo
ro
ph
yl
lc
on
te
nt
,

os
m
ot
ic
po

te
nt
ia
l,

el
ec
tr
ol
yt
ic
le
ak
ag
e
an
d

R
W
C

Sa
rk
ar

et
al
.(
20
14
)

(c
on
tin

ue
d)



Genetic Engineering and Genome Editing … 135

Ta
bl
e
1

(c
on
tin

ue
d)

T
ra
ns
fo
rm

ed
pl
an
t

St
re
ss

re
la
te
d
ge
ne
s

Pr
om

ot
er
/m

et
ho
do
lo
gy

A
bi
ot
ic
St
re
ss

E
ff
ec
to

n
ph
en
ot
yp
e
an
d

re
sp
on

se
s
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

R
ef
er
en
ce
s

A
ra
ch
is
hy
po
ga
ea

(P
ea
nu
t)

Sb
pA

P
X

(p
er
ox
is
om

al
as
co
rb
at
e

pe
ro
xi
da
se

ge
ne

fr
om

Sa
li
co
rn
ia

br
ac
hi
at
a)

C
aM

V
35
S;

A
.t
um

ef
ac
ie
ns

(L
B
A
44
04
)

Sa
lt
st
re
ss

H
ig
he
r
ch
lo
ro
ph
yl
l

co
nt
en
t,
sh
oo
tl
en
gt
hs
,

fr
es
h
w
ei
gh
ts
(s
ho
ot

an
d

ro
ot
)
an
d
R
W
C
w
as

ob
se
rv
ed

in
tr
an
sg
en
ic

lin
es

un
de
r
sa
lt
st
re
ss

co
m
pa
re
d
to

co
nt
ro
l

pl
an
ts

(S
in
gh

et
al
.2
01
4b
)

(c
on
tin

ue
d)



136 E. Valiollahi et al.

Ta
bl
e
1

(c
on
tin

ue
d)

T
ra
ns
fo
rm

ed
pl
an
t

St
re
ss

re
la
te
d
ge
ne
s

Pr
om

ot
er
/m

et
ho
do
lo
gy

A
bi
ot
ic
St
re
ss

E
ff
ec
to

n
ph
en
ot
yp
e
an
d

re
sp
on

se
s
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

R
ef
er
en
ce
s

A
ra
ch
is
hy
po
ga
ea

(P
ea
nu
t)

A
tH
D
G
11

(A
ra
bi
do
ps
is

ho
m
eo
do
m
ai
n-
le
uc
in
e

zi
pp
er

T
F)

R
D
29
A
;

A
.t
um

ef
ac
ie
ns

(E
H
A
10
5)

D
ro
ug
ht

an
d

sa
lt
st
re
ss

T
ra
ns
ge
ni
c
pl
an
ts
w
ith

im
pr
ov
ed

w
at
er

us
e

ef
fic

ie
nc
y
tr
ai
ts
,s
uc
h
as
:

lo
ng
er

ro
ot

sy
st
em

,
re
du

ce
d
st
om

at
al
de
ns
ity
,

hi
gh
er

ch
lo
ro
ph
yl
l

co
nt
en
t,
in
cr
ea
se
d

sp
ec
ifi
c
le
af

ar
ea
,

im
pr
ov
ed

ph
ot
os
yn
th
et
ic

ra
te
s,
an
d
in
cr
ea
se
d

in
tr
in
si
c
in
st
an
ta
ne
ou

s
W
U
E
,u

nd
er

bo
th

dr
ou
gh
ta
nd

sa
lt
st
re
ss

co
nd
iti
on
s.
A
dd
iti
on
al

up
re
gu
la
tio

n
of

kn
ow

n
st
re
ss
-r
es
po
ns
iv
e
ge
ne
s,

an
tio

xi
da
tiv

e
en
zy
m
es

an
d
fr
ee

pr
ol
in
e,
in

tr
an
sg
en
ic
pl
an
ts

B
an
av
at
h
et
al
.(
20
18
)

(c
on
tin

ue
d)



Genetic Engineering and Genome Editing … 137

Ta
bl
e
1

(c
on
tin

ue
d)

T
ra
ns
fo
rm

ed
pl
an
t

St
re
ss

re
la
te
d
ge
ne
s

Pr
om

ot
er
/m

et
ho
do
lo
gy

A
bi
ot
ic
St
re
ss

E
ff
ec
to

n
ph
en
ot
yp
e
an
d

re
sp
on

se
s
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

R
ef
er
en
ce
s

G
ly
ci
ne

m
ax

(S
oy
be
an
)

G
m
A
C
P
1

(A
ci
d
ph
os
ph
at
as
e
ge
ne

fr
om

so
yb
ea
n)

C
aM

V
35
S;

A
gr
ob
ac
te
ri
um

rh
iz
og
en
es

(K
59
9)

L
ow

-P
st
re
ss

O
ve
re
xp
re
ss
io
n
of

G
m
A
C
P1

in
so
yb

ea
n

ha
ir
y
ro
ot
s
in
cr
ea
se
d

Ph
os
ph
or
us

(P
)

ef
fic
ie
nc
y
by

11
–2
0%

re
la
tiv

e
to

th
e
co
nt
ro
l,

an
d
co
nt
ri
bu
te
d
to

so
yb

ea
n
to
le
ra
nc
e
to

lo
w
-P

st
re
ss
.

Z
ha
ng

et
al
.(
20
14
a,
b)

G
ly
ci
ne

m
ax

(S
oy
be
an
)

A
tN
H
X
5

(N
a
+
(K

+)
/H

+
an
tip

or
te
r

ge
ne

fr
om

A
ra
bi
do
ps
is
)

2x
C
aM

V
35
S;

A
.t
um

ef
ac
ie
ns

Sa
lt
st
re
ss

A
ft
er

sa
lt
tr
ea
tm

en
tt
he

tr
an
sg
en
ic
pl
an
ts
ha
d
a

hi
gh
er

co
nt
en
to

f
fr
ee

pr
ol
in
e
an
d
lo
w
er

co
nt
en
t

of
M
D
A
,c
om

pa
re
d
to

th
e
co
nt
ro
l,
an
d
w
er
e

m
or
e
to
le
ra
nt

to
th
e
N
aC

l
st
re
ss
.A

tN
H
X
5
po
ss
ib
ly

w
or
ki
ng

by
ef
fic
ie
nt
ly

tr
an
sp
or
tin

g
N
a+

an
d
K
+

io
ns

fr
om

th
e
ro
ot
s
to

th
e

le
av
es

W
u
et
al
.(
20
16
) (c
on
tin

ue
d)



138 E. Valiollahi et al.

Ta
bl
e
1

(c
on
tin

ue
d)

T
ra
ns
fo
rm

ed
pl
an
t

St
re
ss

re
la
te
d
ge
ne
s

Pr
om

ot
er
/m

et
ho
do
lo
gy

A
bi
ot
ic
St
re
ss

E
ff
ec
to

n
ph
en
ot
yp
e
an
d

re
sp
on

se
s
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

R
ef
er
en
ce
s

G
ly
ci
ne

m
ax

(S
oy
be
an
)

N
cl

(s
al
tt
ol
er
an
ce

ge
ne

fr
om

so
yb
ea
n)

C
aM

V
35
S;

A
.t
um

ef
ac
ie
ns

Sa
lt
st
re
ss

O
ve
re
xp
re
ss
io
n
of

N
cl

in
tr
an
sg
en
ic
so
yb

ea
n

lin
es

en
ha
nc
ed

sa
lt

to
le
ra
nc
e
by

im
pr
ov
in
g

le
af

ch
lo
ro
ph
yl
l(
SP

A
D

m
ea
su
re
m
en
t)
an
d
sh
oo
t

dr
y
w
ei
gh
t.
H
ig
he
r

ex
pr
es
si
on

of
th
e
N
cl

ge
ne

in
th
e
ro
ot

re
su
lte
d

in
lo
w
er

ac
cu
m
ul
at
io
ns

of
N
a+
,K

+
,a
nd

C
l−

in
th
e
sh
oo
tu

nd
er

sa
lt
st
re
ss

D
o
et
al
.(
20
16
) (c
on
tin

ue
d)



Genetic Engineering and Genome Editing … 139

Ta
bl
e
1

(c
on
tin

ue
d)

T
ra
ns
fo
rm

ed
pl
an
t

St
re
ss

re
la
te
d
ge
ne
s

Pr
om

ot
er
/m

et
ho
do
lo
gy

A
bi
ot
ic
St
re
ss

E
ff
ec
to

n
ph
en
ot
yp
e
an
d

re
sp
on

se
s
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

R
ef
er
en
ce
s

G
ly
ci
ne

m
ax

(S
oy
be
an
)

G
m
M
Y
B
84

(R
2R

3-
M
Y
B
T
F
fr
om

so
yb
ea
n)

C
aM

V
35
S;

A
.t
um

ef
ac
ie
ns

D
ro
ug
ht

st
re
ss

T
ra
ns
ge
ni
c

ov
er
ex
pr
es
si
ng

so
yb
ea
n

lin
es

ex
hi
bi
te
d
en
ha
nc
ed

dr
ou
gh
tr
es
is
ta
nc
e
w
ith

a
hi
gh
er

su
rv
iv
al
ra
te
,

lo
ng
er

pr
im

ar
y
ro
ot

le
ng

th
,a
nd

gr
ea
te
r

pr
ol
in
e
an
d
R
O
S

co
nt
en
ts
.A

dd
iti
on

al
ly
,

hi
gh
er

an
tio

xi
da
nt

en
zy
m
e
ac
tiv

iti
es

[p
er
ox
id
as
e
(P
O
D
),

ca
ta
la
se

(C
A
T
)
an
d

su
pe
ro
xi
de

di
sm

ut
as
e

(S
O
D
)]
,l
ow

er
de
hy
dr
at
io
n
ra
te
an
d

re
du
ce
d
M
D
A
co
nt
en
t,

w
er
e
al
so

ob
se
rv
ed

W
an
g
et
al
.(
20
17
)

(c
on
tin

ue
d)



140 E. Valiollahi et al.

Ta
bl
e
1

(c
on
tin

ue
d)

T
ra
ns
fo
rm

ed
pl
an
t

St
re
ss

re
la
te
d
ge
ne
s

Pr
om

ot
er
/m

et
ho
do
lo
gy

A
bi
ot
ic
St
re
ss

E
ff
ec
to

n
ph
en
ot
yp
e
an
d

re
sp
on

se
s
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

R
ef
er
en
ce
s

G
ly
ci
ne

m
ax

(S
oy
be
an
)

G
m
F
D
L
19

(b
Z
IP

tr
an
sc
ri
pt
io
n
fa
ct
or

fr
om

so
yb
ea
n)

C
aM

V
35
S;

A
.t
um

ef
ac
ie
ns

D
ro
ug
ht

an
d

sa
lt
st
re
ss

T
he

re
la
tiv

e
pl
an
th

ei
gh

t
(R
PH

)
an
d
re
la
tiv

e
sh
oo
t

dr
y
w
ei
gh
t(
R
SD

W
)
of

tr
an
sg
en
ic
pl
an
ts
w
er
e

si
gn

ifi
ca
nt
ly

hi
gh

er
th
an

th
os
e
of

th
e
co
nt
ro
la
ft
er

PE
G
an
d
sa
lt
tr
ea
tm

en
ts
.

G
er
m
in
at
io
n
ra
te
an
d

pl
an
th

ei
gh
to

f
tr
an
sg
en
ic

so
yb

ea
n
w
er
e
al
so

si
gn

ifi
ca
nt
ly

hi
gh

er
af
te
r

va
ri
ou

s
sa
lt
tr
ea
tm

en
ts

L
ie
ta
l.
(2
01
7)

G
ly
ci
ne

m
ax

(S
oy
be
an
)

P
gT

IP
(P
an
ax

gi
ns
en
g

to
no
pl
as
t

in
tr
in
si
c
pr
ot
ei
n1

)

C
aM

V
35
S;

A
gr
ob
ac
te
ri
um

rh
iz
og
en
es

an
d

A
.t
um

ef
ac
ie
ns

D
ro
ug
ht

an
d

sa
lt
st
re
ss

So
yb
ea
n
co
m
po
si
te

pl
an
ts
(A
gr
ob
ac
te
ri
um

rh
iz
og
en
es

tr
an
sf
or
m
at
io
n)

an
d

tr
an
sg
en
ic
w
ho

le
pl
an
ts

(A
.t
um

ef
ac
ie
ns

tr
an
sf
or
m
at
io
n)
,b

ot
h

tr
an
sf
or
m
ed

w
ith

th
e

(P
gT

IP
1)

ge
ne
,h

ad
en
ha
nc
ed

sa
lt
an
d

dr
ou
gh
tt
ol
er
an
ce

by
m
ai
nt
ai
ni
ng

ho
m
eo
st
as
is

of
w
at
er
,s
al
ti
on

s
an
d

R
O
S
sp
ec
ie
s

A
n
et
al
.(
20
17
),
(2
01
8)

(c
on
tin

ue
d)



Genetic Engineering and Genome Editing … 141

Ta
bl
e
1

(c
on
tin

ue
d)

T
ra
ns
fo
rm

ed
pl
an
t

St
re
ss

re
la
te
d
ge
ne
s

Pr
om

ot
er
/m

et
ho
do
lo
gy

A
bi
ot
ic
St
re
ss

E
ff
ec
to

n
ph
en
ot
yp
e
an
d

re
sp
on

se
s
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

R
ef
er
en
ce
s

G
ly
ci
ne

m
ax

(S
oy
be
an
)

A
tA
B
F
3

(A
B
R
E
-b
in
di
ng

fa
ct
or

(A
B
F)

fr
om

A
ra
bi
do
ps
is
)

C
aM

V
35
S;

A
.t
um

ef
ac
ie
ns

(E
H
A
10
5)

D
ro
ug
ht

an
d

sa
lt
st
re
ss

So
m
e
tr
an
sg
en
ic
lin

es
sh
ow

ed
lo
w
er

io
n

le
ak
ag
e
an
d
hi
gh
er

ch
lo
ro
ph
yl
lc
on
te
nt
s.

W
at
er

lo
ss

by
tr
an
sp
ir
at
io
n
an
d
hi
gh
er

st
om

at
a
cl
os
ur
e
w
as

al
so

ob
se
rv
ed

in
tr
an
sg
en
ic

pl
an
ts
.M

or
eo
ve
r,
po
ds

of
no
n-
tr
an
sg
en
ic
pl
an
ts

sh
ow

ed
se
ve
re

w
ith

er
in
g

an
d
m
os
to

f
th
e
po
ds

fa
ile

d
to

se
tn

or
m
al
se
ed
s

K
im

et
al
.(
20
18
) (c
on
tin

ue
d)



142 E. Valiollahi et al.

Ta
bl
e
1

(c
on
tin

ue
d)

T
ra
ns
fo
rm

ed
pl
an
t

St
re
ss

re
la
te
d
ge
ne
s

Pr
om

ot
er
/m

et
ho
do
lo
gy

A
bi
ot
ic
St
re
ss

E
ff
ec
to

n
ph
en
ot
yp
e
an
d

re
sp
on

se
s
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

R
ef
er
en
ce
s

C
ic
er

ar
ie
ti
nu

m
(C

hi
ck
pe
a)

C
aH

D
Z
12

(H
D
-Z
ip

(I
)
ge
ne

fr
om

ch
ic
kp

ea
)

C
aM

V
35
S;

C
on

st
ru
ct
s
in

an
tis
en
se

or
ie
nt
at
io
n
[C
aH

D
Z
12
(-
)]
;

A
.t
um

ef
ac
ie
ns

(L
B
A
44
04
)

D
ro
ug
ht

an
d

sa
lt
st
re
ss

Si
le
nc
in
g
of

C
aH

D
Z
12

in
ch
ic
kp

ea
re
su
lte

d
in

in
cr
ea
se
d
se
ns
iti
vi
ty

to
sa
lt
an
d
dr
ou
gh
ts
tr
es
se
s.

C
aH

D
Z
12

-s
ile

nc
ed

pl
an
ts
di
sp
la
ye
d
se
ve
re

sy
m
pt
om

s
of

w
ilt
in
g
an
d

da
m
ag
e,
an
d
pr
od
uc
ed

hi
gh
er

H
2
O
2
an
d
O
2
− ,

th
an

th
e
co
nt
ro
lp

la
nt
s

up
on

st
re
ss

tr
ea
tm

en
ts
.

T
he

an
tio

xi
da
nt

en
zy
m
es

(C
A
T,

A
PX

an
d
SO

D
)

w
er
e
al
so

si
gn

ifi
ca
nt
ly

re
du
ce
d

Se
n
et
al
.(
20
17
)

C
ic
er

ar
ie
ti
nu

m
(C

hi
ck
pe
a)

A
tD

R
E
B
1A

(D
eh
yd
ra
tio

n-
R
es
po
ns
iv
e

E
le
m
en
t-
B
in
di
ng

1A
ge
ne

fr
om

A
ra
bi
do
ps
is
)

R
D
29
A
;

A
.t
um

ef
ac
ie
ns

D
ro
ug
ht

st
re
ss

U
nd
er

dr
ou
gh
ts
tr
es
s

tr
an
sg
en
ic
pl
an
ts
sh
ow

ed
be
tte
r
ro
ot

an
d
sh
oo
t

pa
rt
iti
on
in
g,

an
d

pr
es
en
te
d
hi
gh

er
tr
an
sp
ir
at
io
n
ef
fic
ie
nc
y

(m
ea
su
re
d
by

va
po
r

pr
es
su
re

de
fic
it-
V
PD

),
co
m
pa
re
d
to

co
nt
ro
l

A
nb

az
ha
ga
n
et
al
.(
20
14
)

(c
on
tin

ue
d)



Genetic Engineering and Genome Editing … 143

Ta
bl
e
1

(c
on
tin

ue
d)

T
ra
ns
fo
rm

ed
pl
an
t

St
re
ss

re
la
te
d
ge
ne
s

Pr
om

ot
er
/m

et
ho
do
lo
gy

A
bi
ot
ic
St
re
ss

E
ff
ec
to

n
ph
en
ot
yp
e
an
d

re
sp
on

se
s
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

R
ef
er
en
ce
s

L
ot
us

te
nu
is

(N
ar
ro
w
le
af

tr
ef
oi
l)

O
at
A
D
C

(A
rg
in
in
e
D
ec
ar
bo
xy
la
se

ge
ne

fr
om

A
ve
na

sa
ti
va
)

pR
D
29
A
;

A
.t
um

ef
ac
ie
ns

D
ro
ug
ht

st
re
ss

T
ra
ns
ge
ni
c
pl
an
ts

sh
ow

ed
in
cr
ea
se
d

pu
tr
es
ci
ne

(P
ut
)
le
ve
ls
,

im
pr
ov
ed

ce
llu

la
r

hy
dr
at
io
n
an
d
in
cr
ea
se
d

ro
ot

gr
ow

th
.P

ut
al
so

co
nt
ro
ls
th
e
le
ve
lo

f
A
B
A

by
m
od
ul
at
in
g
A
B
A

sy
nt
he
si
s
at
th
e

tr
an
sc
ri
pt
io
na
ll
ev
e

E
sp
as
an
di
n
et
al
.(
20
14
)

L
ot
us

te
nu
is

(N
ar
ro
w
le
af

tr
ef
oi
l)

O
at
A
D
C

(A
rg
in
in
e
D
ec
ar
bo
xy
la
se

ge
ne

fr
om

A
.s
at
iv
a)

pR
D
29
A
;

A
.t
um

ef
ac
ie
ns

Sa
lt
st
re
ss

Im
pr
ov
ed

to
le
ra
nc
e
to

sa
lt
st
re
ss

in
tr
an
sg
en
ic

lin
es

by
re
du

ct
io
n
in

sh
oo
tb

io
m
as
s
an
d

in
cr
ea
se

in
ro
ot

gr
ow

th
in

re
sp
on
se

to
st
re
ss

(i
m
pr
ov
ed

ro
ot
-s
ho
ot

ra
tio

),
an
d
in
cr
ea
se
d

os
m
ot
ic
ad
ju
st
m
en
tv

ia
pr
ol
in
e
pr
od
uc
tio

n

E
sp
as
an
di
n
et
al
.(
20
18
)

(c
on
tin

ue
d)



144 E. Valiollahi et al.

Ta
bl
e
1

(c
on
tin

ue
d)

T
ra
ns
fo
rm

ed
pl
an
t

St
re
ss

re
la
te
d
ge
ne
s

Pr
om

ot
er
/m

et
ho
do
lo
gy

A
bi
ot
ic
St
re
ss

E
ff
ec
to

n
ph
en
ot
yp
e
an
d

re
sp
on

se
s
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

R
ef
er
en
ce
s

M
ed
ic
ag
o

tr
un
ca
tu
la

(b
ar
re
l

m
ed
ic
)

O
at
A
D
C

(A
rg
in
in
e
D
ec
ar
bo
xy
la
se

ge
ne

fr
om

A
.s
at
iv
a)

2x
C
aM

V
35
S;

A
.t
um

ef
ac
ie
ns

(E
H
A
10
5)

D
ro
ug
ht

st
re
ss

T
ra
ns
ge
ni
c
pl
an
ts
w
ith

el
ev
at
ed

Pu
ta
nd

sp
er
m
id
in
e
(S
pd
)
le
ve
ls
.

U
nd

er
w
at
er
-d
efi

ci
t

st
re
ss

tr
an
sg
en
ic
lin

es
pr
es
en
te
d
hi
gh

er
le
af

re
la
tiv

e
w
at
er

co
nt
en
t

(R
W
C
)
an
d
in
cr
ea
se
d

ph
ot
os
yn
th
et
ic

pa
ra
m
et
er
s,
na
m
el
y,

hi
gh

er
le
af

C
i
(i
nt
er
na
l

C
O
2
co
nc
en
tr
at
io
n)
,A

an
d
gs
.
hi
gh

er
se
ed

yi
el
d

up
on

st
re
ss

D
uq
ue

et
al
.(
20
16
)

(c
on
tin

ue
d)



Genetic Engineering and Genome Editing … 145

Ta
bl
e
1

(c
on
tin

ue
d)

T
ra
ns
fo
rm

ed
pl
an
t

St
re
ss

re
la
te
d
ge
ne
s

Pr
om

ot
er
/m

et
ho
do
lo
gy

A
bi
ot
ic
St
re
ss

E
ff
ec
to

n
ph
en
ot
yp
e
an
d

re
sp
on

se
s
to

en
vi
ro
nm

en
ta
ls
tr
es
se
s

R
ef
er
en
ce
s

M
ed
ic
ag
o

tr
un
ca
tu
la

(b
ar
re
l

m
ed
ic
)

M
tW

R
K
Y
76

(W
R
K
Y
T
F
fr
om

M
.

tr
un
ca
tu
la
)

2x
C
aM

V
35
S;

A
.t
um

ef
ac
ie
ns

D
ro
ug
ht

an
d

sa
lt
st
re
ss

T
ra
ns
ge
ni
c
M
tW

R
K
Y
76

pl
an
ts
pr
es
en
te
d
hi
gh

er
su
rv
iv
al
ra
te
s
an
d
lo
w
er

re
la
tiv

e
el
ec
tr
ol
yt
e

le
ak
ag
e
up
on

w
at
er

w
ith

dr
aw

n.
H
ig
he
r
le
ve
ls

of
se
ve
ra
la
bi
ot
ic

st
re
ss
-i
nd

uc
ib
le
ge
ne
s

w
er
e
al
so

ob
se
rv
ed

in
tr
an
sg
en
ic
lin

es
un

de
r

dr
ou
gh
ts
tr
es
s.
U
nd
er

sa
lt

tr
ea
tm

en
tt
ra
ns
ge
ni
c

lin
es

ha
ve

hi
gh
er

ro
ot

an
d
pl
an
td

ry
w
ei
gh
ts
,

co
m
pa
re
d
to

co
nt
ro
l

L
iu

et
al
.(
20
16
)

M
ed
ic
ag
o

tr
un
ca
tu
la

(b
ar
re
l

m
ed
ic
)

O
at
A
D
C

(A
rg
in
in
e
D
ec
ar
bo
xy
la
se

ge
ne

fr
om

A
.s
at
iv
a)

2x
C
aM

V
35
S;

A
.t
um

ef
ac
ie
ns

(E
H
A
10
5)

Sa
lt
st
re
ss

O
ve
re
xp
re
ss
io
n
of

th
e

A
dc

ge
ne

in
cr
ea
se
d
th
e

no
du
le
bi
om

as
s
by

fa
vo
ri
ng

Si
no
rh
iz
ob
iu
m

m
el
il
ot
i
ro
ot

co
lo
ni
za
tio

n
an
d

su
pp
or
tin

g
an

in
cr
em

en
t

in
th
e
N
itr
og

en
Fi
xa
tio

n
R
at
e
(N

FR
).
U
nd

er
sa
lt

st
re
ss
,A

D
C
tr
an
sg
en
ic

pl
an
ts
ac
cu
m
ul
at
ed

hi
gh
er

am
ou
nt
s
of

pr
ol
in
e
an
d
Sp

m
in

no
du
le
s,
co
m
pa
re
d
to

co
nt
ro
lp

la
nt
s

H
id
al
go

-c
as
te
lla

no
s
et
al
.

(2
01
9)



146 E. Valiollahi et al.

3.2 MiRNA-Based Biotechnology for Abiotic Stress
Tolerance

In this subsection,wepresent fewexamples of functional characterization ofmiRNAs
involved in abiotic stress response in Legumes. For genetic engineering purposes,
the RNAi (RNA interference) mechanism is the usual choice (a biological process
involved in sequence-specific gene regulation driven by the introduction of dsRNA
that degrade mRNA molecules and decrease their activity by preventing transla-
tion, via posttranscriptional gene silencing (see Fig. 1); or that can inhibit gene
expression via the pre-transcriptional silencing mechanism, through DNA methy-
lation at genomic positions complementary to siRNA or miRNA molecules (Hirai
and Kodama 2008). Plant transformation, using the RNAi mediated gene silencing
technique, comprises the identification of the target gene(s), followed by the gener-
ation of RNAi constructs cassettes, plant transformation, and finally screening and
evaluation of the obtained traits (Kamthan et al. 2015). An example of an RNAi
cassette includes inverted repeat sequences against the target gene and a spacer frag-
ment; the resultant transcript forms a hairpin-like structure that is processed into
siRNAs that further operate within the RNAi pathway. Briefly, the RNAi construct
produces long dsRNAs that, depending on the construct, can be processed by two
DCL enzymes, resulting either in the endonucleolytic cleavage of the homologous
mRNA (DCL4/AGO1 processing) or the methylation of cytosine in the complemen-
tary genomic DNA sequence (DCL3/AGO4 processing) (Hirai and Kodama 2008).
The RNAi technology is considered precise, efficient, stable, and even better than
the antisense technology (Saurabh et al. 2014; Guo et al. 2016). Nowadays, the vec-
tors used for RNAi constructs are based on gateway vectors like pHELLSGATE,
pSTARGATE, and pWATERGATE (Saurabh et al. 2014). In many RNAi constructs
constitutive promoters likeCaMV35S and plant ubiquitin promoter (Ubi) are, among
others, efficient in order to drive foreign gene expression in plant cells.

Arshad et al. (2017) showed a significant improvement in drought tolerance
in alfalfa by overexpressing miR156, which regulates major transcription factors
belonging to the SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL)
family of stress-related genes. Three SPL target genes (SPL6, SPL12, and SPL13)
were previously found to be downregulated by miR156 in alfalfa (Aung et al.
2015). In Arshad et al. (2017) work, a SPL13-RNAi construct was made using the
pHELLSGATE12 vector and the gateway system (Invitrogen). Transgenic plants
were obtained using the Agrobacterium tumefaciens strain GV3101. Resulting
miR156 overexpression alfalfa genotypes (miR156OE) exhibited reduced water
loss and enhanced root growth, and also maintained higher stomatal conductance
compared to the wild type under drought stress.

In the sameway, drought stress-induced tolerancewas observed in chickpea trans-
genic lines overexpressing miR408 through the regulation of copper accumulation
(Hajyzadeh et al. 2015). Under drought conditions (17d treatment of water defi-
ciency), the overexpression of miR408 resulted in the repression of the plantacyanin
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transcript (a miR408 target, coding for a blue copper protein) and led to the induc-
tion of DREB and six others drought-responsive genes in the transgenic plants, when
compared to control (Hajyzadeh et al. 2015).

In another work, by transforming soybean with Agrobacterium rhizogenes, the
miR172c was found to be a positive regulator of root plastic development and salt
tolerance (Sahito et al. 2017). The root system of soybean plants overexpressing
miR172c demonstrated enhanced salt tolerance when compared to the control plants.
Overexpression ofmiR172a in soybean plants improved salt tolerance through cleav-
ing AP2/EREBP-type transcription factor gene (SSAC1). This gene is inhibitor of
thiamine biosynthesis gene (THI1), which encodes a positive regulator of salt toler-
ance (Pan et al. 2016). In contrast, a functional analysis ofmiR399a (a salt-responsive
miRNA in the root meristem) in A. rhizogenes transformed soybean plants revealed
that overexpressingmiR399a roots weremore sensitive to salt stress, when compared
to control roots transformed with the empty vector (Sun et al. 2016).

A resume table with examples of Fabaceae transformation using miRNA tech-
nology, and consequent phenotypic alterations observed under stress conditions, is
presented below (Table 2).

Table 2 Examples of Fabaceae transformation using miRNA technology and functional
characterization of phenotypic alterations through abiotic stress

Transformed
plant

miRNA Promoter/transformation
technique

miRNA target Effect on
abiotic
stresses

References

Medicago
sativa
(alfalfa)

miR156 CaMV35S/A.
tumefaciens
(LBA4404)

SPLs
(Squamosa
promoter binding
protein-like)

Adaptive
responses
leading to
drought
tolerance

Aung et al.
(2015),
Arshad
et al.
(2017)

Cicer
arietinum
(chickpea)

miR408 CaMV35S/A.
tumefaciens
(LBA4404)

Plantacyanin
(blue copper family
protein)

Induction
of drought
tolerance

Hajyzadeh
et al.
(2015)

Glycine max
(soybean)

miR172c CaMV35S/A.
rhizogenes
(K599)

NNC1
(Nodule Number
Control 1)

Increased
root
plasticity
and salt
tolerance

Sahito
et al.
(2017)

Glycine
max~
(soybean)

miR399a CaMV35S/A.
rhizogenes
(K599)

Multicopper
oxidases
(Glyma08G359400;
Growth-regulating
factor
(Glyma03G021900)

Increased
sensitivity
to salt
stress

Sun et al.
(2016)

Glycine max
(soybean)

miR172a CaMV35S/A.
rhizogenes
(K599)

SSAC1
(AP2/EREBP-type
transcription factor
gene)

Enhanced
tolerance
to salt
stress

Pan et al.
(2016)
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4 Genome Editing for Abiotic Stress Tolerance in Fabaceae

4.1 A Brief Introduction to Genome Editing Technology

The foundation of genome editing technique relies on the efficiency of targeting
genome alterations mainly based on the induction of DNA double-stranded breaks
(DSBs) or adjacent single-stranded breaks (SSBs). Since all organisms have to deal
with DNA-damaging factors, understanding the different repair pathways is a prereq-
uisite to control and enhance targeted gene modifications (Schmidt et al. 2019). The
DNA repair by endonucleases can occur by non-homologous end joining (NHEJ)
repair, or homology-dependent repair (HDR) (Puchta 2005). In plants, the DSB
reparation is typically performed by the way of NHEJ, a very efficient repair mech-
anism but also susceptible to frequent mutation errors due to nucleotide insertions
and deletions (indels) (Puchta 2005). HDR is considered the dominant mechanism
but requires the initial formation of single-stranded DNA (ssDNA) for pairing with
homologous DNA template sequences, thus resulting in a low efficiency process
(Decottignies 2013). Simplified models of NHEJ and HDR methods for DSB repair
are schematically represented in Fig. 2.

Fig. 2 Resumed schemes of CRISPR/Cas9 mediated DNA double-stranded breaks (DSBs) and
repair mechanisms. The CRISPR-associated enzyme Cas9 achieves site-specific genomic engi-
neering by introducing a double-stranded break (DSB) at the chromosomal site specified by the
guide RNA (gRNA) (an upstream region called protospacer adjacent motif (PAN) is involved in
the recognition of the target sequence by Cas9). The sequences of the spacer are further used as
templates to produce short CRISPR RNAs (crRNAs) complementary to the target DNA region.
Cleavage of both strands of DNA target is then accomplished. The DNA repair by endonucle-
ases can occur by non-homologous end joining (NHEJ), or by homology-dependent repair (HDR)
(Adapted from Tang et al. 2019)
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Combining the knowledge about DNA repair and the specific induction of DSBs
using programmable site-specific nucleases provided a powerful tool for success-
ful genome engineering. Synthetic site-specific nucleases are able to induce one
or more DSBs at defined loci, predominantly repaired via NHEJ (Schmidt et al.
2019). Examples of artificial site-specific nucleases included Zink finger nucleases
(ZFNs), transcription activator-like effector nucleases (TALENs), and clustered reg-
ularly interspaced short palindromic repeats (CRISPR) associated with a nuclease
protein (CRISP/CAS) (reviewed in Gaj et al. 2013; Wright et al. 2014). Since 2013,
the CRISPR/Cas system was considered a breakthrough and has been used for gene
editing (adding, interrupting or altering the sequence of specific genes) and gene reg-
ulation in various species. The CRISPR-Cas system relies on two main components:
a guide RNA (gRNA) and CRISPR-associated (Cas) nuclease. By providing the cell
with Cas9 protein and the appropriate guide RNA, the organism’s genome can be
cut at any desired location and this technology also enables simultaneous editing of
several sites (Cong et al. 2013). The gRNA includes a sequence complementary that
recognizes the target DNA region, the CRISPR-RNA (crRNA) containing 17–20-
nucleotides (nt), and a transactivating crRNA (tracrRNA) that function as a binding
support between the crRNA and Cas9 enzyme. Recognition of a target sequence
by Cas9 also involves the identification of an upstream protospacer adjacent motif
(PAM) (Cromwell et al. 2018). Although there are various types of CRISPR/Cas
systems, the most commonly used system for genome editing is the Cas9 nuclease
from the type II CRISPR/Cas9 system of Streptococcus pyogenes, which requires an
NGG (N, any nucleotide; G, guanine) PAM sequence for DNA targeting (Liu et al.
2017). A simplified model of the CRISPR/Cas9 mechanism is represented on Fig. 2.

4.2 Genome Editing for Stress Tolerance: Some Examples

The use of genome editing, and more specifically the use of the CRISPR/Cas9 effi-
cient methodology for abiotic stress tolerance in legumes, is still scarce. Similarly,
for other crops only few studies can be found in the literature concerning the use
of genome editing for abiotic stress tolerance (reviewed in Debbarma et al. 2019).
Successful reports on legume genome editing using the CRISPR/Cas9 system were
accomplished in soybean (Cai et al. 2015, 2018; Bao et al. 2019). As an example, the
knockout of soybean gene GmFT2a (FT-Flower Locus T ) associated with flowering
time, using the CRISPR/Cas9 methodology, resulted in GmFT2a mutants showing
delayed flowering (Cai et al. 2018). Likewise, in Glicine max and Medicago trun-
catula the CRISPR/Cas9 and TALENs systems were also used to generate heritable
mutations for genes encoding proteins of the machinery involved in small RNA
processing (Curtin et al. 2018). This study validated the use of these two different
genome engineering methodologies to generate a mutant collection with utility for
future studies on small RNA processing in crop legume.
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Regarding stress tolerance studies, recently, the roles of GmHsp90A2 (Heat shock
protein 90s) in soybean were investigated by the use of stable transgenic lines over-
expressing GmHsp90A2 and mutant lines generated by the CRISPR/Cas9-mediated
genome editing system (Huang et al. 2019). The Hsp90s is a conserved and abun-
dant molecular chaperone active in the protective stress response; and in a previous
work the GmHsp90A2 overexpression in the model Arabidopsis thaliana resulted
in increased tolerance to heat stress (Xu et al. 2013). In Huang et al. (2019) work
the CRISPR/Cas9 knockout of the endogenous soybean GmHsp90A2 gene was con-
firmed up to the T1 generation. In overexpressing GmHsp90A2 soybean plants they
found less heat stress-mediated damage (decreases chlorophyll loss and less MDA
accumulation) and maintenance of plant growth, while in CRISPR/Cas9 knock-
out plants there found opposite effects, an accelerated chlorophyll loss and lipid
peroxidation.

Even though only few scientific reports on the use of genome editing for targeted
and precise editing for abiotic stress tolerance in Fabaceae could be found, the poten-
tial of these methodologies is enormous for future utilization in legume molecular
breeding.

5 Conclusions

Fabaceae plants are responsible for providing the main source of vegetable proteins
for human diet and are essential for livestock feed; however, legume productivity
is compromised by different abiotic constraints. Grain and forage legumes are very
sensitive to abiotic stresses, especially during the reproductive period (during flower-
ing and pod filling), and the establishment and functionality of Legume-Rhizobium
symbiosis is also critically affected. Besides, under abiotic stress situations, legumes
become more vulnerable to plant pathogens (such as fungi, bacteria, viruses, nema-
todes, insects, and mites). As a consequence, there is a reduction in plant yield,
decreased productivity, and also the decline of soil nitrogen fixation.

Implementation of molecular tools in breeding programs will facilitate the devel-
opment of tolerant varieties to sustain food security under abiotic stress conditions.
Consequently, research to understand the complex molecular mechanisms of plant
responses to abiotic stress is essential to develop stress-tolerant crops using genetic
engineering or genome editing technologies. The identification and further study of
stress-responsive candidates, based on high-throughput omics methodologies, will
not only contribute to increase the knowledge on stress responsemechanisms, butwill
also allow the identification of future candidates for genetic engineering or genome
editing purposes.

In this chapter,we presented an overviewof the recent applications of genetic engi-
neering and genome editing for the improvement of legumes toward abiotic stress
tolerance.We highlighted several examples of the use of stress-related genes, includ-
ing transcriptional factors, for genetic engineering of model and important grain
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and forage legumes. We have also focused on the application of miRNAs posttran-
scriptional gene regulationmechanism for crop improvement. Indeed, miRNA-based
biotechnology could be an innovative and efficient approach for Fabaceae genetic
engineering. Although only a small numbers of studies have adopted genome editing
technology for improving abiotic stress in legumes, there are an enormous potential
in these newmolecular breeding approaches (specially the CRISPR/Cas9 tool) for an
efficient targeted precise mutagenesis, and for the development of legume cultivars
with increased tolerance to abiotic stresses.
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GWAS and Genomic Approaches
in Legumes, an Expanding Toolkit
for Examining Responses to Abiotic
Stresses

Poornima K. Narayana and Eric J. B. von Wettberg

Abstract The early twenty-first century has seen a rapid development of new high-
throughput DNA sequencing technologies and related “-omics” approaches that are
rapidly revolutionizing many areas of biology. These developments have made it
possible to perform previously impossible studies of the genetic basis of abiotic stress
tolerance in a range of organisms. Here, we explore some of these developments with
regards to previously understudied or “orphan” legume crops, many of which have
a long history of providing food and nutritional security to people living in semiarid
regions with limited soil fertility.

Keywords Genomics · High-throughput sequencing · Orphan crops · Grain
legumes

1 Introduction

Across the biological sciences, the advent of genomics and related technologies
has had immense impacts on the nature of questions asked by researchers. Here,
we examine the contribution of some of these new “-omics” technologies, which
when applied to DNA are sometimes variously called “next-generation sequencing”
(NGS),“massively parallel sequencing,” “third-generation sequencing” and “high-
throughput genotyping” to our understanding of abiotic stress tolerance in legumes
(e.g., Schadt et al. 2010; Moorthie et al. 2011; Reuter et al. 2015; Bleidorn 2016).We
give particular attention to emerging work on crop legumes and emphasize work that
is increasingly feasible in previously understudied minor legumes of the developing
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world, sometimes known as “orphan crops” (e.g., Naylor et al. 2004; Langridge and
Fleury 2011; Varshney et al. 2012a, b). This revolution has already been widely
reviewed (e.g., above, as well as Bauchet et al. 2019, for recent reviews specific to
legumes), so we focus on shared approaches that we view as most useful to stress
tolerance across legumes.

Part of our rationale for focusing on cultivated legumes is their importance to
global food and nutritional security. Traditional crop breeding based on phenotypic
selection can be enhanced by adopting “omics” approaches. Since legumes have long
been considered the “slow runners” of the Green Revolution (Borlaug 1975), there
is a perceived need to improve legume yields in challenging agroecological settings.
These “-omics” approaches have led to the discovery of genes and pathways control-
ling specific traits and enhance selection strategies, which we will selectively review.
The rapid advances in “omics” technologies provide an opportunity to generate new
datasets for crop species, including those previously neglected, and improve them
in the face of a rapidly changing climate and shifting global market trends (Gupta
et al. 2014; Singh et al. 2015). In addition, the high-throughput genotyping technolo-
gies that are at the heart of the genomics “revolution” enable the screening of large
germplasm collections to identify novel alleles from diverse sources, thus offering a
major expansion in the variation available for breeding (e.g., Langridge and Fleury
2011).

In the era of advanced high-throughput technologies, we have the capacity to
integrate genomics (DNA sequence variation), transcriptomics (RNA expression),
proteomics (protein expression), interactomics (interactions of proteins and other
molecular structures), metabolomics (cellular metabolites), lipidomics (lipids) and
microbiomics (presence and abundance of associated microbes). This integration of
immense datasets into a meaningful outcome of the cellular mechanisms is referred
to as the multi-omics approach (e.g., Beale et al. 2016; Yugi et al. 2016). As “single-
omics” approaches can be limited to correlational inference and may generally end
up identifying the consequential changes rather than the causative ones, integrating
the single levels to generate a global view will be increasingly important.

The pace of development of “-omics” tools and resources has been expe-
dited by remarkable technological advances in next-generation sequencing plat-
forms and high-throughput genotyping assays. Increasingly, the deployment of these
approaches is constrained by quality of associated phenotypic data. In crop breed-
ing, such as for abiotic stress-tolerant legumes, this is often germplasm such as
landraces and wild relatives from genebanks. The extent of genetic variation present
in the germplasm largely attributes to its extent of success of breeding efforts and
genomics efforts to find genes underlying traits. Remarkable changes have also been
and are being witnessed in downstream deployments of the genetic markers/QTLs
in crop improvement programs as a result (e.g., Kumar et al. 2011). The aspects of
high throughput and automation by identification of SNPs throughout the genome
sequence have played important roles. Due to recently introduced sequencing-cum-
genotyping methods like restriction site associated-DNA(RAD) sequencing (Davey
et al. 2011, 2013), genotyping by sequencing (GBS, Elshire et al. 2011), diver-
sity array sequencing (DArT-Seq, Grzebelus 2015) and whole-genome resequencing
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(WGRS, Turner et al. 2010), a major shift has been revealed in the methods used for
discovery and mapping of DNA markers.

Notably, thousands of DNA markers could be discovered and mapped in a short
and increasingly cost-effective one-step process using the above referenced NGS-
based methods. Consequently, we can construct high and ultrahigh density recom-
bination maps not only for the major crop species with reference genome sequence
but also for the crops where no reference genome is yet available (Poland et al.
2012). Recently available semi-/fully automated HTP genotyping systems have
allowed accurate and rapid scoring of several hundreds to thousands of genetic mark-
ers. These include large-scale SNP genotyping systems like Illumina GoldenGate
(GG)/Infinium (e.g., Kassa et al. 2012) and moderate-scale assays such as Mas-
sARRAY and iPLEX, (e.g., Jurinke et al. 2002; Saxena et al. 2014), TaqmanSNPlex
(e.g., Tobler et al. 2005), VeraCode (Lin et al. 2009) andKASPar assays (Kumar et al.
2012). Furthermore, due to recently introduced sequencing-cum-genotyping meth-
ods like restriction site associated-DNA (RAD) sequencing, genotyping by sequenc-
ing (GBS) and WGRS, a major shift has been revealed in the methods used for
discovery and mapping of DNA markers.

2 Association Genetics

In the previous decades, many efforts to find cultivated legume accessions with
high abiotic stress tolerance utilized biparental linkage mapping, or QTL mapping,
as a means to find genes for stress tolerance (e.g., Tanksley and McCouch 1997;
Elnaccash and Tonsor 2010). Borrowing from human medicinal genomics, these
approaches have been increasingly complemented by genome-wide associationmap-
ping (e.g., Atwell et al. 2010; Varshney et al. 2017a, b). Both of these approaches can
be extremely powerful, but do have limitations that can be exacerbated by the nature
of the germplasm available to researchers (e.g., Vilhjálmsson andNordborg 2013). In
conjunction with the technological advancements, the concept of biparental linkage
mapping is also changing to multiparent-based mapping like multiparent advanced
generation intercrosses (MAGIC, Cavanagh et al. 2008) and nested association map-
ping (NAM, Yu et al. 2008) to enable reaping maximum benefits from the recently
available HTP genotyping/sequencing and phenotyping platforms. The highly sat-
urated recombination maps, thus developed for these populations, can reveal the
important genomic regions underlying economically important traits. Aside from
traditional QTL mapping, these complex mapping resources create new possibilities
for applying genome-wide association studies (GWAS) and more importantly, joint
linkage–LD analysis for a much comprehensible genetic investigation of complex
traits (Cavanagh et al. 2008). They have particular power for harnessing the diversity
of crop wild relatives (CWR) and diverse landrace germplasm in breeding programs
(e.g., Tanksley and McCouch 1997; Warschefsky et al. 2014).
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3 Transcriptional, Proteomic, Metabolomic and Ionomic
Profiling

A number of technologies to assess gene expression have arisen over the past two
decades. Transcriptional profiling with microarrays was the most popular means of
characterizing gene expression before the advent of RNA sequencing (e.g., Bened-
ito et al. 2008). Serial analysis of gene expression (SAGE) and massively parallel
signature sequencing (MPSS) are older but established alternatives to microarrays
as they do not depend on prior probe selection (e.g., Matsumura et al. 1999; Jain
2011). For example, large-scale transcriptome analysis in chickpea (Cicer arietinum
L.) provides insights into the chickpea transcriptome and differential responses to
drought and also enabled development of gene-based markers to accelerate breeding
(Hiremath et al. 2011). Differential protein abundance has traditionally been ana-
lyzed using 2D-PAGE with 2D difference gel electrophoresis (DIGE) (Issaq and
Veenstra 2008). Non-gel-based proteomics approaches such as multidimensional
protein identification technology (MudPIT, Washburn et al. 2001), iTRAQ (Ross
et al. 2004; Aggarwal et al. 2006) or metabolic labeling and MALDI-TOF (e.g.,
Wittmann and Heinzle 2001) also followed. The first shotgun proteomics study in
wheat gave some important insights into the protein response to drought, also iden-
tifying largest number of wheat proteins in a single proteomics experiment (Ford
et al. 2011). Metabolite profiling in plants includes mainly NMR, gas chromatog-
raphy (GC)-MS and liquid chromatography (LC)-MS (Schauer and Fernie 2006).
Metabolite composition analysis in tomato inbred lines indicated their association
with whole-plant yield associated QTL (Schauer et al. 2006).

The ionome of a plant is the summation of many biological processes (Salt
et al. 2008). A high-throughput ionomics platform offers a viable system for prob-
ing the multiple physiological and biochemical activities that affect the ionome, in
tens of thousands of individuals (e.g., Baxter et al. 2008). Ionomics, in combina-
tion with other phenotyping platforms such as transcript profiling, proteomics and
metabolomics, offers the potential to close the growing gap between our knowl-
edge of genotype and the phenotypes it controls (Salt et al. 2008). These new high-
throughput technologies have ultimately enabled increase in efficiency of selection
and accelerate the rates of genetic gain in breeding populations.

Phenomics, a large-scale phenotyping, is a natural complement to genome
sequencing, transcriptomics, etc., that has the potential to lead to rapid advances
in biology (Finkel 2009; Furbank and Tester 2011). Plant phenomics approaches
provide the quantitative phenotyping needed to elucidate the genetic bases for agri-
cultural traits and to screen germplasm for genetic variation in form, function and
performance. Often using sensitive cameras and scales, these approaches can mea-
sure whole-plant growth trajectories in different environmental conditions. These
approaches vary from those that use custom platforms such as the Lemnatec sys-
tem (Lemnatech, Aachen, Germany), to approaches that are more modular and take
advantage of tools such as drones (e.g., Ahmed et al. 2019). This area is currently
evolving as rapidly as any other “-omic,” with rapid shifts in both technology and
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perhaps more importantly in tools to handle and effectively analyze these complex
datasets (e.g., Gehan et al. 2017; Araus et al. 2018). One custom-built system, a
combined lysimeter and scanner at the International Crop Research Institute for
the Semi-Arid Tropics, is an example of an intermediate system specially built to
examine precise phenotypic differences in response to water limitation (Vadez et al.
2017).

4 Genome Size

TheLeguminosae involves legume familywhich is the second only to the grass family
in economic and nutritional value (Graham and Vance 2003; Smýkal et al. 2015).
About 17,000 species of legumes are found in nature, and many of these are grain,
pasture and agroforestry species (Vance 2001). Currently, either partial or complete
sequences exist for at least 99 higher plants (69 angiosperms), with numbers growing
at an increasing rate. Sixteen legume species (https://legumeinfo.org/genomes) have
been sequenced and data stored in the LIS system, although many more are subject
to completed or ongoing genome sequencing (Bauchet et al. 2019). This is the largest
cluster of genomic information for legumes, although many of these species have
their own sites or can be found at Phytozome, and much of the information on LIS
is contributed from other we list these in Table 1.

5 Genome-Wide and Omics Approaches in Grain
Legumes: Examples for Uncovering the Basis of Plant
Architecture, Morphological Traits, Stress Tolerance
and Disease Resistance

The plant genome sequencing started in the late twenty-first century, and the first
plant genome that was sequenced was Arabidopsis thaliana in October 2001 by the
Arabidopsis genome initiative (2000), with a tiny size of 125 Mbp. The first crop
legume to be sequenced was Glycine max (Schmutz et al. 2010), with a size of 1115
Mbp. With the improvement in recent technologies, even very large genome of crop
plants that are polyploidy has been successful. For example, in early 2019, the 4 GB
Pisum genome was finally published (Kreplak et al. 2019).

5.1 Soybeans

The relatively large genome sizes of many legumes make for a range of compli-
cations. For example, the paleopolyploid soybean has about 46,430 protein-coding

https://legumeinfo.org/genomes
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Table 1 Genomic information on selected crop legume and crop wild relatives

Legume Genome
(1N)

Chromosome
No.

No. of
genes

References Link out from
LIS to Genome
project home

Arachis
hypogaea

2.7 2n = 4x =
40

67,124 Bertioli et al.
(2019)

https://
peanutbase.org

Arachis
duranensis

1.25 2n = 2x =
20

36,734 Bertioli et al.
(2016)

https://www.
peanutbase.org

Arachis
ipaensis

1.56 2n = 2x =
20

41,840 Bertioli et al.
(2016)

https://www.
peanutbase.org

Cajanus cajan 8.33 2n = 2x =
22

48,680 Varshney
et al. (2012a,
b)

https://
legumeinfo.org

Cicer
arietinum
(CDC Frontier,
kabuli-type
chickpea

7.38 2n = 2x =
16

28,269 Varshney
et al. (2013)

https://
legumeinfo.org

Cicer
arietinum
(ICC 4958,
desi type
chickpea)

5.2 2n = 2x =
16

27,571 Jain et al.
(2013)

http://www.
ncbi.nlm.nih.
gov/
bioproject?
term=
PRJNA78951

Glycine max
(soybean)

11.03 2n = 4x =
40

46,430 Schmutz et al.
(2010)

https://
legumeinfo.org

Glycine
latifolia

9039 2n = 40 54,475 Liu et al.
(2018)

https://
soybase.org

Lens culinaris
(lentil)

41.16 2n = 2x =
14

Not yet
published as
of late 2019

https://
knowpulse.
usask.ca

Lotus
japonicus

4.66 2n = 2x =
16

22,650 Sato et al.
(2008)

http://www.
plantgdb.org

Medicago
truncatula

4.66 2n = 2x =
16

50,894 Young et al.
(2011)

https://
phytozome.jgi.
doe.gov

Phaseolus
vulgaris

5.88 2n = 2x =
22

27,197 Schmutz et al.
(2014)

https://
phytozome.jgi.
doe.gov

Trifolium
pratense

6.37 2n = 2x =
14

40,868 De Vega et al.
(2015)

https://www.
ncbi.nlm.nih.
gov/assembly/
GCA_
900079335.1

(continued)
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Table 1 (continued)

Legume Genome
(1N)

Chromosome
No.

No. of
genes

References Link out from
LIS to Genome
project home

Vigna
angularis

5.38 2n = 2x =
22

26,857 to
34,183

Kang et al.
(2015), Yang
et al. (2015)

http://
plantgenomics.
snu.ac.kr

Vigna radiata 5.79 2n = 2x =
22

22,427 Kang et al.
(2014)

http://
plantgenomics.
snu.ac.kr

Vigna
unguiculata

6.20 2n = 2x =
22

29,773 Lonardi et al.
(2019)

http://harvest.
ucr.edu

genes, 70% more than Arabidopsis and similar to the poplar genome (another poly-
ploidy genome). The soybean genome has segments that are rich in repeats and
low recombination heterochromatic regions surrounding the centromeres. The exon–
intron structure of genes among soybean, poplar and grapevine are conserved with a
high degree as in the case of position and phase conservation found broadly across
angiosperms (Roy and Penny 2007). Each round of polyploidy results in loss of
genes, and this rate of loss can be determined by analyzing the genome repeated
duplications (Schmutz et al. 2010).

Complementary “-omics” approaches can help clarify the complexity of large
genomes. For example, as a component of transcriptomics, RNA sequencing has
been done for salt tolerance in soybean by Zeng et al. (2018). Yet another study
has shown differential gene expression among soybean downy mildew resistant and
susceptible plants using RNA-seq data (Dong et al. 2018). Also, a study of the cyst
nematode infection in soybean and its transcriptomics and metabolomics revealed
the co-regulation of gene expression and metabolites in soybean plants (Kang et al.
2018). Gupta et al. (2018) have used an integrated approach of proteomics and
metabolomics to investigate their individual and combined (ABA + ET) signaling
in soybean leaves.

5.2 Pigeonpeas

The draft genome of pigeon pea (Cajanus cajan) sequenced by Varshney et al.
(2012a, b) with a genome size of 833 Mbp. Genome analysis predicted 48,680
genes. About 266 Phaseoleae-restricted ORFans have been identified out of the
whole chunk of predicted protein-coding genes. 97 ORFs had significant similarity
to ORFs from soybean leaving the 169 putative pigeon pea-specific ORFan genes
which were found to contain few introns, short length and unusual GC content. A
total of 23,410 SSR primer pairs were designed from 29,467 sequences that could be
converted into genetic markers. Kudapa et al. (2012) have done the transcriptomic

http://plantgenomics.snu.ac.kr
http://plantgenomics.snu.ac.kr
http://harvest.ucr.edu
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assembly for pigeon pea by analyzing 128.9 million short Illumina GA IIx single end
reads, 2.19 million single end FLX/454 reads and 18,353 Sanger expressed sequence
tags from more than 16 genotypes. About 6284 intron spanning markers (ISR) have
been designed using the transcript reads. In yet another study, RNA-seq data was
generated from embryo sac from the day of anthesis (0 DAA), seed and pod wall
formation (5, 10, 20 and 30 DAA) of pigeon pea variety “Asha” (Pazhamala et al.
2017). Liu et al. (2010) have determined and quantified active phenolic compounds
in pigeon pea leaves and its medicinal product using liquid chromatography-tandem
mass spectrometry. Krishnan et al. (2017) have performed a high-resolution two-
dimensional (2-D) electrophoresis followed by MALDI-TOF-TOFMS/MS analysis
of these protein fractions which resulted in the identification of 373 pigeon pea seed
proteins. In consensus with the reported high degree of synteny between pigeon pea
and soybean genomes, there exists a large homology between pigeon pea and soybean
seed proteins. A large amount of stress-related proteins may be due to adaptation to
drought-prone environments that were found in this study. An in-depth validation of
these genes would result in identification of drought resistance/tolerance genes that
can be used for introgression into the cultivated lines either via molecular breeding
approaches or molecular cloning of such genes.

5.3 Chickpeas

The next important pulse crop that was sequenced by two groups is chickpea (Cicer
arietinum) in the year 2013. Varshney et al. (2013) sequenced the kabuli chickpea
and Jain et al. (2013) sequenced the desi chickpea. About 738 Mb of whole-genome
shotgun sequence was reported in kabuli chickpea CDC frontier which is resistant
to several diseases and insects. It contains an estimated 28,269 genes, and approx-
imately, half (49.41%) of the genome is composed of transposable elements and
unclassified repeats which is comparable to other sequenced legumes. In compar-
ison with the kabuli type, the desi chickpea reference assembly had 520 Mb with
27,571 genes and 210Mb as repeat elements. About 274millionRNA-seq readswere
identified in several tissue-specific and stress responsive genes. Nucleotide diversity
analysis shows assessment of narrow genetic base within chickpea cultivars (Roorki-
wal et al. 2014). RNA-seq was done for roots and shoots under desiccation, salinity
and cold stresses, and about 11,640 transcripts showed response to at least one of
the stress conditions (Garg et al. 2016). The highest number of genes were differen-
tially expressed in response to salinity (5321), followed by cold (4145) and desicca-
tion (4078) stresses. Pathway analysis in chickpea showed a total of 121 pathways
representing 640 enzymes involved in biosynthesis, metabolism, signaling and cell
differentiation which were found to be activated. RNA-seq of leaf tissues from two
contrasting chickpea genotypes at leaf apical meristem stage showed 1562 genes that
were differentially expressed in drought-tolerant genotype (Badhan et al. 2018). An
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integrative network analysis of wilt transcriptome in chickpea using cDNA microar-
ray temporal datasets consisting of 1749 unigenes has shown that there are genotype-
dependent regulatory hubs in immunity and susceptibility phenotypes (Ashraf et al.
2009). To enhance the crop productivity using molecular breeding approaches, the
next-generation sequencing was used to determine the sequence of most gene tran-
scripts and to identify drought-responsive genes and gene-based molecular markers
(Hiremath et al. 2011). Varshney et al. (2013) generated a set of chickpea ESTs
that serves as a high-quality resource of transcripts for gene discovery and develop-
ment of functional markers associated with abiotic stresses like drought and salinity.
Wild chickpea, Cicer reticulatum (PI489777), the progenitor of cultivated chick-
pea, was analyzed for its transcriptome using GS-FLX454 technology. This study
generated 37,265 transcripts in total with an average length of 946 bp. A total of
4072 SSRs could be identified in these transcripts of which only 561 SSRs were
polymorphic (Jhanwar et al. 2012). Molina et al. (2008) have used deep SuperSAGE
to obtain the salt-responsive transcriptome of chickpea roots and nodules. The high
carbohydrate and protein content of chickpea has made it very important to study
transcriptome of its seed developmental stages. Deep sequencing of transcriptomes
from four developmental stages of seeds gave about 1.3 million reads assembled into
51,099 unigenes by merging the de novo and reference assemblies (Pradhan et al.
2014). Identification of potential fungal pathogenicity factors has been done using
RNA-seq and massive analysis of cDNA ends to produce comprehensive expression
profiles of Ascochyta rabiei [teleomorph Didymella rabiei (Kovachevski) v. Arx]
genes (Fondevilla et al. 2015). Proteomic analysis was done to understand the diver-
sity and complexity of membrane proteins in chickpea. A proteome reference map
has been developed using 2D-gel electrophoresis. MALDI-TOF/TOF and LC-ESI-
MS/MS have led to the identification of 91 proteins involved in a variety of cellular
functions (Jaiswal et al. 2012). Fusarium wilt caused by Fusarium oxysporum f. sp.
ciceri in chickpea is another devastating disease exacerbated by warm temperatures,
and thus, its metabolic profiling at several time points of resistance and suscepti-
ble cultivars has been done. Researchers have taken up multivariate analysis of the
data (OPLS–DA) which revealed discriminating metabolites in chickpea root tissue
after foc inoculation such as flavonoids and isoflavonoids along with their malonyl
conjugates (Kumar et al. 2015).

5.4 Groundnuts/Peanuts

Sequencing combined with precise phenotyping of segregating populations and
germplasm collections is expected to measure the accurate genetic diversity present
in the germplasm aswell as to identify the gene/nucleotide associatedwith the trait(s)
(e.g., Warschefsky et al. 2014). For example, a genome-wide association study of
peanuts identified 48 significant indels associated with seed oil content across five
environments, while transcriptome data of 49 peanut cultivars was analyzed to iden-
tify 5458 differentially expressed genes for oil synthesis process (Wang et al. 2018).
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PeanutDB is an integrated bioinformatics Web portal for Arachis hypogaea (Duan
et al. 2012). Peanuts have a total of 5712 of 8505 proteins identified through isobaric
tags for relative and absolute quantitation (iTRAQ) which is used for determining
the protein profiles of lipid dynamics during peanut seed development and post-
germination (Wang et al. 2016). Soil salinity has been a limiting factor for growth
of peanuts, and thus, an insight into its plant physiology in response to salt stress
and alleviation has been studied. On analyzing the results by GC/MS and RNA-seq
methods, 92 metabolites among 391 varied in response to salt, and 42 metabolites
responded to especially to recovery (Cui et al. 2018). Drought has been another chal-
lenge for groundnuts (e.g., Puppala et al., 2017). Breeding efforts have been difficult
to develop peanuts of multiple resistance, high seed quality and yield due to narrow
genetic base. In contrast, peanut wild relatives are considered to be a major source of
resistance alleles, and genomics and transcriptomic studies of these wild genotypes
can be used for introgression into cultivated lines for their improvement (Guimarães
et al. 2017).

5.5 Field Peas

Although perhaps the original model plant, as Mendel’s study system, peas have
lagged behind other legumes in the genomic era due to their relatively large genome
size. However, the recent publication of the Pisum genome (Kreplak et al. 2019) as
well as a growing range of tools such as a single seed descent population for GWAS
analysis (Holdsworth et al. 2017) is helping to catch peas up to other legumes in
terms of genomic resources. Peas have a fascinating domestication history, with two
independent domestications in the Fertile Crescent and Ethiopia (Trněný et al. 2018),
and wild relatives with tolerance to a range of abiotic stresses. For example, com-
parison of wild and cultivated peas has shown that seed dormancy was lost during
domestication but also varies in wild populations in geographic patterns suggesting a
strong relationship with climatic patterns (Hradilová et al. 2019). Other studies pro-
vide new results for a better understanding of plant architecture genetic determinism
and genetic interdependency of root disease resistance and root system architecture
inheritance in peas, Pisum sativum (Desgroux et al. 2018). Pea lines with good levels
of resistance to Aphanomyces euteiches and a large root system (larger number of
roots and longer roots) were identified and could be useful for breeders to improve
resistance to A. euteiches in pea varieties. A SNPmarker, detected for both improved
resistance to A. euteiches and high projected root area will be relevant for use in the
marker-assisted selection of resistant varieties (Desgroux et al. 2018).
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5.6 Phaseolus Species

The common bean (Phaseolus vulgaris) is one of the most important staples in many
areas of the world, has a fascinating double domestication in Mesoamerica and the
Andes and has had a complete genome sequence for several years (Schmutz et al.
2014). A large number of experiments have been designed on phenotypic and genetic
characterization of unexplored bean germplasm to unlock the breeding potential of
this crop and to develop new varieties able to adapt to changing climatic conditions.
An attempt is made to study the genetic control of days to flowering using a whole-
genome association approach on a panel of 192 highly homozygous common bean
genotypes purposely developed from landraces using single seed descent (Raggi et al.
2019). Within this work, a dataset of about 50 k single-nucleotide polymorphisms
(SNPs)was obtained byRAD sequencing producing strict quality control genotyping
data of the above genotypes. A subsequent genome-wide association study revealed
significant and meaningful associations between days to flowering and several SNP
markers; seven genes are proposed as the best candidates to explain the detected
associations (Raggi et al. 2019). More information on other research conducted in P.
vulgaris, namely in drought responses, could be found in the Chap. 3 of this book.

5.7 Lentils

Lentil (Lens culinarisMedik.) is the world’s fifth most important pulse crop. It is self-
pollinated diploid (2n= 14) and has a relatively large genome size of approximately
4 GB. The next-generation sequencing (NGS) technology has been used to genotype
the ICARDA lentil reference set and a larger Canadian diversity panel using the
two-enzyme (PstI, MspI) genotyping-by-sequencing (GBS) method described by
Poland and colleagues (Wong et al. 2015). This method has been shown to be capable
of discovering and genotyping thousands of markers across the lentil genome (Wong
et al. 2015). To focus on coding regions, a more accurate exome capture array has
been developed (Ogutcen et al. 2018). The published genome is expected in 2020,
although a current draft genome is already available (Table 1).

5.8 Vigna Species

Mung bean, adzuki bean and cowpea, all in the genus Vigna, all have completed
draft genome sequences (Kang et al. 2014; Kang et al. 2015; Muñoz-Amatriaín et al.
2017). Mung bean [Vigna radiata (L.) R. Wilczek var. radiata] is an important grain
legume globally, providing a high-quality plant protein source largely produced and
consumed in South and East Asia. One of the recent studies to characterize a mung
bean diversity panel conducted a pilot genome-wide association study of seed coat
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color with 466 cultivated accessions (Noble et al. 2018). In addition, this study
genotyped 16 wild accessions for comparison, and in total, over 22,000 polymorphic
genome-wide SNPswere identified and used to analyze the genetic diversity, popula-
tion structure, linkage disequilibrium (LD) of mung bean. Polymorphism was lower
in the cultivated accessions in comparison with the wild accessions, with average
polymorphism information content values 0.174, versus 0.305 in wild mung bean.
LD decayed in ~100 kb in cultivated lines, a distance higher than the linkage decay
of ~60 kb estimated in wild mung bean. Four distinct subgroups were identified
within the cultivated lines, which broadly corresponded to geographic origin and
seed characteristics. In a pilot genome-wide association mapping study of seed coat
color, five genomic regions associated were identified, two of which were close to
seed coat color genes in other species. This mung bean diversity panel constitutes a
valuable resource for genetic dissection of important agronomical traits to accelerate
mung bean breeding (Noble et al. 2018). Two more recent papers have identified
loci controlling flowering time, using the same DArT-seq markers (Sokolva et al.,
in press; Koslov et al., in press) and a set of accessions from the Vavilov seed bank
in Russia. This collection, which includes pre-Green Revolution accessions from a
range of drought-prone and cold-season environments, could be an excellent source
of stress tolerance for mung bean breeding.

A novel genotyping assay for over 50,000 SNPswas recently to delineate genomic
regions governing pod length in cowpea, Vigna unguiculata (Xu et al. 2017), a crop
known for its capacity to tolerate drought-prone environments (Carvalho et al. 2017).
Major, minor and epistatic QTLs were identified through QTL mapping. Seventy-
two SNPs associated with pod length were detected by genome-wide association
studies (GWAS). Over 50,000 SNPs were employed to delineate genomic regions
governing pod length. Population stratification analysis revealed subdivision among
a cowpea germplasmcollection consisting of 299 accessions,which is consistentwith
pod length groups (Xu et al. 2017). A more recent study has used the same array to
make a range of domestication-related traits (Lo et al. 2018). It is well equipped to
facilitate future molecular breeding for drought tolerance and other abiotic stresses
(Chamarthi et al. 2019).

Similar approaches are likely to emerge soon from research groups working with
other Vigna, such as adzuki bean, which has a small genome (Kang et al. 2015; Yang
et al. 2015). Adzuki beans are known to have feral forms (Yang et al. 2015), which
may have evolved repeatedly and adapted to a range of different abiotic stresses.
However, as a group of largely orphan legume crops, this has trailedwork in cowpeas,
the most widely used and study Vigna species. Furthermore, other Vigna crops, such
asBambara groundnut andZombi peas, have fascinating traits such as geocarpic pods
(fruit buried belowground) or tubers and have tractable genomes sizes approximately
similar to cowpea, mung bean and adzukia bean. Other cultivated Vigna crops, such
as moth bean and V. aconitifolius, are remarkably drought tolerant. With multiple
completed genomes and a growing set of tools, the capacity to uncover the wide
range of abiotic stress tolerances in this group is quite high.
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5.9 Faba Bean- the Ultimate Large Genome Challenge

With no known compatible wild relative and an enormous 12 GB genome, Faba bean
(Vicia faba) is perhaps the most challenges cultivated legume genome to sequence
and assemble. Frost has been one of the important stresses in fava bean production in
Europe. A recent attemptwasmade to identify and validateQTL associatedwith frost
tolerance and use inmarker-assisted selection (Sallam et al. 2016). QTLmapping and
GWAS identified new putative QTL associated with promising frost tolerance and
related traits. A set of 54 SNPmarkers common in both genetic backgrounds showed
a high genetic diversity with polymorphic information content (PIC) ranging from
0.31 to 0.37 and gene diversity ranging from 0.39 to 0.50. This indicates that these
markers may be polymorphic for many faba bean populations (Sallam et al. 2016).
Cheap sequencing technologies have stimulated the production of deep transcriptome
coverage from several tissue types and numerous distinct cultivars. This has permitted
the reconstruction of the faba bean meta-transcriptome and has fueled development
of extensive sets of simple sequence repeat and single-nucleotide polymorphism
(SNP) markers (O’Sullivan and Angra 2016).

6 Concluding Remarks

The family of high-throughput approaches we have described here in the context of
minor legume crops is part of a trend across biology where it is increasingly possible
to do genomics research in non-model taxa in which relatively little work has been
done previously.We have highlighted selected aspects of this work in a range of grain
legumes, historically mostly orphan crops that were the “slow runners” of the Green
Revolution (Borlaug 1975). As these technologies continue to grow in power and
decline in cost, we expect to see more work focused on legume taxa with particular
abiotic stresses, such as drought, low pH or salinity stress, which can be harnessed
in agricultural programs. In the face of rapid climate change and anthropogenic land
use shifts, coupled with widespread agricultural degradation of arable lands globally,
such research is badly needed.

However, work done in two model legumes, Medicago truncatula and Lotus
japonicus, remains important for driving forward our understanding across all
legumes. Much of the foundational information needed for modern “-omics”
approaches rests on a deep basis of knowledge built in model plants, such as the
model legumes and Arabidopsis. Continued work in these groups has much to give
to those looking to understand the basis of stress tolerance in other legumes (e.g., De
Bruijn 2019).

Finally, tools are essential to the utilization of “-omics” approaches, particularly
by researchers in parts of the global south who most immediately face the challenges
of improving legume stress tolerance for food security. We have not focused on
bioinformatic approaches here, as they were recently discussed by Bauchet et al.



174 P. K. Narayana and E. J. B. von Wettberg

(2019). However, our emphasis does not diminish the need for user-friendly tools
to allow all researchers to benefit from the power of the next-generation sequencing
and related “-omics” approaches.
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Use of Osmolytes for Improving Abiotic
Stress Tolerance in Fabaceae Plants

Md. Motiar Rohman, Md. Rezwan Molla, Afsana Hoque Akhi,
Sadia Sabrina Alam, Abdul Hannan, and Mirza Hasanuzzaman

Abstract Fabaceae family is considered to be the second largest family of dicotyle-
donous plants with great economic importance which are terrestrial and widely dis-
tributed in temperature and tropical countries. Major cultivated economic plants in
Fabaceae family include food, forage, and fodder crops, and often face different
abiotic stresses like drought, salinity, extreme temperature, unpredictable flooding,
heavy metals, radiation, unfavorable soil condition, malnutrition, etc. Among them,
drought and salinity aremost detrimental and cause crop losses about 50%of the total
crop worldwide. Further, forthcoming climatic changes have made the agriculture
production system more vulnerable to feed the fast-growing population. Higher pro-
duction of reactive oxygen species (ROS) and methylglyoxal (MG) break down the
cellularmetabolic system and cause structural and functional losses of cell organelles
like nucleic acid, proteins, lipids, pigments, etc. In recent, exogenous protectants such
as osmolytes, plant hormones, antioxidants, signaling molecules, polyamines, and
trace elements have drawn great attention to be effective to improve abiotic stress tol-
erance though osmotic adjustment, stabilization of proteins and membranes, induc-
tion of antioxidation, and gene expression. In this chapter, we accumulate the recent
information on role of exogenous osmolytes in mitigating the adverse effect of abi-
otic stress in Fabaceae crops under important abiotic stresses which will be useful
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for their further development of economic uses in farmers’ field to meet the future
challenges in agriculture by abiotic stresses.

Keywords Abiotic stress · Salinity · Drought · Proline · Glycinebetaine ·
Trehalose · Osmotic stress

Abbreviations

O.−
2 Superoxide radical

·OH Hydroxyl radical
@ At the rate of
μM Micromole
1O2 Singlet oxygen
ABA Abscisic acid
APX Ascorbate peroxidase
ASA Ascorbic acid
BADH Betaine aldehyde dehydrogenase
BRRI Bangladesh Rice Research Institute
CAT Catalase
Cd Cadmium
Chl Chlorophyll
CKs Cytokinins
CMO Choline monooxygenase
CO2 Carbon dioxide
COX Choline oxidase
Cu Copper
DHAR Dehydro ascorbate reductase
dS m−1 Deci Siemens per meter
DW Dry weight
EBL 24-epibrassinolide
Fd Ferredoxin
FW Fresh weight
GB Glycinebetaine
Glu Glutamate
Gly-I Glyoxalase-I
Gly-II Glyoxalase-II
GPX Glutathione peroxidase
GR Glutathione reductase
gs Stomatal conductance
GSA Glutamic semialdehyde
GST Glutathione s-transferase
H2O2 Hydrogen peroxide
JA Jasmonic acid
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K Potassium
KIN Kinetin
LAI Leaf area index
LP Lolium perenne leaf extract
LRWC Leaf relative water content
MDA Malondialdehyde
MDHAR Monodehydro ascorbate reductase
MG Methylglyoxal
mM Millimolar
MPa Megapascal
MSI Membrane stability index
N Nitrogen
NO Nitric oxide
Orn Ornithine
P Phosphorus
P5CS Pyrroline-5-carboxylate synthetase
PN Net photosynthetic rate
POD Peroxidase
Pro Proline
Put Putrescine
ROS Reactive oxygen species
RWC Relative water content
SA Salicylic acid
SOD Superoxide dismutase
Spd Spermidine
Spm Spermine
T6P Trehalose-6-phosphate
TPP Trehalose phosphate phosphatase
TPS Phosphate synthase
TSS Total soluble sugars
UV Ultraviolet ray
WUE Water use efficiency

1 Introduction

Stress is the overpowering pressure that affects the normal functions of individual life
or the conditions in which plants are prevented from fully expressing their genetic
potential for growth, development, and reproduction. In agriculture, stress is defined
as a phenomenon that limits crop productivity or destroys biomass. Agriculture pro-
duction and productivity are vulnerable to abiotic stresses. These stresses emerge
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due to drought, temperature extremes (heat, cold chilling/frost), radiation (UV, ion-
izing radiation), floods, edaphic factors which include chemical (nutrient deficien-
cies, excess of soluble salts, salinity, alkalinity, low pH/acid sulfate conditions, high
pH and anion retention, calcareous or gypseous conditions, low redox, chemical
contaminants—geogenic and xenobiotic), physical (high susceptibility to erosion,
steep slopes, shallow soils, surface crusting and sealing, low water-holding capacity,
impeded drainage, low structural stability, root-restricting layer, high swell/shrink
potential), and biological (low or high organic contents) components where drought
and salt stress are predominant many parts of the world. These stresses are the major
challenges for production of crops, livestock, fisheries, and other commodities. Only
9% of the world’s agricultural area is conducive for crop production, while 91% is
under stresses which widely occur in combinations (Minhas et al. 2017).

Drought is considered as the major abiotic stress in worldwide. Drought stress
limits crop productivity more severely than any other abiotic stress. Drought stress is
supposed to cause global crop production losses of up to 30% by 2025, compared to
present yield (according to “Water Initiative” report of “TheWorld Economic Forum
2009” at Davos; Zhang 2011).

More than 45 million hectares of irrigated land have been occupied by salt which
is more than 20% of total arable land. Every year, more than 1.5 million hectare area
goes under current fallow due to salinity problem (Pitman and Läuchli 2002; Munns
and Tester 2008), and increasing salinity problem is expected to result in up to 50%
loss of cultivable lands by the middle of the twenty-first century (Mahajan and Tuteja
2005; Hasanuzzaman et al. 2013a, b).

Drought, salinity, and other abiotic stresses cause serious crop losses which are
near about 50%of the total crop of theworld (Acquaah 2007). Oxidative stress occurs
within the plant cell during moisture-deficit condition due to reduction in stomatal
conductivity, which restricts CO2 influx into the leaves, inhibits RuBisCo activity,
and disrupts energy balance and distribution during photosynthesis (Demirevska
et al. 2010; Rapacz et al. 2010). As a consequence, these leading to the formation
of reactive oxygen species (ROS) such as singlet oxygen (1O2), superoxide radical
(O.−

2 ), hydrogen peroxide (H2O2), and hydroxyl radical (·OH) by enhanced leakage
of electrons to molecular oxygen (Yadav 2010; Hasanuzzaman et al. 2014a, b, c).

Various subcellular organelles such as chloroplast, mitochondrion, and peroxi-
some are the common sites of ROS production. Normal concentration of ROS is
necessary for inter- and intracellular signaling but overproduction of ROS can dam-
age various cellular process such as lipid peroxidation, protein degradation, inacti-
vation of enzymes, damage of nucleic acids, disruption in normal cell metabolism,
and damage of cell membrane which leads to cell death (Ozkur et al. 2009). In addi-
tion, methylglyoxal (MG) is a potential cytotoxic compound produced under abiotic
stress, which can react with andmodify other molecules including DNA and proteins
(Yadav et al. 2005a, b). Therefore, both ROS andMGmust be kept in threshold level.

Plant itself tried to prevent oxidative injury by antioxidant defense system. ROS
scavenging enzymes include superoxide dismutase (SOD), peroxidase (POD), cata-
lase (CAT), glutathione peroxidase (GPX), glutathione S-transferase (GST), ascor-
bate peroxidase (APX), monodehydro ascorbate reductase (MDHAR), dehydro
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ascorbate reductase (DHAR), and glutathione reductase (GR) (Noctor et al. 2002).
SOD deploys the primary protection to convert O.−

2 to H2O2, whereas POD, CAT,
GPX, and APX decompose H2O2 to water. In ascorbate–glutathione cycle, MDHAR
and DHAR play essential role in defense system against ROS through maintaining
ascorbic acid (ASA), while GR maintains the reduced status of glutathione (GSH).
Plant GSTs are known to function in herbicide detoxification, hormone homeostasis,
vacuolar sequestration of anthocyanin, tyrosinemetabolism, hydroxyperoxide detox-
ification, regulation of apoptosis, and in plant response to biotic and abiotic stress
(Dixon et al. 2010). On the other hand, cytotoxic MG is detoxified via glyoxalase
system which consists of two enzyme such as glyoxalase-I (Gly-I) and glyoxalase-II
(Gly-II) which use glutathione (GSH) as a cofactor (Yadav et al. 2005a). Enhanced
antioxidant and glyoxalase systems improve drought tolerance in many crop plants
(Hasanuzzaman and Fujita 2011; Alam et al. 2013).

In recent, exogenous protectants such as osmolytes have been found to be effective
in abiotic stress tolerant in plant. Exogenous use of the protectants plays a vital role in
osmotic adjustment in the cytoplasm and can also stabilize proteins and membranes
and increased antioxidant enzyme activities including detoxifying ROS and MG;
therefore, osmoprotectants can play an important role in the adaptation of cells to
various adverse environmental conditions (Tiwari et al. 2010; Alam et al. 2013; Cevic
and Unyayar 2015; Rohman et al. 2015).

Fabaceae family is known as Papilionaceae, commonly known as Pea family. It
is considered to be the second largest family of dicotyledonous plants. The plants of
the family are terrestrial and widely distributed in temperature and tropical countries
of the world. The plants are of great economic importance. The followings are the
major cultivated economic plants in Fabaceae family:

Lentil (Lens culinaris), mung bean (Vigna radiata L.), common bean (Phase-
olus vulgaris L.), faba bean (Vicia faba), green bean (Phaseolus vulgaris), soy-
bean (Glycine max), pea (Pisum sativum), cowpea (Vigna unguiculata), pigeon pea
(Cajanus cajan), grass pea (Lathyrus sativus L.) chickpea (Cicer arietinum), black
gram (Vignamungo), fenugreek (Trigonella foenum-graecum), lima bean (Phaseolus
lunatus), and peanut/ground nut (Arachis hypogaea).

Alfalfa (Medicago sativa), sainfoin (Onobrychis viciaefolia), hyacinth
bean (Lablabpurpureus), sunnhemp (Crotalaria juncea), andwhite clover (Trifolium
repens L.).

The economically important plants of Fabaceae family often face different abiotic
stress conditions. Nowadays, different osmoprotectants are used to overcome the
abiotic stresses for successful crop production. This chapter is our little effort to
gather and present information highlighting the vital roles of osmoprotectants against
devastating effects of abiotic stress in plants. Finally, we focus the use of exogenous
osmolytes for improving abiotic stress tolerances in Fabaceae plants.
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2 Osmolytes or Osmoprotectants

Osmolytes or osmoprotectants are small, electrically neutral nontoxic molecules at
molar concentrations and highly soluble organic compounds that efficiently maintain
osmotic balance and stabilize proteins and membranes under salt, drought, or other
stress conditions (Yancey 1994). Most common osmoprotectants are:

Osmolytes: Proline, glycine betaine, and trehalose.
Plant hormones: Abscisic acid, indoleacetic acid, jasmonic acid, and salicylic
acid.
Antioxidants: Ascorbic acid or ascorbate, glutathione, and tocopherol.
Signaling molecules: Nitric oxide and hydrogen peroxide.
Polyamines: Spermidine, spermine, and putrescine, and
Trace elements: Selenium and silicon.

3 Role of Osmolytes and Osmoprotectants in Abiotic Stress
Tolerance in Different Crops Including the Important
Crops Under Fabaceae

3.1 Osmolytes

Under abiotic stress condition, osmoprotectants serve to raise cellular osmotic pres-
sure and also protect the cell constituents (Yancey 1994). The mechanisms of
osmolytes are biological membrane protection, detoxification of toxic compounds
such as ROS and MG, alleviation of ionic toxicity, protection of photosynthetic and
mitochondrial structure, and metabolism. Moreover, the signaling role of osmolytes
also designated as a vital stress-protective mechanism. The role of osmolytes for
using abiotic stress tolerance in different crops including the important crops under
Fabaceae (Pea family) is reviewed below.

Proline (Pro), an essential amino acid, is known to participate in the biosynthesis
of primary metabolism during growth and development (Hare et al. 1999; Funck
et al. 2012). Proline also accumulates in response to the imposition of a wide range
of stress responses in plants. It has been well documented as an osmotic regulator
helping in reduction of osmotic damage (Slama et al. 2008; Reddy et al. 2015). It is
further hypothesized that accumulation of proline in leaves could possibly play a pro-
tection role aside from osmoregulation during water stress (Jungklang et al. 2015).
Dien et al. (2019) suggested that osmotic adjustment is a biochemical mechanism
that helps plants to acclimate to abiotic stress. One mechanism for osmotic adjust-
ment is the accumulation of compatible solutes, such as the amino acid Pro. Stressful
environment results in an overproduction of Pro in plants which is highly associated
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with stress tolerance development imparting cellular turgor or osmotic balance, stabi-
lizing membranes, controlling reactive oxygen species (ROS) within tolerable range,
thus preventing plant cell from oxidative damage. Proline is synthesized in plant via
two pathways, viz. glutamate (Glu) and ornithine (Orn) pathways. However, glu-
tamate (Glu) pathways take part mostly in Pro synthesis during osmotic stress (Lv
et al. 2011; Witt et al. 2012). Glutamate is first converted into an intermediate glu-
tamic semialdehyde (GSA) by the action of �1-pyrroline-5-carboxylate synthetase
(P5CS) which is spontaneously cyclized into pyrroline-5-carboxylate (P5C). This
intermediate P5C is finally converted into Pro which is catalyzed by�1-pyrroline-5-
carboxylate reductase (P5CR). The potentiality of Pro synthesis is largely dependent
on the activity and expression of the catalyzing enzymes.

Proline is a compatible osmolyte or osmoprotectant against salt stress (Matysik
et al. 2002). Proline can induce the expression of salt stress-responsive proteins
involved in plant adaptation to salt stress (Khedr et al. 2003). According to Hoque
et al. (2008), salt stress increased protein carbonylation and contents of GSH and
oxidized glutathione (GSSG) and enhanced the activities of GST andGly-II enzymes
in Nicotiana tabacum L. cv. BY-2. Proline showed important role for stabilizing the
functional units of electron transport and stabilizing the membranes, proteins, and
enzymes such as RuBisCo (Hamilton and Heckathorn 2001). It protects the pho-
tosynthetic apparatus by functioning as an oxygen radical scavenger (Heuer 2003).
Exogenous Pro and glycine betaine (GB) application alleviated salt damages by
improving antioxidant and glyoxalase system and improving physiological adap-
tation (Hasanuzzaman et al. 2014a). Another study reported by Sabagh (2015a)
observed that exogenous osmoprotectants combined with compost will effectively
solve seasonal salinity stress problem and are a good strategy to increase salinity
resistance of soybean in the drylands.

The sugars aremajor organic compoundspresent in the plantworld.These are basi-
cally products of photosynthesis and oxidative pentose phosphate pathway. Sucrose
and glucose either act as substrates for cellular respiration or as osmolytes to main-
tain cell homeostasis, while fructose is not related to osmoprotection and seems
related to secondary metabolites synthesis (Rosa et al. 2009). Soluble sugars, which
are commonly termed as mono- and disaccharides, play a lead role in the structure
and function of all living cells. Osmolytes and compatible solutes are overproduced
under osmotic stress aiming to facilitate osmotic adjustment (Shao et al. 2005). Sol-
uble sugars, e.g., glucose, fructose, and sucrose, are the major compounds accumu-
lating and proving osmoprotection under various abiotic stresses (Kameli and Lösel
1995). The plant’s ability to ferment available sugars for proper metabolic function,
such as in rice (Mustroph and Albrecht 2003), green gram (Kumutha et al. 2008),
pigeon pea (Manoharlallal 2014; Savita 2016), helps plants to tolerate a waterlogged
environment.

Betaines are quaternary ammonium compounds which contain a carboxylic acid
group. They may be generally regarded as fully N-methylated amino or imino acids.
Different forms of betaines exist depending upon plant species including (GB), pro-
line betaine, β-alanine betaine, choline-O-sulfate, and 3-dimethylsulfoniopropionate
(Rhodes and Samaras 1994;McNeil et al. 1999). Glycine betaine is themost common
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among different kinds of betaine. Glycine betaine, also called as original betaine (N,
N, N-trimethylglycine), was first discovered from sugar beet (Beta vulgaris) which
is later found to be distributed in microorganisms, plants, and animals. It is one of
the most abundant quaternary ammonium compounds that occur during dehydra-
tion stress in plants (Ashraf and Foolad 2007). Glycine betaine is synthesized from
choline in a two-step oxidation by a ferredoxin (Fd)-dependent choline monooxyge-
nase (CMO) and a betaine aldehyde dehydrogenase (BADH)with a strong preference
for NAD+. In almost all biological systems, conversion of choline to GB is through
a two-step dehydrogenation/oxygenation via the unstable intermediate betaine alde-
hyde. In higher plants, GB biosynthesis occurs at chloroplasts. In the first step,
choline is converted to an unstable compound betaine aldehyde by CMO. In the
second step, betaine aldehyde is converted to GB by BADH (Rathinasabapathi et al.
1997). Besides this, other pathways of GB synthesis such as direct N-methylation
of glycine also exist (Weretilnyk et al. 1989). Unlike higher plants, bacteria produce
GB from choline using choline oxidase (COX) instead of CMO. The enzyme (CMO)
is much responsible to synthesize GB, and in many plant studies, overexpression of
BADH is found to be highly associated with GB synthesis and better tolerance to
osmotic stress (Sakamoto and Murata 2001; Sulpice et al. 2003). It is mostly found
in chloroplast where it takes part in protecting the thylakoid membrane and osmotic
adjustment. Khan et al. (2014) showed that salicylic acid induced GB accumulation
in Vigna radiata under salinity, with a consequent increase of glutathione, reduc-
tion of ethylene and oxidative stress, and improvement of photosynthesis. GB also
protects photosynthesis by modifying the lipid composition of the thylakoid mem-
branes in Triticum aestivum (Zhao et al. 2007). It increases soluble sugars and free
amino acid accumulation to protect plant cells from salinity- and drought-induced
osmotic stress in Vigna unguiculata (Manaf 2016), Phaseolus vulgaris (Osman and
Salim 2016), and Pisum sativum (Osman 2015). GB specifically increases its own
content and improves the activity of antioxidant enzymes and metabolites, such as
SOD, CAT, APX, proline, and γ-amino butyric acid (GABA), reducing H2O2 and
malondialdehyde (MDA) in Prunus persica (Shan et al. 2016), Lolium perenne (Hu
et al. 2012), Glycine max (Malekzadeh 2015), and Oryza sativa (Yao et al. 2016).
Rahman et al. (2002) reported that GB has the capability for the production of many
vacuoles in the root cells to act as storage of Na+ which was supposed to prevent
Na+ accumulation in the shoots and its subsequent damage effects. Foliar spraying of
GB in salt-sensitive rice plants exposed to salt stress showed improved performance
by maintaining better water use efficiency (WUE) and stabilizing photosynthetic
pigment which led higher CO2 assimilation and higher photosynthesis rate. Glycine
betaine also had its effects on overall growth performance of rice plants (Cha-Um
and Kirdmanee 2010).

Trehalose (Tre) is a nonreducing disaccharide composed of two glucose residues
(α-D-glucopyranosyl-1 and 1-α-D-glucopyranoside) which are bonded by α-α-(1
1) linkage. Among the disaccharides, trehalose has particular properties, both of the
reducing ends of the molecule form glycosidic bond. Therefore, trehalose is resistant
to acidic hydrolysis and is stable in solution at high temperatures, even under acidic
conditions (Richards et al. 2002). Trehalose is amembrane andmolecule stabilizer; it
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bears water replacement mechanism where trehalose replaces water by establishing
hydrogen bonds with membranes or macromolecules during dehydration or freezing
(Crowe 2007). Trehalose plays multiple roles in confirming stress tolerance in plants.
Trehalose biosynthesis in higher plants only occurs through trehalose phosphate
synthase (TPS) and trehalose phosphate phosphatase (TPP) pathway (which is also
known as OtsA-OtsB pathway). In the first step, binding of glucose-6-phosphate to
uridine diphosphoglucose (UDP-glucose) is catalyzed by TPS to produce trehalose-
6-phosphate (T6P). In the second step, trehalose-6-phosphate phosphatase (TPP)
catalyzes the dephosphorylation of T6P to trehalose (Avonce et al. 2006; Paul et al.
2008).

Trehalose functions as a compatible solute which is well known. Exogenous Tre
treatment improved antioxidant capacity and reduced Na+/K+ ratio and endogenous
Pro level in salt stress-affected rice seedlings. Transcription of P5CS and P5CR
was upregulated, and the activities of SOD and POX were decreased, whereas Tre
increases the activity of APX. Tre upregulated the transcription of all antioxidant
enzyme genes. Trehalose could not affect the growth inhibition during salt stress
(Nounjan et al. 2012). Metabolic activity of maize seedlings was altered by Tre
application which helped to alleviate damage effects of salt stress. Presoaking maize
seeds with Tre (10 mM) increased photosynthetic pigment and nucleic acid content
in salt-affected seedlings. Trehalose treatment reduced oxidative stress, which was
indicated by stabilization of the plasma membranes, reduced rate of ion leakage, and
reduced lipid peroxidation of maize root cells. Tre application increased the ratio of
K+/Na+ in the leaves of maize seedlings (Zeid 2009). Exogenous application of Tre
reduced Na+ accumulation and growth inhibition of rice plant exposed to salt stress.
Higher concentrations (10 mM) prevented chl loss in leaf blades and preserved root
integrity (Garcia et al. 1997). Sorbitol (5 and 10mM) and Tre (5 and 10mM) showed
protective roles in salt-sensitive cultivar of rice (Oryza sativa L. cv. KDML105)
when subjected to salt stress (170 mM). Salinity markedly reduced growth of this
cultivar. Salinity also resulted in oxidative stress as indicated by significant increase
of H2O2, lipid peroxidation, and membrane electrolyte leakage. However, sorbitol
and Tre supplementation ameliorated those adverse effects and improved the growth
performance (Theerakulpisut and Gunnula 2012). Effects of osmolytes on abiotic
stress tolerance mechanism of the crop under Fabaceae have been shown in Table 1.

3.2 Plant Hormones

Abscisic acid (ABA) is commonly known as the “stress hormone” that responds
to variety of environmental stresses including both biotic and abiotic stress (Zhang
2014). The application of ABA to plant mimics the effect of a stress condition. Main
function of ABA seems to be the regulation of plant water balance and osmotic stress
tolerance.ABA is synthesized from β-carotene through several enzymatic steps. Con-
version of β-carotene to ABA is mediated via number of enzyme-catalyzed steps.
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Table 1 Improvement in growth and different physio-biochemical attributes by application of
osmolytes in different species of peas under stress conditions

Osmolytes Stress Crop Activities References

Proline Drought Lentil
(Lens
culinaris)

– Increase in the content of
free endogenous proline,
total soluble protein and
decrease MDA

– Enhance CAT, APX, and
GPX activities

Bekka et al.
(2018)

Proline and
betaine

Drought Lentil
(Lens
culinaris)

– Both Bet or Pro separately
increase the GSH content,
maintain high activities of
GST and Gly-I compared
to the control and mostly
also drought-stressed
plants, with a concomitant
decrease in GSSG content
and H2O2 level

– Bet and Pro together also
decrease GSSG and H2O2
content

Molla et al.
(2014)

Proline Drought Soybean
(Glycine
max)

– Genotypic differences
exist in proline
accumulation among
soybean cultivars of
different sensitivities to
drought stress

– Proline accumulation was
higher in tolerant plants

Mwenye
et al. (2016)

Proline/Glycine
betaine (GB)

Salinity Soybean
(Glycine
max)

– Increased accumulation
of proline and antioxidant
responses

Sabagh et al.
(2015a, b)

Proline and
glycine betaine
(GB)

Water
stress

Soybean
(Glycine
max)

– Protein and oil content
was increased

Sabagh et al.
(2015a, b)

Proline Salinity Common
bean
(Phaseolus
vulgaris L.)

– Enhance SOD, CAT, and
POD activities

– Increase in the content of
ascorbic acid and
endogenous proline

Abdelhamid
et al. (2013)

Proline Heavy
metal
(Selenium)

Common
bean
(Phaseolus
vulgaris L.)

– Enhance SOD, CAT,
APX, and GR, GSH, and
AsA activities as well as
increase in the content of
endogenous proline in
higher toxicity level

Aggarwal
et al. (2011)

(continued)
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Table 1 (continued)

Osmolytes Stress Crop Activities References

Proline Heat Chickpea
(Cicer
arietinum
L.)

– MDA content in shoot was
decreased, but SOD, CAT,
APX, GR activity were
increased and

– Nonenzymatic
antioxidants ascorbate and
glutathione content were
also increased

Kaushal
et al. (2011)

Proline Cold Chickpea
(Cicer
arietinum
L.)

– Proline content level was
increased

Saghfi and
Eivazi
(2014)

Proline Salinity Groundnut
(Arachis
hypogaea
L.)

– At low concentrations
increased plant growth by
reducing salinity and also
reduced MDA content

Hayat et al.
(2012)

Proline and
Lolium perenne
(LP)

Nickel
and/or
salinity

Pea (Pisum
sativum)

– Detoxified effects of Ni
and salinity on growth,
RWC, and various
photosynthetic attributes
of pea

Shahid et al.
(2014)

Proline Salinity Sainfoin
(Onobrychis
viciaefolia)

– Increased in the content of
free endogenous proline in
both shoot and root,
whereas decreased in the
content of MDA only in
shoot

Wu et al.
(2017)

Proline and
abscisic acid

Drought
(water
stress)

Faba Bean
(Vicia faba
L.)

– ABA and Pro alone as
well as in combination
increased in the content of
endogenous proline, total
soluble carbohydrate and
enhanced CAT and POD
activities

Ali et al.
(2013)

Proline/Glycine
betaine (GB)

Salinity Mung bean
(Vigna
radiata L.)

– Increased AsA, GSH
content, GSH/GSSG ratio
and activities of APX,
DHAR, GR, GST, GPX,
CAT, Gly-I and Gly-II

Hossain
et al. (2011)

Proline and
glycine betaine
(GB)

Salinity Faba bean
(Viciafaba
L.)

– Reduced membrane
injury, improved K+

uptake and increased
chlorophyll contents

Gadallah
(1999)

(continued)
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Table 1 (continued)

Osmolytes Stress Crop Activities References

Glycine betaine
(GB)

Salinity Green bean
(Phaseolus
vulgaris L.)

– Enhanced CAT, POD, and
SOD activities

– Increase in the content of
proline

Abdelmotlb
et al. (2019)

Glycine betaine
(GB)

Salinity Soybean
(Glycine
max)

– Proline and MDA contents
were decreased and CAT
and SOD activity were
increased

Malekzadeh
(2015)

Glycine betaine
(GB)

Salinity Soybean
(Glycine
max)

– Endogenous glycine
betaine was increased

Rezaei et al.
(2012)

Glycine betaine
(Foliar
application)

Chromium Mung bean
(Vigna
radiata L.)

– Enhanced the activities of
SOD, POD, and CAT in
both shoots and roots

Jabeen et al.
(2016)

Glycine betaine
(GB) or Proline

Drought Pea
(Pisum
sativum)

– Enhanced the activity of
SOD, APX and CAT in
leaves;

– SOD activity increased
but decreased APX
activity in seeds

Osman
(2015)

Glycine betaine
(GB)

Cold Chickpea
(Cicer
arietinum
L.)

– Increased in floral
retention, pod set and most
of the yield parameters in
cold-stressed plants

– Chilling injury was
reduced and elevation of
relative leaf water content,
chlorophyll and sucrose,
and decrease in abscisic
acid as well as active
oxygen species
(malondialdehyde and
hydrogen peroxide)

Nayyar et al.
(2015)

Glycine betaine
(GB)

Drought Chickpea
(Cicer
arietinum
L.)

– Notably improved
photosynthesis rate,
transpiration rate, stomatal
conductance, intercellular
CO2 concentration,
photosynthetic water use
efficiency, and
carboxylation efficiency

Hosseinian
et al. (2019)

Trehalose (Tre) Drought Cowpea
(Vigna
sinensis)

– Enhanced SOD, CAT,
POX, and APX activities

– Increased in the content of
IAA, trehalose, total
soluble sugar,
carbohydrate, proline, free
amino acids, and phenolic
compound

Khater et al.
(2018)
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The abiotic stress which entails triggering of assorted ABA biosynthetic genes corre-
sponding to zeaxanthin oxidase (ZEP), 9-cis-epoxycarotenoid dioxygenase (NCED),
ABA-aldehyde oxidase (AAO), and molybdenum cofactor sulfurase (MCSU) might
be because of calcium-dependent phosphorylation pathway (Tuteja 2007). ABA can
enhance plant adaptation to various abiotic stresses. Increased level of endogenous
ABA has also been observed in drought-stressed barley (Thameur et al. 2011), salt-
stressed tobacco cells and alfalfa seedlings (Singh et al. 1987; Luo et al. 1992).
External application of ABA has been revealed to increase drought tolerance in
tomato and wheat species (Yadegari et al. 2014; Wei et al. 2015). ABA treatments
could increase cold resistance in cucumber (Flores et al. 1988).

Indoleacetic acid (IAA) is one of the naturally occurring growth hormones that
enhance cell division and elongation. The behavior of IAA in drought resistance is
still rather contradictory. For a long time, it was generally assumed that water defi-
ciency results in a decrease of IAA content (Pustovoitova and Zholkevich 1992).
However, it has become more evident that adaptation to drought is accompanied by
an increase in the IAA levels (Zholkevich and Pustovoitova 1993). Several reports
have demonstrated that adaptation to drought is accompanied by an increase in the
IAA levels (Zholkevich and Pustovoitova 1993). Indoleacetic acid (IAA) produc-
ing halotolerant bacteria to promote tomato (Solanum lycopersicum L.) growth and
tolerance against salinity stress (Kang et al. 2019).

Brassinosteroids (BRs) are ubiquitous plant steroid hormones, playing diverse
roles in plant growth, development, and stress responses (Ahammed et al. 2015).
Defects in BRs biosynthesis or signaling result in physiologic and phenotypic abnor-
malities. To date, numerous studies have highlighted BR-induced stress tolerance to
various environmental extremes such as high temperature, chilling, drought, salinity,
and heavy metals in a range of plant species. In addition to this, BRs have the ability
to confer resistance to plants against various biotic and abiotic stresses, such as salin-
ity (Hayat et al. 2010), water stress (Fariduddin et al. 2009a), temperature extremes
(Fariduddin et al. 2011; Gomes 2011), and heavy metals (Bajguz and Hayat 2005;
Fariduddin et al. 2009b; Yusuf et al. 2011, 2012).

Salicylic acid (SA) is another molecule present in most plants (Shi et al. 2005)
and has various functions, especially in the inhibition of germination, growth, and
in the absorption of solutes through the roots (Ashraf et al. 2010). It plays an impor-
tant role in the regulation of a number of physiological processes in the plant (Shi
et al. 2005) and is an important component in the signals of translation of the main
pathways for systemic acquired resistance (Song et al. 2004). Research has confirm
that salicylic acid is a plant hormone and growth regulator that, in small amounts,
promotes, inhibits, or modifies the physiological processes of the plants subjected to
osmotic deficiency (Gonçalves 2013) and induces tolerance against biotic and abiotic
stress factors (Kang et al. 2014). Salicylic acid has been studied extensively to eval-
uate its capability to provide protection to plants when they are subjected to water
stress. Recent studies have shown that SA also confers plant resistance to various
abiotic stresses. SA and methyl salicylate (MeSA) treatments increased resistance
to chilling injury in maize (Janda et al. 1999), tomato (Ding et al. 2002), peaches
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(Wang et al. 2006), and rice (Kang and Saltveit 2002). Potato microplants (Lopez-
Delgado et al. 1998) are also shown to be more tolerant to heat stress when treated
with exogenous SA. Additionally, SA is involved in regulating plant responses to
heavy metal-induced toxicity (Wang et al. 2004a, b; Drazic and Mihailovic 2005;
Pál et al. 2005). Interestingly, the majority of SA-regulated abiotic stresses in plants
are involved in antioxidative responses, suggesting that SA as an internal signal
molecule interacts with ROS signal pathway. For instance, treatment with exoge-
nous SA caused H2O accumulation in Arabidopsis, tobacco, and mustard (Rao et al.
1997). Both exogenous SA and H2O2 induced a high tolerance of potato microplants
to high temperature (Lopez-Delgado et al. 1998).

Jasmonic acid (JA) is one of the most important plant growth regulators which
is showing good potential in protecting plants from various types of stress con-
ditions (Sirhindi et al. 2015). Jasmonic acid [3oxo-2-(2-cis-pentylcyclopentane 1-
acetic acid)] acts as modulator by suppressing or enhancing the stress responses of
plants (Popova et al. 1995). Promotion of leaf senescence estimated by a decrease
in chlorophyll content and depression of photosynthesis-related gene was one of
the first reported physiological effects of jasmonates group (He et al. 2002). Cell
division, plant growth, stomatal conductance, and photosynthetic processes are all
diversely affected by JA. It is reported from the studies carried out in previous years
that application of JA could modulate the plant physiological processes toward abi-
otic stress tolerance (Walia et al. 2007) like salt stress (Kaur et al. 2013) and drought
stress (Alam et al. 2014). Exogenous JA is effective in protecting plants from Cu
stress by modulating photosynthetic pigments (Sharma et al. 2013).

Coronatine (COR) is a chlorosis-inducing nonhost-specific phytotoxin produced
by several members of the pseudomonas syringae group of pathovars (Bender et al.
1999) and induces a wide array of effects in plants (Li et al. 2010). It leads to
diffuse chlorosis of leaf, anthocyanin production, ethylene emission, auxin synthesis,
tendril coiling, inhibition of root elongation, and hypertrophy (Feys et al. 1994;
Uppalapati et al. 2008). Coronatine can increase defense-related protease inhibitors
and secondary metabolites, such as volatiles, nicotine, and alkaloid as well as may
play an important role in resistance to abiotic stress, such as salinity stress (Schuler
et al. 2004; Xie et al. 2008). Ai et al. (2008) showed that COR increased the activities
of SOD, CAT, POD, and GR in two rice cultivars under drought. Some studies
indicated that COR acted as a mimic of jasmonates (JAs) and was more active than
JAs with regard to production of secondary metabolites (Tamogami and Kodama
2000). Yan et al. (1999) reported that CORenhanced the resistance ofmillet seedlings
to water stress. Relative water content (RWC) was used to identify drought tolerance
in spring wheat cultivars (Strauss and Agenbag 2000). Wang et al. (2008) reported
that COR alleviated drought stress in maize seedlings and low concentrations of
COR increased the RWC in leaves of maize seedlings. Effects of plant hormones on
abiotic stress tolerance mechanism of the crop under Fabaceae have been shown in
Table 2.
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Table 2 Improvement in growth and different physio-biochemical attributes by application of plant
hormones in different species of peas under stress conditions

Osmoprotectants Stress Crop Activities References

Abscisic acid Salinity Common
bean
(Phaseolus
vulgaris
L.)

– Declined the activity of
– 1,3-diaminopropan,
malondialdehyde and
superoxide dismutase

– Declined the activities of
proline and endogenous
abscisic acid

– Increased in the contents of
Put, Spd, and Spe

Shevyakova
et al. (2013)

Abscisic acid Salinity Common
bean
(Phaseolus
vulgaris
L.)

– Proline content in nodules
decreased

– Decrease in the content of
amino acids and protein in
nodule during 6th-day
harvest

– Endogenous ABA increased

Khadri et al.
(2006)

Abscisic acid Heat Chickpea
(Cicer
arietinum)

– ABA increased in the
contents of osmoprotectants
like proline, glycine betaine,
and trehalose, accompanied
by improved plant tolerance

Kumar et al.
(2012)

Abscisic acid Drought Grass pea
(Lathyrus
sativus L.)

– Increased in the content of
ODAP and spermine

Xiong et al.
(2006)

ABA (Abscisic acid) Drought Pea
(Pisum
sativum)

– Reduces the reduction in
both fresh and dry weights
shoot and root, proline
content, total chlorophyll,
SOD, ACP was increased,
Partially overcame the
decrease in IAA, GA
contents and the adverse
effect of water-deficit stress

Latif (2014)

Abscisic acid High
temperature
and drought

Alfalfa
(Medicago
sativa)

– Proline increased in the leaf
of tolerant genotype and
endogenous abscisic acid
increased both in tolerant
and sensitive genotype

An et al.
(2014)

Benzyladenine or
putrescine

High
temperature

Common
bean
(Phaseolus
vulgaris
L.)

– Increase in the content of
protein, carbohydrate, and
pod fiber in highest
concentration application at
medium and late sowing

Zaki et al.
(2014)

β-Estradiol Heavy metal
(cadmium
or copper)

Lentil
(Lens
culinaris
Medik.)

– Enhance protease and
amylase activities

– Increase in the content of
free amino acids and
glucose

Chaoui and
Ferjani
(2013)

(continued)
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Table 2 (continued)

Osmoprotectants Stress Crop Activities References

Brassinolide Salinity Cowpea
(Vigna
sinensis)

– Enhance SOD, POD, and
PPO activities

– Decreased lipid
peroxidation

– Increase in the content of
ascorbic acid, tocopherol,
and glutathione

El-Mashad
and
Mohamed
(2012)

EBL
(24-epibrassinolide)

Salt and zinc Mung bean
(Vigna
radiata L.)

– Increased gas-exchange
parameters and decreased in
the electrolyte leakage.
Increased carbonic
anhydrase (CA) and nitrate
reductase (NR) activity,
proline content, and
antioxidative enzymes,
namely CAT, POX, SOD
activity, were also increased

Mir et al.
(2015)

EBL
(24-epibrassinolide)-
Foliar spray

Salinity Pea
(Pisum
sativum)

– Significantly alleviated the
deleterious effects of
salinity by improving the
plant biomass, water
relations, and concentration
of organic/inorganic
osmolytes

Shahid et al.
(2015)

EBL
(24-epibrassinolide)

Cadmium
(Cd) and/or
salinity

Chickpea
(Cicer
arietinum
L.)

– Significantly reduced the
inhibitory effects on
photosynthesis and
increased total chlorophyll
content, net photosynthetic
rate, activities of
nitrogenase, glutamate
synthase, glutamine
synthetase and glutamate
dehydrogenase enzymes,
antioxidant enzyme
activities, and the proline
content in both stress

Wani et al.
(2017)

EBL
(24-epibrassinolide)
and Silicon

Cadmium
(Cd)

Pea
(Pisum
sativum)

– Decreased the accumulation
of H2O2, MDA content,
electrolyte leakage, and
methylglyoxal and
maintained antioxidant
levels and Gly-I, Gly-II
levels were increased.
Finally reduced Cd
accumulation by enhancing
the uptake of macronutrients
and micronutrients in shoots
and roots

Jan et al.
(2018)

(continued)
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Table 2 (continued)

Osmoprotectants Stress Crop Activities References

EBL
(24-epibrassinolide)

Mercury Chickpea
(Cicer
arietinum
L.)

– Proline and glycine betaine
contents were increased and
reduced the production of
hydrogen peroxide.
Increased the activities of
SOD, CAT, GST, and GPX,
AsA, and GSH

Ahmad et al.
(2018)

EBL
(24-epibrassinolide)

Drought
(water stress)

Grass pea
(Lathyrus
sativus L.)

– Increased in the content of
β-N-oxalyl-L-α,
β-diaminopropionic acid
(β-ODAP) during moderate
water stress

Xiong et al.
(2016)

EBL
(24-epibrassinolide)

Iron Groundnut
(Arachis
hypogaea
L.)

– Activities of antioxidant
enzymes, i.e., SOD, POD,
CAT, were increased

Song et al.
(2016)

Etheopan
(donor source of
ethylene)

Waterlogged Soybean
(Glycine
max)

– Significantly increased the
photosynthesis pigment and
GAs content. The amino
acid contents were increased
and induced adventitious
root initiation. Root surface
area and expressions of
glutathione transferases and
relative glutathione activity,
protein content and
glutathione S-transferase
(GSTs) were increased

Kim et al.
(2018)

Gibberellic acid
(GA3)

Salinity Alfalfa
(Medicago
sativa L.)

– Enhanced SOD, CAT, GPX,
APX, and GR activities

– Decreased in the content of
MDA and total ascorbate
level was higher in both
cases

Younesi and
Moradi
(2014)

Gibberellic acid
(GA3)

Salinity Mung bean
(Vigna
radiata L.)

– At low concentrations
increased biomass
production, chlorophyll
content, and significant
lowering SOD, CAT
activities as well as proline,
MDA and H2O2 contents in
comparison to salt-treated
test seedlings. Actually, at
low concentrations of either
gibberellic acid will be able
to overcome the toxic
effects of NaCl stress in
mung bean seedlings

Ghosh et al.
(2015)

(continued)
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Table 2 (continued)

Osmoprotectants Stress Crop Activities References

Gibberellic acid
(GA3)

Salinity Soybean
(Glycine
max)

– Bioactive gibberellins (GA1
and GA4) and jasmonic acid
were increased but abscisic
acid and salicylic acid were
decreased. Adverse effect of
salt stress was mitigated by
regulating the level of
phytohormones and restores
normal growth

Hamayun
et al. (2010)

Gibberellic acid
(GA3)

Chromium
phytotoxicity

Pea
(Pisum
sativum)

– Decreased root and shoot
nitrate reductase (NR),
glutamine synthetase (GS),
and glutamine
2-oxoglutarate amino
transferase (GOGAT)
activities, while glutamate
dehydrogenase (GDH)
activity and NH4

+ content
increased

– The root and shoot activities
of SOD and APX increased
except APX activity, while
CAT, GR, and DHAR
activities were decreased

– Total ascorbate and
glutathione content in root
and shoot decreased

Gangwar
et al. (2011)

Gibberellic acid,
indoleacetic acid
(IAA)

Salinity Lentil
(Lens
culinaris)

– Enhanced the activities of
SOD, CAT, and POX

– Increased in the content of
proline, carbohydrate, and
protein

Khattab
et al. (2018)

Kinetin (Kn) Salinity Groundnut
(Arachis
hypogaea
L.)

– Amino acid content was
increased but reduced
sugars and proline content

Elhamahmy
Mohamed
and Kotb
(2014)

Kinetin (Kn) Salinity Soybean
(Glycine
max)

– Bioactive GA1 and GA4
contents were significantly
higher in Kn-treated plants,
endogenous JA, SA, and
ABA contents were
increased. Kn application
plays an important role to
reduce the adverse effects of
salt stress

Hamayun
et al. (2015)

Jasmonic acid
(JA) or ascobin

Salinity Soybean
(Glycine
max)

– Accumulation of nontoxic
metabolites, i.e., sugars,
amino acid proline, and
proteins were enhanced

Sheteawi
(2007)

(continued)
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Table 2 (continued)

Osmoprotectants Stress Crop Activities References

Jasmonic acid
(JA)

Heavy metal
(Cd)

Faba bean
(Vicia
faba)

– JA restored growth, biomass
yield, LRWC and pigment
systems to appreciable
levels and reduced levels of
H2O2, MDA, and
electrolyte leakage

– Increased osmolytes and
antioxidants

Ahmad et al.
(2017a, b)

Jasmonic acid Heavy metal
(Copper)

Pigeon pea
(Cajanus
cajan)

– Reduced the oxidative stress
and improved the
physiological tolerance
mechanism altering
photosynthetic pigments,
osmolytes, and antioxidants

Poonam
et al. (2013)

Jasmonic acid Heavy metal
(Copper)

Pigeon pea
(Cajanus
cajan)

– Decreased in the content of
MDA, proline. Glycine
betaine decreased and
reducing sugar increased in
only high concentration of
JA application

– Enhanced POD activity in
higher concentration of JA

– Declined SOD and CAT
activities

Sirhindi
et al. (2015)

Methyl jasmonate Drought Cowpea
(Vigna
sinensis)

– Increased in the content of
proline and total soluble
sugars whereas decreased
MDA

Sadeghipour
(2018)

Methyl jasmonate Salinity Soybean
(Glycine
max)

– Reduced endogenous
hormones and increased
ABA levels, but GA4
content was decreased.
Finally reduced the adverse
effects of salinity on plant
growth, chlorophyll content,
leaf photosynthetic rate, leaf
transpiration rate, and
proline content

Yoon et al.
(2009)

Methyl jasmonate Drought Soybean
(Glycine
max)

– Increased in activities of
SOD, POD, CAT, proline
but decreased MDA content

Anjum et al.
(2011)

Coronatine (COR) Heat Chickpea
(Cicer
arietinum
L.)

– MDA, proline content and
SOD activity was decreased

– But CAT, POX activity was
increased; APX and GR
activity showed a
remarkable decrease but
isoenzyme APX4 was
increased

Ceylan et al.
(2013)

(continued)
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Table 2 (continued)

Osmoprotectants Stress Crop Activities References

Coronatine (COR) Heat + PEG Chickpea
(Cicer
arietinum
L.)

– SOD activity was same, but
proline content was
decreased and increased the
activities of CAT, POX;
APX, GR activity and
isoenzyme activity APX1,
APX3 were decreased

Ceylan et al.
(2013)

Coronatine (COR) PEG osmotic
stress

Chickpea
(Cicer
arietinum
L.)

– MDA, proline content and
SOD activity was decreased,
but CAT, POX, APX, and
GR activity were increased.
An isoenzyme APX1 and
APX4 were also increased

Ceylan et al.
(2013)

Coronatine (COR; a
structural and
functional analog of
jasmonates)

Drought Groundnut
(Arachis
hypogaea
L.)

– Osmolytes of peanut
seedling leaves were
increased, and MDA content
was reduced.

– The best concentration of
COR was 0.01 μmol/L

Qin et al.
(2009)

Salicylic acid (SA) Heavy metal
(Mercury)

Alfalfa
(Medicago
sativa)

– Enhanced NADH oxidase,
APX and POD activities in
the roots whereas slightly
decline SOD activity

– Increased in the content of
ascorbate, glutathione, and
proline in the roots

Zhou et al.
(2009)

Salicylic acid (SA) Salinity Black
gram
(Vigna
mungo L.)

– Increased in the content of
total soluble sugar, reducing
sugar, proline, and glycine
betaine

Solanki
et al. (2018)

Salicylic acid (SA) Drought
(water stress)

Cowpea
(Vigna
sinensis)

– Decreased proline content Afshari et al.
(2013)

Salicylic acid (SA) Salinity Lentil
(Lens
culinaris)

– Enhanced the activity of
proline biosynthetic
enzymes, viz. glutamyl
kinase and
pyrroline-5-carboxylate

– Increased in the content of
glycine betaine

Misra and
Saxena
(2009)

Salicylic acid (SA) Salinity Pea
(Pisum
sativum)

– Increased in the content of
proline, total protein and
sugar content as well as
enhance SOD, CAT and
POD activities at medium
stress

Ahmad et al.
(2017a)

(continued)
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Table 2 (continued)

Osmoprotectants Stress Crop Activities References

Salicylic acid (SA) Salinity Pea
(Pisum
sativum)

– Reduction in soluble
protein;

– Increased of proline
contents and SOD activity

Sajid et al.
(2016)

Salicylic acid (SA) Heavy
Metals
(As)

Soybean
(Glycine
max)

– Remarkable enhancement in
proline levels was observed

Chandrakar
et al. (2016)

Salicylic acid and
Moringa oleifera
leaf extract

Salinity Common
bean
(Phaseolus
vulgaris
L.)

– Seed soaking with salicylic
acid and foliar spray with
Moringa oleifera leaf
extract together increased
total soluble sugars, free
proline, and ascorbic acid

Rady et al.
(2015)

3.3 Antioxidants

Ascorbic acid (AA) is a small antioxidant molecule as well as it is water soluble,
reductone sugar acid with antioxidant properties, and acts as a primary substrate
in the cyclic pathway for enzymatic detoxification of a number of reactive oxygen
species (ROS) such as H2O2 and many other, harmful to normal functioning of
plant metabolism. In addition, it acts directly to neutralize superoxide radicals (O.−

2 ),
singlet oxygen (O.−), or hydroxyl radical (OH.−) simply by acting as a secondary
antioxidant during reductive recycling of the oxidized form of a-tocopherol (Noctor
and Foyer 1998). Several reports have demonstrated that its capability to provide
protection to plants, when they are subjected to abiotic stress. Exogenous application
of AsA enhanced plant height, leaf number, leaf area, and lateral shoot number in
olive (Mayi et al. 2014), chlorophyll a and b, total soluble proteins, carbohydrates
and carotenoids in wheat (Hussein et al. 2014), and leaf area and number of leaves
in pearl millet (Hussein and Alva 2014) under drought stress. It is reported from the
study carried out in canola application of AsA could modulate stearic acid, linoleic
acid, palmitic acid percentage, and oil yield under drought conditions (Ahmed et al.
2013).

The tripeptide glutathione (GSH; γ -glutamate-cysteine-glycine) is sulfur contain-
ing nonprotein thiol. Reactivity of GSH depends on the thiol group (-SH). It can act
as an effective electron accept or and donor for many biological reactions (Xiang
et al. 2001). The nucleophilic nature of the thiol group is also important in the for-
mation of mercaptide bonds with metals and for reacting with select electrophiles
(Xiang et al. 2001). The reactivity, stability, and high water solubility of GSH make
it an ideal biomolecule to plants against abiotic stresses. GSH is involved in many
cellular processes including detoxification of xenobiotics (Dixon et al. 1998), seques-
tration of heavy metals (Cobbett and Goldsbrough 2002), and defense against ROS
(Foyer andNoctor 2005). In addition, GSH is a substrate for glutathione S-transferase
(GST) and glutathione peroxidase (GPX) which are also involved in the removal of
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ROS (Noctor et al. 2002). GSH is synthesized from two-consecutive ATP-dependent
reactions. In the first step, γ -glutamylcysteine (EC) is formed from L-glutamate and
L-cysteine by γ -glutamylcysteine synthetase (ECS). The second step is catalyzed by
glutathione synthetase which adds glycine to C-terminal of EC forming GSH. ECS
is a major regulatory enzyme in GSH biosynthesis. The plastid is the compartment
for GSH biosynthesis (Ching 2015).

Tocopherol (Toc) is a countable nonenzymatic antioxidant that is synthesized in
the plastid of photosynthesizing organisms. In plants, four different types of Toc are
found, including alpha (α), beta (β), gamma (γ), and delta (δ)-Toc. However, α-Toc
is the most common form found in photosynthetic tissue. The accumulation of Toc
varies greatly in different plant species and different plant parts as well. Tocopherols
have diversified roles in plant growth and physiological processes that can also affect
yield. Due to its antioxidant activity, Toc plays a vital role in conferring tolerance to
several abiotic stresses (e.g., salinity, drought, metal toxicity, ozone, UV radiation).
Several reports indicate that stress-tolerant plants exhibit an enhanced level of Toc,
whereas sensitive ones show a decreased level of Toc under stressful conditions
leading to oxidative damage. The most important role of Toc in mitigating abiotic
stress-induced damage is its ability to scavenge or quench lipid peroxides, oxygen
radicals, or singlet oxygen, resulting in detoxification of reactive oxygen species.
Tocopherol also works in coordination with other antioxidants (e.g., ascorbate) and
interacts with phytohormones such as ethylene, abscisic acid, salicylic acid, and
jasmonic acid. Although a considerable number of studies have been done to explore
the role of Toc in abiotic stress tolerance, there are still many gaps in grasping the
basicmechanisms throughwhichToc confers abiotic stress tolerance (Hasanuzzaman
et al. 2014b). Effects of antioxidants on abiotic stress tolerance mechanism of the
crop under Fabaceae have been shown in Table 3.

3.4 Signaling Molecules

Nitric oxide (NO) is a simple molecule whose production is regulated by complex
mechanisms, given the large number of synthesis and scavenging pathways that influ-
ence NO homeostasis. Apart from being the most abundant reactive nitrogen species
(RNS) in plants, NO is considered a gasotransmitterwith a pivotal role in a plethora of
physiological processes throughout the plant life cycle, from the regulation of growth
and development to biotic and abiotic stress tolerance (Sánchez-Vicente et al. 2019).
Effects of signaling molecules on abiotic stress tolerance mechanism of the crop
under Fabaceae have been shown in Table 4.
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Table 3 Improvement in growth and different physio-biochemical attributes by application of
antioxidants in different species of peas under stress conditions

Osmoprotectants Stress Crop Activities References

Ascorbic acid
and gibberellin
(GA3)

Salinity Common
bean
(Phaseolus
vulgaris L.)

– The interaction of AsA
with GA3 decreased
the amounts of MDA
and H2O2 whereas
increased protein
content

– Enhance guaiacol
peroxidase (GPOX)
activity

Saeidi-Sar
et al. (2013)

Glutathione
(GSH)

Drought Mung bean
(Vigna
radiata L)

– AsA content level did
not increase
significantly;

– Proline, GSH, GSSG,
GSH/GSSG ratio was
increased

Nahar et al.
(2015a)

Ascorbic acid, α
-tocopherol and
chitosan (foliar
application)

Drought Soybean
(Glycine
max)

– Effect of ascorbic acid
increased the
chlorophyll total, total
of leaf area, number of
filled pods and relative
water content, while
chitosan treatment
increased stomatal
density

– All the antioxidants
application showed the
important of the role in
reducing the effect of
water stress on
production and
physiological
characters of soybean

Hasanah
et al. (2017)

Glutathione
(GSH)

Salinity Soybean
(Glycine max
L.)

– Increased in the
content of MDA

Akram et al.
(2017)

Glutathione
(GSH)

High
temperature
(HT, 42 °C)

Mung bean
(Vigna
radiata L.)

– Increased APX,
MDHAR, DHAR, GR,
GPX, GST, CAT, Gly-I
and Gly-II activities,
GSH content and the
GSH/GSSG ratio but
decreased GSSG,
MDA, H2O2 and MG
content, O2· generation
rate and LOX activity
were decreased

Nahar et al.
(2015b)

(continued)
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Table 3 (continued)

Osmoprotectants Stress Crop Activities References

Glutathione
(GSH)

Salinity Mung bean
(Vigna
radiata L)

– AsA content and
activity of APX,
MDHAR, DHAR, GR,
SOD, CAT, GPX, GST,
Gly-I and Gly-II were
increased but

– MDA and MG content
was decreased

Nahar et al.
(2015c)

Strigolactones
(SL)

Dark chilling Pea
(Pisum
sativum)

– Significantly greater
shoot branching with
higher leaf chlorophyll
a/b ratios and
carotenoid contents
and decreased shoot
fresh weights but
increased leaf
numbers; biomass (dry
weight) accumulation;
decreased
photosynthetic carbon
assimilation was
observed

Cooper et al.
(2018)

3.5 Polyamines

Polyamines (PAs) are low-molecular-weight aliphatic nitrogenous bases containing
two or more amino groups, and they have potent biological activity (Xu et al. 2009;
Vuosku et al. 2018). Putrescine (Put), spermidine (Spd), and spermine (Spm) are the
main PAs in plants, and they are involved in the regulation of diverse physiological
processes (Xu et al. 2014b;Mustafavi et al. 2018). They are also involved in responses
to biotic and abiotic stresses (Vuosku et al. 2012; de Oliveira et al. 2016; Reis et al.
2016; Mustafavi et al. 2018). Putrescine is the central product of the common PA
biosynthetic pathway. It contains two amino groups and is a synthetic precursor of
Spd and Spm (Xu et al. 2009). Application of Spd and Spm improves grain filling
and drought tolerant in wheat through relieving the inhibition caused by drought
stress (Yang et al. 2016). Polyamines (Spm, Spd, and Put) can regulate the size of
the potassium channel and the size of pores in the plasma membrane of guard cells,
thereby strongly regulating pore opening and closing. In this way, PAs can control
water loss in plants (Liu et al. 2000). In Thymus vulgaris L., Put treatment was
shown to improve leaf water content, dry matter, antioxidant activities and decrease
cell injury indices under water stress on plants (Mohammadi et al. 2018). Effects
of PAs on abiotic stress tolerance mechanism of the crop under Fabaceae have been
shown in Table 5.
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Table 4 Improvement in growth and different physio-biochemical attributes by application of
signaling molecules in different species of peas under stress conditions

Osmoprotectants Stress Crop Activities References

Nitric oxide (NO) Heavy
metal
(Arsenic)

Common
bean
(Phaseolus
vulgaris
L.)

– Exogenous addition of NO
significantly reversed the
As-induced oxidative
stress, maintaining H2O2
in a certain level through
balanced alterations SOD,
CAT, APX, DHAR, and
GR activities and reduction
of membrane damage

Talukdar
(2013)

Nitric oxide (NO) Salinity Chickpea
(Cicer
arietinum
L.)

– Increased the activity of
SOD, CAT, APX, total
soluble proteins, proline,
and glycine betaine content

Ahmad
et al. (2016)

Nitric oxide (NO) Cadmium
(Cd)

Groundnut
(Arachis
hypogaea
L.)

– Increased the biomass and
improved chlorophyll
content, photosynthesis,
and transpiration

– Decreased accumulation of
O2, H2O2, and MDA
content

– Increased activities of
SOD, POD, and CAT

– Soluble protein and proline
contents increased at
sowing and seedling stages
and improved the uptake of
nutrient elements and
reduced Cd accumulation
in the roots, shoots, and
kernels under Cd stress

Xu et al.
(2014a, b)

Sodium
nitroprusside
(SNP)

Cadmium
(Cd)

Groundnut
(Arachis
hypogaea
L.)

– Effectively decrease O2
−

generation rate and MDA
accumulation in leaves and
roots. SOD, POD, and CAT
were decreased, and
nonenzymatic antioxidants
(AsA and proline) was
prevented

Dong et al.
(2016)

Sodium
nitroprusside
(SNP)

Iron Groundnut
(Arachis
hypogaea
L.)

– Increased the activities of
SOD, POD, and CAT

– Increased the available Fe
and chlorophyll
concentrations in leaves,
and promoted plant growth
in Fe deficiency

Song et al.
(2017)

(continued)
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Table 4 (continued)

Osmoprotectants Stress Crop Activities References

SNP and
polyamine
(putrescine)

Salinity Chickpea
(Cicer
arietinum
L.)

– Positive effect on
antioxidant enzymes

– Putrescine increased the
SOD activity, whereas
nitric oxide increased the
activities of CAT, POX, and
APX

Sheokand
et al. (2008)

NO and SA Cadmium
(Cd)

Groundnut
(Arachis
hypogaea
L.)

– Improved growth,
chlorophyll content,
photosynthesis, and
mineral nutrition

– Decreased oxidative stress
by increasing activities of
antioxidant enzymes and
content of nonenzymatic
antioxidants

– Increased Cd accumulation
in the cell wall and
decreased Cd distribution
to organelles

Xu et al.
(2014a, b)

3.6 Trace Elements

Silicon (Si) and selenium (Se) are widely studied trace elements, and their roles in
plant growth and physiology are well documented. Recently, these trace elements
have been found to be protective under abiotic stress conditions, and both were
reported to play roles in conferring oxidative stress tolerance by enhancement of the
antioxidant defense system in plants (Hasanuzzaman and Fujita 2011). A number
of studies have showed that plants growing under heavy metal stress (cadmium)
had reduced ROS contents when supplemented with Si compared to control plants
(Hasanuzzaman et al. 2017). Soundararajan et al. observed an improved stomatal
development in tissue-cultured carnation plants supplemented with Si. Similarly,
Rios et al. proposed a model explaining how Si could improve stomatal functioning
and enhance root hydraulic conductance through the regulation of aquaporins. Sele-
nium’s role in combating abiotic stresses caused by UV light, drought, heavy metals,
cold, and salts iswell documented in earlier literature. Previously, it helped promoting
growth of rye grass, delaying drought, and inducing tolerance to UV-induced stress
(Cartes et al. 2010; Hasanuzzaman and Fujita 2011; Hasanuzzaman et al. 2014a, b,
c). Similarly, under drought stress, Se pretreatment of rapeseed enhanced antioxidant
enzyme activities and increased concentration of AsA and glutathione (Hasanuzza-
man and Fujita 2011). Selenium treatment also protected sunflower seedlings from
cadmium-induced oxidative stress by boosting CAT, APX, and GR activities (Saidi
et al. 2014). Effects of trace elements on abiotic stress tolerance mechanism of the
crop under Fabaceae have been shown in Table 6.
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Table 5 Improvement in growth and different physio-biochemical attributes by application of
polyamines in different species of peas under stress conditions

Osmoprotectants Stress Crop Activities References

Putrescine Drought Alfalfa
(Medicago
sativa)

– Enhanced α-and
β-amylases, invertase,
and decline protease
activities during PEG
imposed drought

– Declined α-and
β-amylases, invertase,
and protease activities
and increase the
polysaccharide and
protein content

Zeid and
Shedeed
(2006)

Putrescine and
arbuscular
mycorrhiza

Salinity Pigeon pea
(Cajanus
cajan)

– Modulating anabolic
and catabolic enzyme
activities responsible
for putrescine
biosynthesis

Garg and
Sharma (2019)

Putrescine,
spermidine, and
spermine

Drought Mung bean
(Vigna
radiata L.)

– Increased soluble
protein content, relative
water content,
chlorophyll value, net
photosynthetic rate,
and more increased
TSS and proline
contents but decreased
stomatal conductance
and MDA level

Sadeghipour
(2019)

Putrescine,
spermidine, and
spermine

Salinity Mung bean
(Vigna
radiata L.)

– LOX activity, MDA
content was reduced

– Decreased DHA,
GSSG content and
increased content of
AsA, GSH and the
ratio of AsA/DHA,
GSH/GSSG

– CAT, DHAR, GPX,
and GR was increased;
APX and MDHAR did
not show increases
activity and GST
activity remain same

Nahar et al.
(2016)

(continued)
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Table 5 (continued)

Osmoprotectants Stress Crop Activities References

Putrescine and
arbuscular
mycorrhiza

Salinity Pigeon pea
(Cajanus
cajan)

– Modulating anabolic
and catabolic enzyme
activities responsible
for putrescine
biosynthesis

Garg and
Sharma (2019)

Putrescine,
spermidine, and
spermine

Drought Mung bean
(Vigna
radiata L.)

– Increased soluble
protein content, relative
water content,
chlorophyll value, net
photosynthetic rate,
and more increased
TSS and proline
contents but decreased
stomatal

– conductance and MDA
level

Sadeghipour
(2019)

4 Summary and Conclusion

1. Osmolytes play an important and significant role in plant body.Osmolytes protect
the plant from different stress condition and help the plants to overcome and
recover from abiotic stress environment more rapidly.

2. Exogenous application of osmolytes under abiotic stress enhanced growth and
development with desirable physiological characteristics of plants.

3. Exogenous osmolytes scavenge theROSgenerated in plants under various abiotic
stresses and result in reduction of oxidative damage to plant cells.

4. Exogenous application of osmoprotectant affects plant–water relations by main-
taining turgidity of cells under stress and also increases the rate of photosynthesis
with abiotic stress tolerance and improves crop yield.

5. Exogenous application of osmolytes to plants protects them from harmful effect
of toxic elements like Cd and As.

6. Lowconcentrations of exogenous osmolytes protect plants from salinity, drought,
and temperature stress. However, higher doses will cause toxic effects.

7. Keeping in view the potential of exogenous osmolytes and osmoprotectants may
become a useful tool for successful crop production to counter the adverse effect
of abiotic stressful environments.
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Table 6 Improvement in growth and different physio-biochemical attributes by application of trace
elements in different species of peas under stress conditions

Osmoprotectants Stress Crop Activities References

Silicon (Si) Drought Lentil
(Lens
culinaris)

– Decreased in the
content of glycine
betaine, proline, and
total soluble sugar

– Enhanced the
activities of hydrolytic
enzymes (α-amylase,
β-amylase, and
α-glucosidase)

– Enhanced the
activities of the
antioxidant enzymes
(APX, POX, CAT,
and SOD)

Biju et al.
(2017)

Silicon (Si) Cadmium
(Cd)

Pea
(Pisum
sativum)

– Restored the plant
growth and membrane
stability. Significantly
increased the CAT,
POD, SOD, and GR
activities along with
S-metabolites
(cysteine, methionine,
glutathione)

Rahman et al.
(2017)

Silicon (Si) Salinity Alfalfa
(Medicago
sativa L.)

– Enhance APX activity
in root, shoot, and
leaves, CAT activity
in leaves, POD
activity in shoots

– Decline SOD activity
in shoots and roots

Wang et al.
(2011)

Silicon (Si) Drought Chickpea
(Cicer
arietinum L.)

– H2O2, proline, MDA
content, and LOX
activity were
decreased

– Increased the SOD
activity; CAT activity
varied greatly in
response to Si
treatment. Three
cultivars showed
decrease in activity
and four showed
increasing activity,
but APX activity
significantly reduced

Gunes et al.
(2007)

(continued)
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Table 6 (continued)

Osmoprotectants Stress Crop Activities References

Silicon (Si) Aluminum Groundnut
(Arachis
hypogaea L.)

– Increased the
activities of CAT,
SOD, and POD but
decreased MDA
content in leaves and
roots

Shen et al.
(2014)

Silicon (Si) Cadmium
(Cd)

Groundnut
(Arachis
hypogaea L.)

– Reduced Cd toxicity
in seedlings and
enhancement of the
SOD, POD, and CAT
activities in roots

Shi et al.
(2010)

Calcium (Ca) Heavy
metal
(Cd)

Lentil
(Lens
culinaris)

– Modulate the
activities of SOD,
APX, CAT, DHAR,
and GR

Talukdar
(2012)

Calcium chloride
(CaCl2)

Salinity Soybean
(Glycine max)

– Increased content of
glycine betaine but
decreased proline
content

Girija et al.
(2002)

Potassium (K+) Salinity Groundnut
(Arachis
hypogaea L.)

– Improves plant water
status and overall
physiology of plant

Chakraborty
et al. (2016)

Potassium nitrate Osmotic
stress

Cowpea
(Vigna
unguiculata)

– Increased activity
SOD, CAT, and APX
in tolerant genotype

Araújo et al.
(2017)

Lanthanum Salinity Mung bean
(Vigna
radiate)

– Enhanced the
activities of APX, GR,
MDHAR, DHAR,
γ-ECS, and GalLDH

– Increased in the
content of AsA, GSH,
and the ratios of
AsA/DHA and
GSH/GSSG reduce
the MDA

Shan and
Zhao (2014)
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Role of Biostimulants for Enhancing
Abiotic Stress Tolerance in Fabaceae
Plants

Anamika Dubey, Ashwani Kumar, and Mohammad Latif Khan

Abstract Plants belong to the familyFabaceae play an important role in sustainable
agriculture due to their high protein content and also in maintaining the N2 economy
of the soil in semi-arid and arid regions of theworld. Presently, the impact of different
abiotic and biotic stresses on the plants’ growth and productivity is further accelerated
by climate change and has resulted in reduced crop yield. Therefore, identification
of physiological and biochemical traits that contribute to enhancing legumes growth
and yield under stress conditions is a major challenge for the plant breeders and
geneticists. Although the application of biostimulants/biofertilizers have emerged
as eco-friendly solutions for tackling these problems. Biostimulant includes diverse
substances and microorganisms (Plant Growth-Promoting Rhizobacteria (PGPR),
bacterial and fungal endophytes or endosymbionts) which enhance plant growth and
productivity, nutrition use efficiency and plant performance under stress conditions.
Thus, thesemicrobial bioinoculants play a dual role as biostimulant aswell as biocon-
trol agent when applied to the plants. The global market for biostimulants reached
up to $2,200 million by 2018. Extensive use of these biostimulants in agriculture
filed, with particular reference to Fabaceae family, still lack peer-reviewed scientific
evaluation. This chapter provides latest advances in the application of plant bios-
timulants and scientific information related to the nature, mechanism of action and
effects of biostimulants on Fabaceae plants under abiotic stress condition.

Keywords Biostimulants · Fabaceae plants · PGPR ·Mycorrhiza · Biofertilizers ·
Abiotic stress

1 Introduction

Maintaining global food production to feed rapidly increasing world population is
considered as the greatest challenge nowadays. Rapid intensification in agriculture
has put negative impacts on environmental health, which leads to a loss in countless
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ecosystem services and global climate change. Therefore, there is an urgent need to
promote organic farming to maintain soil health and plant productivity in a sustain-
able manner. One possible potential solution for this rising problem is to use plant
biostimulants. Plant biostimulants, also knownas agricultural biostimulators, are sub-
stances that can be added directly to the nearby plant environment to improve plant
growth, nutrition uptake and plant performance under biotic and abiotic stress condi-
tions (Dubey et al. 2018, 2019; Malla et al. 2018, 2019). There are different types of
abiotic stress known to reduce crop productionworldwide among themdrought stress
is considered as the most destructive abiotic stress that augment its intensity over
the past few decades disturbing world’s food production. The first legalidiom about
plant biostimulants was provided in the Farm Bill, in December 2018 (https://www.
congress.gov/115/bills/hr2/BILLS-115hr2enr.pdf). This describes a biostimulant as
“a microbe or that substance, when applied to seeds, plants, or near the rhizosphere,
stimulates usual processes to benefit or augment nutrient efficiency, nutrient uptake,
stress tolerance in plants, crop yield.” Global market for biostimulants reached $2.19
billion in 2018 and it is estimated to reach an annual growth rate of 12.5% from 2019
to 2024. Europe has the biggest market for biostimulants that is approximately 40%
of the total market share; the North American market is estimated to reach $605.1
million in 2019.

Therefore, many biostimulants are directly added to the rhizosphere of the plant
in order to facilitate nutrient uptake. Most of them show positive responses against
severe environmental stresses like water scarcity, and soil salinity (Kumar et al. 2010;
du Jardin 2015; Hashem et al. 2017; Ahmad et al. 2018; Dubey et al. 2018). Effects
of abiotic stress tolerance in Fabaceae plants are shown in Fig. 1.

Newly emerged paradigms emphasize that plants are not separate entities instead,
they are partners and host to other microbes. Plants harbour many microorganisms
both on the surface as well as in their tissues, interact with them and allows them to
tolerate different kinds of stresses faced by plants (Hassani et al. 2018). Therefore,
if we functionally manipulate these interactions, we might fortify their role in plant
stress tolerance (Sánchez-Cañizares et al. 2017).

Additionally, many reviews highlighted the role of various biostimulants for plant
growth and performance, such as the use of seaweed extracts (Battacharyya et al.
2015; Crouch and Staden 2016; Shukla et al. 2018a, b), silicon (Ruppenthal et al.
2016), protein hydrolysates (Colla et al. 2015), humic and fulvic acids (Canellas
et al. 2015), chitosan (Pichyangkura and Chadchawan 2015), the role of phosphate
(Gómez-Merino and Trejo-Téllez 2015), arbuscular mycorrhizal fungi (Kumar et al.
2015; Rouphael et al. 2015; Hashem et al. 2019b), trichoderma (López-Bucio et al.
2015), plant growth-promoting rhizobacteria (Ruzzi and Aroca 2015; Vyas et al.
2018; Barnawal et al. 2019). Table 1 shows the summary of leguminous plant species,
biostimulant and effects of stress.

https://www.congress.gov/115/bills/hr2/BILLS-115hr2enr.pdf
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Fig. 1 Effect of abiotic stress tolerance in Fabaceae plants

2 Algal Extracts

Seaweed extracts (SWE) are used as biostimulants nowadays as commercial for-
mulations for improving plant growth and abiotic stress tolerance in plants like to
drought, salinity and heat, and. Algal extracts target a large number of pathways in
order to increase tolerance under stress conditions. Seaweeds are green, brown and
red macroalgae represent about 10% of the total productivity of marine ecosystem
(Battacharyya et al. 2015; Crouch and Staden 2016). Macroalgae has been used as
potential biofertilizers for many years and are still in use.

2.1 Seaweed Extracts

Extracts of seaweed are widely used on a variety of horticultural crops, and these
biostimulants are available in powdered as well as in liquid form (Battacharyya et al.
2015). Liquid extracts of seaweeds are generally applied near the rhizospheric zone
of the plant, however, this can be done by mixing the liquid extracts with irrigation
water and then applied as drip irrigation to crops. Different scientists have used
these seaweed extracts as foliar sprays on a variety of tree, vegetable, flowering and
leguminous crops like in mango, almonds, plum, cherry, tomato, potato and soybean
(Rathore et al. 2009; Colavita et al. 2011; Haider et al. 2012; Almohammedi et al.
2014; Backes et al. 2017;Kuisma 2018; Tomar et al. 2018). Several studies concluded
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Table 1 Effect of biostimulants in the alleviation of stress in Leguminous plants

Type of BS Types of
biostimulants

Crop Stress and effect References

Microbial-derived Pseudomonas
putida

Cicer arietinum
L. (Chick pea)

Drought stress Tiwari et al.
(2016)

AM Fungi Glycine max
(Soybean)

Salt tress Hashem et al.
(2019a)

Rhizobium
leguminosarum

Viciafaba
(Faba bean)

Salinity stress Benidire et al.
(2017)

Pseudomonas
putida and Bacillus
amyloliquefaciens

Cicer arietinum
L. (Chickpea)

Drought stress Kumar et al.
(2016)

AM Fungi Cicer arietinum
L. (Chickpea)

Drought stress Hashem et al.
(2019b)

Ochrobactrum
pseudogrignonense,
Pseudomonas and
Bacillus subtilis

Vigna mungo
L. (black gram)

Drought stress Saikia et al.
(2018)

Bacillus subtilis,
Ochrobactrum
pseudogrignonense,
and Pseudomonas

Pisum sativum
L. (Pea)

Drought stress Saikia et al.
(2018)

Pseudomonas
aeruginosa

Vigna radiata
(L.) (Mung
bean)

Drought stress Sarma and
Saikia (2014)

Pseudomonas
simiae

Vigna radiata
(L.) (Mung
bean)

Drought stress Kumari et al.
(2016)

Bacillus aryabhattai Oxidative and
nitrosative stress

Park et al.
(2017)

Hormones Salicylic and
ascorbic acid

Cicer arietinum
L. (chickpea)

Drought stress Farjam et al.
(2015)

Salicylic acid and
potassium

Vigna radiata
L. (mungbean)

Drought stress Majeed et al.
(2016)

Amino acids Proline Glycine max
(Soybean)

Drought stress Mwenye et al.
(2016)

Hormone Melatonin Glycine max
(Soybean)

Drought stress Wei et al.
(2015)

Melatonin Glycine max
(Soybean)

Salt stress Wei et al.
(2015)

Antioxidant Glutathione Vigna radiata
L. (mungbean)

High-temperature
stress

Nahar et al.
(2015)

Glycinebetaine Glycine max
(Soybean)

Salt stress Malekzadeh
(2015)

Plant growth
regulator

Methyl jasmonate Glycine max
(Soybean)

Drought stress Mohamed and
Latif (2017)

Silicon Glycine max
(Soybean)

Drought stress Ruppenthal
et al. (2016)

Seaweeds Ascophyllum
nodosum (ANE)

Glycine max
(Soybean)

Drought stress Shukla et al.
(2018b)

(continued)
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Table 1 (continued)

Type of BS Types of
biostimulants

Crop Stress and effect References

Ascophyllum
nodosum (ANE)

Glycine max
(Soybean)

Salinity stress Shukla et al.
(2018a)

Kappaphycus
alvarezii

Glycine max
(Soybean)

Flooding stress Rathore et al.
(2009)

Humic acid fulvic
acid

Humic acid, organic
fertilizer and
Nitroxin
Biofertilizer

Cicer arietinum
L. (chickpea)

Drought stress Hoseyn and
Mahdi (2016)

Humic acid,
mycorrhiza and
Rhizobium

Cicer arietinum
L. (chickpea)

Drought stress Morton (2013)

Fulvic acid Glycine max
(Soybean)

Heat stress Dinler et al.
(2016)

Fulvic acid Glycine max
(Soybean)

Salt stress Dinler et al.
(2016)

the fact that the foliar application of seaweed extracts is more effective when applied
in the morning because at that time leaf stomata are generally open.

2.2 Plant Biostimulants Activity of Seaweed Extract

Plants generally absorb nutrients directly through the leaf surface or with the help of
the roots. Extracts of seaweed alter biochemical, biological and physical properties of
the soil and may also affect the roots facilitating nutrient uptake by plants. Seaweeds
derived from brown algae composed of polyuronides like fucoidans and alginates.
Alginic acids havingmetal chelating properties formhighmolecularweight polymers
and also have soil-conditioning properties. Therefore, due to the presence of many
cross-linked polymers the water holding capacity of the soil is improved (Dhaker
et al. 2015). Various extracts of seaweed affect the regulation of those genes that are
playing very crucial role in the uptake of nutrients. The study conducted by Castaings
et al. (2011) and Krouk et al. (2010) showed that extract of seaweed, Ascophyllum
nodosum upregulates the expression of a nitrate transporter gene (NRT1.1.) that helps
to improve nitrogen sensing and auxin transport. Therefore, it results in enhanced
nitrogen assimilation and improves the development of lateral roots. Mostly, the soil
colonizing bacteria, rhizobia, forms root nodules with the roots of many leguminous
plants and fix atmospheric nitrogen. A study conducted by Khan et al. (2009) found
that rhizobia strain Sinorhizobium melitoli forms more number of nodules in alfalfa
plant when supplied with extracts of A. nodosum extract (ANE). ANE induces the
expression of NodC gene of bacteria that plays a key role in bacteria–plant signalling,
by mimicking the effect of the luteolin. Plant growth-promoting properties of sea-
weed extracts have been well documented by various scientists in already published
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literature (Khan et al. 2009; Battacharyya et al. 2015; Crouch and Staden 2016;
Shukla et al. 2018a) but very less is known about their mechanisms of action. Many
commercial products are derivatives of brown algae like Ascophyllum nodosum,
Durvillae apotatorum, red (ex Lithothamnium calcareum) macroalgae (Shukla et al.
2018a, b). At present, more than 47 companies are producing and selling a variety of
algal extracts for increasing agricultural productivity therefore, the majority of the
formulations are derived from macroalgae, Ascophyllum nodosum (brown algae).

Additionally, chemical-derived components of brown seaweed extract induce col-
onization and growth of positive soil fungi in the root.Alginic acid, a chief component
of brown seaweed extracts promotes growth AM fungi which often improves phos-
phorus uptake (Ishii et al. 2009). Brown seaweeds such as Ascophyllum nodosum,
Alaria esculenta, Fucus serratus, F. vesiculosus, F. spiralis, Ectocarpus siliculosus,
Laminaria digitata, L. saccharina, L. hyperborea, Pilayella littoralis and Halidrys
siliquosa contains many bioactive compounds, osmolytes like mannitol which is
considered as an important shielding compound in response to different kinds of
abiotic stresses. Spraying applications of IPA liquid seaweed extracts, enhance plant
tolerance towards water stress (Mancuso et al. 2006).

2.3 Humic and Fulvic Acids

Humic acid and fulvic acid are the substances that are the main organic components
of peat, lignites and soil. These substances are generally formed by biodegradation
of organic matter resulting in a blend of acids that contains carboxyl groups and
phenolate. Humic and Fulvic acids have low molecular weight and high oxygen
content (Bulgari et al. 2015). Ample number of studies have been reported, the
potential use of these substances for improving abiotic stress tolerance in different
plant species like tomato, maize, chickpea, pea and sunflower (Morton 2013; Hoseyn
and Mahdi 2016; Sharifi 2017; Khorasaninejad et al. 2018; Hatami 2019) (Fig. 2).

Dinler et al. (2016) in their study used fulvic acid for alleviating the effect of heat
and salt stress in soybean plants. The study conducted by Hoseyn and Mahdi (2016)
demonstrated the effect of humic acid, nitroxin biofertilizer and organic fertilizer in
response to drought stress in the pea plant.Morton (2013) in his study used humic acid
with Rhizobium and mycorrhiza for reducing the effect of drought stress in chickpea.
Aydin (2012) in his study used humic acids for alleviating the effect of salinity
stress in common bean (Phaseolus vulgaris L.) result in increase of endogenous
levels of proline and reduced membrane leakage. Foliar application of salicylic acid,
paclobutrazol and humic acid put a positive impact on anatomical, morphological,
biochemical and seed yield characters of soybean (Glycine max L.) (El-Aal and
Eid 2017). Some researchers used both humic acid and fulvic acid for reducing the
impact of drought stress on various crop plants. Besides dicot plants humic acid
extracts are also beneficial for monocot plants. When vermicompost extracts were
applied to rice (Oryza sativa L.) leads to the production of ROS scavenging enzymes
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Fig. 2 Key mechanism targeted by biostimulants and plant response

as well as activating anti-oxidative enzymatic function. These enzymes are generally
requisite to inactivate toxic-free oxygen radicals produced in plants under abiotic
stress conditions (García et al. 2012).

3 Carbohydrates, Proteins, Amino Acids and Lipids

Protein hydrolysates (PH) are a blend of oligopeptides, polypeptides and amino acids
formed after partial hydrolysis of agricultural by-product obtained from plants and
animals (Colla et al. 2015). PH is generally sold as a formulation that consist of
plant growth-promoting regulators. Most of the PH products, more than 90%, are
derived from animal by-products formed by the chemical hydrolysis while plant-
derived products are recently gaining more attention (Colla et al. 2015; Van Oosten
et al. 2017).

Megafol is a commercial biostimulant used as anti-stress and growth activator in
field consists of vitamins, proteins, betaines and amino acids obtained from extracts
of algae and plants. Many of these extracts are obtained from Fabaceae plants and
used for the growth of other plants. The study conducted by Ertani et al. (2013) used
hydrolysate-based biostimulants extracted fromMedicago sativa L., plants contain-
ing indole-3-acetic acid (IAA) and triacontanol (TRIA) which are known to improve



230 A. Dubey et al.

stress tolerance in Zea mays. When plants were treated with these extracts, they had
higher proline, potassium and flavonoid content in salinity stress conditions com-
pared to that of untreated controls (Ertani et al. 2013). Extracts that are rich in amino
acid contents play a role in increasing cold stress tolerance.

Glycine betaine is a solute accumulated inside plants in response to salinity stress
conditions (Peel et al. 2010). Glycine betaine when applied exogenously found to
increase plant tolerance for different kinds of environmental stresses like salinity,
drought, freezing, oxidative, and chilling stress. When glycine betaine is applied
on the surface of the leaves results in rapid uptake by leaves and concentration
in meristematic tissues (Van Oosten et al. 2017). Rapid uptake and localization of
glycine betaine in these most susceptible tissues are mainly beneficial in freezing
and chilling stress where glycine betaine can exert a shielding effect.

4 Microorganisms Role in Alleviating Stress Effect

Many leguminous plants are found to be symbiotically associated with bacteria;
understanding of those close relationships under abiotic stress is rudimentary. There-
fore, the role of these microbes in abiotic stress tolerance has been identified by
different scientist working in leguminous crop plants (Qiao et al. 2011; Sarma and
Saikia 2014; Kumar et al. 2016; Kumari et al. 2016; Tiwari et al. 2016; Benidire
et al. 2017; Park et al. 2017; Hashem et al. 2019b) (Table 1). Microbes having
plant growth-promoting potential and that can cope up with severe environmental
stress conditions can be used as biostimulants. These microbes have been isolated
from different ecosystems with alkaline, saline, acidic, and arid soils. These bacteria
belong to these genera such as Rhizobium, Azotobacter, Azospirillum, Bradyrhizo-
bium, Bacillus and Pseudomonas have evolved different strategies to thrive under
stress conditions (Kaushal and Wani 2016; Enebe and Babalola 2018; Krishna et al.
2019; Patil et al. 2020). Studies conducted by several researches reported the role of
these microbes as biostimulants for alleviating the effect of abiotic stress on different
leguminous plants.

Tiwari et al. (2016) used Pseudomonas putida for reducing the effect of drought
stress chickpea (Cicer arietinum L.). A similar study conducted by Kumar et al.
(2016) used Pseudomonas putida and Bacillus amyloliquefaciens for alleviating the
effect of drought stress in chickpea (Cicer arietinum L.). Saikia et al. (2018) in their
study uses a consortium of Bacillus subtilis, Ochrobactrum pseudogrignonense, and
Pseudomonas for enhancing the yield of Peaplant (Pisum sativum L.) and black
gram (Vigna mungo L.) under drought stress condition. Hashem et al. (2019a, b)
uses AM fungi for abiotic stress tolerance in soybean (Glycine max) and chickpea
(Cicer arietinum L.). Benidire et al. (2017), used Rhizobium leguminosarum, Sarma
and Saikia (2014) used Pseudomonas aeruginosa. Kumari et al. (2016) used Pseu-
domonas simiae for increasing abiotic stress tolerance in Faba bean (Vicia faba)
(Table 1).
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5 Conclusion and Future Perspectives

Use of biostimulant for various agronomical crops has the potential to enhance plant
resilience to different environmental perturbations. In order to adjust application
rates, plant biostimulant techniques and specificities are recognized that may put the
highest impact on stress tolerance, therefore, more concern should be given for better
understanding of the functional mechanism of action of these biostimulants. Once a
better understanding of these complexmechanisms has been reached; thenwewill be
able to go ahead to the next generation of biostimulants where complementary mech-
anisms and synergies can be designed functionally. A systematic and comprehensive
approach has been anticipated for discovering and characterizing novel biostimulants
and thereby understanding their mechanism of action by using chemistry, biology
and omics approaches. Meta-analysis of various effects of biostimulants on plants
has been projected and an extensivemeta-level assessment of the effect of humic sub-
stances on plant growth has been conducted. Analysis revealed that humic substances
increase the overall dry weight of roots and shoots by at least 20%. Therefore, the
identification of complementary/synergistic properties of these plant biostimulants
are important for developing specific formulations that are targeted to improve plant
response towards various types of abiotic stresses. For example, biostimulants for
enhancing plant resilience in water-deficient environments should stimulate shoot
versus root growth that will allow plants to explore the deeper layers of the soil
during drought conditions and increasing the production of compatible solutes for
reinstating positive water potential gradients and water uptake of diminishing soil
water. Similarly, microbial-derived biostimulants also put positive effects by creating
absorption surfaces around the roots of the plants and which helps plants to absorb
more water from the soil. Therefore, the future of plant biostimulants should be
driven by the following lines of force. With the development of plant biostimulants
follow a traditional ‘pharmacological’ approach, where microorganisms or bioactive
compounds produced by microbes are screened under controlled conditions and a
sequential procedure is followed in order to select promising microbes, moving from
the lab to more realistic natural conditions. This may be an efficient but severe and
stepwise selection of active substances or microbes resulted in high production costs
which are hardly justified by market-creating limited added value, like in agriculture
and plant nutrition. Another way would start from field observations and lead back to
the laboratory for the systematization of the scientific questions raised. For example,
many ecologists and soil microbiologists are pointing out the inconsistency in the
way individual plant cultivars interact with bacteria colonizing the rhizosphere and
modulating the bacterial composition. Whether these genotype-dependent changes
in the rhizospheric microbiome impact plant health and growth is an open question.
These observations can be an early point for understanding the important interac-
tions between plants PGPRs. From a more practical viewpoint, novel commercial
approaches are being developed which aim at amplifying local beneficial microbiota
instead of inoculating standardized microbial products. This approach is aggravated



232 A. Dubey et al.

by the experimental fact that a limiting factor when using microbe based biostimu-
lants is the capacity of the bioinoculant to survive and maintain adequate activity in
the rhizosphere. This study can be parallel applied in the intestinal microbiome in
human medicine: taking probiotics in the diet is one thing, but feeding the beneficial
bacteriawith probiotics seems evenmore important. This inspires newavenues to sus-
tainable crop management, by developing breeding, plants varieties with enhanced
ability to ‘manage’ their endospheric and rhizospheric microbiota and new fertiliz-
ing materials. With the technical breakthroughs and scientific knowledge now we
have a complete picture of plant physiology. But research is focused on the lim-
ited number of the model plant under controlled conditions. A major challenge is to
use this available knowledge and modern tools for the characterization of biostim-
ulants and their effects on a broad range of cultivated plant species. For example,
high-throughput plant phenotyping platforms have been developed for the character-
ization of mutants produced in functional genomics related studies, but they should
(and do) inspire studies for understanding the mechanism of action of these biostim-
ulants and their interactions with environmental stressors and with plant genotypes.
Bridging this gap between and field data on mixtures and laboratory data on single
biostimulants is equally important and challenging.
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Abstract As sessile organisms, plants are constantly exposed to simultaneously abi-
otic and biotic stresses that impact growth thus resulting in significant yield losses.
An example is drought and root infecting pathogens, which combined cause greater
damage to plants than the stresses individually. Substantial information is available on
the physiological, molecular, and metabolic changes in Fabaceae plants exposed to
individual stresses, but little is known about how plants respond to multiple stresses.
This is of primary importance for the development of breeding approaches based
on the trade-off between plant defense response mechanisms, and high and consis-
tent yield under field conditions. A better knowledge of the mechanisms by which
legume plants perceive and transduce simultaneous or sequential combination of
stress signals to initiate diverse adaptive responses is essential for breeding multiple
stress-tolerant crop cultivars. In this chapter, we assess the relevance of understand-
ing legume combined responses to abiotic and biotic stresses for production and
breeding, focusing on soilborne vascular diseases and drought interaction in grain
legumes. Particular attention is given to the crosstalk between signaling pathways of
the “stress triangle” pathogen/host/environment interactions and to the application of
integrated breeding methods aiming at multiple stress-resistant legume crops better
adapted to climate change.
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1 Introduction

In nature, plants are exposed to various and complex types of stresses involving
numerous environmental factors, both abiotic and biotic. They include drought, heat,
cold, salinity, high light intensity, high CO2 concentrations, diseases, and pests. In
most cases, these stresses are studied individually, although in the field they occur in
combination. Recent studies have revealed that the response of plants to a simultane-
ous or sequential combination of stresses cannot be simply inferred from the response
to each one applied individually (Atkinson et al. 2013; Bai et al. 2018; Kissoudis
et al. 2014, 2015; Zhang and Sonnewald 2017). Nevertheless, there are common
features shared by all stress conditions, like a reduced plant growth, reflecting what
is commonly known as the growth/defense trade-off (Huot et al. 2014).

To facilitate adaptation to a given stress or stress combination at minimal costs,
plants require an energy-efficient and flexible system.Afirst stress factor preceded by
another stress factormay either endure (due to priming effect) or predispose the plants
to the subsequent stress (Mauch-Mani et al. 2017; Pandey et al. 2017). In general,
abiotic stresses, such as drought or nutrient deprivation, result in the weakening
of plant defenses and increased susceptibility to necrotrophic pathogens, including
otherwise weakly virulent facultative pathogens. However, the same abiotic stresses
seem to reduce plant susceptibility to biotrophic pathogens (Saijo and Loo 2019).

Pathogenic infections can disrupt the normal stomatal regulation of transpiration,
reverting abscisic acid (ABA)-mediated stomatal closure, and reducing photosynthe-
sis and water use efficiency (Grimmer et al. 2012; Bilgin et al. 2010). Furthermore,
the combination of extreme temperature with viral infection might decrease the plant
heat stress response efficiency, via down-regulation of heat shock transcription fac-
tors (Anfoka et al. 2016). On the contrary, fungal endophyte colonization can cause
epigenetic modifications linked to an improvement of drought tolerance in wheat
(Hubbard et al. 2014).

Genome-wide association studies in the model plant Arabidopsis thaliana sug-
gested that tolerance against single abiotic and combined biotic/abiotic stresses is
mediated by different genetic loci (Davila Olivas et al. 2017; Thoen et al. 2017). Con-
sistentwith this, transcriptome responses in the same species also differ between com-
bined stresses and individual stresses (Atkinson et al. 2013; Cohen and Leach 2019;
Prasch and Sonnewald 2013; Rasmussen et al. 2013). However, the genetic basis for
combined stress responses remains largely unknown (Saijo and Loo 2019). Recent
studies suggested that conflicting stress responses are balanced/prioritized within
the plant body in an age- or stage-specific and spatial/temporal manner to maintain
growth and reproduction under multiple stresses (Berens et al. 2019; Betsuyaku et al.
2017; Karasov et al. 2017; Smakowska et al. 2016).

Humanity is facing a major challenge in producing enough food for an additional
three billion people, i.e., about 50% more than nowadays, within the next 50 years.
This will take place in a context of arable land shrinking and degradation, nutri-
ent deficiencies, increased water scarcity, and uncertainty due to predicted climatic
changes (FAO 2017). On the other hand, forecasted global climate change effects
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increase the chances of plants’ multi-stress interactions (Kissoudis et al. 2014), chal-
lenging breeding programs to develop crops that thrive and maintain a high yield at
constantly varying field conditions.

This chapter aims to provide a general overview of the main molecular and phys-
iological responses triggered by both biotic and abiotic stress in plants, with an
emphasis on legumes. We also provide a critical discussion of the main challenges
and achievements in this field.

2 Plant Defense Responses Against Biotic and Abiotic
Stresses

As a part of the plant defense toward the pathogen attack, metabolic changes are
induced in plants, such as the secretion of pathogenesis-related proteins, ascor-
bate and glutathione peroxidases (H2O2-scavengers), proteases, xyloglucans, phe-
nols, phytoalexins, and lignin-like compounds (Yadeta and Thomma 2013). These
metabolic changes influence morpho-physiological traits such as stomatal move-
ment, cell membrane stability, cell wall reinforcement, leaf water potential, plant
growth and root morphology which were shown to be distinctly altered under com-
bined stress (Irulappan and Senthil-Kumar 2018). The phenylpropanoid pathway has
a particularly important function in the production of lignin, flavonoids, and phy-
toalexins in response towounding and pathogen attack (Fraire-Velázquez et al. 2011).
For instance, in A. thaliana, secondary cell wall-associated genes were suggested to
be involved in plant’s response toward combined drought and wilt pathogen infec-
tion, but not in combined drought and foliar pathogen infection (Gupta et al. 2016).
Therefore, it appears that the outcome of the biotic/abiotic interaction is, on most
occasions, organ, plant species and genotype, pathogen, and abiotic stress intensity
dependent.

2.1 Phytohormones Signaling Pathways

Plants have evolved complex molecular systems to adapt to rapidly evolving
pathogens and changing climates. Plants defense responses against both abiotic and
biotic stresses are prioritized and fine-tuned in a context-dependent manner, to facil-
itate adaptation at the minimal costs (Nobori and Tsuda 2019). This is enabled by
a complex crosstalk between various phytohormones signaling pathways, including
synergistic and antagonistic interactions between salicylic acid (SA), jasmonic acid
(JA), ethylene (ET), or abscisic acid (ABA) (Fujita et al. 2006; Mauch-Mani and
Mauch 2005; Pieterse et al. 2012). Ramegowda and Senthil-Kumar (2015) hypoth-
esized that under combined stresses, the first signaling effects operate through ABA
and JA pathways, in a non-specific manner. However, the same authors suggested
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that the modulation of stress signal, crosstalk, and subsequent downstream events are
specific andunique to the combinationof stresses facedby the plant. For instance, dur-
ing the response against biotrophic and hemibiotrophic pathogens, which activate the
SA signaling pathways, plants become more susceptible to attacks by necrotrophic
pathogens and insect herbivory, which involves the activation of JA- andET-mediated
responses (Fraire-Velázquez et al. 2011; Thaler et al. 2012). In rice, abiotic stress
up-regulated genes responsive to ABA, auxin, JA, and SA, while biotic stress up-
regulated genes responsive to the same hormones plus cytokinin and ET (Cohen
and Leach 2019). Interestingly, in this study, ABA, JA, and SA-mediated path-
ways were the most significantly up-regulated hormone pathways in both abiotic
and biotic stress. Furthermore, ABA signaling suppresses SA to prioritize abiotic
stress responses over biotic stress responses (Yasuda et al. 2008). Altogether, these
studies indicate that specific hormone signatures are triggered depending on the type
of stress involved, either as if it occurs single or combined.

Auxin is generally thought to be a “master hormone” because it influences every
aspect of plant growth and development (Balzan et al. 2014; Grossmann 2010). This
phytohormone acts on the transcriptional regulation of target genes, mainly through
auxin response factors (ARFs) transcription factors, which were found to be medi-
ators of the auxin action in biotic and abiotic stress responses in tomato (Bouzroud
et al. 2018). However, auxin homeostasis is also relevant for stress adaptation mainly
by interacting with SA and ABA signaling pathways. For example, during pathogen
infection, auxin negatively affects SA-mediated defense responses in Arabidopsis
(Park et al. 2007).

Besides phytohormone balance, the trade-off between development and defense
under abiotic and biotic stress conditions relies also on other interconnected signal-
ing pathways, including Ca2+ sensing, production of reactive oxygen species (ROS),
production of secondary metabolites, and activation of kinase cascades (Kudla et al.
2018; Liang and Zhou 2018; Prasch and Sonnewald 2015; Zhang et al. 2018). As
an example, ROS generation by respiratory burst oxidase homolog (RBoh) proteins,
after pathogen elicitors recognition, leads to ABA-induced stomatal closure and to
hypersensitive cell death (Fujita et al. 2006). ROS and Ca2+ also indirectly modu-
late the expression of genes like kinases and transcription factors involved in the
crosstalk between signaling cascades response to abiotic/biotic stress interaction
(Fraire-Velázquez et al. 2011). In particular, the role of WRKY transcription factors
in mediating plant biotic and abiotic stress response through SA, JA, or ET signaling
has been well reported. For example, AtWRKY30 is induced under ROS-mediated
oxidative stress and pathogen attack and its overexpression in A.thaliana improved
abiotic stress tolerance during seed germination (Besseau et al. 2012).

Although transcriptional regulation is important for stress adaptations, the post-
transcriptional regulation mediated by microRNAs (miRNAs) adds another layer in
the regulatory network, which might be crucial for the coordination of developmen-
tal and environmental responses (Shriram et al. 2016). The miRNAs are endoge-
nous small non-coding RNAs (~21–22 nucleotides) that negatively regulate gene
expression, by either cleaving their complementary messenger RNA (mRNA) tar-
gets or repressing their translation (Jones-Rhoades et al. 2006). Manipulation of
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mRNA transcript abundance via miRNA control provides a unique strategy for mod-
ulating differential plant gene expression. As a consequence, miRNAs are emerg-
ing as the next-generation targets for genetic engineering to improve the agro-
nomic properties of crops (Djami-Tchatchou et al. 2017). Recently, Sanz-Carbonell
et al. (2019) identified 24 miRNAs expressed in response to abiotic (cold, drought,
salinity, and short day) and biotic (viroid infection, Agrobacterium infiltration, and
ascomycete root infection) stress conditions imposed individually inmelon (Cucumis
melo L.). Most of these miRNAs showed a decrease in their abundances after
stress imposition and were predicted to target well-known transcriptions factors
as miR156/SPL, miR164/NAC, and miR167/ARF6. This suggests that these genes
need to be expressed during stress imposition. Since the miRNA-mediated response
triggered by biotic stresses is distinguishable from the triggered by abiotic ones,
according to their total expression values (Sanz-Carbonell et al. 2019), it would
be interesting to investigate the effect of combined abiotic/biotic stresses on these
stress-specific miRNA profiles.

Many of the genes with key roles in abiotic/biotic interactions are included in
the same functional categories to those identified in single stress studies, i.e., stress
hormone responses, ROS, mitogen-activated protein kinase (MAPK) signaling and
regulation of hypersensitivity response (Kissoudis et al. 2014). However, the action
of these genes is neutralized or prioritized under stress combination in comparison
with the individual stress, revealing antagonistic interactions with detrimental effects
on plant adaptation under multifactorial stress. In addition to the integrative signal-
ing pathway regulation, the deployment of genes that have a protective function on
proteins and cellular components under abiotic stress, such as dehydrins (DHN),
and other late embryogenesis abundant (LEA) proteins or RNA chaperones was also
described to minimize the antagonist interaction with biotic stress signaling (Kang
et al. 2013). DHN overexpression was suggested to be involved in ABA and JA
signaling pathways in Arachis duranensis, the wild ancestor of peanut (Mota et al.
2019). In this study, the gene AdDHN1 showed an opposite response to abiotic and
biotic stress, with a positive regulation under water deficit and a negative regulation
upon nematode infection. In rice, the transcriptomic response to a variety of stresses,
namely bacterial, fungal and virus infection, and drought, salt, cold and heat, identi-
fied several genes significantly expressed only under a unique stress or, in opposition,
“universally” expressed (Narsai et al. 2013).

2.2 Functional Proteins

Besides phytohormones, signaling components and their regulators, other func-
tional genes are involved in plant antagonist responses to combined abiotic and
biotic stresses. Aung et al. (2018) described the effect of water in modulating
plant/pathogens interactions. Indeed, many pathogens translocate virulence proteins
(effectors) into host cells to target different components of plant pattern-triggered
immunity and redirect sugars andwater into the apoplast, wheremany pathogens live.
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Also, the photosynthetic pathway was considered a hub of crosstalk in growth and
defense trade-off during plant/pathogen/environment interactions, with bZIP tran-
scription factors as good candidate regulators of stress response (Cohen and Leach
2019).

Moreover, in simultaneous abiotic stress and pathogen infection, one of the ear-
liest responses occurs at the cell wall with stress-induced regulation of transcripts
encoding cell wall proteins and cellulose synthesis. The so-called cell wall degrad-
ing enzymes (CWDE), like cellulases, have been shown to contribute directly to
virulence and to an increased susceptibility to drought by disturbing the cellular
cytoskeletal and microtubules dynamics (Kesten et al. 2017). Furthermore, acidic
endochitinase and chitinase, which have an essential role in plant defense not only by
functioning against fungal pathogens through degrading chitin but also in improving
tolerance against temperature, salt and wounding stresses, were up-regulated under
biotic infections, and down-regulated in response to abiotic stress in rice (Narsai
et al. 2013). Additionally, the peroxisomal catalase ScCAT1, one ROS scavenger
enzyme, has been suggested to be a positive responsive component of abiotic and
biotic stresses, avoiding oxidative damage and promoting hypersensitive cell death
response in sugarcane (Su et al. 2014).

3 Climate Change Effect on Abiotic/Biotic Interactions:
Future Constraints to Legume Production
in the Mediterranean Region

Climate change, with increased frequencies of severe droughts and flooding, is pre-
dicted to have a progressively negative effect on the yield of food crops, particularly
in the absence of efforts to mitigate global CO2 emissions (Luck et al. 2011). The
aggravation of existing environmental and agronomic problemsdue to climate change
will be particularly important for the most vulnerable Mediterranean basin (Cramer
et al. 2018). This region will face the big challenge of meeting higher water demands
with less available water resources. Future warming in the Mediterranean region is
expected to exceed worldwide rates by 25%, with summer warming surpassing the
global rates mean by 40% (Lionello and Scarascia 2018). A global atmospheric tem-
perature increase of 2 °C will probably be accompanied by a reduction in summer
precipitation of around 10–15% in Southern France, Northwestern Spain, and the
Balkans, and up to 30% in Turkey and Portugal (Vautard et al. 2014). On the other
hand, flash floods, caused by short and locally heavy rains that regularly affect the
Mediterranean region, will be aggravated and more frequent (Cramer et al. 2018).

Global changes in climatic seasonality are also affecting the emergence of
pests and diseases and, consequently, plant/pathogen interactions. Besides the
pathosystem-specific effects, there is a growing consensus that elevated tempera-
tures with longer growing seasons will result in pathogen geographic expansion and
enhanced reproductive potential. Both the life-cycle dynamics of the pathogenic
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organisms and the geographic distribution and importance of each disease and crop
are sensitive toweather conditions (Garrett et al. 2006;Miraglia et al. 2009). Thiswill
increase the chances for host range expansion and the rise of a more rapid evolution
of virulent strains, threatening durability of resistance (Engering et al. 2013; Garrett
et al. 2006). In addition, environmental conditions may modulate host susceptibil-
ity/resistance responses to pathogens. Their influence on plant disease severity and
spread might be positive, negative, or neutral, depending on the host/pathogen inter-
action, with some diseases becoming less important and others more important for
particular crops, in particular regions (Elad and Pertot 2014; Velásquez et al. 2018).

The projected increase in global temperature will most likely change the regional
distribution in which a crop is susceptible to a particular pathogen. It is expected that
the ones with cold, heat, or desiccation resistance structures, which inocula over-
winter for the following crop-growing season, will cause more severe and frequent
epidemics (Ma et al. 2015). For the same crop, the life cycle of some pathogensmight
be favored by increasing temperatures, like the one of stem rust of wheat (Puccinia
graminis), while for others, such as yellow rust (P. striiformis), the increase in tem-
perature will be detrimental. However, an already occurring outcome of warming
temperatures is the selection of new pathogen strains better adapted to these tem-
peratures. This is the case of new races of P. striiformis, more aggressive at higher
temperatures that have become more prevalent worldwide in only a few years (Milus
et al. 2009). An increase in temperature can also inactivate temperature-sensitive
resistances in plants (Huot et al. 2017). Elevated temperature breaks down effector-
triggered immunity and promotes disease in many plant-pathosystems (Alcázar and
Parker 2011). As an example, Landa et al. (2006) found that, with an increase in 3 °C,
a fusarium wilt-resistant chickpea variety becomes susceptible. Moreover, different
races ofFusariumoxysporum f. sp. ciceri showeddistinct virulencewith temperature.
Nevertheless, in crops like wheat and pea, some genes were already identified con-
ferring resistance to fungal diseases at higher temperatures (Chen 2013; Fondevilla
et al. 2006).

Other climatic factors, such as increasing atmospheric CO2, may provide greater
biomass in C3 plants, which combined with increased canopy humidity might pro-
mote foliar diseases such as rusts, powdery mildews, leaf spots and blights (Manning
and von Tiedemann 1995). Many plant diseases are less severe under low moisture
conditions. The effects of drought might vary depending on the pathogen life-cycle
stage it occurs. If drought occurs during pathogen germination, sporulation, and dis-
persal, the potential for disease development might be reduced. However, drought
occurring after host infection might favor the disease through reduced host vigor or
by impairing the production of plant defenses (Wakelin et al. 2018).

Climate change effects on the plant/pathogen interaction may be different, and
depending on the degree of physiological interaction, pathogens have with their plant
hosts (Eastburn et al. 2011). For instance, biotrophic and hemibiotrophic pathogens
have extended periods of physiological interaction with their hosts, as they derive
nutrients from living cells. Therefore, the factors that affect plant growth, such as
water deficit, may also affect the colonization of host tissues.
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As described above, climate change effects are already acting on the so-called
disease triangle interplay between pathogens, hosts, and the environment (Zhang
and Sonnewald 2017). Still, exposure to combined abiotic and biotic stresses is
predicted to become more frequent (Kissoudis et al. 2014), with a negative influence
on crop productivity and quality (Scheelbeek et al. 2018). To improve crop yield,
broad efforts are needed to understand mechanisms underlying plant responses to
simultaneous or sequential exposure to different abiotic and biotic stresses. The next
section will focus on the particularities of the drought/soilborne vascular disease
plant interaction responses in legumes.

4 The Challenges of Drought and Soilborne Vascular
Diseases

Grain legumes are key components of the Mediterranean diet (Vaz Patto et al.
2015). Proteins are major components, but grain legume seeds are also rich in
slowly digestible starch, soluble sugars, fiber, minerals, and vitamins, as well as
secondary metabolites such as isoflavonoids, polyphenols, and phytosterols with
potential effect in preventing cardiovascular disease (Arnoldi et al. 2015). The unique
ability of legumes to fix atmospheric nitrogen, thus with little or no requirement for
N-fertilizers inputs, makes grain legumes very appropriate partners in intercropping
systems aiming at a more sustainable agriculture. In the case of Europe, the paradigm
of grain legume production has changed dramatically in the last 60 years. Despite
the nutritional value that grain legumes provide for both humans and livestock, their
cultivation in Europe has been constantly decreasing over the last 50 years (Zander
et al. 2016). In 1961, around 10 million ha were cropped with various species of
grain legumes, namely common bean (Phaseolus vulgaris L.), pea (Pisum sativum
L.), faba bean (Vicia faba L.), chickpea (Cicer arietinum L.), lentil (Lens culinaris
Medik.), cowpea (Vigna unguiculata L.), grass pea (Lathyrus sativus L.), vetches
(Vicia sp.), and lupins (Lupinus sp.). More than half of these crops were for direct
human consumption. Diet change, with increased consumption of meat, and a lack in
modernization and mechanization of the legume farming system in Europe, rendered
legumes less economically attractive to farmers, leading to a drop to less than 5 mil-
lion ha of area currently cultivated with the same legume crops (FAOSTAT 2017).
Indeed, the sensitivity of grain legumes to various pests and diseases and the limited
adaptability of available cultivars to a broad range of environmental conditions, with
consequences in yield potential, have contributed to a lower investment in legume
cultivation compared to competing cereal crops (Rubiales et al. 2015; Siddique et al.
2012). Diseases and pests are frequent in temperate and tropic regions, being impor-
tant factors compromising legume production (Assefa et al. 2019; De Ron 2015).
Drought is currently the most widespread and yield-limiting abiotic stress in many
crops, and particularly in legumes (Vadez et al. 2012), being considered a bigger
threat to legume survival than pathogen infection (Fujita et al. 2006). Drought at
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flowering and reproductive growth stages is estimated to cause 50–70% yield losses,
depending on the legume crop (Farooq et al. 2017).

The sensitivity of grain legumes to drought is associated with leaf senescence,
oxidative damage of photosynthetic apparatus, reduced carbon fixation, inhibited
flowering and reproductive development, sterility of pollen grains and reduced grain
development (reviewed by Farooq et al. 2017). During the last decade, somemolecu-
lar players and physiological pathways underlying water deficit responses of a broad
range of legume species have been elucidated (for a comprehensive review, see
Araújo et al. 2015). As an example, water channel aquaporins have been described
to be involved in drought tolerance in faba bean and common bean (Cui et al. 2008;
Montalvo-Hernández et al. 2008). In chickpea, several transcription factors, such as
DREB2A, AP2/ERF, zinc finger family, MYB domain, WRKY factor, and auxin
response factor, were implicated in water deficit response, with a role in major
metabolic pathways such as ABA, proline, and flavonoid biosynthesis (Hiremath
et al. 2011; Mahdavi Mashaki et al. 2018; Nayak et al. 2009). In common bean,
DREB2 and LEA3 were also identified as candidate targets responsive to drought
(Barrera-Figueroa et al. 2007; Cortés et al. 2012). In cowpea (Vigna unguiculata
(L.) Walp.), several drought stress-inducible genes involved in ABA biosynthesis
were identified, namely cowpea responsive to dehydration (CPRD) genes like dehy-
drin (CPRD22), alcohol dehydrogenase (CPRD12), NADPH-dependent aldehyde
reductase (CPRD14), and lipoxygenase (CPRD46), phospholipase D (VuPLD1) or
9-cis-epoxycarotenoid dioxygenase (Muchero et al. 2010).

Besides drought, fusarium wilts and root rots are major constraints to the pro-
duction of legume crops worldwide (De Ron 2015; Rubiales et al. 2015). The most
important pathogens causingwilt in legumes are various host-specific formsofFusar-
ium oxysporum, whereas causal agents of root rots are mainly F. solani, Rhizoctonia
spp., Verticillium spp., and Aphanomyces euteiches (Bodah 2017; Kraft et al. 1988).
Naturally found in fields, all of these soilborne pathogens directly penetrate roots,
invade the cortex, and colonize the vascular tissue of the host plant. F. oxysporum
and F. solani are responsible for vascular disease in chickpea, common bean, cow-
pea, pea, and lentil in most growing regions (Afouda et al. 2009; Chaudhary et al.
2006; Chen et al. 2016). Their development is favored by warm and dry conditions
and visual symptoms include rotting of the root system, wilting, stunting, chlorosis,
and lesions on the stem and/or leaves of infected plants. Fusarium spp. can survive
in the soil for extended periods in the absence of the host, mainly in the form of
thick-walled chlamydospores (Coleman 2016; Di Pietro et al. 2003). On the other
hand, Rhizoctonia spp., Verticillium spp., and Aphanomyces euteiches are favored by
humid and cooler climate as found in northern Europe and North America and are
major constraints in the production of cool-season legumes such as pea, chickpea,
lentil, or faba bean (Kraft and Pfleger 2001; Wu et al. 2018). The symptoms are
similar to those of fusarium wilt, with generalized wilting, dark brown lesions above
the collar region on the main stem and lower branches, and drooping of petioles and
leaflets (Nene et al. 2012).

To understand the molecular mechanisms and genetic control of legume resis-
tance to some of these pathogens, quantitative trait loci (QTL) mapping studies have
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been described. Regarding root rot, genomic regions associated with F. solani f. sp.
phaseoli, R. solani, and A. euteiches partial resistance were detected in common
bean (Hagerty et al. 2015; Kamfwa et al. 2013; Oladzad et al. 2019; Schneider et al.
2001). In pea, several QTLs associated with resistance to F. solani f. sp. pisi and to A.
euteicheswere reported (Coyne et al. 2019; Desgroux et al. 2016; Hamon et al. 2011,
2013; Pilet-Nayel et al. 2005). Moreover, a major QTL conferring partial resistance
to Verticillium wilt was identified in the model legume Medicago truncatula (Ben
et al. 2013). In the case of fusariumwilt, QTLs were identified in chickpea associated
with F. oxysporum f. sp. ciceris, in cowpea associated with F. oxysporum f. sp. tra-
cheiphilum, and in lentil associated with F. oxysporum f. sp. lentis partial resistance
(Hamwieh et al. 2005; Pottorff et al. 2012; Sabbavarapu et al. 2013; Sharma et al.
2004).

5 Interaction of Drought and Soilborne Vascular Diseases
in Grain Legumes. What Is Known so Far?

Little is known concerning the complex details underlying the abiotic/biotic inter-
actions in legumes. Among the few reports available, there is one on the model
legume M. truncatula (ecotype Jemalong A17), where simultaneous drought and
spider mite attack (Tetranychus urticae) stresses were applied and biochemistry
assays and gene expression analysis performed to understand the chemical defense
responses involved.An increase in the production of peroxide (representative ofROS)
was observed, which enhanced signaling processes and accumulation of antioxidants
and osmoprotective compounds, such as proline (Antoniou et al. 2018).

In common bean, Ambachew et al. (2015) described the negative effect of com-
bined drought stress and Ophiomyia spp. (bean fly) infestation on the mean seed
yield and leaf chlorophyll content. This study examined trait interrelations among
two diverse recombined inbred line populations resulting from crosses of parental
lines of different gene pools of origin, for the combined effect of drought and bean fly
infestation. The authors concluded that vertical root pulling resistance, stem diame-
ter, and pod harvest index should be included as selection criteria for improving seed
yield in common beans under drought and bean fly infestation conditions.

Enhanced resistance to powdery mildew (Erysiphe pisi) induced by ozone expo-
sure has been demonstrated using two pea cultivars (Rush and Laurence 1993).
Although plant defense mechanisms induced by the ozone exposure were not
unveiled, the authors concluded that it was not correlated with pisatin content, a
pea phytoalexin.

Plant/water relations influence plant defense, with stomatal regulation having
a critical role (Beattie 2011). Under drought environments, plant/pathogen inter-
action can inhibit the normal ABA-mediated stomatal closure response of plants
to drought, with a clear impact on crop performance (Grimmer et al. 2012). Both
pathogen infection and plant host resistance mechanisms can result in alterations
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in guard cell regulation of stomatal aperture. A wide range of foliar fungi has been
described to disrupt the cuticular or stomatal regulation of transpiration, thus affecting
legume/water relations. For example, Erysiphe pisi in pea, Uromyces appendicula-
tus and Colletotrichum lindemuthianum in common bean, and Botrytis fabae in faba
bean were described to cause a decrease in the stomatal aperture during the day or
impairment of stomatal closure during the night (reviewed by Grimmer et al. 2012).
The negative influence of foliar pathogens decreasing net photosynthesis and water
use efficiency, defined as the ratio of CO2 assimilation rate to transpiration rate at
the leaf level, was also described in different legume-pathogen systems: Bean yellow
mosaic virus in faba bean (Radwan et al. 2008), Phaeoisariopsis griseola and U.
appendiculatus in common bean (Jesus-Junior et al. 2001; Meyer et al. 2001), or E.
pisi in pea (Ayres 1976).

Drought stress has a known agronomic interaction with soilborne pathogens that
infect roots causing vascular diseases in grain legumes. For instance, drought stress
was reported to increase the incidence of R. bataticola and F. solani in chickpea
(Sinha et al. 2019). In this work, the combination of drought and two fungal diseases
reduced the primary root length, crop growth, and ultimately yield, as compared
to the situation in which drought was combined with a single pathogen stress. In
common bean, the simultaneous exposure of plants to drought stress and to the
fungal pathogenMacrophominaphaseolina (causal agent of charcoal rot and seedling
blight) resulted in a higher leaf transpiration rate and temperature when compared
to plants subjected only to drought stress (Mayek-Pérez et al. 2002). Furthermore,
QTLs have been reported in pea governing both drought resistance and resistance to
the root parasitic weedOrobanche crenata, suggesting that they might be controlling
water and solute losses due to drought or O. crenata presence (Iglesias-García et al.
2015). In this context, it is worth to mention that often drought stress results in root
exudation of amino acids and carbohydrates, which become available for priming
plant and soil microbial activity after rewetting (Karlowsky et al. 2018). Actually,
these exudates have been reported as a source of nutrients for the growth of soilborne
pathogens (Duniway 1977). More recently, Bani et al. (2018) described how pea
root exudates can modulate, either stimulating or inhibiting F. oxysporum spore
germination. In this study, pisatin was identified as having an important role in
the constitutive antifungal defense of pea, and its amount in the root exudates was
negatively correlatedwith the extent ofF. oxysporum germination. On the other hand,
pathogen infection also modulates the root exudates profile, leading to the recruiting
of beneficial rhizosphere communities, with an effect on the resistance of subsequent
plant populations growing in the same soil (Yuan et al. 2018).

The identification and location of genes controlling the interaction of multiple
traits in grain legume species is still an important missing information in the present
context of climate change. The molecular mechanisms behind multiple stress inter-
actions have been studied until now using mainly model plants like Arabidopsis,
tomato, and tobacco (Atkinson et al. 2013; Kissoudis et al. 2015; Prasch and Son-
newald 2015) (see Sect. 2 in chapter “Fabaceous Plants Under Abiotic Stresses and
Biochemical Functions of Micronutrients” for more details).
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In A. thaliana model plant, a genome-wide association study (GWAS) analyzed
contrasting and similar responses to a set of different abiotic and biotic stresses,
applied as single or double stresses, including the combination of drought with the
necrotrophic fungal pathogen Botrytis cinerea (Thoen et al. 2017). Many of the
candidate genes identified in this study were involved in phytohormone-mediated
processes, highlighting the role that phytohormones play on biotic/abiotic stress
responses. Another GWAS identified key genes related to the A. thaliana adaptive
responses to B. cinerea under sequential drought stress (Coolen et al. 2019). As a
major outcome, this study showed that genes involved in JA biosynthesis and plant
invertase/pectin methylesterase inhibitor were playing a role in resistance to both
stresses. The interaction of drought with herbivory by caterpillars of Pieris rapae
in Arabidopsis was also analyzed by GWAS (Davila Olivas et al. 2017). This study
demonstrated the role played by bHLH transcription factors (e.g., MYC family),
which were considered major regulators of JA- and ABA-mediated responses, insect
resistance, and drought responses.

Attempts to understand the molecular mechanism underlying the interaction
between soilborne pathogens causing vascular diseases and drought in legumes are
now giving the first steps. Sinha et al. (2017) investigated the effects of the combina-
tion of water deficit and a bacterial wilt disease (caused by Ralstonia solanacearum)
in chickpea using a transcriptomic approach. Genes implicated in osmoprotectant
and phytohormone biosynthesis, signaling, xylem differentiation, and cellulose and
lignin deposition were found differentially expressed. In another work, an increase
in osmoprotectants such as sugars, with a concurrent decrease in many organic acids
such as citric acid and malic acid were described forM. truncatula plants subjected
to drought and F. oxysporum (Dickinson et al. 2018).

Plant responses to a combination of abiotic stress (e.g., drought) and pathogen
infection strongly depend on the pathogen and crop involved, plant developmental
stage, and intensity and duration of each stress (Rejeb et al. 2014). The limited data
available on plant responses in general, and on grain legumes in particular, under abi-
otic and biotic stress combinations, makes essential and urgent a better understanding
of themolecularmechanisms used by these particular plant species to balance growth
and defense against diverse combinations of environmental constraints to maximize
grain legumes fitness through plant breeding (Huot et al. 2014). The insufficient
understanding of the complex molecular mechanisms of plant response to simul-
taneous stresses supports the need for an integrated approach combining functional
genomics to accurately identify keygenes andbiomarkers regulatingmulti-tolerances
in legume breeding programs.
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6 Future Perspectives in Legume Abiotic/Biotic Stress
Integrated Resistance Breeding

The availability of multi-stress-resistant legume varieties would decrease pesticide
application and increase legume production under harsh environments, making them
pillars for the development of sustainable agriculture.

Available data and projections on the effect of climate change highlight an increase
in the chances of plants encountering abiotic and/or biotic stress, with more frequent
stress interactions (Kissoudis et al. 2014). Under this stressed environment scenario,
breeding in legumes should be guided, primarily by biotic and abiotic stress resis-
tance, to provide stability to high yield potential. However, breeding efforts must
be aligned/combined with the need to maintain particular quality traits and market
class characteristics, which are essential for meeting consumer preference in various
markets (Assefa et al. 2019; Vaz Patto et al. 2015).

Goals regarding biotic and abiotic stress resistance tend to be specific to a partic-
ular location, varying, for example, according to the temperature, soil fertility, and
water availability. However, some constraints are becoming common to all legume
production regions. Examples are various root rot and wilt diseases that are world-
wide problems, intensified by the more frequent water scarcity (Elad and Pertot
2014).

Additionally, biological control using antagonistic fungal and bacterial agents
against pathogens has received increasing attention and might be a valuable ally
to plant defense and an integrated resistance breeding. The ability of several Tri-
choderma spp. to control Fusarium solani, Pythium aphanidermatum, Rhizocto-
nia solani, Macrophomina phaseolina, and Sclerotium rolfsii in mungbean (Vigna
radiata L.) and faba bean has been tested with promising results (El-Mougy and
Abdel-Kader 2008; Ramzan et al 2016). Also, the combination of soil treatment
with Trichoderma spp. with seed coating with thiophanate-methyl reduced the inci-
dence of F. solani and F. oxysporum in common bean (Abd-El-Khair et al. 2019).
The authors demonstrated a positive correlation between the biocontrol activation of
Trichoderma isolates and the enhancement of peroxidase, polyphenoloxidase, and
chitinase enzymes in bean plants to resist infection with soilborne pathogens. Fur-
thermore, the use of plant growth-promoting rhizobacteria may support the plant’s
ability to tolerate abiotic stresses and boost crop yield (Enebe and Babalola 2018).
Some drought-resistant rhizosphere competent bacteria are known to improve plant
health and promote growth during abiotic stresses. For example, Rhizobiumwas able
to promote plant growth, nutrient content, and increased yield in drought-stressed
common bean (Yanni et al. 2016), whereas Pseudomonas putida was shown to ame-
liorate drought stress effects and assist recovery in chickpea by enhancing osmolytes
and ROS production, and up-regulation of various stress-responsive genes (Tiwari
et al. 2016).

The success of plant breeding over the past century has been associated with
a narrowing of the available genetic diversity within elite germplasm, particularly
for some species such as peanut and soybean. To overcome the yield potential and
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stability gap in stressed environments, new sources of variation are needed and these
include landraces and wild relatives of crop species (Tester and Langridge 2010).

Pea, faba bean, lentil, grass pea, and chickpea are some of the world’s oldest
domesticated crops that arose in the Fertile Crescent of Mesopotamian agriculture
(Smýkal et al. 2015). Common bean, on the other hand, has a particular evolutionary
history, with two geographically isolated and genetically differentiated gene pools
independently domesticated in the Mesoamerican and in the Andes (Bitocchi et al.
2013). Since the domestication of these legume species, many landraces have been
developed encompassing much of the original diversity, plus accumulated muta-
tions and genetic recombination. Traditional landraces that are well adapted to local
environmental conditions may represent important sources of combined biotic and
abiotic resistance.

Legumes (grain and forage) constitute the second largest group of crop world
accessions conserved in gene banks (1,041,345 accessions, 15% of all) after cereals
(FAO 2010). However, there is an urgency to ensure that the diversity in legume
landraces is sampled and conserved in ex situ gene banks, especially as farming
becomes dominated by modern uniform cultivars, resulting in the erosion of crop
genetic diversity. A similar caution also applies to the in situ populations of wild rel-
atives (Smýkal et al. 2015). For an efficient use of these underexplored plant genetic
resources in the context of multi-stress resistance, we need to expand the pheno-
typing and genotyping of these germplasm collections, increase our understanding
of the molecular basis for key resistance/tolerance traits, and develop new breeding
strategies that allow introgression of multiple traits (Feuillet et al. 2008).

7 Conclusion

Breeding for resistance against multiple stresses is a challenge. Each abiotic
stress/pathogen/host combination should be treated independently as, despite the
potential universal applicability of some interactions, many unique interactions may
be crucial for the phenotypic response (Kissoudis et al. 2014). Since genotype-by-
environment interactions indicative of adaptive plasticity cannot be assessed in non-
stress conditions, to uncover beneficial alleles in key genes, the multi-trait screening
of these genetic resources should be performed in combined stress environments
(Kissoudis et al. 2016). According to Berens et al. (2019), special attention should
also be given to the effect of different plant development stages in the outcome of
the stress interaction.

The success in developing legume varieties resistant to abiotic/biotic stresses
depends not only on the availability of good sources of resistance but also on the
inheritanceof the resistance.The identification and locationof genes controlling these
traits may be accomplished by association mapping studies based on the existing
natural variation, validated by functional analysis using transcriptomic, proteomic,
and metabolomics data of contrasting accessions (Davila Olivas et al. 2017; Thoen
et al. 2017). As already mentioned, it is also essential that these genetic studies are
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performed under combined stress conditions (Bai et al. 2018). By analyzing several
traits simultaneously, these studies enabled a comprehensive and integrative view of
the genetic architecture and molecular pathways underlying combined abiotic and
biotic stress resistance in legumes (Dickinson et al. 2018; Sinha et al. 2017).

The search for the molecular mechanisms behind the abiotic/biotic stresses inter-
actions has been the main driving force of some research consortium established
in the past. One example is the ABSTRESS European FP7-KBBE project, which
aimed to explore the gene networks implicated in the interaction of drought stress
and fusarium infection in legumes by combining integrated systems biology and
comparative genomics approaches (ABSTRESS).

The omics combination will narrow down the number of candidate genes for
combined stress tolerance, identifying major regulatory hubs, such as transcription
factors (Kissoudis et al. 2014). Besides the deployment of these individual common
regulators in novel varieties, an educated pyramiding of non-(negatively) interacting
resistant components appears as an alternative breeding strategy to achieve tolerance
to combined stress in crops. These might be disease resistance genes (R-genes)
and inducible abiotic stress resistance genes involved in physical barriers against
pathogen penetration (Bai et al. 2018; Kissoudis et al. 2014). Resistance to pathogens
seems to be genetically simpler than tolerance to abiotic stresses, such as drought, as it
is often conferred by singlemajor genes (Kissoudis et al. 2016). In this way, amarker-
assisted backcross could be the first step in the development of multi-stress-tolerant
varieties with the prerequisite of testing the stability of R-genes under different
stress scenarios. The subsequent introgression of quantitative abiotic stress resistance
governed by several minor genes/QTLs will be more challenging. However, with the
advances in genomic selection research for complex traits in many crops, as well
as in legumes (Annicchiarico et al. 2019; Roorkiwal et al. 2018; Varshney et al.
2019), this might become an alternative to achieve balanced signaling pathways
in novel varieties, contributing to a sustained performance of crops under diverse
environmental conditions.
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Leguminosae (nom. alt. Fabaceae)—Its
Diversity, Use and Role in Environmental
Conservation in the Harsh Environs
of the Cold Deserts of North-West India

Vaneet Jishtu and Gurinderjit Singh Goraya

Abstract Leguminosae, known as the legume, pea or bean family, form one of
the most diverse, climatically resilient, and socio-economically important group of
flowering plants in the trans-Himalayan cold deserts. Whereas many of the native
plants belonging to the genera Caragana and Astragalus, form vast expanses of low
thickets in the region holding on to the dry soil and forming food source both to the
wild fauna and the domestic livestock.Many of the cultivated legumes like pea, chick
pea, clovers and a variety of beans have adapted well to the harsh climes of the region
adding to the socio-economy of local communities. The Leguminosae also form one
of the important sources of fodder and fuel wood, while many of its taxa are also used
in religious rituals and as popular folk medicine. This work on Leguminosae (nom.
alt. Fabaceae) from the trans-Himalayan cold desert areas of the north-west and
western part of India is based on the published floristic and ethnobotanical accounts
from the region, supplemented with information gathered by the authors during their
visits to the area over a period of more than twenty years. The work has resulted in
upgrading the floristic and ethnobotanical documentation of the Leguminosae from
the region.

Keywords Economic botany · Biodiversity · Fuelwood and fodder · Cold desert ·
Desertification

1 Introduction

The Leguminosae (nom. alt. Fabaceae) family is economically interesting in the
Indian cold deserts and many plants are valued as food, fodder, fuelwood, and as folk
medicine. Hardy shrub species viz.Caragana spp., occupying high alpine dry slopes,
in addition to checking desertification in the cold deserts, are the mainstay food of

V. Jishtu (B)
Himalayan Forest Research Institute, Conifer Campus, Panthaghati, Shimla 171013, HP, India
e-mail: vjishtuv@gmail.com; coolbotanist@yahoo.com

G. S. Goraya
Himachal Pradesh Forest Department, Former PCCF & HoFF, Himachal Pradesh, Talland, Shimla
171002, HP, India

© Springer Nature Singapore Pte Ltd. 2020
M. Hasanuzzaman et al. (eds.), The Plant Family Fabaceae,
https://doi.org/10.1007/978-981-15-4752-2_10

261

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-4752-2_10&domain=pdf
mailto:vjishtuv@gmail.com
mailto:coolbotanist@yahoo.com
https://doi.org/10.1007/978-981-15-4752-2_10


262 V. Jishtu and G. S. Goraya

herbivore fauna. These Caragana shrubs have also been collected for hundreds of
years as fuelwood in this treeless region. The roots, leaves, and fruits of some taxa
are medicinally important, while some taxa like Cicer microphyllum are valuable
fodder stored for winters.

Indian north-west and western Himalaya has a good representation of Legu-
minosae, especially in the cold desert regions covering Ladakh, northern parts of
Himachal Pradesh, and north-western Uttarakhand. Leguminosae is a large family
and stands tall among the dominant families of flowering plants across the globe.
Varying numbers of genera and species ranging from 550 to 690 genera and 12,000
to 19,500 species have been cited by various workers (Airy-Shaw 1966; Hutchinson
1964 and Melchior 1964; Judd et al. 1999; LPWG 2017; Anonymous1). In India,
1252 legume species distributed in 199 genera have been documented from across
the tropical and the temperate regions. Srivastava and Shukla (2015) have docu-
mented 93 species and two varieties of legumes distributed in 24 genera from the
trans-Himalayan cold deserts of the north-western India.

Most diverse genera in Leguminosae is Astragalus L., a large genus of over 3000
species of herbs and small shrubs and is probably the largest genus of flowering plants
across the globe (Lock and Simpson 1991; Mabberley 1997; Maassoumi 1998; Ran-
jbar and Karamian 2002; Chaudhary et al. 2008). In India, about 80 species of Astra-
galus L. have been documented (Chaudhary et al. 2008); of which 75 species occur
in the north-western and western Himalayas, one of the main centers of diversity
for this genus (Hooker 1872–1897). This statement is strengthened by the fossil and
phylogenetic evidence, which suggests that the legumes originally evolved in arid
and/or semi-arid regions along the Tethys seaway during the early Tertiary (Schrire
et al. 2005). In India, 40 species of Astragalus have been reported from the cold
deserts (Srivastava and Shukla 2015), 22 species of this genus have been reported
from Lahaul and Spiti (Aswal and Mehrotra 1994), and 17 species from the Pin Val-
ley National Park (PVNP) in Spiti (Chandra Sekar and Srivastava 2009). The genus
Astragalus is also well represented in the neighboring countries, with 135 species
reported from Pakistan (Anonymous2) and 167 genera and 1673 species reported
from China (Anonymous3). Of late, some species from these genera have been relo-
cated to some other genera like Ophiocarpus (Bunge) Ikonn., Podolotus Benth., and
Podlechiella Maassoumi and Kaz. Osaloo; for example, Astragalus marschallianus
is now Astracantha denudata (Steven) Podlech., Astragalus strobiliferus now Astra-
cantha strobilifera (Benth.) Podlech. (Ranjbar and Karamian 2002; Chaudhary et al.
2008; Anonymous4).

Another, important genus from this family in the cold deserts is Caragana L.,
which is represented by more than 100 species worldwide of which 66 are recorded
from China alone (Kumar et al. 2016). In India, we have ten species reported with

1http://lib.unipune.ac.in:8080/xmlui/bitstream/handle/123456789/7452/04_chapter%201.pdf.
Accessed on 19 Nov 2019.
2http://www.efloras.org/florataxon.aspx?flora_id=5&taxon_id=102978. Accessed on 18Nov 2019.
3http://www.efloras.org/florataxon.aspx?flora_id=2&taxon_id=10335. Accessed on 18 Nov 2019.
4http://www.theplantlist.org/.

http://lib.unipune.ac.in:8080/xmlui/bitstream/handle/123456789/7452/04_chapter%201.pdf
http://www.efloras.org/florataxon.aspx%3fflora_id%3d5%26taxon_id%3d102978
http://www.efloras.org/florataxon.aspx%3fflora_id%3d2%26taxon_id%3d10335
http://www.theplantlist.org/
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three species from the cold desert regions of NW India (Srivastava and Shukla 2015)
of which C. versicolor being the most dominant among them. However, today some
species from the genus are re-allotted into other genera, e.g., Caragana cuneata
(Benth) Baker is now Chesneya cuneata (Benth.) Ali, Caragana moorcroftiana
Benth., now treated as Sophora moorcroftiana (Benth.) Baker, Caragana nubi-
gena (D. Don) Bunge as Spongiocarpella nubigena (D. Don) Yakovlev. Oxytropis
is the other genera with around ten species reported from the region, while the other
genera have limited number of species. The other major genera in the region include
Chesneya,Cicer,Colutea,Lotus,Medicago,Melilotus,Pisum, Sophora,Thermopsis,
Trifolium, Trigonella and Vicia.

The facts provided above highlight the importance of working out the Legumi-
nosae diversity, its use, and the vital role it plays for environmental conservation in
the harsh environs of the cold deserts of North-West India, also often referred to as
the Trans-Himalayan cold deserts.

2 Geography and Vegetation

The Indian cold deserts in the north-western and western part of the country encom-
pass the trans-Himalayan regions of the Union Territory of Ladakh, Lahaul and Spiti
district and Pooh Sub-Division of Kinnaur district in Himachal Pradesh, and a small
region of Uttarakhand (include Nilang, Mana and Niti valleys in Garhwal and Johar,
inner Darma and Byans valleys in Kumaun). This region occupies a position of great
bio-geographical and geostrategic importance, bordered by Pakistan, China, and the
westernmargin of the Tibetan Plateau. The cold deserts in India lie in between 31°44′
to 36°0′ N latitude and 75°15′ to 80°15′ E longitude with a total geographical area
which comes under the cold desert in this region is approximately 74,809 km2 (Jishtu
et al. 2003) (Table 1).

The geology of the cold deserts has great variations; as a result, the soil found here
undergoes significant changes, dependingmainly upon the topography, terrain, parent
rock, and the nature and type of vegetation. The principal soil types encountered in
the cold desert regions are red and black soils (light to dark brown), ferruginous
red soils (red), brown forest soils, mountain and hill soils, the high altitude meadow
soils, and the alpine soils. Physically, these soils are coarse (gravelly loamy sand)
to fine (silty clay loam), shallow to deep and moderate to poor in mineral nutrients
(Sharma et al. 2006). The pH of these soils generally ranges between 6 and 10, with
a high degree of variability in soil properties is however evident from one valley to
the other.

The region is apparently devoid of any monsoonal precipitation, and most precip-
itation otherwise is in the form of snow during the prolonged winter months; annual
precipitation in general is normally less than 200 mm. Mean temperatures are below
0 °C from November to March (going up to −70 °C in Dras, while summer temper-
atures are high (peaking up to 40 °C). These physiographic peculiarities and ensuing
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Table 1 Statewise distribution of cold deserts in India

State Cold desert
region

Lat. (N) Long. (E) Approx. area
(km2)

Jammu and
Kashmir

Leh and Kargil
district of
Ladakh

32° 15′–36° 75° 15′–80° 68,321 km2

(With
27,555 km2

Chinese and
Pakistan
occupation)

Himachal
Pradesh

Lahaul and Spiti
district. A small
pocket of
Bharmour in
Chamba district

31° 44′–32° 59′ 76° 46′–78° 44′ 6488 km2

Uttaranchala Small pocket in
the Janvi valley
of Uttarkashi
district

Sikkima Barren northern
tip

aInformation about the approximate area of cold deserts in these states is not available

harsh climatic conditions have led to the emergence of a unique cold desert ecosys-
tem as well as culture of the community, which is unlike any other in the world
(Anonymous5). This ecosystem is also home to highly adaptive, rare endangered
fauna such as Asiatic Ibex, Tibetan Argali, Ladakh Urial, Bharal, Tibetan Antelope,
Tibetan Gazelle, Wild Yak, Snow Leopard, Brown Bear, Tibetan Wolf, Wild Dog,
Tibetan Wild Ass and the Black Necked Crane, along with the flora which is rich in
endemic and economically important species (Anonymous6; Kala 2000).

These cold deserts encase deep incised valleys offering inhospitable terrain and
climate, but providing life sustaining ecosystem services to local communities such
as timber, fuelwood, fodder, medicine, and food. Because, of the remoteness and dif-
ficult terrain, the basic developmental services like transport, health, and education
are hindered. Furthermore, the local environment too is very harsh, with unexpected
fluctuations in seasonal temperature, light intensity, and ultraviolet (UV) radiations,
along with thin rarefied air. Due to this remoteness of the region, the welfare pro-
grammes and facilities provided by government take time to reach them or at times
left out. Therefore, majority of the communities residing in the far flung remote
valleys of the region are considered among the poorest. Because of this, in such
circumstances, local communities have relied on the available native plant-based
traditional means for their day-to-day livelihood sustenance. Their tried and tested

5https://whc.unesco.org/en/tentativelists/6055/. Accessed on 15 Nov 2019.
6http://environmentportal.in/files/India_Fourth_National_Report-FINAL.pdf. Accessed on 15 Nov
2019.

https://whc.unesco.org/en/tentativelists/6055/
http://environmentportal.in/files/India_Fourth_National_Report-FINAL.pdf
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knowledge of the nearby natural resources utilization to meet their day-to-day living
has always been more or less sustainable.

Due to prolonged and extreme cold winters, the agriculture season is very short
which starts from May and ends by September depending upon different altitudes.
The cold desert thus, represents a diverse and characteristics vegetation distributed
over a wide range of topographical variation from dry scree slopes to moist river
valleys. The high endemism of its flora and fauna justifies the diversity and unique-
ness of the Indian trans-Himalaya. The great variation in elevation, temperature,
precipitation and harsh physical parameters have resulted in a diversity of biotic
communities with a relatively unique flora of flowering plants, well adapted to the
region (823 species including grasses and sedges (Stewart 1917); 662 species from
Ladakh (Kachroo et al. 1977); 700 species (Chaurasia et al. 2011); 647 species
from Ladakh (Kala 2011); 1195 species (plus 30 sub species, 42 varieties, and 1
forma) from Ladakh (Srivastava and Shukla 2015); 985 species from Lahaul and
Spiti (Aswal andMehrotra 1994); and 513 species from PVNP, Spiti (Chandra Sekar
and Srivastava 2009).

Vegetation is overwhelmingly herbaceous—comprising of a few tree species and
some shrub species. Trees and shrubs, particularly Juniperus and Betula utiliswhich
have aromatic as well as medicinal properties seem to have been over harvested.
Additionally, manmade forests of Populus, Salix,Hippophae andMyricaria can also
be seen along river banks, rivulets, and smaller streams. The region in general sup-
ports very scanty and highly specialized vegetation, characteristic to the cold desert
ecosystem.

The flora of the cold deserts is dominated by xerophytes (Chaurasia and Singh
1996), well adaptive to extreme cold weather. There are three main elements in the
flora of the region: oasitic, desert steppe and alpine arid rangelands, which in itself
are easily recognizable and separable (Stewart 1917). Oasitic vegetation is restricted
to small patches in moist niches, more abundant at intermediate and lower altitudes,
especially along streams and rivulets. Desertic vegetation is suited to dry, a sandy,
and rocky arid slopes that have adaptations to store water in its tissues and dense
hairs, waxy, or modified leaves to reduce transpiration. Alpine vegetation is adapted
to the harsh environment with low temperatures, dryness, ultraviolet radiation and
a short growing season. It includes perennial grasses, sedges, forbs, cushion plants,
mosses and lichens (Fig. 3).

The life-form spectrum in the cold deserts under reference reflects desert steppe
and steppe vegetation (Klimes 2003). It has been reported by earlier workers that the
members of Leguminosae do favor steppe vegetation; in regions where trees are rare
the shrubby and herbaceous members become important features of vegetation. The
vegetation consists mainly of hemicryptophytes—herbaceous perennials, including
sedges and grasses, which produce perennating buds at the soil surface, buds being
protected by leaf or stembases. They are followed by therophytes—annual plants that
complete their life cycle in a short favorable period and survive the major part of the
harsh environmental conditions as seed. The rest of the life forms like hamaephytes,
geophytes, phanerophytes, and hydrophytes are limited in number (Dickoré and
Miehe 2002; Rawat 2008; Kumar et al. 2016).
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3 Representation of the Legumes in the Cold Desert
Regions: Some Analytic Studies

TheLeguminosae formone of the largest groups of plants in the trans-Himalayan cold
deserts and play a very significant role in the socio-economy of the region. Some taxa
of this family play a vital role for energy production in this region, whereas many
others form a crucial source of fodder (Fig. 4).

The work incorporates information from various valid publications especially
floras as standard references including Hooker (1872–1897), Stewart (1916, 1917),
Ali (1977), Kachroo et al. (1977), Dhar and Kachroo (1983), Polunin and Stainton
(1984), Aswal and Mehrotra (1994), Chaurasia and Singh (1996a, b 1998, 2001),
Klimes and Dickoré (2005), Chandra Sekar and Srivastava (2009) and Srivastava and
Shukla (2015), besides other valid publications.

General ethnobotanical information is based on the studies on the subject carried
out by various authors (Buth and Irshad 1988; Sood et al. 2001; Samant et al. 2011;
Ballabh et al. 2007; Chaurasia et al. 2008; Samant et al. 2011; Ahmad et al. 2015;
Saroya 2017; Nautiyal et al. 2018).

In the latest and the most comprehensive work on the plants of cold deserts,
Srivastava and Shukla (2015) have documented 95 taxa of legumes from the region.
The present study enlists a total of 114 plants in 29 genera as a consolidated list from
the cold desert region (Table 2).

From the list given above as Table 2 and its graphical representation in Fig. 1, it is
observed that the major genera are Astragalus (57%) with 39 species and Oxytropis
(18%) with 12 species, together accounting for almost 75% representation of the
legumes in the cold desert regions of the Indian trans-Himalaya. These observations
are in agreement with the earlier studies on floristics from the region as mentioned
ahead. Stewart (1916–1917), documented 59 species from Leguminosae of which
28 belonged to the genus Astragalus alone, accounting for almost 48%. Oxytropis
followed distant second with only seven species (12%). These two genera are more
numerous and common in the Russian parts of Central Asia too (Grubov 2003). Flora
ofLahaul Spiti (Aswal andMehrotra 1994), documents 53 species fromLeguminosae
of which 22 belonged to the genus Astragalus alone, accounting for almost 42%.
Oxytropis followed distant second with only six species (12%). The flora of the cold
desert by Srivastava and Shukla (2015) documents 93 species with two varieties in
24 genera of legumes from the cold deserts. The genus Astragalus accounts for 40 of
these species (43%),whereas the genusOxytropis is represented by 11 species and the
genus Caragana is represented by three species. It is also clear from the graphical
representation that 11 genera are represented only by a single species while nine
genera have just two species each.

The genera Astragalus is the most predominant followed by Oxytropis, even
though two species from Astragalus are now placed in the new formed genera
of Astracantha while two members of Caragana are now shifted to the genus
Spongiocarpella (Anonymous4).
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Table 2 Consolidated list of Leguminosae from the cold desert region under review

Sl. No Plant name Habit

1 Astracantha denudata (Steven) Podlech Herb

2 Astracantha strobilifera (Benth.) Podlech Under shrub

3 Astragalus amherstianus Benth. Herb

4 Astragalus arnoldii Hemsl. & H Pearson Herb

5 Astragalus bicuspis Fisch. Under shrub

6 Astragalus chlorostachys Lindl. Under shrub

7 Astragalus coluteocarpus Boiss. Herb

8 Astragalus confertus Bunge Herb

9 Astragalus densiflorus Kar. & Kir. Herb

10 Astragalus drasianus H.J. Chowdhery, Uniyal & Balodi Herb

11 Astragalus falconeri Bunge Herb

12 Astragalus frigidus (L) A. Gray Herb

13 Astragalus gracilipes Bunge Herb

14 Astragalus grahamianus Benth. Under Shrub

15 Astragalus graveolens Benth. Under Shrub

16 Astragalus hendersonii Baker Herb

17 Astragalus heydei Baker Herb

18 Astragalus himalayanus Klotzsch Herb

19 Astragalus hoffmeisteri (Klotzsch) Ali Herb

20 Astragalus ladakhensis R.R. Rao & Balodi Herb

21 Astragalus leucocephalus Bunge Under Shrub

22 Astragalus macropterus DC. Under Shrub

23 Astragalus malacophyllus Hort. ex G. Don Herb

24 Astragalus maxwellii Benth. Herb

25 Astragalus melanostachys Bunge Herb

26 Astragalus multiceps Benth. Herb

27 Astragalus munroi Bunge Herb

28 Astragalus nivalis Kar. & Kir. Herb

29 Astragalus ophiocarpus Boiss. Herb

30 Astragalus oplites Benth. ex R. Parker Herb

31 Astragalus oxyodon Baker Herb

32 Astragalus peduncularis Royle Herb

33 Astragalus polyacanthus Benth. Under Shrub

34 Astragalus rhizanthus Benth. Herb

35 Astragalus subuliformis DC. Herb

36 Astragalus subumbellatus Klotzsch Herb

(continued)
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Table 2 (continued)

Sl. No Plant name Habit

37 Astragalus tibetanus Bunge Herb

38 Astragalus tribulifolius Bunge Herb

39 Astragalus webbianus Benth. Herb

40 Astragalus zanskarensis Bunge Under Shrub

41 Astragalus rhizanthus subsp. candolleanus (Benth.) Podlech Shrub

42 Astragalus strictus Benth. Herb

43 Caragana brevifolia Kom. Shrub

44 Caragana brevispina Benth. Shrub

45 Caragana conferta Baker. Shrub

46 Caragana gerardiana Benth. Shrub

47 Caragana polyacantha Royle Shrub

48 Caragana versicolor Benth. Shrub

49 Chesneya cuneata (Benth.) Ali Herb

50 Chesneya popovii Kamelin & Yakovlev Herb

51 Cicer arietinum L. Herb

52 Cicer microphyllum Benth. Herb

53 Colutea nepalensis Sims Shrub

54 Desmodium elegans DC. Shrub

55 Desmodium multiflorum DC. Shrub

56 Hedysarum astragaloides Benth. Herb

57 Hedysarum microcalyx Baker Under Shrub

58 Hylodesmum podocarpum (DC.) H. Ohashi & R.R. Mill Herb

59 Indigofera heterantha Brandis Shrub

60 Lathyrus aphaca L. Herb

61 Lathyrus emodi (Fritsch) Ali Herb

62 Lathyrus sativus L. Herb

63 Lens culinaris Medik. Herb

64 Lespedeza juncea (L.f.) Pers. Herb

65 Lotus corniculatus L. Herb

66 Lotus japonicus (Regel) K. Larsen Herb

67 Medicago edgeworthii Sirj Herb

68 Medicago falcata L. Herb

69 Medicago lupulina L. Herb

70 Medicago polyceratia (L.) Trautv. Herb

71 Medicago polymorpha L. Herb

72 Medicago sativa L. Herb

(continued)
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Table 2 (continued)

Sl. No Plant name Habit

73 Melilotus indicus (L.) All. Herb

74 Melilotus officinalis (L.) Pall. Herb

75 Melilotus albus Medik. Herb

76 Oxytropis cachemiriana Cambess. Herb

77 Oxytropis chiliophylla Benth. Herb

78 Oxytropis densa Bunge Herb

79 Oxytropis humifusa Kar. & Kir. Herb

80 Oxytropis hypoglottoides (Baker) Ali Herb

81 Oxytropis immersa (Baker) B. Fedtsch. Herb

82 Oxytropis lapponica (Wahlenb.) Gay Herb

83 Oxytropis microphylla (Pall.) DC. Herb

84 Oxytropis mollis Benth. Herb

85 Oxytropis pusilla Bunge Herb

86 Oxytropis shivai Aswal, Goel & Mehrotra Herb

87 Oxytropis tatarica Baker Herb

88 Parochetus communis D. Don Herb

89 Phaseolus coccineus L. Herb

90 Phaseolus vulgaris L. Herb

91 Piptanthus nepalensis (Hook.) D. Don Herb

92 Pisum sativum L. Herb

93 Robinia pseudoacacia L. Tree

94 Sophora alopecuroides L. Shrub

95 Sophora moorcroftiana (Benth.) Baker Shrub

96 Spongiocarpella nubigena (D. Don) Yakovlev Shrub

97 Stracheya tibetica Benth. Herb

98 Thermopsis barbata Benth. Herb

99 Thermopsis inflata Cambess. Herb

100 Trifolium alexandrinum L. Herb

101 Trifolium dubium Sibth. Herb

102 Trifolium pratense L. Herb

103 Trifolium repens L. Herb

104 Trigonella cachemiriana Cambess. Herb

105 Trigonella corniculata Sibth & Sm Herb

106 Trigonella emodi Benth. Herb

107 Trigonella foenum-graecum L. Herb

108 Trigonella gracilis Benth. Herb

(continued)
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Table 2 (continued)

Sl. No Plant name Habit

109 Vicia bakeri Ali Herb

110 Vicia faba L. Herb

111 Vicia pallida Hook. & Arn. Herb

112 Vicia sativa L. Herb

113 Vicia tenuifolia Roth Herb

114 Vigna vexillata (L.) A. Rich. Herb

Fig. 1 Genera wise species
distribution

As per the graphical representation above in Fig. 2, it is evident that the native
vegetation is herbaceous with a few shrubs. The table shows a majority are herbs
in habitat (87%) including the under shrubs, with the arboreal elements limited
to just 13%. A single tree is represented by the non-native Robinia pseudoacacia,
which has been planted by the government agencies across the cold desert landscape,
initially under the Desert Development Programme (DDP) of the government during
the 1990s, implemented mainly in the cold desert regions of the state of Himachal
Pradesh.

Fig. 2 Habitwise species
distribution



Leguminosae (nom. alt. Fabaceae)—Its Diversity … 271

Fig. 3 Diverse vegetational elements adapted to the harsh cold desert environment
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Fig. 4 Striking bright flowers of the Leguminosae in the stark landscape of the cold deserts
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The leguminous trees in general are absent from this region and the diversity of
shrubs and herbs is being used by the local communities for meeting the demands
of their fuel wood, fodder, medicine, basket making, agricultural implements, along
with several other traditional usages. Our observations and interaction with people
in the study area suggest that some genera like Astragalus and Caragana can cer-
tainly be considered as keystone species of high conservation concern in the arid
cold desert landscape. In addition to their use by local communities and their role in
binding the loose soil strata, these plants also provide habitat to a variety of birds,
insects and small mammals. Species like Caragana gerardiana and C. versicolor
have been considered as species of high conservation concern as studied under var-
ious research programmes (Rawat 2008; Kumar et al. 2016). The Indian Council of
Forestry Research and Education (ICFRE), through its regional Himalayan Forest
Research Institute (HFRI) at Shimla, has an integrated research programme for the
genera, Caragana, Astragalus and Sophora being undertaken at their field research
station at Tabo (Spiti).

A vivid glimpse of the varied uses, the members of Leguminosae are put to in the
western Himalayan cold deserts is presented below.

3.1 Traditional Medicine

The cold desert region has been traditionally rich in ethnic folklore with distinct
culture as yet undisturbed by external influences. It follows the Tibetan system of
medicine which is also known as the ‘Amchi’ system of medicine that has been
passed on from generations within the village. This indigenous healthcare system
plays a major part in the overall health care of local communities. A large number
of local plants are being used in medicine and general health care and wellness;
below are described in brief the members of the Leguminosae, being used for health
care by the local communities (Buth and Irshad 1988; Bhattacharyya 1991; Gurmet
et al. 1998; Jishtu et al. 2003; Kala 2006; Chaurasia et al. 2008; Ballabh et al. 2008;
Singh et al. 2009; Rawat et al. 2009; Chaurasia et al. 2011; Angmo 2012; Rana
et al. 2014; Abbas et al. 2017; Namtak and Sharma 2018). In modern research, alka-
loids from Sophora moorcroftiana are thought to be a potential drug to treat human
echinococcosis—a parasitic disease caused by tapeworms (Fabian et al. 2018).The
more prominent plants which find use in traditional medicine are listed below in
Table 3.

3.2 Fuelwood

Owing to extreme winters, the fuelwood collected from the wild is the major source
of domestic energy in the cold deserts. Use of shrubs for fuel is a way of life for
the people living in harsh desertic environment (Young et al. 1989). The people in
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Table 3 Legume plants used in local medicine in the cold desert region

Plant species Vernacular name Ethno-medicinal uses

Astragalus rhizanthus subsp.
candolleanus (Benth.)
Podlech

Zomoshing, Sarmang Root as heart stimulant and
also for various skin related
problems
Source of a well known drug
‘Rudanti’ or ‘Rudravanti’
used for tuberculosis, coughs
and blood purifier; also used
for enhancing the
general metabolism

Astragalus annularis Forssk.
(= A. subulatus)

Rungentso Used for a number
of skin-related problems

Astragalus multiceps Benth. Sarmang The entire plant is used as
tonic for treatment of diabetes
and nephritis and also for
colic-related problems in the
abdomen caused by wind or
obstruction of the intestines

A. ladakensis Balak Serpang All parts are used as diuretic

A. himalayanus Klotzsch Kayaba Chhutup Flowers and seed are used in
strangury (symptom
characterized by painful,
frequent urination) and also
in leprosy

A. nivalis Kar. & Kir. Keechu Root is used as blood purifier

A. subuliformis DC. Zomoshing A gum like substance
obtained, is used as diuretic

A. grahamianus Royle ex
Benth.

Rangchawag Root and leaf used for
treatment of many skin
related problems

Astragalus zanaskariensis
Benth.

Chisigma. Roots are sun-dried and
powdered. It is then dissolved
in luke warm milk and given
to expel intestinal worms in
children. Also, the extract of
fresh roots is claimed to be
effective against ring worm
infection

Astragalus chlorostachys
Royle ex Benth.

Zomoshing Tonic, febrifuge and also used
in the cure of tuberculosis

Astragalus rhizanthus Benth. Srad-sa, Sermang, Krelseng Women supposedly chew the
roots to trigger better
lactation. The roots are also
used for treating various
kinds of tumors relating to
the liver, throat, chest and
eyes; besides, treating pain in
the chest and back

(continued)
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Table 3 (continued)

Plant species Vernacular name Ethno-medicinal uses

Astragalus strictus Benth. Serpang Diuretic (increases the flow
of urine)

Astragalus tribulifolius
Bunge

Yanglo Diuretic (increases the flow
of urine)

Sophora moorcroftiana
(Benth.) Baker

Takay vonpo Claimed to act as an excellent
blood purifier. Leaves are
collected fresh and then
boiled in milk, thereafter
cooled. It is taken in the
morning for a week to purify
the blood. The leaves are
also dried and kept in
powdered form for use as an
antiseptic agent as and when
required

Cicer microphyllum Benth. Sari, Serri, Baniyarts,
Vananyarcha, Chiri

All parts used to combat
mountain sickness like high
altitude mountain sickness,
jaundice and stress. Also used
for sore mouth disease in
cattle and tongue infection

Caragana versicolor Benth. Tsaon, Trama, Dam,
Bramswak, Zomoshing

Root is used for curing fever
and throat infections, besides
relief from food poisoning.
Also used locally for
menstrual cramps
(Dysmenorrhea)

Chesneya cuneata (Benth.)
Ali

Bi-gang-bo The roots are antiseptic

Hedysarum falconeri Baker The fresh roots are taken
orally for loss of appetite

Lotus corniculatus L. Mentok All parts anti-inflammatory

Medicago lupulina L. Bu-su-hang-pho, Gunyok All plant parts used in Liver
and lung diseases, kidney
disorder, pneumonia and also
for cure of cough

Medicago sativa L. Yarkandi Ole Seeds used in formulation of
remedies for gynaecological
disorders by Amchi in
Ladakh. Tablets of 1–2 grams
are prepared; administered
orally for Menorrhagia and
other pathogenic diseases in
the uterus

(continued)
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Table 3 (continued)

Plant species Vernacular name Ethno-medicinal uses

Oxytropis lapponica
(Wahl).Gay.

Sumtuk All plant parts used in case of
joint aches.

O. tatarica Baker Shusha All parts of the plant used as
diuretic

Sophora alopecuroides L. Fresh leaves are applied
directly (Topical) for ear ache
and wound healing.

Trifolium pratense L. Bhukshum All parts of the plant used in
cure of cough and other
bronchial problems besides,
venereal diseases

T. repens L. Bhukshum The fresh leaves being
astringent, are applied
directly (Topical) for ear ache
and wounds

Trigonella emodi Benth Bugsug, Kuchona, Ool buk The leaves and stem are used
for fever, anemia and peptic
ulcer; the paste of leaves
is applied on the wounds

Trigonella polycerata L. Tongzil Dried seeds are powdered and
1/2 tablespoon given thrice a
day for three days with hot
water in fever and also for
cough and cold. Used in
diarrhea and as vegetable and
green fodder

Thermopsis inflata Camb. Dugsrad, Bu-su-hang-pho Used for remedy from
various kind of swellings

Melilotus officinalis (L.) Pall. rGya-sPos- dMan-pa,
Bhukshuk

The entire plant is used
during menstruation, for
insomnia, palpitations and
also for wounds, cut and
bruises

these parts spend about seven to eight months literary inside their homes and require
energy to keep themselves warm and comfortable in the harsh environment. Stewart
has reported the use of Caragana pygmea as fuel, way back in 1869 (Bhattacharyya
1991). With little tree flora, the collection of fuelwood is limited to cutting of sturdy
bushes likeCaragana andAstragalus species. In Ladakh andLahaul andSpiti, people
do use shrubs of Hippophae species as fuelwood; however, even it is not enough to
meet the domestic fuelwood demand in the region. Plantations of some non-native
tree species like Robinia pseudoacacia have been raised in homesteads and field
margins to meet fuelwood demand. Major part of the demand is, however, being met
through purchase of fuelwood from the government subsidised Forest Department
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Depots, who get their supply from the lower parts of the state. The consumption
of fuelwood increases during the long winters and gradually decreases during the
short summer season. Local communities collect/extract the shrubs at the end of
growing season and stack them on their mud roofs for winter use. This, stockade
of shrubs on the roof top serve dual purpose, as it also keeps their homes warm
from the continuous snow that accumulates during the long harsh winter. Major
species exploited for their deep roots and branches as fuel wood includes Astragalus
rhizanthus, Caragana brevifolia, C. gerardiana, C. versicolor, Colutea nepalensis,
Robinia pseudoacacia, Sophora mollis and S. moorcroftiana (Fig. 5).

3.3 Fodder

In the cold deserts, livestock forms an important and integral part of their liveli-
hood. Due to a prolonged winter season, livestock fodder is mostly collected during
the short summers and stored. Here, the diversity, utilization pattern, and season of
availability/collection are important for the prioritization of selected wild species for
fodder use. Also, there are limited fodder yielding herbaceous plants and shrubs in
the dry alpine scrubland and moist slopes in the cold deserts. Traditional knowledge
system plays a key role in the use of any plant species as fodder with species prefer-
ence (Nautiyal et al. 2018). The plant that is mostly preferred and thus extensively
collected from the wild as winter fodder is Cicer microphyllum. In the highland pas-
tures, normally above 4000 m, Caragana (mainly C. gerardiana and C. versicolor)
is the most important and highly preferred fodder and fuelwood species. Caragana
is among the few plant species grazed by livestock as well as the wild ungulates
during winter season when the resources are scarce (Kumar et al. 2016). Other
plant species from this family include Astragalus candolleanus, A. chlorostachys,
A. rhizanthus (roots also in this case), Caragana brevispina, Oxytropis humifusa,
O. microphylla, Robinia pseudoacacia, Thermopsisinflata, T. barbata, Trigonella
emodi, Vicia faba (escape from cultivation), V. tenuifolia and V. sativa. Roots of
certain species like Astragalus marschallianus Fisch., are being used as nutritious
fodder for livestock. During winter, the roots of certain plants like A. grahamianus
are dug out and used as fodder. Roots of A. rhizanthus are in popular use as nutritious
fodder for ‘Churu’/’Zomo’ (Yak), especially during the lean period, when all is cold
and dry.

Besides the above-mentioned wild plants, a number of other species are culti-
vated as fodder crops; Trifolium repens, T. pratense,Medicago sativa,M. falcata,M.
lupulina, Melilotus albus, M. indica and M. officinalis (Fig. 6).
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Fig. 5 Shrubs as fuel is a way of life for the communities inhabiting the cold deserts
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Fig. 6 Some important herbaceous fodder species from the Desert Steppe

3.4 Wild Edibles

The leguminous flora of this harsh region is of great importance to the local com-
munities, particularly for edible purpose. The harsh climate, prolonged cold winter
prevailing in this zone always enforced the far-flung inhabitants to search for their
food, shelter, medicine, fodder, and fuel (Ballabh et al. 2007; Chaurasia et al. 2011).
Given in Table 4 are some members of Leguminosae which are edible and more
readily consumed by the local communities.

Table 4 Some Leguminoceae species which are edible and more readily consumed by the local
communities

Plant name Vernacular name Resource use

Caragana brevispina Royle Thama/Thangchhar Fresh buds are consumed raw

Cicer microphyllum Benth. Seri or Srad-Kar Unripe seeds consumed by
shepherds and children; the seeds
also cooked as a vegetable by
Spitians

Lathyrus sativus L. Khesar, Sanma Seeds and pods are eaten raw and
relished

Lathyrus humilis (Ser.) Spreng. Kaown Seeds and pods eaten raw

Trifolium repens L. Shaftal/Kut Leaves are consumed raw

Trigonella emodi Benth. Kuchona Tender shoots used as pot herb
(vegetable)

Trigonella foenum-graecum L. Cultivated in kitchen gardens;
tender shoots/leaves used as pot
herb
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Besides the above-mentioned wild plants, a number of other species are culti-
vated as crops. The major cultivated species from the family include Phaseolus coc-
cineus, P. vulgaris, Pisum sativum, P. s var. pratense, Trifolium repens, T. pratense,
Vicia faba,Medicago sativa,M. falcata,M. lupulina,Melilotus albus,M. indica,M.
officinalis and Vicia faba.

3.5 Other Ethno Botanical Uses

Besides, the above-mentioned uses, the other plants of Leguminosae that find use in
the day to day life of the communities are given in Table 5.

Theuse of plants described above showcase hownative communities have intrinsic
value on all living organisms and their natural environment; reflected by the way
they deal with nature and further supplemented by their attitude toward this natural
environment.

3.6 Ecology and Desertification

Various plant communities have been an integral part of the cold deserts for millennia
and thus the ecology of this unique biome remains an important part. Biodiversity
plays an important role in this ecosystem as most species that live and thrive in these
environments do not exist in other biomes. However, this arid biome is facing threat
from various factors, including climatic variations and human activities leading to
desertification. This desertification is exacerbated by human exploitation of ecosys-
tems, causing land degradation, soil erosion and loss of productive ecosystems and
their biodiversity. As regards the ecology and desertification of the cold desert, the
genus Caragana plays a pivotal role in the highlands for checking soil erosion and

Table 5 Uses of some Fabaceae plants

Usage Plant names

Flowers in rituals Astragalus candolleanus Royle ex. Benth., Robinia
pseudoacacia L., Sophora moorcroftiana (Benth.) Baker

Agricultural implements/basketry Colutea nepalensis Sims, Robinia pseudoacacia L.,
Sophora moorcroftiana (Benth.) Baker

Cattle care (veterinary) Caragana brevispina Royle (increase lactation); Cicer
microphyllum L. (mouth sores)

Soap Fine paste made from leaves of Astragalus grahamianus
Royle ex Benth.

Miscellaneous Astragalus rhizanthus Royle ex Benth., for the
manufacture of paper; Trigonella emodi Benth., used in
Lahaul as an aromatic and insect repellent
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Fig. 7 Caragana spp.

at the same time a vital source of fuelwood for winter use storage. It is a common
sight to see patchy dark green mosaics in the highlands and high passes of Spiti
and the Rupshu highlands in Ladakh. The species C. versicolor (C. pygmaea Baker)
supports typical scrub steppe vegetation on high pasturelands with altitudes ranging
between 4000 and 5000 m (Rawat and Adhikari 2002), alongside species of Eurotia
and Oxytropis aided by sedges (Carex and Kobresia). However, this plant commu-
nity is facing threat from various anthropogenic pressures like fuelwood extraction,
rising tourism and the vagaries of nature in the form of climate change and global
warming. These plant communities are also the backbone of the nomadic Changpas
who herd their livestock in the Rupshu and Changthang highlands of Ladakh and
share it with the wild herbivores like Ibex, Wild Ass, Blue Sheep, Yaks, etc. Thus,
the increasing livestock population and fast degrading Caragana plant communities
have resulted into a key conservation issue under desertification (Fig. 7).

Caragana plant species can easily be considered as a keystone species of high
conservation concern in the arid cold desert landscape. Besides, its role in binding the
loose soil strata, it provides habitat to a number of birds, insects, and small mammals.
C. versicolor as a species of high conservation concern has also been studied by
various researches (Rawat 2008; Kumar et al. 2016). Apart from animal fodder and
their role in soil stabilization, the whole plant is extracted by local inhabitants and
transhumant pastoralists for fuel primarily because of the lack of other energy sources
in the region (Rawat 2008). Some studies on certain species (likeCaragana nubigena
(nowChesneya nubigena (D. Don) Ali), have been reported to moderate the physical
environment, thus providing a micro-habitat suitable for colonization by herbaceous
communities of grasses and forbs (Jacquez and Patten 1996).

However, of late, the sudden influx of tourists to remote locations of this barren
landscape has put pressures on its natural resources, including the clearing of Cara-
gana shrubs for tenting and more use of fuelwood for cooking. This destructive and
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excessive removal of these particular plant taxa has led to site degradation, result-
ing in soil erosion, the major cause for desertification. It is well documented that,
native plants play an important role in slope stabilization and checking soil erosion.
Herbaceous members from Leguminosae that play a major role in soil scree stabi-
lization include Chesneya nubigena, C. cuneata, Cicer microphyllum, Hedysarum
microcalyx, Oxytropis cachemiriana, O. densa, O. humifusa, O. hypoglottoides, O.
lapponica, O. microphylla, O. tatarica, Thermopsis inflata besides members of the
genera Caragana and Astragalus as discussed earlier.

4 Final Discussion and Conclusions

Even as fairly comprehensive documentation of the species diversity of the plants
of the north-west Himalayan cold deserts is available, the population density of
various species and their conservation status remains poorly assessed even today.
Wild populations of many plant species of the region are on a continuous decline
due to various pressures including those on account of unsustainable exploitation and
development of infrastructure.Most of the shrubby vegetation in the region, including
members of Leguminosae, forms a ready browse for the domestic as well as wild
animals, which relish their leaves and tender shoots; whereas their underground parts
are extracted by the local communities, nomadic graziers, and tourist campers for
fuel. Both these factors severely impact their regeneration, which is so crucial for
sustenance of the wild fauna as well as domestic herbivores and for local pastoral
communities. Along with the increasing biotic interference, the fragile ecosystem of
this region is also highly vulnerable to degradation due to climate change and global
warming.

Considering the role of native flora, especially the Leguminosae, in the local
socio-economy and in maintaining the fragile ecological stability in the region, it
becomes prudent to look into their conservation aspects and balance it with com-
munity needs. Sustainable utilization of the natural resources in the cold deserts
is a complex issue that encompasses local community needs, their cultural values,
the ever-rising anthropogenic pressures in the form of rising population, defense
expansion, other developmental activities, including tourism and also the change in
local climate. Fodder and fuelwood being the mainstay of local communities as well
as for the native fauna is renewable and its utilization can only be sustained if the
rate of use does not exceed its growth/regeneration rate.

Ecosystem services and the potential of indigenous traditional knowledge of cold
desert plants in general and those of Leguminosae in particular are not valued as it
should be. The contribution of Leguminosae in the Himalayan cold desert regions
of Ladakh and Lahaul and Spiti should be studied for various parameters to put a
value to their contribution. The aim here is to review the entire work carried out on
Leguminosae in the cold deserts of India and to portray at one place the scattered
information on the subject for better fruitful understanding.
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Such studies involving flora of a region are indispensable for all botanical progress
in any part of the globe. More importantly, such documentations provide a ready
reference on the plant wealth of a defined geographical area. It acts as a mine of
information on its constituent taxa, describing their nomenclature, economic utility,
conservation status, aswell as the overall ecosystemservices rendered. Such revisions
and studies on a particular group or family of plants are an important means of
understanding their detailed information from a particular region and also aids in
understanding floristics and other botanical studies.
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Abiotic Stress Responses and Tolerance



Morphological, Physiobiochemical
and Molecular Adaptability of Legumes
of Fabaceae to Drought Stress,
with Special Reference toMedicago
Sativa L.
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Abstract Drought stress (DS) is one of the most hostile limitations for sustainable
crop production. Developing DS-tolerant crop cultivars and the use of better crop
management practices may help improve crop performance under drought. In this
chapter, the adverse effect of drought on the growth and development of legumes
and the morphological, physiobiochemical, and molecular basis of adaptability to
drought are described. Under drought, overproduction of reactive oxygen species
causes oxidative damage. The role of osmolytes and antioxidants in countering the
oxidative damages has beenwidely described.Moreover, “omics-based approaches,”
such as proteomics, metabolomics–transcriptomics, and genomics are promissory
approaches to identify drought-tolerant genes, decode complex gene networks, and
numerous signaling cascades involved in drought tolerance in legumes. The recently
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developed CRISPR-Cas technology has already been used in precision breeding of
many plants including the members of Fabaceae such as alfalfa is also discussed in
the chapter.

Keywords Alfalfa · Drought stress · Omics approaches · Antioxidative
protection · Ascorbate-glutathione cycle

Abbreviations

ABA Abscisic acid
APX Ascorbate peroxidase
AsA Ascorbic acid
CAT Catalase
CS Compatible solutes
DHA Dehydroascorbate (oxidized ascorbate)
DHAR Dehydroascorbate reductase
DE Drought escaping
DS Drought stress
GB Glycine betaine
GPX Glutathione peroxidase
GR Glutathione reductase
GPX Glutathione peroxidase
GST Glutathione-S-transferase
H2O2 Hydrogen peroxide
JA Jasmonic acid
MDA Malondialdehyde
MDAR Monodehydroascorbate reductase
MDHAR Monodehydroascorbate reductase
1O2 Single oxygen
O2•- Uperoxide anion free radical
OH• Hydroxyl-free radical
PEG Polyethylene glycol
POD Peroxidase
RLD Root length and density
RDW Root dry weight
RO Alkoxy radical
ROS Reactive oxygen species
RSR Root shoot ratio
RT-qPCR Real-time quantitative polymerase chain reaction
RWC Relative water content
SOD Superoxide dismutase
TCA Trichloroacetic acid
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1 Introduction

The fast-growing global population is estimated to rise by 9.7 billion by the year
2050 (Varshney et al. 2011). Therefore to meet the food demand of the increasing
population, it is anticipated that food production, including animal-based proteins,
should be increased by about 70% by the year 2050 (Fischer 2009; Searchinger et al.
2019). Furthermore, the global agricultural land area needs to be 593million hectares
(double to the area of the country India) to produce the desired crop and pasture
yields (Blum 2013; Searchinger et al. 2019). In fact, ten most populated countries in
the world have already faced a decreasing trend in per capita arable land (Gomiero
2016; Smith et al. 2016). At the same time abiotic stresses particularly drought is one
of the greatest significant limitations which severely affect the crops’ productivity
leading to substantial yield losses globally (Li et al. 2014). The IPCC (2014) already
reported that the declining rate of agricultural productivity has occurred as a result of
the hostile effects of DS,which postures a thoughtful threat to agricultural production
(Anjum et al. 2011a, b; Zandalinas et al. 2018).

The antagonistic effects of DS on grain yield and quality of crops are complex
and depending on the inherent physiobiochemical activities of plants including the
assimilation and accumulation of plants’ nutrition, and their remobilization to var-
ious plants’ organs (Farooq et al. 2017a, b; Prasad et al. 2017; Sehgal et al. 2018).
Under stressful conditions, plants build physiobiochemical mechanisms to subsist
against stress (Kathuria et al. 2009; Hasanuzzaman et al. 2012a, b; 2013a, b, c).
Generally, most plants accrue water-soluble compounds known as “low molecular
weight compatible solutes (CS)” to survive against the adverse effect of reactive
oxygen species (oxidative stress; ROS) (Hasanuzzaman et al. 2013a, c). Accumula-
tion of these compounds under harsh environments protect plants through adjusting
cellular osmotic pressure, detoxifying ROS, stabilizing enzymatic activity, and also
protecting membrane integrity (Gill and Tuteja 2010; Singh et al. 2015). Among CS,
glycine betaine (GB) is the most important one which protectants the adverse effect
of ROS (Fariduddin et al. 2013; Gill et al. 2014). This chapter highlights and delib-
erates the morphological, physiological, biochemical, and molecular adaptability of
legumes, particularly the legume alfalfa (Medicago sativa L.) to DS.

2 Plant Alfalfa and Its Importance

The legume alfalfa belongs to the family of Fabaceae (Campanelli et al. 2013). It
is originating in Transcaucasia, Turkmenistan highlands, Iran and Asia Minor. The
“alfalfa” refers to the main speciesM. sativa subsp. sativa as it is the hybrid between
subsp. sativa and subsp. Falcate. Since, alfalfa is closely related toM. sativa in mor-
phologically. Alfalfa is a perennial predominantly cross-pollinated plant (Radovic
et al. 2009). It is called “the queen of forages” due to its high yield perspective with
decent herbage quality and also resistance to recurrent cutting (Radovic et al. 2009;
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Shi et al. 2017a, b). As it is a perennial forage and a fairly hardy species, it has
numerous advantages including wide adaptability, a relatively high level of abiotic
stresses including cold resistance, heat, drought, heavy metal, and salinity. Drought
affects almost all phases of the plant ranging from germination of the seed to the
maturity stage of plants (Xu et al. 2014; Nadeem et al. 2018, 2019). Since, the alfalfa
has a deep roots system, which helps the plant to survive under long-term drought
without any damage to its re-growing process (Safarmejad 2008).

3 The Adverse Effect of Drought on the Growth
and Development of Alfalfa

Drought is the most erratic restriction with significant hostile effects on crop pro-
duction worldwide (Golldack et al. 2014; Anjum et al. 2017; Hussain et al. 2018),
particularly in the arid and semiarid regions. The sensitivity of plant to DS is a com-
posite singularity that depends on the growth stage of the affected plants, genetic
makeup, level, duration, and extent of the harshness of DS (Zhu 2002; Hamidi and
Safarnejad 2010; Yousfi et al. 2016; Nadeem et al. 2019). The adverse effects of
drought are linked to the increased the oxidative damage, changes in leaf gas exchange
and decreasing the carbon assimilation rate and turgor, affect the leaf development,
enzymatic activity, ion balance and thus leading to a decrease in the yield of plants
(Nadeem et al. 2019). During drought conditions, root and stem length of alfalfa were
decreased (Castroluna et al. 2014). While Castroluna et al. (2014) observed that stem
mid-node length and leaf size of alfalfa at the seedling stage were decreased drasti-
cally under water-deficit condition (drought stress), which lead to hamper the growth
and development, the final yield of alfalfa. Since, the alfalfa has a deep root system
and has the ability to osmotic regulation, which helps the plant to survive under
long-term drought (Safarmejad 2008; Hamidi and Safarnejad 2010; Castroluna et al.
2014; Yousfi et al. 2016).

4 Physiobiochemical Adaptability of Alfalfa Against
Drought Stress

Stress-tolerant plants exhibit several adaptationmechanisms (morphological, physio-
biochemical, and inherent geneticmakeup) to persist againstwater-deficit conditions.
Among them, the most important mechanisms are discussed below.
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4.1 Inherent Characters to Escape or Avoid Drought

The primary adaptation mechanism of plants under drought stress (DS) is escaping
which consists of faster growth for enabling a quick ended the life span before
the beginning of water scarcity. Legumes including alfalfa can escape the DS by
shortening their life span to evade DS and also can retain higher water in their tissue
through enlightening water-holding capacity (Siddique et al. 1993). The area where
terminalDSpredominates but the crops growing season is shorter, plants could escape
drought if phenological stages of growing crops are positively matched with periods
of available soil moisture status (Farooq et al. 2014). For example, (Hall 2012) found
that traditional legumes including cowpea and alfalfa flowering time in the Sahara
desert of Africa is matched with the time of termination of the monsoon (rainy
season), as a survival tactic to survive under drought. Early flowering and seed set
prior to DS events are also important strategies to escape DS (Shavrukov et al. 2017).
Calvache et al. (1997) observed that alfalfa, common bean, and cowpea can alleviate
the negative impact of DS through generating new plants’ structures during the phase
of DS. For example, legume alfalfa inherently is a recurrent growth habit with a deep-
root system, and thus, it has better phenotypic structure or competence to tolerate
water-deficit stress than the plants which have shallow-root systems (Chowdhury
et al. 2016). However, Calvache et al. (1997) found that when DS occurs at the
earlier growth stages of crops, plants escape the DS through producing osmolytes
and high water use efficiency.

4.2 Screening Potential Traits for Drought Tolerance

A potential trait of legumes which is positively correlated with DS tolerance is root
architecture that might be considered in breeding programs to improve DS-tolerant
cultivars, as this character is supposed to be controlled by a single gene (Vadez et al.
2008; Sofi et al. 2018). In another study, roots and root nodules are found key features
and essential sensors to adapt legumes to drought (Kunert et al. 2016). Therefore,
during screening for DS-tolerant legumes, the architecture of roots and root nodules
along with the documentation of genes, proteins, andmetabolites that are answerable
for DS tolerance should be considered.

Generally, perennial herbs like alfalfa have healthier root: shoot ratios and awider-
lateral and deeper-root systems than annual crops (Schenk and Jackson 2002). Since,
plants with deeper-root systems are capable to uptake water and nutrients from deep
soil horizons, which ultimately balance nutrients water and nutrients balance in dif-
ferent soil horizons, particularly under dryland farming systems (Cocks 2001; Dear
et al. 2003; McCulley et al. 2004; Del Pozo et al. 2017). Similarly, as a perennial
and deep-rooted crop, alfalfa can able to persist against soils water deficit and can
improve soil aggregation and water infiltration (McCallum et al. 2004; Masri and
John Ryan 2006; Dear and Ewing 2008; Li et al. 2008, 2010) and also reinstates soil
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nitrogen, carbon, and microbial activity (Ward et al. 2006; Li et al. 2012). Since,
the alfalfa has deep root system and ability to perform osmotic regulation, alfalfa
is able to achieve high yield and persists long dry periods under the Mediterranean
environments (Humphries and Auricht 2001; Dear et al. 2003; Benabderrahim et al.
2015) and more resilient to the changing climate conditions (Ghahramani andMoore
2013). For example, Hamidi and Safarnejad (2010) tested few years ago six alfalfa
genotypes formeasuring the percentage of germination, root, and shoot growth under
various osmotic potential (DS). They observed a significant decrease in % germi-
nation, radicle length and also decreased seed vigor, while the ratio of radicle and
plumule was improved under higher DS. Among six genotypes of alfalfa, geno-
types “Yazdi” and “Maupa” had a maximum % germination under severe DS which
indicates that these cultivars were tolerance to DS at the seed germination stage
than other genotypes (Hamidi and Safarnejad 2010). Another research conducted by
Ramamoorthy et al. (2017) with 12 genotypes of the legume chickpea aimed to find
out the genotypes which are tolerant to drought through observing the root charac-
ters such as root length and density (RLD), root dry weight (RDW), and root:shoot
ratio (RSR) and found a significant variation between RLD, RDW, deep RDW, and
RSR under drought conditions. Finally, the study revealed that genotypes with maxi-
mumRLDandRDWmaybe the best selection criteria for drought tolerance genotype
(Ramamoorthy et al. 2017). Additionally, earlymaturing and deep-root legumes such
as chickpeas and pigeon peas were found drought tolerant (Upadhyaya et al. 2012).
Therefore, potential characters accompanying with DS tolerance in legumes could
be the greatest encouraging way for using in breeding programs for improvement of
DS tolerance cultivars.

4.3 Accumulation Compatible Solutes (CS) Under Drought
Stress (DS)

Stress-tolerant plants accumulate compatible solutes under DS for osmoprotection
which is an important tactic to survive under DS (Nadeem et al. 2019). The osmopro-
tection has a closer connection with non-toxic elements with abundant constituents
of the cell, while osmotic regulation contributes to retaining cell turgor pressure by
maintaining the water contents in the affected cells (Slama et al. 2015). Initially,
compatible solutes accumulate in the cells that are affected by DS without inquisi-
tive with the macromolecules as well as hydroxyl compounds or nitrogen-containing
compounds (Majumdar et al. 2016). Among CS, non-reducing sugars (di-, tri-, and
tetra-saccharides) contribute to upholding the cell membranes integrity under DS
(Ramanjulu and Bartels 2002), wheremannitol promote the stabilization of the struc-
ture of macromolecules including phosphoribulokinase, glutathione, thioredoxin,
ferredoxin, and also scavenge-free hydroxyl radicals (Bhauso et al. 2014). Mem-
brane lipids (trehalose), protein, and cell-biological structures lead to progress the
activity of photosynthetic (Ibrahim and Abdellatif 2016; Khater et al. 2018). Besides
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these CS, proline acts as a signaling compound to adjust mitochondria function,
retains integrity of cell membrane through reducing lipids’ oxidation, scavenge-free
hydroxyl radicals and also activates the particular genes for stress recovery (Amede
and Schubert 2003; Solanki and Sarangi 2015; Shinde et al. 2016).

4.4 Antioxidant Defense Against Oxidative Stress

Stress-induced oxidative stress means the production of reactive oxygen species
(ROS) such as alkoxy radical (RO), hydroxyl radical (•OH), hydrogen peroxide
(H2O2), superoxide radical (O•−

2 ), and single oxygen (1O2) which damage macro-
molecules and cell membrane (Farnese et al. 2016); since ROS acts as a signaling
apparatus to stimulate defense mechanisms against stress (Choudhury et al. 2017).
Too much production of ROS in plant cells under DS causes oxidative stress, leads
to the destruction of the cell’s fundamental components such as cell lipids, proteins,
and nucleic acids, finally death of all affected cells (Kurutas 2016). Chakrabarty
et al. (2016) observed that enzymatic antioxidants, i.e., catalase (CAT), superoxide
dismutase (SOD), ascorbate peroxide (APX), glutathione peroxidase (GPX), mon-
odehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), and
glutathione reductase (GR), and non-enzymatic antioxidants include ascorbate, glu-
tathione, tocopherols, ascorbic acid, phenolics and carotenoids regulate the defensive
mechanism against the excessive production of ROS in the plant cells. Al Hassan
et al. (2017); Sahitya et al. (2018) revealed that stress-tolerant plants can stabilize
or production of a greater concentration of antioxidants or antioxidant enzymes to
make a defensive mechanism against DS. Nadeem et al. (2019) found that ABA, JA
(jasmonic acid), and Ca2+ were triggered in the plants’ cell under the water-deficit
environment (Fig. 1). They also observed that DS prompted the biosynthesis of JA
and ABA which leads to the transcription of the ion carrier genes. Overexpression
of transcription factors such as GmNACs, WRKY, AP2/ERF, DREB, MYB, and ZIP
was also recorded in the plant cell under drought (Nadeem et al. 2019).

It is also observed that (Fig. 1) under stressful conditions enzymatic antioxidant
SOD recovers the adverse effect of superoxide radicals and H2O2 (Nadeem et al.
2019), while APX assistances to create NADP+ and also helps to alter H2O2 to H2O
(Zoz and Castagnara 2013), whereas other enzymatic antioxidants such as GR
and DHAR assist to provide a substrate for mitigating the adverse effect of stress-
induced oxidative stress. During stress-induced oxidative stress, the concentration of
antioxidants was increased in the cells of plants tolerant to DS, as observed in alfalfa
(Hamidi and Safarnejad 2010), green bean (Yasar et al. 2013), pea (Osman 2015),
soybean (Guler and Pehlivan 2016), and chickpea (Patel et al. 2011). The enzymatic
antioxidants such as SOD, APX, GR, GST, GPX, and POD activities were increased
under DS in horse gram and common bean also observed by Saglam et al. (2011),
Bhardwaj and Yadav (2012).
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Fig. 1 Drought tolerance mechanism in legumes under the family Fabaceae. ABA, abscisic acid;
JA, jasmonic acid; and ROS, reactive oxygen species (Adapted from Nadeem et al. 2019)

4.5 Regulation of Phytohormone During Drought Stress

All parts of plant growth (under normal and stressful conditions) are fully con-
trolled by several hormones such as gibberellins, cytokinins, auxins, ABA, and ethy-
lene (Ullah et al. 2018). For example, Bielach et al. (2017) observed that under DS
the phytohormone cytokinin level was risen in xylem sap for stimulating stomatal
opening through lessening its sensitivity to ABA (Bielach et al. 2017). Weyers and
Paterson (2001) observed that ethylene and ABA hormones were increased in plants
under water deficit, while the concentration of cytokinins, gibberellins, and auxin
was decreased. The increasing level of ABA concentrations in plant cells is due to
the decreasing trend of ABA catabolism that hampers the entrance of ABA from
the phloem and rhizosphere (Hartung et al. 2002). For example, Miyashita et al.
(2005) found that an increase in ABA concentration prompted the declined trend of
the stomatal conductance in kidney bean under re-watering (Miyashita et al. 2005).
Hydraulic conductivity in the roots of the plant is controlled by ABA hormone which
is positively linked towater uptake and transport (Merilo et al. 2015; Park et al. 2017).
The ABA also controls the formation of ROS such as O•−

2 and H2O2, through pro-
moting the activities of GR (enzymatic antioxidant) (Park et al. 2017). Plant hormone
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JA also has a crucial role to alleviate DS (Fig. 1; Nadeem et al. 2019). The JA is
linked with other hormones to improve drought tolerance ability of plants through
improving root architecture improvement, scavenging of free radicals of ROS, and
also controlling stomatal conductance (Mohamed and Hanan 2017).

5 Molecular and Biotechnological Approaches for Drought
Tolerant

To enhance the productivity of legume underwater-deficit conditions is crucial for the
improvement of DS-tolerant genotypes. The combined use of improved up-to-date
tools with traditional breeding procedures may be also useful for the improvement of
DS-tolerant crop cultivars in the scenario of climate change. Therefore, to fulfill the
food demand of increasing population under the changing climate, breeding, molec-
ular, and transgenic approaches may help to improve drought resistance legume
cultivars. A description of breeding, molecular, and transgenic biotechnological
approaches are discussed in the following subsections.

5.1 Development of Drought-Tolerant Cultivars Through
Conventional Breeding

Development of DS tolerance in plants by conventional breeding is a convenient
tactic and a foremost strategic for crop improvement (Farooq et al. 2014). While
development of variety through the conventional breeding is a more time-consuming
procedure than biotechnological and genetic modification strategies (Zheng et al.
2017). In the breeding process, the quantitative genetic basis is frequently inade-
quate and also lacking physiological knowledge underlying the response to drought
(Torres et al. 2010). It also needs a substantial heritable variation, which is sometimes
absent due to high genotype and environment interactions. Besides, improved catego-
rization of the environment is a precondition to improve the usefulness of target traits
(Mir et al. 2012). Some legumes have a root architecture adequate to survive under
water-deficit conditions. For example, alfalfa, cowpea, chickpea, common bean, and
soybean have fibrous, densely and depth root systems for avoiding/escape drought
(Khan et al. 2010; Duc et al. 2015).

Traits as cooler canopies, high stomatal conductance (Duc et al. 2015), early
flowering and maturity (Duc et al. 2015) have been linked with escaping the DS.
Approaches as canopy spectral reflectance as a high-throughput phenotyping tech-
nique (Montes et al. 2007; Chapman 2008) enable quick and easy measurements for
assortment of the cultivars against DS (Duc et al. 2015). Plant canopy temperature
is also an extensively relevant selection criterion that is connected with canopy con-
ductance at the vegetative stage and also linked with plant water status (Hou et al.
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2018). Besides these, infrared thermography (thermal infrared imaging) may also be
engaged to select legumes for DS resistance as the trait is linked with leaf canopy
temperature (Martynenko et al. 2016). Alongside these criteria, late leaf senescence
may be helpful for better grain and biomass yields and indirect selection criteria
prior to drought tolerance (Muchero et al. 2013). Furthermore, significant physio-
logical features such as faster and depth root architecture (Ribeiro et al. 2019), leaf
canopy temperature (Khan et al. 2010;Martynenko et al. 2016), cooler canopies, high
stomatal conductance (Duc et al. 2015), higher water use efficiency (Amede et al.
1999), and carbon isotope discrimination (�13C) may be constructive for selection
of legume genotypes including alfalfa, especially in the dry regions where drought is
frequently occurs. Therefore, foremost priority should be taken for the above traits
during selection or screening genotypes for cultivation under drought area through
the conventional breeding process.

5.2 Genomic and Biotechnological Approaches to Survive
Against Drought Stress

The development of stress-tolerant varieties only by conventional breeding is a long-
term strategy than biotechnological and genetic modification strategies (Zheng et al.
2017). Therefore, traditional breedingwith the combination of transgenic approaches
may be highly efficient to improve drought-tolerant crop cultivars including legumes
(Zhang et al. 2005; Vasconcelos et al. 2008; Suárez et al. 2009; Li et al. 2010).
Transgenic, genetic modification and other gene-based approaches such as gene
editing have been found as the most valuable methodology for understanding the
drought resistance mechanisms of desirable plants (Zhang et al. 2015). Legumes that
were genetically manipulated with single-gene approaches for improving drought
tolerance are listed in Table 1.

Additionally, the modern biotechnological tools are providing new knowledge
that allows to categorize genes or group of genes which help the plant to survive
against extreme DS. The transgenic or genetic modification based approaches such
as biolistic or Agrobacterium-mediated transformation are now greatly considerable
to develop legume cultivar against drought. Alfalfa drought tolerance ability is a sig-
nificant feature for improving the yield potential under thewater-deficit environment.
The research on the molecular and genetic engineering for DS responses in alfalfa
was first originated in the 1990s (Luo et al. 1991, 1992; Laberge et al. 1993), but
the available knowledge about the genetic and physiological mechanisms of alfalfa
under DS is still scarce (Zhang et al. 2015). A description of some genomic and
biotechnological approaches for improving drought tolerance in alfalfa and other
legumes is discussed in the following subheading.
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Table 1 Single gene responsible for the drought tolerance in Fabaceae

Legumes Latin name Gene Specific function Reference

Alfalfa Medicago
sativa

AtEDT1 Confers drought
tolerance

Zheng et al. (2017)

CsLEA Confers drought
tolerance

Zhang et al. (2016)

codA Confers drought
tolerance

Li et al. (2014)

HaHB11 Confers drought
tolerance

Cabello et al.
(2017)

SPL13 Improve drought
tolerance

Arshad et al.
(2017)

GsZFP1 Confers drought
tolerance

Tang et al. (2013)

AVP1 Enhance drought
tolerance

Bao et al. (2009)

Soybean Glycine max PgTIP1 Confers drought
tolerance

An et al. (2018)

GmDREB2 Confers drought
tolerance

(Savitri and
Fauziah et al.
2018)

GmRACK1 Confers drought
tolerance

Li et al. (2018)

AtABF3 Confers drought
tolerance

Kim et al. (2018)

GmFDL19 Confers drought
tolerance

Li et al. (2017)

GmSK1 Confers drought
tolerance

Chen et al. (2018)

GmNAC,
GmDREB,
GmZIP, ERF089

Transcription
factors

(Manavalan et al.
2009)

DREB1A, rd29A Transcription
factors

(Bhatnagar-Mathur
et al. 2007)

GmBIN2 Enhance tolerance
to drought

Wang et al. (2018)

GmCaM4 Confers drought
tolerance

Yoo et al. (2005)

CDPK Confers drought
tolerance

Guenther et al.
(2003)

(continued)
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Table 1 (continued)

Legumes Latin name Gene Specific function Reference

GmHK,
GmCLV1A,
GmCLV1B,
GmRLK1,
GmRLK2,
GmRLK3,
GmRLK4

Osmosensor Yamamoto et al.
(2000)

Mungbean Vigna radiata VrbZIP Confers drought
tolerance

Wang et al. (2018)

codA Confers drought
tolerance

Baloda et al.
(2017)

VrWRKY Confers drought
tolerance

Srivastava et al.
(2018)

Pigeon pea Cajanus cajan C.cajan_29830,
C.cajan_33874

Improve drought
tolerance

Saxena et al.
(2011)

WRKY, MyB,
NF-Y

Transcription
factors

Yang et al. (2006)

Cowpea Vigna
unguiculata

VuPLD1,
VuNCED1,

ABA-biosynthesis
during drought
stress

Muchero et al.
(2010)

Chickpea Cicer
arietinum

Aquaporins Drought stress
tolerance

Azeem et al.
(2019)

DREB2A Transcription
factors

Nayak et al. (2009)

MYB, WRKY,
bZIP

Transcription
factors

Hiremath et al.
(2011)

MyB, AP2/ERF,
XPB1

Transcription
factors

Deokar et al.
(2011)

Broad bean Vicia faba VfPIP1 Aquaporin or
water transport
under DS

Cui et al. (2008)

Common
bean

Phaseolus
vulgari

Asr1, Asr2 ABA signaling
pathway

Cortés et al. (2012)

PvLEA3 Protein
stabilization

Barrera-Figueroa
et al. (2007)

5.2.1 Improvement of Alfalfa Through Genetic Engineering

In dry areas (including arid and semiarid regions), due to the unpredictability and
scarcity of rainfall as well as insufficient irrigation water, the development of drought
resistance alfalfa cultivars is a key breeding aim for the sustainability of alfalfa pro-
duction. Target drought tolerance genes may be assisted to develop drought tolerant
and water use efficiency in alfalfa (Zhang et al. 2015). Genetic engineering has been
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established as a modern strategy to produce transgenic plants by transferring a (or
few) target gene associated with the ability to withstand various abiotic stresses
(Ashraf 2010; Turan et al. 2012). The first report of genetic engineered (transgenic)
lines of alfalfa was reported by Deak et al. (1986). Then, many other transgenic
alfalfa plants through gene transfer methods were also generated (Zhang et al. 2005;
Ramon et al. 2009; Tang et al. 2013). These methodologies have been used to allow
the expression of genes that have been linked with significant metabolic pathways,
allowing the improvement of nutrient uptake and water use efficiency, quality forage
yield, and also the capability to fight against abiotic stress including drought.

For the genetic improvement of alfalfa, generally, three main approaches are
normally followed such as direct and indirect transformation, and germplasm line
transformation. The technique transformation through germplasm line is generally
made with own plants’ pollen, and also ovary, and other germ cells through the ovary
injection and pollen tubemethod for familiarizing exogenous genes (Shi et al. 2017a,
b). To obtain transgenic plants through the direct transformation approach, chemical
or physical methods such as ultrasonic, biolistic, microinjection, and polyethylene
glycol (PEG) mediated are generally used for introducing of exogenous DNA into
plant cells.While genes transformation throughAgrobacterium is used in the indirect
transformation methods for introducing DNA into the plant cell (Shi et al. 2017a, b).

5.2.2 Structural and Transcription Factors (TFs) Genes for Drought
Resistance in Alfalfa

Both structural and TFs genes play a key role in drought response plants via mul-
tifaceted and systematic cross-talk (Zheng et al. 2017). Several categories of TFs
(i.e., MYBs, DREBs, bZIPs, NACs, and bHLHs) were found suitable for improving
DS tolerance in several plant species via ectopic expression (Yamaguchi-Shinozaki
and Shinozaki 2006; Agarwal et al. 2018). As one example, Liu et al. (2013) found
that transgenic Arabidopsis plants overexpressing the DREB2.7 gene from maize
have increased drought tolerance. Both DS and salinity stress were improved in
transgenic Arabidopsis expressing the CmMYB2 from Chrysanthemum (Shan et al.
2012), CabZIP1 from pepper and ZmbZIP72 frommaize (Lee et al. 2006; Ying et al.
2012). Zhai et al. (2016) found that the overexpression of TabHLH39 from wheat
enhanced salt, drought, and freezing tolerance ability in transgenic Arabidopsis dur-
ing the seedling stage. Similarly, TFs GhNAC2 from cotton, ZmNAC55 from maize,
MlNAC9 from Miscanthus, and OsNAC6 from rice improved the drought tolerance
ability in different types of plants (Mao et al. 2016; Gunapati et al. 2016; Zhao et al.
2016; Lee et al. 2017).

The transcription factors (TF) genes could enhance the tolerance ability of plants
against abiotic stress, which is generally introduced in alfalfa from numerous plant
species, including the model legumes M. truncatula and soybean to increase sur-
vival ability against abiotic stress (Zheng et al. 2017). Jiang et al. (2009) reported
that transgenic alfalfa plants expressing an ethyl-responsive MtWXP1 gene from
M. truncatula showed a better drought tolerance ability as a result of the enhanced
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cuticular wax buildup on leaves, decreased water loss, and improved photosynthesis.
In another study, Tang et al. (2013) found that a Cys2/His2-type zinc-finger protein
geneGsZFP1 fromGlycine soja, when inserted into alfalfa, enhanced theDSfighting
ability by triggering the expression of numerous stress-responsive genes in alfalfa.
Furthermore, other functional genes such as theCodA gene from bacteria, the orange
gene from sweet potato, the ALDH and ZFP genes fromCleistogenes songorica, and
the NHX and VP1 genes from Zygophyllum xanthoxylum have also been introduced
into alfalfa for improving the DS response of alfalfa (Tang et al. 2013; Duan et al.
2015; Wang et al. 2015; Bao et al. 2016; Zhang et al. 2016).

The mitochondrial alternative oxidase (Aox) gene family is composed by 3–5
genes dispersed in two subfamilies (Aox1 and Aox2) (Cavalcanti et al. 2013). Several
kinds of research have been focused on explaining the function of Aox in non-
thermogenic plants. The Aox plays a significant role in the prevention of ROS and
upkeeps the TCA cycle in the circumstances of high-cellular ATP concentration
(Arnholdt-Schmitt et al. 2006). The Aox mediates the physiological and molecular
processes of plants (Sircar et al. 2012). The Aox genes such as Aox1 (Aox2a and an
Aox2b—named here Aox2b1 and Aox2b2) were described in two leguminous species
such as Medicago sativa and M. truncatula (Cavalcanti et al. 2013). In plants, Aox
is encrypted by a small nuclear family with two sub-families such as Aox1 (all
angiosperms) and Aox2 (only in eudicot species) (Borecký et al. 2006). Earlier study
observed theAox1 gene is a stress-responsive gene and available in plantArabidopsis
thaliana, while Aox2 (Aox2a and Aox2b) was observed other plant species which
belongs to the order Fabales including the plants alfalfa, soybean, Vigna unguiculata,
among others (Considine et al. 2002; Cavalcanti et al 2013). Among Aox2a and
Aox2b, Aox2b is also induced by stress leguminous Vigna unguiculata (Cavalcanti
et al. 2013).

Zheng et al. (2017) also established transgenic alfalfa line overexpressing EDT1
from Arabidopsis (AtEDT1) and observed better performance of these lines under
both laboratory and field drought conditions. All the transgenic lines performed
healthier and exposed to less leaf wilting than wild-type plants when watered after
20 days (Zheng et al. 2017; Fig. 2). The developed transgenic lines recovered quickly
when re-watered for 5 days thanwild-type plants.When re-watered for 10 days, more
than 67% transgenic plants were survived, while wild-type plants survived only 17%
(Zheng et al. 2017; Fig. 2). Therefore, this supports the assumption that AtEDT1
could play a major role in DS tolerance in plant species under the Mediterranean
regions.

5.3 Quantitative Trait Loci (QTL) as a Potential
Genome-Based Approaches for Drought Tolerance

Numerous breeding approaches have been used in the development of DS toler-
ance in legumes based on marker-assisted selection (MAS) (Nadeem et al. 2019).
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Fig. 2 Enhanced the drought tolerance ability of alfalfa as a result of AtEDT1 transgenic approach
(Adapted from Zheng et al. 2017)

Since several findings revealed that desired alleles in different quantitative trait loci
(QTLs) related to DS tolerance in alfalfa is one of the most useful MAS genome-
based methodologies. For example, for DS tolerance in the seedling stage of plants,
Hamwieh et al. (2013) recognized 12 QTLs such as H6C-07, NCPGR-50, H5E-
02, TR-50, H1B-04, SCEA19, H5G-01, H6C-07, H1F-21, TAA-58, TA-113, and
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H6C-07, that were found the most promising in chickpea, while QTL Qncl.Sw1
was linked with the grain yield in the same species (Radhika et al. 2007). Further-
more, seven markers such as CPRD8-1, VuPAT1-2, ACC-3, CPRD14-2, CPRD14-3,
CPRD22-4, and CPRD22-2 were found to be linked to the DS tolerance in cowpea
(Muchero et al. 2009). Similarly, QTLs significant traits for surviving under DS,
such as root architecture, leaf ash, and WUE were also described (Manavalan et al.
2009; Pipolo et al. 2011). Abdel-Haleem et al. (2011) recognized five QTLs, namely
Gm01, Gm02, Gm03, Gm04, and Gm20, associated with fibrous root system of soy-
bean, an important feature for coping against DS. QTLs for stomatal characteristics
on chromosome II of faba bean were identified by applying SNPs derived from M.
truncatula L. (Khazaei et al. (2014). Mukeshimana et al. (2014) used SNPs from
BARCBean6K_3 Beadchip for the identification of 14 QTLs to DS tolerance in
common bean. Also in common bean, Briñez et al. (2017) mapped QTLs for DS in
a cross between AND-277 x SEA-5 with SSRs and SNP markers.

Omics-based approaches, such as transcriptome, genome, microRNAome, pro-
teome, andmetabolome data (Fig. 3), can be used to identify candidate genes, thereby
assisting inQTLmapping. The integration of “omics” approaches would be a leading
approach for sustainable legumes production under DS (Nadeem et al. 2019).

Fig. 3 Omics-based approach for the improvement of drought tolerance in legumes (Adapted from
Nadeem et al. 2019)
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5.4 Development of Drought Tolerance in Plants Through
Genome Editing: CRISPR/Cas9

The most innovative and accurate genome editing (GE) tool is CRISPR-Cas9. The
adaptive-immune systemCRISPR (clustered regularly interspaced short palindromic
repeats)-Cas (CRISPR-associated) in prokaryotes has led to a revolution in targeted
genome editing of plants with high precision and accuracy. This technology allows
the manipulation or modification of crop plant genome in several ways—(i) by sim-
ply incorporating random mutation (insertion or deletion) through non-homologous
end joining to disrupt gene(s); (ii) by generating targeted point mutations in genes
using precise base editors; and (iii) by a whole-gene insertion employing the cell’s
homology-directed repair pathway. Use of CRISPR-Cas in deletion/adding the crop
plant desired genome is emerging rapidly for the increased yield, quality, domesti-
cation and stress tolerance including DS (Haque et al. 2018; Islam 2019; Nadeem
et al. 2019).

Since its development, the CRISPR/Cas9 gene-editing approach has been used
successfully used for improving different traits in wheat (Sanchez-Leon et al. 2018),
maize (Zhu et al. 2016; Agarwal et al. 2018), barley (Lawrenson et al. 2015; Kapusi
et al. 2017), rice (Huang et al. 2018), potato (Nakayasu et al. 2018), and soybean
(Cai et al. 2015, 2018). Hence, CRISPR/Cas9 GE has still a huge application for
the development of elite legumes cultivars grown under the diverse environmental
conditions.

A schematic representation of the development of DS tolerance in plants through
genome editing (GE) with Cas9/sgRNA is depicted in Fig. 4. After the selection of
the target gene (in Fig. 3), target gene sgRNAs are designed following the online
tools. For the edition of the target gene, the sgRNA and Cas9 casette (or with its
variant) is cloned into a plant binary vector to be used for agrobacterium-mediated
transformation. Then, edited plants are then screened for the expression of the Cas9
and sgRNA.Finally, byusingPCR/REgenotyping and sequencing approaches, plants
with the preferred edition are selected (Nadeem et al. 2019).

The CRISPR-Cas genome editing shows high promise to address environmental
problems associated with global climate change and develop resistant plants (rice,
maize, soybean) to DS (Tang et al. 2016; Shi et al. 2017a, b; Shim et al. 2018;
Islam 2019). To what concerns legumes, CRISPR-Cas technology has been used for
modulating DS and salinity tolerance in soybean (Li et al. 2015). Also in the same
species, the disruption of theDrb2a andDrb2b genes (double-strandedRNA-binding
proteins 2 genes) for DS and salt tolerance in soybean resulted in a transgene-free
variety that received USDA green pass for cultivation in the USA in 2017 (Islam
2019). In the future, it is expected that the revolutionary CRISPR technology would
be used in improvement of DS tolerance in many members of the family Fabaceae
and by this way contribute to mitigate the crop losses due to global climate change
in the dry regions of the world.
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Fig. 4 Development of drought tolerance in plants through genome editing (GE) with Cas9/sgRNA
(Adapted from Nadeem et al. 2019)

5.5 MicroRNAs Are Universal Gene Regulators for Drought
Stress Tolerance in Alfalfa

MicroRNAs (miRNAs) are negative post-transcriptional regulators of gene expres-
sion (either transcript cleavage or translation repression) in plants, with potential to
be used in the genetic engineering approaches (Jones-Rhoades et al. 2006; Macovei
et al. 2012; Zhou and Luo 2013; Aung et al. 2015a, b). Numerous physiological pro-
cesses such as plant phenology, apical dominance, biomass, root systems, and seed
development and also environmental stress response are controlled by numerous
miRNAs (Zhang and Wang 2015). Kantar et al. (2010) found that 28 new miRNAs,
belonging to 18 families, were expressed in response to dehydration stress in bar-
ley. In another study conducted by Sunkar and Zhu (2004), 26 miRNAs from 34
loci were up- or down-regulated in response to abiotic stress in Arabidopsis. Arshad
et al. (2017) recognized that miR156 can be a suitable approach for modulatingmany
traits in plants, including DS tolerance. The overexpression of miR156 (miR156OE)
in alfalfa improved DS tolerance, by comparison to the wild-type plants (Arshad
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et al. 2017). Beside higher survival and reduced water loss during drought stress,
miR156OE genotypes also maintained higher stomatal conductance compared to
WT. The miR156 overexpression also boosted the higher accumulation of proline,
ABA, and antioxidants (Arshad et al. 2017).

6 Conclusions and Future Research Perspectives

Due to the cumulative incidences of abiotic stresses under the changing climate con-
text, the sustainable agricultural productivity threatened globally. Among the various
abiotic stresses, drought stress stood out since it causes a significant yield loss in crops
including legumes. Under DS key plant processes such as morphological physiolog-
ical, biochemical, and metabolic paths are disrupted, which ultimately impacts on
crop productivity and yield. Drought often triggers an overproduction of reactive
oxygen species which causes oxidative damage. The role of osmolytes and antioxi-
dants in countering the oxidative damages have been widely studied and described.
The recently developed CRISPR-Cas technology has already been used for precision
breeding of many plants including the members of Fabaceae and are discussed in
this chapter. Moreover, to meet the food security of ever-increasing population of
the world, “omics-based approaches,” such as proteomics, metabolomics transcrip-
tomics, and genomics could contribute to update our knowledge on drought-tolerant
genes, unveiling complex gene networks, by unveiling drought-tolerant candidate
genes and intricate gene networks, and various signaling cascades involved in DS
tolerance in legumes.
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Abstract Drought is the main abiotic stress limiting bean crop yield in smallholder
systems in developing countries. Phaseolus is one of the main genera among the
cultivated grain legumes, with a wide range of adaptations to different environments,
from humid tropics to deserts. Among the Phaseolus species, five are known to have
been domesticated and cultivated; common bean (P. vulgaris) being the most eco-
nomically important, while tepary bean (P. acutifolius) is better adapted to drought.
Drought stress affects growth, development, and yield of beans. Terminal drought
can be catastrophic for farmers’ crop yields. Several studies have been carried out to:
characterize the physiological responses to drought stress; identify developmental
and physiological traits related to drought tolerance; and identify the possible genes
involved. Crop responses to drought are very varied, depending on the species and
cultivar; reflecting their unique environmental, evolutionary, and/or domestication
history. Potential target traits include water use efficiency, effective use of water,
rooting depth, fine root production, root hair length and density, stomatal traits,
biomass accumulation, harvest index, mobilization of photoassimilates to pod and
seed formation and filling, and carbon fixation by non-foliar photosynthesis. In this
chapter, we discuss the main responses of the Phaseolus genus to drought stress.
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1 Introduction

Beans (Phaseolus spp.) and especially common bean (Phaseolus vulgaris L.) repre-
sent the most important legumes worldwide for direct consumption. Their nutritional
qualities, as sources of high quality protein, micronutrients, carbohydrates, and fiber
(Beebe et al. 2014; Rao 2014), make them valuable food sources for human health.
As legume species that perform symbiotic nitrogen fixation (SNF) with rhizobial
bacteria, bean crops are important components in agro-sustainability, particularly in
rotation with cereals in production systems. There are around 70 species in the genus
Phaseolus, most of which are located in Mesoamerica. Five species were domesti-
cated: the common bean P. vulgaris; the year-long bean P. dumosus; the runner bean
P. coccineus; the tepary bean P. acutifolius; and the Lima bean P. lunatus. Of these,
P. vulgaris and P. lunatus underwent two independent and isolated domestications,
one in Mesoamerica and the other in the Andes (Gepts 2001; Freytag and Debouck
2002; Delgado-Salinas et al. 2006).

Of the five cultivated Phaseolus species, four of them (P. vulgaris, P. dumosus,
P. coccineus, and P. acutifolius) belong to the Vulgaris group. In particular, P. vul-
garis, P. dumosus, and P. coccineus are very closely related (Bitocchi et al. 2017).
However, they present some differences in their mating systems and life cycles, as
P. vulgaris is predominantly autogamous and annual, P. acutifolius is autogamous
and annual, P. coccineus is predominantly allogamous and perennial, and P. dumo-
sus has intermediate characteristics between P. coccineus and P. vulgaris (Freytag
and Debouck 2002; Bitocchi et al. 2017). The Lima bean belongs to the Lunatus
group and is predominantly an autogamous species that includes both annuals and
perennials (Delgado-Salinas et al. 2006; Bitocchi et al. 2017).

As a result of its geographical distribution, evolution, and domestication, the
cultivated species of Phaseolus have adapted to and been selected for different envi-
ronmental conditions, including extreme cold and heat, deficiency or excess of water,
photoperiod, various soil conditions, and responses to pests and diseases (Bitocchi
et al. 2017; De Ron et al. 2019). While P. vulgaris is generally adapted to warmer
temperatures in semi-humid to semi-arid environments, P. coccineus is generally
adapted to cooler temperatures in more humid environments at higher altitudes. P.
dumosus is characterized by intermediate adaptation, and P. acutifolius has gener-
ally been selected for extreme drought tolerance, because of its origin from hotter
and more arid environments of northern Mexico and the southeast USA. P. lunatus
is adapted to humid and sub-humid climates, as well as to warm temperate zones
(Butare et al. 2011; Beebe et al. 2013; Bitocchi et al. 2017).

Beans are usually cultivated by smallholder farmers in many regions of America
andAfrica, where they are often exposed to unfavorable growth conditions, including
many biotic and abiotic stresses (Beebe et al. 2013, 2014; Polania et al. 2016a).
Among the abiotic constraints, drought is the most limiting factor for bean growth
and seed production, causing yield losses that can reach up to 100% in cases of severe
terminal drought (Rao 2014; Polania et al. 2016c, 2017b). The adaptive responses to
drought stress in Phaseolus species are diverse and related to the environment where



Phaseolus Species Responses and Tolerance to Drought 321

they evolved; some species such asP. coccineus andP. dumosus have few adaptations
to drought stress, while P. acutifolius is the best adapted (Rao et al. 2013; Polania
et al. 2016a, 2017a). Similarly, plant characteristics that confer drought tolerance are
diverse; some traits are species-specific, while others are shared across Phaseolus
species due to the high degree of collinearity between genomes which indicates
conserved gene function (Gujaria-Verma et al. 2016; Bitocchi et al. 2017; Lobaton
et al. 2018).

Efforts have been made for the phenotypic characterization of bean drought
response, as well as the molecular characterization of tolerance to this stress. There
has been significant progress in defining phenotypic responses to drought and this
knowledge is useful to identify potential target traits for developing drought-tolerant
breeding lines. There are several target traits that are proving useful. These include,
but are not limited to, rooting depth, fine root production, root hair length and density,
water use efficiency, effective use of water, stomatal development and physiology,
osmotic control, biomass accumulation, harvest index, mobilization of photoassim-
ilates to pod and seed formation and filling, superior enzymatic activity related to
sink strength, and carbon fixation by non-foliar photosynthesis (Cuellar-Ortiz et al.
2008; Polania et al. 2016a, 2017a; Chater et al. 2017; Rao et al. 2017; González
et al. 2019). In this chapter, we discuss the role of these traits in the responses of the
Phaseolus genus to drought stress, their phenotypic variation (particularly between
P. vulgaris and P. acutifolius) and the potential of Phaseolus wild relatives and inter-
species hybridization for future crop improvement to improve survival and yields
under drought stress.

1.1 Phenotypic Characterization Under Drought Stress

Of the cultivated Phaseolus species, common beans (P. vulgaris) have been the sub-
ject of more phenotypic studies of drought stress responses than the other species,
followed by tepary beans (P. acutifolius). These studies have focused on root system
responses, leaf photosynthesis, plant growth and development, biomass accumula-
tion, and partitioning of assimilates to the reproductive structures of the plant (Beebe
et al. 2013; Rao et al. 2013; Araújo et al. 2015; Polania and Rao 2019).

1.1.1 Leaf Photosynthetic Responses to Drought Stress

Leaf photosynthesis is a widely studied process which is severely affected by drought
stress, as reduced water availability limits gas exchange and therefore CO2 fixation
(Farooq et al. 2016; Mathobo et al. 2017; Nadeem et al. 2019). However, there is
limited evidence of differences in leaf photosynthesis between tolerant and drought-
sensitive common bean genotypes (Lizana et al. 2006; Rosales et al. 2012). Under
drought, chlorophyll content, measured using both destructive and nondestructive
techniques, is shown to increase in the leaf.However, this observedhigher chlorophyll
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concentration per unit leaf area is primarily a consequence of the inhibition of leaf
expansion under drought (Rosales-Serna et al. 2004; Polania et al. 2012), rather than
a compensatory upregulation of photosynthesis. This interpretation is also supported
by the poor correlation between leaf chlorophyll content and seed yield under drought
stress in different field and greenhouse studies (Rosales-Serna et al. 2004; Polania
et al. 2012). Chlorophyll content, therefore, allows discrimination between non-
stress and stress treatments, but is not a useful trait as a selection tool for drought
tolerance. A similar conclusion can be reached with respect to differences observed
in the photosynthetic efficiency of photosystem II (PSII) in irrigated and drought
stressed common beans, which suggest an effect of water limitation on quantum
yield.However, no clear relations have been foundbetweenphotosynthetic efficiency,
genotype, and seed yield within and between treatments. Again, this trait appears to
be of limited use for the selection of bean genotypes adapted to drought in breeding
programs (Polania and Rao 2019).

1.1.2 Water Use Under Drought Stress: Spenders and Savers

Characteristics related to water use show a high correlation with seed production
under drought stress, as well as broad differences between bean genotypes under
these conditions. Some traits related with water status, water use, and transpiration
include stomatal conductance, stomatal density, canopy temperature depression, and
carbon isotope discrimination (Polania et al. 2012, 2016b, c, 2017b;Beebe et al. 2013;
Rao et al. 2017). Several reports indicate that these traits could serve as selection
criteria for drought tolerance in breeding programs. Water use efficiency (WUE), the
amount of carbon gain relative to water loss, or ‘more crop per drop,’ is considered
an important component of drought tolerance in different crops (Blum 2009; Sinclair
2012; Vadez et al. 2014). WUE is a complex trait and difficult to phenotype, prevent-
ing many breeding programs from using it directly (Araus et al. 2002; Easlon et al.
2014; Leakey et al. 2019). It has been reported that traits related to conservingwater at
the vegetative stage (e.g., lower leaf conductance, lower stomata density, smaller leaf
canopy), slow down the depletion of available water in the soil profile and save water
for reproductive growth and seed filling, resulting in better seed yield under terminal
drought stress conditions (Zaman-Allah et al. 2011; Araújo et al. 2015; Chater et al.
2019). However, increases in WUE may reduce transpiration rate at the expense of
carbon uptake, biomass accumulation, and, ultimately, yield potential (Blum 2005;
Polania et al. 2016a). Nevertheless, the selection of genotypes for higherWUE is not
only an appropriate approach for breeding for severe droughts or terminal drought
in arid environments. It may also provide large yield gains with little carbon cost
in legumes compared to non-legume crops, particularly in resource-limited small-
holder systems where nitrogen fertilizer application is limited (Adams et al. 2016).
In contrast to WUE, effective use of water (EUW) implies breeding for maximal soil
moisture capture for transpiration and decreased non-stomatal transpiration (Blum
2009). EUW is relevant when there is still soil water available, when deep-rooted
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genotypes access water deep in the soil profile that is not normally available, or under
moderate or intermittent droughts (Araus et al. 2002; Polania et al. 2016a, 2017a).

Bean genotypes can be classified into two phenotypic groups based on water use
traits: water savers (the isohydric plant model) and water spenders (the anisohydric
plantmodel). This grouping facilitates targeting genotypes to specific agro-ecological
niches (Polania et al. 2016a, 2017a, b; Polania andRao 2019). In the field, phenotypes
with the water spending strategy under drought stress generate deeper roots and can,
therefore, accessmorewater fromdeep soil layers, which results in an improved plant
water status. This increase in water use is associated with greater carbon assimilation
(increased stomatal conductance) and plant growth (higher EUW). If combined with
better photosynthate remobilization to pod and seedproduction, this can improve seed
yield under certain drought conditions.Water spending genotypes could prove useful
for cultivation in agro-ecological regions where seasonal rainfall is intermittent and
where there is available water deep in the soil profile (Polania et al. 2017a; Polania
and Rao 2019).

Drought-tolerant genotypes that are classified in the ‘water saver’ ideotype gen-
erate fewer roots and have access to less water, resulting in reduced stomatal con-
ductance, and moderate gas exchange and plant growth (higher WUE). Combined
with better photosynthate partitioning, this results in a moderate level of seed yield
under severe drought stress. Water-saving genotypes can be more suitable to semi-
arid and arid environments dominated by terminal drought stress. Approaches to
improve WUE and the water-saving strategy include the optimization of stomatal
development and stomatal physiology. Both approaches aim to minimize total plant
water loss by reducing the available pore area for transpiration, and these molecular
mechanisms appear to be highly conserved across land plants (Chater et al. 2016,
2017, 2019). Inhibition of stomatal development contributes to the reduction of leaf
stomatal density (the number of stomata per unit area), thereby enhancing WUE. As
with leaf chlorophyll content, stomatal densities tend to increase and stomatal size
decreases during drought as cell and leaf expansion rates are inhibited, so downregu-
lation of stomatal development plays an important role to counteract this effect. This
compensatory response may also be observed in tepary bean pods compared to com-
mon bean pods in Fig. 1a, b. Bean pre-breeding efforts to target stomatal physiology,
in particular for the water saver ideotype, could include the identification of varia-
tion in stomatal conductance responses. Differences in stomatal kinetics (the rates
of opening and closing in response to environmental factors such as sunflecks, VPD,
etc.), as well as maximal pore aperture, and guard cell size, across genotypes are not
only inheritable but also selectable traits that can be translated into improved WUE.
Natural variation in stomatal densities, patterning, and responses across crop geno-
types and wild relatives represents a valuable resource to be exploited for improving
drought tolerance in common bean (Blair et al. 2016; Chater et al. 2019).

The classification of bean genotypes into water savers or spenders seems to
be related to their place of origin and domestication. Common bean races (e.g.,
Durango), and teparies that evolved in arid parts of Mexico, tend to be water savers,
while Andean races and those that evolved in more temperate and semi-arid environ-
ments, behave as water spenders. Most domesticated tepary beans were bred for and
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Fig. 1 Common bean and tepary bean pod responses to water deficit Comparison of pod
stomatal density (a) and size (b) responses to water deficit between Phaseolus vulgaris (Pinto
Saltillo) and P. acutifolius (Tepary VSU #10). Impressions of P. acutifolius (Tepary VSU #10)
pod epidermis during pod elongation (c) and upon expansion (pre-midpod filling) (d), showing
enhanced cuticle patterning, epicuticular wax production, and possible occlusions of the stomatal
pores. Scale bars = 50 µm. Conductance (e) and net photosynthesis (f) at midpod filling stage in
Phaseolus vulgaris (Pinto Saltillo) and P. acutifolius (Tepary TARS 32) under irrigated and water
deficit conditions
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are grown in the deserts of northern Mexico and the south west USA and are well
suited to semi-arid-to-arid conditions (Beebe et al. 2014), traditionally relying on
fleeting floodplain waters for rapid growth. The tepary bean presents traits related to
the water saver model and is different to common bean, with small and thin leaves,
fine roots, and reduced stomatal conductance and water loss. Tepary also showsmore
inhibitory stomatal density responses (Fig. 1a) by counteracting drought-associated
reductions in cell size (Fig. 1b), better osmotic control, and a greater ability for car-
bon remobilization compared to common bean (Mohamed et al. 2005; Butare et al.
2011; Rao et al. 2013; Beebe et al. 2014).

1.1.3 Mobilization of Photosynthates in Response to Drought Stress

A superior mobilization of photosynthates to seed production, often measured as
harvest index (HI), is central to drought tolerance mechanisms and genetic improve-
ment across bean species. Several studies in common bean and tepary bean have
shown that photosynthate mobilization to pods and seeds contributes to better yield
under drought (Beebe et al. 2008, 2013; Devi et al. 2013; Rao 2014; Polania et al.
2016a, 2017b; Rao et al. 2017; Chaves et al. 2018; Mukankusi et al. 2018). This has
been demonstrated phenotypically through the use of dry matter partitioning indices,
sugar determination, and carbon labeling techniques. Dry matter partitioning indices
include: the pod partitioning index (PPI) which indicates the extent of mobilization
of assimilates from vegetative structures to pods, and the pod harvest index (PHI)
that indicates the degree of mobilization of assimilates from the pod wall to seed
formation and filling (Assefa et al. 2013; Beebe et al. 2013; Rao et al. 2013, 2017;
Polania et al. 2016a, c, 2017b; Chaves et al. 2018).

Genotypes tolerant to drought, independent of their water use strategy (savers or
spenders) show higher PPI and PHI; in other words, a greater mobilization and con-
tribution of photosynthates to the pod and final yield. Whereas drought-susceptible
genotypes, such asP. coccineus andP. dumosus, have a limited capacity for photosyn-
thate mobilization to reproductive organs, with lower rates of carbon translocation
(low HI and PHI values), highly tolerant beans, such as P. acutifolius, show the
highest rates of carbon translocation to pod and seed formation (high HI and PHI
values) (Rao et al. 2013; Polania et al. 2016a, 2017a). Low HI and PHI also corre-
late with more vegetative growth, poor pod formation, seed set, and seed quality in
drought-susceptible genotypes (Butare et al. 2011, 2012).

Photosynthate mobilization can also explain differences in drought response
between tolerantMesoamerican and susceptibleAndeanP. vulgaris gene pools (Pola-
nia et al. 2016c). The ability to mobilize photosynthates (PPI and PHI) is greater in
Mesoamerican genotypes than in Andean genotypes, and Andean drought sensitivity
may be a direct result of a limited genetic capacity to redirect plant reserves to pod
and seed production under water limitation. This stark difference may be a result of
the divergent evolutionary events undergone before and during the domestication of
these races; historically, the Mesoamerican gene pool was exposed to more extreme
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drought stresses than the Andean lineages (Polania et al. 2016c; Polania and Rao
2019).

Superior photosynthate mobilization to pod and seed formation under drought
stress has not only been demonstrated through use of partitioning indices but also
by biochemical analyses. Techniques such as 14C-labelling, used to quantify sugar
accumulation and partitioning, show that high seed yield under terminal drought
stress is associated with an efficient carbon mobilization from leaves to pods and
to seeds (Cuellar-Ortiz et al. 2008; Rosales et al. 2012). These lines of evidence
indicate that efficient photosynthate mobilization is often a key mechanism for bean
drought tolerance and that it involves total non-structural carbohydrate allocation
from stems to pods and seed filling. As sucrose is the main plant long-distance
transport carbohydrate from the source through the phloem, sucrose production,
mobilization, and unloading are considered to bemajor factors for improving drought
tolerance (Li et al. 2017). Under drought stress, significant changes observed in the
expression of sucrose transporter genes (SUTs) suggest a critical role for sucrose
transport for drought tolerance (Xu et al. 2018). However, sink strength limitations
to sucrose unloading under drought may prove more important than phloem loading
and transport, as observed under heat stress in common beans (Soltani et al. 2019).

1.1.4 Reproductive Sink Strength and Sink Carbon Recycling Under
Drought

The flowering and reproductive phases are highly vulnerable and affected by drought
stress, the ability of the plant to maintain flowers and form pods (avoid abortion) is
fundamental in drought tolerance in beans (Nadeem et al. 2019). A major effect of
drought stress on Phaseolus species and grain legumes in general is the reduction
in yield components, such as pod number per area (PNA) and seed number per area
(SNA) (Assefa et al. 2015; Polania et al. 2017b; Rao et al. 2017). Seed number per
pod is determined by the potential of the ovules formed by the plant, pollination
processes, and the capacity of the plant to transport carbohydrates toward the devel-
oping embryos (Farooq et al. 2016). Phaseolus plants, even under optimal water
supply, sacrifice one or two ovules to optimize seed formation within a pod, and
under drought conditions, a plant may abort half or more of its ovules depending
on the species. However, embryo and seed abortion in drought-tolerant genotypes
is minimized, and this, combined with efficient photoassimilate mobilization from
vegetative structures and pod wall, ensures adequate seed formation and filling per
pod. This is evident in P. acutifolius, which experiences less embryo abortion and
displays superior seed formation compared to otherPhaseolus species under drought.
P. acutifolius’ superior sink strength could be linked to its small seed size (Rao et al.
2013); a trait that has parallels with the small-seeded drought-tolerantMesoamerican
P. vulgaris genotypes. In contrast, species with large seeds, such as P. coccineus, and
P. dumosus, and Andean P. vulgaris genotypes, display high levels of embryo abor-
tion and lower seed numbers per pod under drought, indicating poor sink strength.
By selecting bean genotypes with higher sink strength, resulting in a greater pod and
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seed number per area, we may increase seed yield under drought conditions (Rao
et al. 2017).

Under water limitation, not only are pod and seed formation highly sensitive to the
supply of source leaf photoassimilates but they may also depend on the remobiliza-
tion of stored assimilates in stem tissues (Blum 2009; Rao et al. 2017). The processes
of embryo development and seed filling have high carbon demands that are usually
satisfied by phloem unloading (Smith et al. 2018). Although, like leaves, pod tissue
is green and photosynthetic until senescence, some studies have shown that mature
pod gas exchange is very low by comparison (Crookston et al. 1974). Constraints to
mature pod gas exchange include low stomatal densities (Fig. 1a), reduced stomatal
opening, and the development of thick waxy cuticle that may occlude the mature
stomatal pore (Fig. 1c, d), which contribute to the very low stomatal conductance
(Fig. 1e) and null values of net photosynthesis in mature pods (Fig. 1f). These effects
are evident from determination of photosynthetic rates in the pod using a portable
gas exchange system that showed negative values of pod net photosynthesis due to,
not only low capacity of the pod to perform gas exchange but also from respira-
tion of developing embryos, as shown in Fig. 1f. These observations suggest that,
whereas stomata may play an active role during pod differentiation and expansion,
their contribution to mature pod carbon assimilation and seed filling may be negli-
gible. However, results from chickpea (Cicer arietinum) demonstrate that non-foliar
podwall photosynthesis plays a fundamental role in the refixation of CO2 released
from respiring embryos (Furbank et al. 2004). Furthermore, under drought, this inter-
nal CO2 recycling could be an important trait for plant carbon partitioning efficiency,
providing a source of assimilates for seed filling at a time when externally-derived
CO2 is severely limited due to stomatal closure (Ma et al. 2001; Furbank et al. 2004;
Brazel and Ó’Maoiléidigh 2019; González et al. 2019).

1.1.5 Reprioritizing Sinks to Reproduction: Nodule Function Under
Drought Stress

Phaseolus species have a lower symbiotic nitrogen fixation (SNF) capacity compared
to many legumes (Hardarson et al. 1993; Hardarson 2004; Peoples et al. 2009), but
SNF remains crucial for bean and soil nutrition in low-input rainfed agri-systems
that are most at risk of drought. As SNF has a high carbon cost (12–17 g of ATP
for every gram of N2 fixed) and is very sensitive to water deficit (Devi et al. 2013;
Ramaekers et al. 2013; Polania et al. 2016b; Barbosa et al. 2018), carbon limitation
under drought rapidly reduces nodule photosynthate supply, and thus downregulates
nitrogen fixation (Gonzalez et al. 1995; Sassi et al. 2008). There is wide variation
in the level of SNF between Phaseolus species and across cultivars within species
(Wilker et al. 2019), particularly in their response to drought, again reflecting diver-
gent evolutionary and domestication processes. P. acutifolius and Mesoamerican P.
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vulgaris ‘water saver’ genotypes drastically reduce SNF under drought, suggesting
that strong inhibitory signaling mechanisms interfering with SNF have been selected
in tolerant beans (Polania et al. 2016b). This strategy leads to a rapid decrease of
nodule carbon supply, favoring themobilization of this carbon to pod and seed forma-
tion, while simultaneously increasingWUEand nitrogen use efficiency (Polania et al.
2016b). Nevertheless, this strategy may only be optimal in arid-to-semi-arid envi-
ronments. In drought-tolerant Andean and Mesoamerican P. vulgaris water spender
genotypes, a combination of superior seed yield and better SNF under drought stress
have been reported. This spender response may be due to better source/sink relation-
ships, using the acquired nitrogen (N) more efficiently to produce seed, improved
remobilization of stored C andN to seed, andmore abundant thick roots for accessing
water and nutrients in the soil profile (Polania et al. 2017a).

1.1.6 Root Responses Under Drought Stress

Root system traits—like shoot traits—associatedwith drought tolerance followa sim-
ilar trend that reflects the ancestral and domestication environment of the germplasm
(Strock et al. 2019) and their water saving or spending strategy. The P. vulgaris
domestication process has selected for bean plants with greater rooting depth than
their wild counterparts under drought stress (Berny Mier y Teran et al. 2018). Eval-
uation of root traits under field and greenhouse conditions have demonstrated the
contribution of deep rooting to improving drought tolerance through increased water
acquisition (Sponchiado et al. 1989; White and Castillo 1992; Polania et al. 2009,
2012, Polania et al. 2017a, b; Rao 2014; Rao et al. 2016; Strock et al. 2019).

A range of genotypes with differential root system architecture should be utilized
for the development of drought-tolerant lines for specific agro-ecological conditions
(Heng et al. 2018). There is extensive genotypic diversity in root system character-
istics and drought responses between Phaseolus species. Whereas P. acutifolius has
a fine root system and P. coccineus has a thick root system; P. vulgaris tends to have
an intermediate root system by comparison (Butare et al. 2011, 2012; Polania et al.
2017a). In P. vulgaris, Andean genotypes develop a long seedling taproot and abun-
dant basal roots, while Mesoamerican genotypes show the shortest seedling taproot
length and few basal roots (Strock et al. 2019). As indicated before, drought-tolerant
P. vulgaris water spenders have vigorous and deeper root systems (Polania et al.
2017a), and this rooting strategy combined with better photosynthate remobilization
results in higher seed yield under drought. Some studies also suggest that higher root
hair densities help the root to penetrate the soil and help provide essential functions in
water uptake and nodule formation (Rivera et al. 2019). Higher basal root abundance
and greater adventitious root development are also associated with improved water
uptake and bean drought tolerance (Strock et al. 2019).

Water-saving genotypes combine higher seed yield under more extreme drought
stress with a slower growing and shallower root system (Polania et al. 2017a). This
strategy of water conservation and higher WUE is also complemented by more effi-
cient photosynthate remobilization to pod and seed sinks (Polania et al. 2017a). As
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with rhizobial nodules, roots represent a large carbon sink. One model, to increase
carbon use efficiency per area and improve drought tolerance, proposes to increase
Phaseolus root porosity. This anatomical engineering could be achieved in several
ways: by limiting cortical parenchyma production through the reduction of corti-
cal cell files; through loss of cortical parenchyma and formation of root cortical
aerenchyma and root cortical senescence; and by increasing cortical cell size (Lynch
2018). By limiting the carbon demands of the root system, mobilization of pho-
tosynthates to reproduction could increase yields whether the plant is under water
limitation or not.

P. acutifolius has a water saver root system, with fine and shallow roots and effi-
cient carbon use per unit root length; in other words, a higher specific root length or
more root length per gram of biomass (Polania et al. 2017a). These root traits con-
tribute to the enhancedphotosynthate remobilization and earlymaturity characteristic
of tepary beans. This root structure, combined with small leaves and greater stomatal
control for reduced water use, results in extreme drought tolerance (Mohamed et al.
2005; Butare et al. 2011; Rao et al. 2013; Beebe et al. 2014; Polania et al. 2016a).

However, the relationship between root system characteristics and shoot growth
can be complex; a genotype with a vigorous and deeper root system could fail in its
performance under drought stress due to excessive vegetative growth and poor seed
production. A vigorous and deeper root system, with rapid growth is useful, but not
sufficient, for improved drought tolerance in bean. Instead, the strategic breeding of
combinations of traits, including better root systems, photosynthate remobilization
from vegetative structures, and increased pod and seed sink strength, are needed to
reduce yield losses caused by drought (Beebe et al. 2014; Polania et al. 2016a, 2017a;
Rao et al. 2017).

1.2 Molecular Approaches to Address Drought Tolerance
Mechanisms

Molecular biology offers a powerful tool for accelerating the identification of superior
genotypes under drought stress, through the generation of molecular markers of key
processes related to drought tolerance. In Phaseolus species, molecular biology has
already successfully identified and generated molecular markers related to disease
resistance (Assefa et al. 2019), but their use for improvement of abiotic stress resis-
tance and specifically of drought resistance has been more complex (Chater et al.
2019). This limitation exhibits the complexities of drought resistance as a multi-
factorial trait involving multiple plant processes and gene responses. Adjustment
responses are highly influenced by the severity and duration of stress conditions, the
developmental stage of the plant, tissue identity, genetic background, and the com-
bination of these factors. An additional factor to be considered is that abiotic stresses
usually occurring in a combined form (i.e., water deficit and high temperatures, water
deficit, low temperatures, etc.).



330 J. A. Polania et al.

Different genotyping technologies have been developed, utilizing single
nucleotide polymorphisms (SNPs) that have become available through next-
generation sequencing (NGS). These SNP-based markers have been applied to study
diversity, genome mapping, and detection of quantitative trait loci (QTLs) for biotic
and abiotic stresses in common beans (Diaz et al. 2018). Furthermore, the availability
of reference genomes for common bean and otherPhaseolus species, the reduction in
sequencing costs, and the development of different methods for bioinformatic analy-
ses are contributing to the hastening of knowledge acquisition. SNP and QTL-based
methods will soon contribute to efficient, feasible, and pertinent molecular-based
technologies for drought resistance marker assisted breeding (Lobaton et al. 2018).

By unraveling the genetic underpinnings of the drought tolerance traits and pheno-
types described above, wemay be able to accelerate beanmolecular breeding. Efforts
in this direction are the QTL analyses to find genome and chromosomal regions
related to key traits under well-watered and drought conditions. These traits include,
among others, seed yield, yield components (PHI, PPI, HI, number of pods per plant,
seeds per pod), biomass partitioning, canopy biomass, and days-to-flowering. In this
regard, a recent study found QTLs for PHI, some of which co-localized with three
out of eight QTLs for seed yield, emphasizing the relevance of an efficient carbon
allocation for seed production. As expected, for complex traits such as stress toler-
ance, this study presented evidence suggesting epistatic networks in traits such as
yield and PHI (Berny Mier y Teran et al. 2019).

Other reports have focused on the characterization of the molecular basis of deep
rooting, using a recombinant inbred line (RIL) population of DOR 364 × BAT 477
and QTL study of root traits under drought stress. Several QTLs on linkage groups
b01 or b11 were identified, which explained up to 41% of the genetic variance
(Asfaw and Blair 2012). Furthermore, two major and stable QTLs were mapped to
Pv01 and Pv02 for grain yield under multiple stresses. The Pv01 QTL explained
up to 37% of the phenotypic variance for seed yield, whereas the Pv02 QTL was
detected under drought stress (R2 = 33%) and multiple stresses (R2 = 17–23%).
Some of the SNPs linked to these QTLs were associated to genes whose transcript
levels were correlatedwithwater deficit responses. This study also provided evidence
of the significance of phenological plasticity in adaptation to drought: although late
maturity is associated with increased yield under optimal conditions, early maturity
is associated with higher yield under terminal drought (Trapp et al. 2015).

Using a drought-tolerantMesoamerican x drought-susceptibleAndean population
of P. vulgaris, twenty-two QTLs were detected for chlorophyll, leaf and stem fresh
biomass, leaf dry biomass, leaf temperature, number of pods and seeds per plant, seed
weight, days to flowering, pod biomass and yield under well-watered and drought
conditions (Briñez et al. 2017). All QTLs detected under drought conditions came
from the resistant parent, among the most important being leaf area, fresh mass and
pod dry weight. A SNP characterization using drought-tolerant Durango genotypes
detected 83 SNPs with particularly significant association to phenotypes such as
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days-to-flowering and seed biomass (Villordo-Pineda et al. 2015). Some of the SNPs
were associated to genes involved in the plant response to drought. For example, the
authors identified genes implicated in ABAmediated processes, starch biosynthesis,
proline biosynthesis, reactive oxygen species generation, kinases, late embryogenesis
abundant (LEA) proteins, and putative transcription factors, among others.

Overall, these different marker studies emphasize that drought tolerance is a
complex quantitative trait, where many diverse genes/proteins participate to allow
plant adjustment to water scarcity. Nevertheless, these works among others con-
tribute to the knowledge required for the development of molecular marker assisted
approaches for the selection of drought tolerance in common bean. These approaches
will have to be tailored according to particular genotypes, environments, and the plant
developmental stages of interest.

2 Future Perspectives

Results of phenotypic characterization of beans under drought stress indicate that
tolerance is not related to a single trait or process, and, instead, it is the strategic com-
bination of a few characteristics that results in higher seed productivity under drought
conditions. Some traits, such as water use efficiency related to stomatal density and
physiology, and greater carbonmobilization to pod and grain formation, may already
be common characteristics in tolerantPhaseolus genotypes.However, the control and
molecular bases of these processes have not been completely described. Studies on
the molecular control of stomatal density and physiology, as well as its relationship
with other plant processes could open up a wealth of novel breeding targets. Simi-
larly, carbon mobilization is a key trait in drought tolerance across Phaseolus crops,
but little is known about the biochemical and molecular processes that control this
characteristic. In particular, the roles of transporters in photoassimilate loading and
unloading to and from the phloem, and processes related to greater sink strength
and capacity, could lead to novel candidates for yield improvement under drought.
Research on the understanding of the molecular control of these key processes will
allow for the development of molecular markers that will increase the efficiency of
drought breeding programs in beans and other legumes.
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Abstract Fabaceae is the third largest flowering plant family, commonly known
as legumes that are the major source of dietary protein; some are source of oil,
fodder, timber, and medicine, and some are ornamental plants. Legume enriches
soil health-adding atmospheric nitrogen. This potential crop is often under threat
in terms of growth, physiology, developmental processes, and yield potential due
to high temperature induced by climate change. There are various approaches to
combat high temperature stress. Agronomic approaches and exogenous application
of phytoprotectants including osmoprotectants, nutrients, antioxidants, polyamines,
trace elements, phytohormone, and signaling molecule are potential ways to mitigate
high temperature damages of Fabaceae plants. Few research findings also developed
transgenic plants showing improved tolerance to high temperature stress. This chapter
accommodates information regarding high temperature effects on Fabaceae plants
and different approaches mitigating high temperature induced-damages which will
draw the attention of the scientists and researchers and will help them in converting
the Fabaceae plants to be more prominent against the threat of climate change.
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1 Introduction

Among the flowering plant families, Fabaceae commonly known as legumes are
the third largest family comprising of about 20,000 species. Based on nutrition and
production, legumes occupy the second position after cereal (Kumar et al. 2018).
Legume seeds are mostly eaten/uptaken for protein supply. Some legumes provide
us with edible oils. A broad range of legumes are cultivated for fodder or/and forage.
Some Fabaceae family plants are cultivated for getting wood and timber. Legume
plants are also grown in awide range for their flower or as ornamental plants. A group
of Fabaceae plants have medicinal value. Almost all the Fabaceae plants enrich
soil-fixing atmospheric nitrogen and also adding biofertilizer after incorporation.
Without these, new by-products are also adding, which are also from Fabaceae plant
derivatives (Voisin et al. 2014). Thus, Fabaceae plants occupy broad space in our
everyday life.

Rising temperature is one of the most primary effects of global climate change
which is resulted from number of reasons. The Intergovernmental Panel on Climate
Change 2014 (IPCC 2014) revealed that the number of warm days and nights and
the frequency of heat waves have been greater than before in many regions of this
earth. The global surface temperature change is projected to exceed 2 °C by the
end of the twenty-first century, compared to 1850–1900 (IPCC 2014). This increas-
ing pattern is more severe in tropical/subtropical and dry regions. High temperature
(HT) often does not come alone; it can associate with increased drought stress, and
it can be combined with high salinity; it causes the melting of glaciers causing sea
level rise. So, temperature rise is considered as themost severe environmental concern
(Mittler and Blumwald 2010). The rise of temperature reduces the production of food
crops, timber production, andmedicinal plants. High temperature can cause total crop
failure, and even extinction of species can be consequence of HT at extreme level.
Similar to other plants, the Fabaceae plants are also prone to diminished growth
and yield potential under HT stress. High temperature alters soil physical, biochem-
ical, and biophysical properties that affecting crop growth. The preliminary plant
growth processes are also affected like germination, seedlings growth, and vital phys-
iological processes which then cause crop loss. Knowing the effects of any stresses
including the HT stress is the prerequisite for developing the tolerant variety. Vari-
ous approaches to combat HT stress tolerance have been discovered/invented with
the development of science. So, the present chapter collects and accommodates the
information regarding the HT effects on Fabaceae plants and differential approaches
to sustain crop productivity and to improve HT tolerance of plants within the same
frame.
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2 Importance of Fabaceae Plants

Based on worldwide distribution and nutritional value, Fabaceae plants are the
most demanded plants group after cereal and thus occupied the second position
(Lewis et al. 2005; Kumar et al. 2018). It includes important crop species including
herbs, like soybean (Glycine max), Lentil (Lens culinaris), groundnut (Arachis
hypogaea), common bean (Phaseolus vulgaris), mung bean (Vigna radiata), chick-
pea (Cicer arietinum), garden pea (Pisum sativum) pigeon pea (Cajanus cajan), and
alfalfa (Medicago sativa) playing an important role as human and animals dietary
components (Considine et al. 2017). In addition, legume also includes shrubs:
Sesbania sesban, S. grandiflora, Gliricidia sepium, Calliandra calothyrsus, and
trees Leucaena leucocephala, S. grandiflora, Moringa oleifera, etc.

Legume, bean, or pea family known as Fabaceae are very important both from
economical and ecological point of view. Fabaceae plants are considered extraor-
dinarily important because of their abundance and exceptional diversity together
with their multiple uses as food, feed, fodder, medicines, etc. (Voisin et al. 2014).
Grain legumes also known as pulses are the enriched and potential sources of plant
proteins, calories, vitamins, minerals, amino acids, crude fibers, etc. Due to rapid
global population growth, millions of people especially from underdeveloped and
developing countries are suffering from protein malnutrition (Hasanuzzaman et al.
2015). Pulses are known as poor people’s meat, when supplemented in diets can
play vital role as the alternative source of expensive animal protein along with the
improvement of nutritional status. Thus, pulses are essential food crops for ensuring
global food security for ever-increasing population (Iqbal et al. 2006; Nasr Esfahani
et al. 2017). In the present world, groundnut and soybean contribute about 33% of
total dietary nitrogen (N) and 40% of cooking oil, respectively, where about 70%
foods and 25% feed demands are covered by pulses with serving more 5% for other
uses in many countries including Europe, Australia, etc. (Zhang et al 2017).

In the present era of global climate change, legume crops can act as potential
tools those can ensure sustainable agricultural system through their ability of bio-
logical nitrogen fixation, increasing retention of nutrients, improving soil fertility,
reducing soil erosion as well as reducing global warming (Fig. 1). For fulfilling food
demand of ever-increasing populations, the continuous cultivation making the soil
exhausted, and in this condition, legumes are the only key those can meet both envi-
ronmental sustainability and food demand. The year 2016 has already been declared
by the United Nations as the International Year of Pulses (grain legumes) focus-
ing on a motto of ‘Nutritious Seeds for a Sustainable Future.’ They marked as the
most important cultivated crops and those can enrich soil fertility and organic mat-
ter through forming symbiotic relationships with certain bacteria (i.e., Rhizobium
and Bradyrhizobium). About 30–200 kg N ha−1 can be fixed yearly by pulse crops.
Thus, each pulse crop is called ‘mini N factory’ as they can convert atmospheric free
nitrogen to usable nitrogen compounds which are further used by themselves or the
subsequent plants along with soil stabilization, restoration, and improvement of soil
properties (Khedar et al. 2008; Nulik et al. 2013; Foyer et al. 2016; Cao et al. 2017).
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A number of pulses also can play role in freeing the soil-bound phosphorus (P) and
help in providing optimum soil as well as plant nutrition. Legumes are also known
to improve soil organic carbon stocks which further improve the potential yield of
crops (Rose et al. 2010; Dhakal et al. 2016). So, cultivating pulse crop makes the
soil ecologically more friendly and financially more sound through sustaining the
soil productivity.

Fabaceae plants have much more diversified uses. In many areas, after harvesting
the main crops, Fabaceae plants are grown as cover crops due to their soil fertility
enrichment capacity by fixing N, weed suppression, controlling erosion, enhanced
infiltration rate, and having some economic benefits. As a result, poor farmers often
get the scope to reduce the cost of buying N fertilizers, and when due to continuous
farming, depletion of soil N occurs; legumes can be used in crop rotation such as
catch crop, intercrop, alley crop, and green manure to replenish the soil. Therefore,
the risk of crop failure and summer-fallowing due to sole cropping of cereal and
other crops are also replaced by extended crop rotation with pulses. Many legumes
are also used in the projects of reforestation and revegetation, globally. In devel-
oping countries, due to their short life cycle, they are observed as necessary crops
to be included as intercrop in the cropping pattern. Increased crop yield, enhanced
nitrogen-use efficiency, diversification of crops, and decreased appearance of plant
diseases are the benefits of intercropping or rotating legumes with cereals or other
crops. So, enhanced cropping intensity can also be gained. Legumes also possess
the characteristics of restorative crops, forage, and fodder crops. In pasture alfalfa,
clover, etc., are gazed by animals, whereas Leucaena and Albizia are regularly used
as fodder (Hasanuzzaman et al. 2019). Besides providing human food, legumes serve
various other purposes like forage, pharmaceuticals, timber, industrial, and aesthetic.
L. leucocephala orG. sepium trees sp. servemultipurpose as livestock forage, timber,
shade plant, and reforestation cover. In addition, they have the capacity to withstand
different environmental stresses under changing climate. It was revealed that symbi-
otic associations by-product play roles to tolerate drought, heavy metal, and oxida-
tive stresses. Furthermore, associated bacteria also involved in the bioremediation
of metal, pollutants, organic pollutants degradation, and photostabilization (Sultana
et al. 2014; Hasanuzzaman et al. 2015). It is already reported that, legumes have the
capacity to mitigate the adverse climate change through reducing greenhouse gases
(GHG) emission compared to other crops (Stagnari et al. 2017), because they release
5–7 times less GHG per unit area and also permit soil carbon (C) sequestration; thus,
influence saving of more fossil energy is in the cropping system.

Legumes are traditionally popular for their medicinal values. Folk medicines are
composed of some legumes. Isoflavones from Glycine max have been reported as
anticarcinogenic compound along with reducing the cancer risk and serum choles-
terol reduction. For the postmenopausal women, another compound provided by soy
food and soybean called phytoestrogens has been documented to act as the replace-
ment of hormone therapy (Kennedy 1995; Molteni et al. 1995). Legume seeds are
suggested beneficial for human health because they contain lower saturated fatty
acids, total oil, glycaemic index (blood sugar indicator) and higher unsaturated fatty
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acids, protein, and fibers. Higher intake of L. culinaris showed lowered blood pres-
sure, lowered glycemic load, anticarcinogenic, and hypocholesterolemic effects. It
also helped in preventing the cardiovascular and chronic diseases, cancer, and dia-
betes due to high contents of phytochemicals and fibers (Shahwar et al. 2017). Lupin
seeds play a significant role in controlling diabetes, overweight, lowering hyper-
tension, balancing energy, and improving blood lipid (Ryan et al. 2007; Capraro
et al. 2010). Celiac patients can also be benefitted by pulses since they are devoid of
gluten. Cardiovascular diseases, diabetes, breast cancer risk, and obesity can also be
prevented by the composition of pulses (Campos-Vega et al. 2010).

Moreover, biodegradable plastics, dyes, inks, gums, oils, etc., industrial prod-
ucts can be prepared from legumes. In sezile textiles and papers gums preparation,
Cyamopsis sp. and Sesbania sp. are used. Nowadays, bio-diesel fuels from soybean
are powering the vehicles in the USA and other countries (Morris 1997).

3 Effects of High Temperature Stress on Fabaceae Plants

As the factor of abiotic stresses, HT causes the negative changes in plant growth and
physiology resulting in a great yield loss of Fabaceae plants. Heat stress restricts plant
phenological development through imbalancing cell water, inhibiting cell growth,
disruption in light capture, inactivating enzymatic functions, limiting photosynthesis,
hampering reproductive functions. In this section, we will briefly summarize the
plant sufferings from HT focusing on the growth, physiological, and yield aspects
(Table 1).

3.1 Growth

High temperature hampers the plants normal growth procedure by affecting differen-
tial stages from seed germination to senescence. High temperature-induced stunted
growthmight be associatedwith inhibition in cell division and cell elongation pointed
out by lower plant height and leaf area (Siddiqui et al. 2015). Different genotypes
of Vicia faba from different geographical location were exposed to 31 and 37 °C,
respectively, to evaluate the growth responses (Siddiqui et al. 2015). About 60-day-
old seedlings of Zafar 1, Zafar 2, Shebam1, Makamora, Espan, Giza Blanka, Giza
3, C4, C5, and G853 genotypes of V. faba were treated with respective HT for 48 h.
Therefore, the growth of all the genotypes was reduced assessed by plant height,
shoot fresh weight (FW), shoot dry weight (DW), and leaf area. But C5 showed the
comparative better growth than others due to its highest values in all studied param-
eters and thus considered tolerant, while Epsan showed the lowest values due to its
sensitivity to HT. On the basis of the screening study of Siddiqui et al. (2015), V.
faba cv. C5 was further treated with HT by providing 38 °C, where stressed plants



342 K. Parvin et al.

Ta
bl
e
1

R
es
po
ns
es

of
Fa
ba
ce
ae

pl
an
ts
un
de
r
hi
gh

te
m
pe
ra
tu
re

st
re
ss

C
ro
ps

St
re
ss

Pl
an
tr
es
po
ns
es

R
ef
er
en
ce
s

Vi
ci
a
fa
ba

L
.c
v.

Z
af
ar

1,
Z
af
ar

2,
Sh

eb
am

1,
Z
af
ar

1,
Z
af
ar

2,
Sh

eb
am

1,
G
iz
a
B
la
nk

a,
G
iz
a
3,

C
4,

C
5
an
d
G
85
3

31
an
d
37

°C
,4
8
h

•
D
ec
re
as
ed

pl
an
th

ei
gh

t,
sh
oo

tb
io
m
as
s
ac
cu
m
ul
at
io
n
an
d
le
af

ar
ea

•
R
ed
uc
ed

le
af

re
la
tiv

e
w
at
er

co
nt
en
t(
L
R
W
C
)
w
ith

hi
gh

er
pr
ol
in
e
(p
ro
)
co
nt
en
t

•
G
en
ot
yp

es
C
5
sh
ow

ed
hi
gh

er
to
le
ra
nc
e
du

e
to

its
m
ax
im

um
va
lu
e
of

al
ls
tu
di
ed

pa
ra
m
et
er
s
un
de
r
bo
th

st
re
ss
es

Si
dd
iq
ui

et
al
.(
20
15
)

V.
fa
ba

L
.c
v.
C
5

38
°C

,4
8
h

•
R
ed
uc
ed

pl
an
th
ei
gh
t,
sh
oo
tf
re
sh

w
ei
gh
t(
FW

),
sh
oo
td
ry

w
ei
gh
t(
D
W
),
le
af
ar
ea

•
E
nh
an
ce
d
os
m
op
ro
te
ct
an
ta
cc
um

ul
at
io
n
su
ch

as
pr
o
an
d
gl
yc
in
e
be
ta
in
e
(G

B
)

•
In
cr
ea
se
d
le
af

el
ec
tr
ol
yt
e
le
ak
ag
e
(E
L
)

•
In
cr
ea
se
d
ch
lo
ro
ph
yl
l(
C
hl
)
de
gr
ad
at
io
n
an
d
th
us

re
du
ce
d
to
ta
lC

hl
co
nt
en
t

•
D
ec
re
as
ed

ca
rb
on

ic
an
hy
dr
as
e
(C
A
)
an
d
R
uB

is
C
O
ac
tiv

iti
es

Si
dd
iq
ui

et
al
.(
20
18
)

V.
fa
ba

L
.c
v.
C
5

37
°C

,4
8
h

•
D
ec
re
as
ed

m
em

br
an
e
in
te
gr
ity

in
di
ca
te
d
by

hi
gh

er
E
L

•
R
ed
uc
ed

to
ta
lC

hl
co
nt
en
tw

ith
th
e
in
cr
ea
se

of
C
hl

de
gr
ad
at
io
n

•
E
nh

an
ce
d
P5

C
S
ac
tiv

ity
w
hi
le
PD

H
ac
tiv

ity
re
du

ce
d

•
R
ed
uc
ed

L
R
W
C

A
la
m
ri
et
al
.(
20
19
)

V.
fa
ba

L
.c
v.
C
5

42
°C

,4
8
h

•
D
ec
re
as
ed

m
em

br
an
e
in
te
gr
ity

in
di
ca
te
d
by

hi
gh

er
E
L

•
R
ed
uc
ed

to
ta
lC

hl
co
nt
en
tw

ith
th
e
in
cr
ea
se

of
C
hl

de
gr
ad
at
io
n

•
E
nh

an
ce
d
P5

C
S
ac
tiv

ity
w
hi
le
PD

H
ac
tiv

ity
re
du

ce
d

•
D
ec
re
as
ed

L
R
W
C

•
In
cr
ea
se
d
en
do
ge
no
us

pr
o
an
d
N
O
co
nt
en
t

A
la
m
ri
et
al
.(
20
19
)

(c
on
tin

ue
d)



Fabaceae Plants Response and Tolerance to High … 343

Ta
bl
e
1

(c
on
tin

ue
d)

C
ro
ps

St
re
ss

Pl
an
tr
es
po
ns
es

R
ef
er
en
ce
s

Vi
gn
a
ra
di
at
a

L
.

>
40

°C
,r
ep
ro
du
ct
iv
e

ph
as
e

•
In
cr
ea
se
d
le
af

ch
lo
ro
si
s,
sc
or
ch
in
g
an
d
w
ilt
in
g
an
d
re
du

ce
d
le
af

ar
ea

w
ith

lo
w
er
ed

C
hl

ac
cu
m
ul
at
io
n

•
R
ed
uc
ed

ab
ov
e
gr
ou
nd

to
ta
lp

la
nt

bi
om

as
s
up

to
76
%

•
In
hi
bi
te
d
ph

ot
oc
he
m
ic
al
ef
fic

ie
nc
y
(P
S
II
,F

v/
Fm

)
•
C
au
se
d
ea
rl
y
flo

w
er
in
g
w
ith

de
cr
ea
se

in
flo

w
er
in
g
an
d
po
dd
in
g
du
ra
tio

n
•
R
ed
uc
ed

to
ta
lfl

ow
er

nu
m
be
r
up

to
46
%

•
D
ec
re
as
ed

po
lle

n
an
d
ov
ul
e
vi
ab
ili
ty

•
L
ow

er
ed

po
d
nu
m
be
r
al
on
g
w
ith

in
cr
ea
se
d
po
d
ab
or
tio

n
•
D
ec
re
as
ed

po
d
si
ze
,p
od

an
d
se
ed

yi
el
d

Sh
ar
m
a
et
al
.(
20
16
)

V.
ra
di
at
a

L
.c
v.

SM
L
83
2
(t
ol
er
an
t)

an
d
SM

L
66
8

(s
en
si
tiv

e)

40
/2
8
°C

,d
ur
in
g

re
pr
od
uc
tiv

e
st
ag
e

•
In
cr
ea
se
d
le
af

pr
o
co
nt
en
tb

y
3.
4-
fo
ld

w
ith

lo
w
er

L
R
W
C

•
E
nh
an
ce
d
bo
th

Py
rr
ol
in
e-
5-
ca
rb
ox
yl
at
e
sy
nt
ha
se

(P
5C

S)
an
d

py
rr
ol
in
e-
5-
ca
rb
ox

yl
at
e
re
du

ct
as
e
(P
5C

R
)
en
zy
m
es

ac
tiv

iti
es

•
D
ec
re
as
ed

Pr
o
de
hy
dr
og

en
as
e
(P
D
H
)
ac
tiv

ity
•
In
cr
ea
se
d
m
em

br
an
e
da
m
ag
e
up

to
27

%
w
ith

33
%

in
cr
ea
se

of
ce
llu

la
r
vi
ab
ili
ty

(C
V
)

•
Sh

ow
ed

29
%

re
du
ct
io
n
in

C
hl

co
nt
en
tw

hi
le
re
du
ce
d
ph
ot
oc
he
m
ic
al
ef
fic
ie
nc
y

an
d
in
cr
ea
se
d
st
om

at
al
co
nd

uc
ta
nc
e
(g
S)
,i
nc
re
as
ed

R
uB

is
C
O
ac
tiv

ity
•
D
ec
lin

ed
re
pr
od

uc
tiv

e
fu
nc
tio

n
by

de
cr
ea
si
ng

po
lle

n
an
d
ov
ul
e
vi
ab
ili
ty

•
L
ow

er
ed

yi
el
d
up

to
23
%

by
de
cr
ea
si
ng

po
d
nu
m
be
r
an
d
po
d
w
ei
gh
t

Pr
iy
a
et
al
.(
20
19
a)

V.
ra
di
at
a

L
.c
v.

SM
L
83
2
an
d
SM

L
66
8

45
/3
3
°C

,d
ur
in
g

re
pr
od
uc
tiv

e
st
ag
e

•
Sh

ow
ed

up
to

2.
2-
fo
ld

lo
w
er
ed

le
af

pr
o
ac
cu
m
ul
at
io
n
w
ith

lo
w
er

L
R
W
C

•
In
cr
ea
se
d
P5

C
S
an
d
P5

C
R
ac
tiv

iti
es

in
to
le
ra
nt

bu
td

ec
re
as
ed

in
se
ns
iti
ve

ge
no
ty
pe
s

•
D
ec
re
as
ed

PD
H
ac
tiv

ity
up

to
5.
1-
fo
ld

•
In
cr
ea
se
d
m
em

br
an
e
da
m
ag
e
up

to
30
%

w
ith

de
cr
ea
se

of
C
V
up

to
55
%

•
R
ed
uc
ed

C
hl

co
nt
en
tu

p
to

53
%
,w

hi
le
re
du

ce
d
th
e
ph

ot
oc
he
m
ic
al
ef
fic

ie
nc
y

an
d
in
cr
ea
se
d
gS

,d
ec
re
as
ed

R
uB

is
C
O
ac
tiv

ity
•
D
ec
lin

ed
re
pr
od

uc
tiv

e
fu
nc
tio

n
by

de
cr
ea
si
ng

po
lle

n
an
d
ov
ul
e
vi
ab
ili
ty

•
L
ow

er
ed

yi
el
d
up

to
44
%

by
de
cr
ea
si
ng

po
d
nu
m
be
r
an
d
po
d
w
ei
gh
t

Pr
iy
a
et
al
.(
20
19
a)

(c
on
tin

ue
d)



344 K. Parvin et al.

Ta
bl
e
1

(c
on
tin

ue
d)

C
ro
ps

St
re
ss

Pl
an
tr
es
po
ns
es

R
ef
er
en
ce
s

V.
ra
di
at
a

L
.c
v.

B
in
am

oo
g-
1

42
°C

,2
4
h

•
D
ec
re
as
ed

L
R
W
C
by

20
%

•
R
ed
uc
ed

C
hl

a
co
nt
en
tb

y
11
%

•
In
cr
ea
se
d
Pr
o
le
ve
l

N
ah
ar

et
al
.(
20
15
a)

V.
ra
di
at
a

L
.c
v.

B
in
am

oo
g-
1

42
°C

,4
8
h

•
D
ec
re
as
ed

L
R
W
C
by

26
%

•
R
ed
uc
ed

C
hl

a
co
nt
en
tb

y
14
%

•
In
cr
ea
se
d
Pr
o
le
ve
l

N
ah
ar

et
al
.(
20
15
a)

V.
ra
di
at
a

L
.c
v.
B
A
R
I
M
un
g-
2

40
°C

,4
8
h

•
In
cr
ea
se
d
pu
tr
es
ci
ne

(P
ut
)
co
nt
en
tb

y
42
3%

•
D
ec
re
as
ed

L
R
W
C
by

19
%

w
ith

21
%

pr
o
le
ve
l

•
D
ec
re
as
ed

C
hl

(a
+
b)

co
nt
en
tb

y
24

%
,w

hi
le
re
du

ce
d
le
af

ar
ea

•
A
ff
ec
te
d
se
ed
lin

g
vi
go

r
ne
ga
tiv

el
y,
w
hi
le
sh
oo

ta
nd

ro
ot

le
ng

th
de
cr
ea
se
d
by

18
an
d
22

%
,r
es
pe
ct
iv
el
y

•
R
ed
uc
ed

se
ed
lin

g
D
W

N
ah
ar

et
al
.(
20
16
)

V.
ra
di
at
a

L
.c
v.

SM
L
66
8

40
/3
0,

an
d
45
/3
5
°C

,
10

da
y

•
D
ec
re
as
ed

se
ed

ge
rm

in
at
io
n
by

36
%

•
L
ow

er
ed

se
ed
lin

g
sh
oo
ta
nd

ro
ot

le
ng
th

by
34

an
d
23
%
,r
es
pe
ct
iv
el
y

•
Po

ss
es
se
d
12

an
d
47
%

le
ss

L
R
W
C
an
d
C
hl

co
nt
en
t,
re
sp
ec
tiv

el
y

K
um

ar
et
al
.(
20
11
)

V.
ra
di
at
a

L
.c
v.

SM
L
83
2
an
d

SM
L
66
8

43
/3
0
°C

45
/3
2
°C

•
R
ed
uc
ed

L
R
W
C
an
d
gS

•
D
ec
re
as
ed

C
hl

co
nt
en
tb

y
37

an
d
39
%

at
flo

w
er
in
g
an
d
po
dd
in
g
st
ag
e

re
sp
ec
tiv

el
y

•
L
ow

er
ed

C
hl

flo
re
sc
en
ce

of
PS

II
•
D
ec
re
as
ed

bi
om

as
s
co
nt
en
ta
nd

po
d
se
tti
ng

•
D
ec
re
as
ed

fil
le
d
po

d
up

to
39

%
,w

hi
le
se
ed

nu
m
be
r
an
d
se
ed

w
ei
gh

td
ec
re
as
ed

by
48

an
d
40
%
,r
es
pe
ct
iv
el
y

•
H
am

pe
re
d
re
pr
od
uc
tio

n
fu
nc
tio

n

K
au
r
et
al
.(
20
15
)

V.
ra
di
at
a

L
.

45
/3
0
°C

,7
d

•
R
ed
uc
ed

pl
an
td

ry
m
at
te
r
an
d
gr
ai
n
yi
el
d
by

24
an
d
59

%
,r
es
pe
ct
iv
el
y

•
In
hi
bi
te
d
bu
d,

flo
w
er
,a
nd

po
d
nu
m
be
r
dr
as
tic
al
ly

•
D
ec
re
as
ed

po
lle

n
vi
ab
ili
ty

•
R
ed
uc
ed

se
ed

ge
rm

in
at
io
n
by

12
%

Pa
tr
iy
aw

at
y
et
al
.

(2
01
8)

(c
on
tin

ue
d)



Fabaceae Plants Response and Tolerance to High … 345

Ta
bl
e
1

(c
on
tin

ue
d)

C
ro
ps

St
re
ss

Pl
an
tr
es
po
ns
es

R
ef
er
en
ce
s

L
ab
la
b
pu
rp
ur
eu
s
L
.

cv
.V

R
B
SE

M
-1
5

40
–4
2
°C

,2
1
d

•
D
ec
re
as
ed

m
em

br
an
e
st
ab
ili
ty

by
in
cr
ea
si
ng

E
L

•
R
ed
uc
ed

le
af

C
hl

an
d
ca
ro
te
no

id
(C
ar
)
co
nt
en
ts

•
D
ec
re
as
e
pl
an
tw

at
er

re
la
tio

n
an
d
ph

ot
os
yn

th
es
is

•
A
ff
ec
te
d
Fv

/F
m

of
PS

II
•
D
ec
re
as
ed

pl
an
tg

ro
w
th

an
d
yi
el
d

R
ai
et
al
.(
20
18
a)

C
ic
er

ar
ie
ti
nu

m
L
.

30
/2
5
°C

,3
d

•
R
ed
uc
ed

Fv
/F
m

•
D
ec
re
as
ed

to
ta
lb

io
m
as
s
co
nt
en
t,
po

d
nu

m
be
r

•
D
ec
lin

ed
gr
ai
n
yi
el
d

M
ak
on
ya

et
al
.

(2
01
9)

C
.a
ri
et
in
um

L
.

35
/3
0
°C

,3
d

•
C
au
se
d
re
du

ct
io
n
in

Fv
/F
m

•
R
ed
uc
ed

to
ta
lb

io
m
as
s
co
nt
en
t,
po
d
nu
m
be
r

•
D
ec
lin

ed
gr
ai
n
yi
el
d
dr
as
tic

al
ly

M
ak
on
ya

et
al
.

(2
01
9)

C
.a
ri
et
in
um

L
.

40
/3
0
an
d
45
/3
5
°C

•
L
ow

er
ed

C
hl

co
nt
en
tu

p
to

32
%

w
hi
le
ph
ot
oc
he
m
ic
al
ef
fic
ie
nc
y
re
du
ce
d
by

53
%

•
D
ec
re
as
ed

to
ta
lp

la
nt

bi
om

as
s
up

to
22

%
•
D
ec
re
as
ed

po
lle

n
vi
ab
ili
ty
,p
ol
le
n
ge
rm

in
at
io
n,
po

lle
n
tu
be

gr
ow

th
,a
nd

st
ig
m
a

re
ce
pt
ib
ili
ty

•
In
hi
bi
te
d
po

d
se
tti
ng

•
Pr
od
uc
ed

up
to

37
%

lo
w
er

po
d
un
de
r
40
/3
0
°C

•
M
ax
im

um
3–
5
po
ds

w
er
e
pr
od
uc
ed

un
de
r
45
/3
5
°C

•
R
ed
uc
ed

se
ed

yi
el
ds

up
to

45
%

K
um

ar
et
al
.(
20
13
)

C
.a
ri
et
in
um

L
.c
v.

G
PF

2
40
/3
5
an
d
45
/4
0
°C

,
10

d
•
D
ec
re
as
ed

sh
oo
tl
en
gt
h
by

64
%

•
D
ec
lin

ed
su
rv
iv
al
ra
te
by

80
%

•
In
cr
ea
se
d
pr
o,

G
B
an
d
tr
eh
al
os
e
co
nt
en
tu

nd
er

40
/3
5
°C

,b
ut

de
cr
ea
se
d
al
lt
he
se

at
45
/4
0
°C

te
m
pe
ra
tu
re

•
D
ec
re
as
ed

C
hl

le
ve
lb

y
41

%
,w

hi
le
E
L
ex
tr
em

el
y
in
cr
ea
se
d

K
um

ar
et
al
.(
20
12
)

P
ha
se
ol
us

vu
lg
ar
is

L
.

40
°C

,2
0
d

•
D
ec
re
as
ed

ph
ot
os
yn
th
es
is
(P
n)
,g

S
an
d
Fv

/F
m

si
gn
ifi
ca
nt
ly

•
R
ed
uc
ed

to
ta
lC

hl
an
d
C
ar

co
nt
en
ts
w
ith

th
e
re
du

ct
io
n
of

pr
o
ac
cu
m
ul
at
io
n

C
ha
ve
z-
A
ri
as

et
al
.

(2
01
8)



346 K. Parvin et al.

showed poor performance in plant height, shoot FW and DWwith their reduced leaf
area (Siddiqui et al. 2018).

Likely, P. vulgaris is suffered from HT by limiting growth performance as geno-
type dependently (Chavez-Arias et al. 2018). Four cultivars of P. vulgaris including
‘Cerinza,’ ‘Bachue,’ ‘Bacata,’ and ‘Bianca’ were tested with different temperatures
such as 30, 35, and 40 °C for 20 days, respectively. Among them, Cerinza has been
accepted more by farmers for its higher adaptability to HT by its production stability,
which might be due to its best tolerant index upon 40 °C.

Six different varieties of L. culinaris such as Asha, Subrata, IPL 406, IPL 81,
Lv, and Sehore were evaluated by exposing to 35–40 °C for 4 h (Chakraborty and
Pradhan 2011). Here, higher temperature significantly reduced seed germination and
caused stunted growth. Based on tolerance index, it was revealed that Sehore and Lv
were susceptible to elevated temperatures while IPL 406, IPL 81, Asha, and Subrata
were tolerant.

Two cultivars of V. radiata viz. SML 832 and SML 668 were studied under HT of
40/25 °C while its optimum levels for growth were 28–30 °C (Kaur et al. 2015). This
HT caused the significant reduction in the dry biomass of shoots by 16 and 19% from
SML 832 and SML 668, respectively. High temperature (40 °C) limits the seedling
vigor of V. radiata cv. BARI mung 2 (Nahar et al. 2016). In this study, growth of V.
radiata was also drastically reduced under heat stress confirmed by decreased shoot
height and root length about 18 and 22%, respectively. However, heat stress also
reduced the leaf area and seedling DW in V. radiata.

An experiment was conducted to evaluate the response of V. aconitifolia upon
short-term exposure to heat stress by taking 37 genotypes under consideration (32
mutants and five varieties) (Harsh et al. 2016). Heat stress conditions were formed
by exposing seven-day-old seedlings at 42 °C for 1 h in hot air oven. Among 37
genotypes, 6 mutants/genotypes, i.e., 40-300-17-14-6, SN 5-1, SN 3-3, 40-300-17-
10-3, 423-8-9-10-1, and RMO-40 showed high survival percentage at 42 °C, while
thirteen genotypes showed average survival and less survival was recorded from
eighteen genotypes under heat stress. Hence, stress tolerance was evaluated from the
number of plants those showed wilting symptoms and consequent damages, viz. leaf
margin or tip burning, stem lodging, leaf drooping.

Therefore, HT stress restricts the plant normal growth, biomass accumulation,
and total photosynthetic area by which yield loss accelerated and thus threatens the
food security (Fig. 2).

3.2 Physiology

Due to global warming, plants are frequently experienced byHTwhich alters the nor-
mal plant physiology including, membrane disorganization, disturbance in cell water
status, photosynthesis, respiration, etc. (Fig. 2). The severity of heat stress-induced
damages is crop species-dependent, while the tolerant varieties show comparatively
better performances.
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Fig. 1 Role of legumes in sustainable agriculture

Fig. 2 Effect of high temperature on morphological growth, physiology, and yield of Fabaceae
plants
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Two genotypes of V. radiata were suffered from membrane damage under heat
stress, where tolerant genotype (SML 832) showed less injury than sensitive one
(SML 668) under both mild (40/28 °C) and severe stress (45/33 °C) (Priya et al.
2019a). In this study, heat-treated leaves were tested for measuring membranes dam-
age, leaf water status, photosynthesis, and respiration. Heat stress-induced disruption
in cell membranes’ integrity was noticeably in both the genotypes, although more
was in sensitive genotype. This membrane damage occurred might be due to direct
effects of HT on membrane components such as lipids and proteins, or because of
indirect effects such as lipid peroxidation (Kaushal et al. 2011; Priya et al. 2019a).

Priya et al. (2019a) measured the leaf water status as leaf relative water content
(LRWC), which was significantly lowered in sensitive genotype (71.3%), compared
to 87% than its corresponding control, while tolerant genotype was significantly less
affected under moderate heat stress condition. Moreover, LRWC became 59% in
sensitive genotype and 65% in tolerant genotype under HT environment. Increased
stomatal conductance (gS) was found in stressed plant, where 45/33 °C temperature
treatment increased gS by 11% and 22% in tolerant and sensitive genotype, respec-
tively, over the control. Furthermore, HT reduced chlorophyll (Chl) content in both
sensitive (29%) and tolerant (14%) genotypes with less reduction of photochemical
efficiency (PE) in heat-sensitive genotype than tolerant under HT (Priya et al. 2019a).

An outdoor experiment was conducted to screen heat-tolerant lines from 41 dif-
ferent lines of V. radiata under full irrigation condition; seeds were late-sown (LS) in
April to ensure higher temperature (>40/28 °C) during the reproductive stage (Sharma
et al. 2016).Heat stress damaged the cellmembranesmuch higher in sensitive lines by
1.53–1.84-fold, while it was 1.3–1.5-fold in tolerant lines. Photosynthetic efficiency
was measured and found that PS II function was hampered by heat stress where the
tolerant lines were capable to sustain higher photosystem II (PS II) function about
0.73–0.75 Fv/Fm than sensitive lines. Based on the experimental results, EC693357,
EC693358, EC693369, Harsha, and ML1299 were identified as heat-tolerant lines
and those later can be used as useful donors for breeding approaches and also acted
as suitable base plant source for further studies on heat stress-induced effects in cell
metabolism (Sharma et al. 2016).

Heat stress of 38 °C enhanced the Chl degradation up to 303% in V. faba, whereas
carbonic anhydrase (CA) and RuBisCO activity were also reduced significantly
(Siddiqui et al. 2018). In this study, stressed plant showed higher accumulation of
osmoprotectant, i.e., proline (pro), glycine betaine (GB) and thus ensured about the
heat-induced lowered water status in cell which later might be caused lowered cell
division. Heat-induced higher GB improved the biochemical adaptation in plants
which is associated with stabilizing protein structure as well as better enzymatic
activity led to the enhancement in PS II repair under stress condition.

In another study, V. faba was treated with different HT levels such as 32, 37,
and 42 °C for 48 h and evaluated the changes in membrane damage, osmotic status,
Chl synthesis as indicators of photosynthesis, as well as endogenous pro and NO
accumulation (Alamri et al. 2019). Therefore, membrane electrolyte leakage, pro
and NO synthesis increased with the increasing level of HT, while LRWC and total
Chl content decreased gradually with maximum damages from 42 °C.
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P. vulgaris cv. ‘Cerinza,’ ‘Bachue,’ ‘Bacata,’ and ‘Bianca’ were studied under HT
stress (40 °C) for 20 days (Chavez-Arias et al. 2018). Growth of P. vulgaris plant was
reduced when subjected to heat stress along with physiological damages including
imbalanced water status, gS, chlorophyll florescence (maximum quantum yield of
PS II, Fv/Fm; photochemical quenching, qP; and electron transport rate ETR; and
photosynthesis, Pn. Hence, heat stress caused around 80% reduction of gS and Pn
while other parameters also inhibited in all genotypes compared to control treatment.

3.3 Yield

As a consequence of restriction in plant growth and physiological processes, heat
stress limits the yield contributing characters as well as yield of Fabaceae plants.
High temperature causes the inhibition of flower differentiation and developmental
processes resulted in the reduction of ovules size in flowers (Johkan et al. 2011).
Therefore, flower production, fruit setting, seed number, and seed yield are also
restricted by HT in these plants. Exposure of heat stress during the early reproductive
phase causes failure of seed setting in Fabaceae plants which become impossible to
be rescued and later leading to fatal and irreversible yield loss (Liu et al. 2019).

Most of the cool and warm season crops are seriously affected by temperatures
over 35/25 °C, especially in their reproductive phase, followed by pollen infertility
to stimulate loss of flowers and potential pods (Priya et al. 2019a). It is well reported
that, reproductive stage is very sensitive to heat stress which accelerates the yield loss
in many Fabaceae crops such C. arietinum (Devasirvatham et al. 2012), L. culinaris
(Sita et al. 2017), andV. radiata (Kaur et al. 2015). This heat stress-induced damage in
the reproductive stage is also species-dependent.V. radiata genotypes including heat-
tolerant SML 832 and heat-sensitive SML 668 were treated by mild stress, 40/28 °C
and severe stress, 45/33 °C to evaluate how heat stress negatively affected the crop
yield depending on genotypes (Priya et al. 2019a). It was found that, severe stress
causedmore losses in reproduction attributes compared toMS such as pollen viability
became lower such as 43% in tolerant genotype and 18% in sensitive genotype under
HS condition which was 83–85% in control treatment. High temperature (45 °C)
decreased the pollen germination up to 41 and 15%, and stigma receptivity about
48 and 73%, and ovule fertility by 35 and 65% in tolerant and sensitive genotypes,
respectively, over the control. Therefore, heat-sensitive one faced greater yield loss
by decreasing pod number, pod yield, and seed yield compared to tolerant one under
HT (Priya et al. 2019a).

V. radiata showed the significant reduction in pod setting, number of filled pods
(32–38%), seed number (43–47%), and seed yield (35–40%) plant−1 under 40 °C
(Kaur et al. 2015). This yield reductionwas due to the heat stress-induced reduction of
reproductive function, for example, pollen viability, pollen germination, pollen tube
growth, pollen load, and stigma receptivity. Thereafter, Kaur et al. (2015) revealed
that decrease in sucrose concentrationwith the lowered sucrose synthesizing enzymes
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activities (sucrose synthase, sucrose phosphate synthase) and hydrolyzing enzymes
(acid invertase) which played vital role in inhibiting yields under HT.

High temperature (>40 °C) on reproductive stage of V. radiata was studied in a
field study conducted by Sharma et al. (2016). Hence, reduction in leaf area and short-
ening the duration of flowering and poddingweremight be involved in decreasing the
pod and seed yields. Sharma et al. (2016) suggested that, heat-induced inhibition in
photosynthetic ability (Chl content, PS II function), carbon fixation (RuBisCO activ-
ity), and assimilation processes (sucrose synthesis and its hydrolysis) later resulted in
lower yield production. Thus, HT adversely affected the potentiality of reproduction
of plants.

On the basis of superior grain yield potentiality, four genotypes of C. arietinum
genotypes such as Acc#RR-2, Acc#RR-3, Acc#7, andAcc#8were chosen to conduct
a field experiment to evaluate the heat stress-induced yield loss under 3 days of MS
(30/25 °C) and HS (35/30 °C) (Makonya et al. 2019). Regardless of tolerance level,
all genotypes showed the significant decline in grain yield under both MS and HS.
Relative to control, the most and least decline in grain yield about 94 and 65% were
observed from Acc#8 and Acc#7, respectively, under high heat stress. Among four
genotypes, Acc#7 had the highest grain yield when exposed to the moderate heat
stress although it also showed a comparative higher yield under HS (Makonya et al.
2019). The higher pod number fromAcc#7 might be contributed in producing higher
yield under stress condition.

High temperature (40–42 °C) significantly hampered the yield-related compo-
nents of Lablab purpureus L. cv. VRBSEM-15 (Rai et al. 2018a). Exposure to HT,
L. purpureus showed the delay in fruit setting as well as total yield. Different tem-
perature treatments such as 30 and 34 °C were exposed to V. faba where heat stress
reduced the yield potentiality ensured by the reduction in bean number, pod number,
bean number per pods (Bishop et al. 2016).

4 Combined Effects of High Temperature and Other
Stresses

Plants are mostly cultivated in the open field condition where plants often face vari-
ety of environmental conditions and sometimes combined stress effects have also
been reported. High temperature stress together with drought is the most common
phenomenon. In addition, HT and salinity, HTwith heavymetal, or other stresses can
distort the plant physiological processes (Mittler and Blumwald 2010). Short-term
exposure of HT causes programmed cell death within couple of minutes. Extreme
dryness drawn from drought stress may lead to irreversible cellular damage in very
short term. Long-term exposure of different stresses alone or in combination gradu-
ally imposes stress to cell in such a way that their functioning is hindered to cause
aberration in continuing normal physiological processes.
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Drought andheat stress adversely affect the developmental processes ofP. vulgaris
plant. In a field experiment, common bean plants of 25 days oldwere subjected to nor-
mal and drought (50% reduction of irrigation) conditions. Drought andHT decreased
number of pods plant−1, seeds pod−1, harvest index, and seed yield of different vari-
eties of common bean (Kazai et al. 2019). Consequences of drought, heat, and com-
bination of drought and heat stresses were evaluated in the leaves of two soybean
varieties, Surge and Davison. Due to differentially expressed photosynthesis-related
proteins, different varieties showed different responses. RuBisCO regulation, elec-
tron transport, Calvin cycle, and carbon fixation were affected in both varieties under
drought and heat stresses. Higher level expressions of heat shock-related protein
regulated heat tolerance characteristics. Over generation of reactive oxygen species
(ROS) was also increased under those stresses including cytotoxic concentrations of
hydrogen peroxide (H2O2) (Das et al. 2016).P. vulgaris genotypeswere examined for
phenology, partitioning, plant–water relations, photosynthetic parameters, and shoot
growth. Leaf water content of tolerant genotypes was managed by the reductions in
leaf water potential and shoot extension in response to heat and drought stresses.
Tolerant genotypes showed higher biomass translocation to pods and higher pod set
in branches (Omae et al. 2012). C. arietinum cv. ICC 4958 plants were subjected
to osmotic stress and HT stress (35–44 °C) in combination. Stresses caused higher
production of H2O2, malondialdehyde (MDA), pro and differential modulation of
peroxidase and CAT activities. The relative growth rate of chickpea plants was nega-
tively affected by combined osmotic andHT stresses (Ceylan et al. 2013).Mung bean
(V. radiata L. cv. BARIMung-2) plants were simultaneously exposed to HT stress of
40 °C and drought (applying 5%polyethylene glycol). Those stresses resulted in lipid
peroxidation through creating oxidative stress by increasingH2O2 andO

•−
2 , lipoxyge-

nase (LOX) activitywhichwas also due to disturbance of antioxidant defense system.
Among the antioxidant components ascorbate (AsA) and glutathione (GSH) pool,
activities of superoxide dismutase (SOD), CAT, glutathione peroxidase (GPX), dehy-
droascorbate reductase (DHAR), glutathione reductase (GR) were perturbed which
was vital to contribute oxidative stress. Both the HT and drought stresses increased
the highly reactive methylglyoxal (MG) together with the modulation of glyoxalase I
(Gly I) andglyoxalase II (Gly II) enzymes. The extremity ofMGproduction increased
when HT and drought stresses were imposed concommitantly (Nahar et al. 2017).
L. culinaris plants were exposed to HT and drought (50% field capacity, 33/28 °C
day/night temperature) resulted in noticeable decline in the rate and duration of seed
filling to diminish the final seed size; hampered the content of seed starch, storage
proteins and their fractions, minerals, and several amino acids (Sehgal et al. 2017).
The forage crop guar (Cyamopsis tetragonoloba) was subjected to multiple stresses
likeHT (42 °C), drought stress (40%of field capacity), and salt stress (200mMNaCl)
separately and simultaneously. High temperature hindered root growth and water use
efficiency extremely but moderately affected leaf area, stomatal conductance, and
number of pods. Drought decreased leaf area, plant height, and prolonged days to
flowering. It also showed slight effect on some other physiological parameters as
it reduced leaf number, biomass, stomatal conductance, and number of pods. Salt
exposure had a moderately negative impact on all studied traits except leaf number.
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However, the simultaneous imposition of multiple stresses brutally exaggerated all
the physiological and growth parameters (except water use efficiency) proving by
the combined HT and other stresses, compared to HT stress alone.

5 Oxidative Stress and Antioxidant Defense Against High
Temperature

Enzyme-dependent physiological and metabolic pathways of plant cells are very
sensitive to HTs. Upon heat stress, these enzymatic and metabolic activities become
disturbed and consequently produce excess ROS—singlet oxygen (1O2), superox-
ide anion (O•−

2 ), H2O2, and hydroxyl radical (OH•) which causes oxidative stress
(Hasanuzzaman et al. 2013). As balanced and low concentrated ROS acts as sec-
ondary messenger and also involved in plant growth and developmental processes,
but heat stress-induced overproducedROScauses cellular damageswhich threats sur-
vival by enhancing oxidation of lipids, proteins, nucleic acid; inactivation of enzymes
ultimately resulting in programmed cell death (PCD) (Nahar et al. 2015a). There-
fore, heat-induced photosystem damages cause the less absorption of excess photon
intensity beyond the requirement for the CO2 assimilation and later serve as a source
of excess ROS (Asada 2006; Nahar et al. 2015a).

A study was conducted hydroponically to evaluate the oxidative damages in V.
radiata under 40 °C for 24 h (Nahar et al. 2016). Hence, higher accumulation of
O•−

2 and H2O2 in leaves under heat stress was visualized by histochemical staining
followed by biochemical estimation. In addition, HT caused higher LOX activities
followed by elevated level of MDA content and thus ensured heat-induced oxidative
stress (Fig. 3).

A group of scientist observed a greater DNA damage in heat shock stressed V.
fabawhichwas correlatedwith stress-mediated extremeaccumulationofH2O2 where
lipid peroxidation was higher as measured by acute amount of MDA (Siddiqui et al.
2018). In this study, V. faba cv. C5 plants were treated by 38 °C to create HT for 48 h.
Twenty-one-day-old seedlings of L. purpureus were treated with HT up to 42 days
old (Rai et al. 2018b). Hence, HT stress resulted in higher production of ROS such as
O•−

2 and H2O2 as oxidative stress marker with greater lipid preoxidation. Later, HT
enhanced DNA damages in L. purpureus confirmed by both increase and decrease
in bands profiles of methylation and demethylation patterns, respectively.

Both heat-tolerant (ICCV07110, ICCV92944) and heat-sensitive (ICC14183,
ICC5912) genotypes ofC. arietinumwere treated with various temperature of 30/20,
35/25, 40/30, and 45/35 °C during 50%flowering stage for next 18–7 days depending
on genotypes (Kumar et al. 2013). Therefore, MDA and H2O2 contents were eval-
uated to detect the severity of heat-induced oxidative stress. Comparatively greater
oxidative damages were observed in sensitive genotypes than tolerant genotypes
upon varying degree of heat stress. Sensitive genotypes showed higher MDA con-
tent at 29–32% and 40–49% under 40/30 and 45/35 °C temperatures, respectively,
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Fig. 3 High temperature-induced oxidative stress and antioxidant defense in Fabaceae plants.
ROS-reactive oxygen species, MDA-malondialdehyde, EL- electrolyte leakage, AsA-ascorbate,
GSH-glutathione, SOD-superoxide dismutase, CAT-catalase, POD-peroxidase, APX- ascorbate
peroxidase, MDHAR- monodehydroascorbate reductase, DHAR-dehydroascorbate reductase,
GR-glutathione reductase, GPOX-guaiacol peroxidase

compared to tolerant genotypes, while 45/35 °C temperature induced higher H2O2

content by two-fold in sensitive genotypes than tolerant one. Thus, tolerant C. ariet-
inum genotypes have the capacity to less suffering in heat-induced oxidative stress
than their sensitive genotypes.

The MDA and H2O2 accumulation were increased in L. culinaris, irrespective of
varieties, upon exposure to HT (Chakraborty and Pradhan 2011). However, suscep-
tible varieties of Sehore and Lv showed more than 50% higher MDA content than
the other four tolerant varieties (IPL 406, IPL 81, Asha and Subrata) under 50 °C.

The increase of day temperature enhanced mainly MDA content in P. vulgaris cv.
Cerinza, Bachue, Bacata, and Bianca regardless of the nature of genotypes (Chavez-
Arias et al. 2018). Hence, ‘Bianca’ showed comparatively less MDA accumulation
than other three cultivars when exposed to HT stress of 40 °C for 20 days.

Plant antioxidant defense systems are highly accompanied with better stress tol-
erance as well as to protect HT-induced ROS production and oxidative stress. Both
enzymatic and non-enzymatic antioxidants are spontaneously involved in this antiox-
idant defense system to detoxify ROS as cyclic manner and ensure the plant survival
(Hasanuzzaman et al. 2013). Ascorbic acid (AsA), glutathione (GSH), alkaloids,
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phenolic compounds, nonprotein amino acids, and α-tocopherol are principle non-
enzymatic antioxidants while enzymatic antioxidants may include SOD, CAT, APX,
MDHAR,DHAR,GR,GPX, andglutathioneS-transferase (GST) (Nahar et al. 2016).
Superoxide dismutase gives the first-line defense in antioxidant defense system by
converting toxic O•−

2 to the more stable H2O2, and later CAT acts on H2O2 to pro-
duce non-toxic H2O (Nahar et al. 2015b). Four potential enzymatic components of
AsA-GSH cycle such as APX, MDHAR, DHAR, and GR perform crucial roles in
reducing H2O2 and recycle both AsA and GSH back. Moreover, GPX and/GST also
reduce H2O2 by using GSH while GST plays another role through conjugating with
xenobiotic substrates with the help of GSH and thus enhanced HT tolerance.

The response ofC. arietinum to gradual increase of heat stress from 35 to 44 °C for
1 h was studied by focusing the antioxidant activities (Ceylan et al. 2013). The SOD
activity increased by 9% under heat stress while CAT activity increased about three-
fold along with higher peroxidase (POD) and GR activity to combat stress-induced
ROS.

V. radiata showed the enhancement in antioxidant activities upon 40 °C temper-
ature (Nahar et al. 2016). Here, heat stress improved the SOD activity and reduced
CAT activity and indicated the requirement ofAsA-GSHpool to defend heat-induced
higher H2O2. Therefore, V. radiata showed lower AsA content and higher dehy-
droascorbate (DHA) content with the decrease of AsA/DHA ratio by 64%, while
GSH/GSSG ratio also decreased. Heat stress increased APX and GR activity by 42
and 50% respectively, with the reduction of both MDHAR and DHAR activities.
The GPX and GST activities also increased in stressed V. radiata. In another study,
6-day-old V. radiata seedlings were treated with 42 °C temperature for 24 and 48 h
(Nahar et al. 2015a). Regardless of treatment duration, stressed seedlings showed
the lower content of AsA with the increased endogenous GSH and GSSG contents
resulted in decreased GSH/GSSG ratio. It was observed that APX, GR, and GST
activities increased, while MDHAR, DHAR, GPX, and CAT activities reduced in
stressed conditions.

Genotypical variation in antioxidant activities was studied in V. radiata by taking
five tolerant (EC693357, EC693358, EC693369, HARSHA, ML1299) and five sen-
sitive (KPS1, EC693361, EC693363, EC693370, IPM02-3) lines under heat stress
about >40 °C (Sharma et al. 2016). Non-enzymatic antioxidants such as AsA and
GSH remarkably increased in all lines under heat stress while the increase trend in
these components was comparatively higher in tolerant lines (AsA, 1.75–2-fold; and
GSH, 11.81–1.99-fold), than sensitive lines (AsA, 1.26–1.52-fold and GSH, 1.38–
1.65-fold). Moreover, SOD activity increased in both tolerant and sensitive lines by
1.69–1.85-fold and 1.79–2.18-fold, respectively, under heat stress. But, interestingly
CAT activity increased as the same extent in all lines. Again, 1.48–1.77-fold and
1.27–1.37-fold increased APX were found in tolerant and sensitive lines, respec-
tively, upon heat stress condition, where GR activity highly increased in tolerant
than sensitive lines.

L. purpureus was treated with 40–42 °C to observe their antioxidant defense
mechanisms (Rai et al. 2018b). Then, stressed plants responded to HT stress by
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increasing CAT, guaiacol peroxidase (GPOX), POD, APX, GR, and ferric-reducing
antioxidant power (FRAP) activity significantly.

38 °C increased antioxidant enzymes activities such as SOD, CAT, and POD in
V. faba plants (Siddiqui et al. 2018).

Seven-day-old seedlings of 37 genotypes ofV. aconitifoliawere treatedwith 42 °C
temperature for 1 h (Harsh et al. 2016). This short-term heat exposure increased CAT,
GPOX, and SOD activities in most of the genotypes.

6 Use of Exogenous Phytoprotectants to Enhance High
Temperature Tolerance

Plants have the ability to protect the abiotic stresses including HT depending upon
the types of plant species and their genotypes. In this section, wewill discuss external
phytoprotectant-induced improvement in HT tolerance of Fabaceae plants.

6.1 Phytohormones

Use of exogenous phytohormones to alleviate the heat stress-induced toxicity in
Fabaceae plants is one of the major ways to protect plants from the harmful effects
of HT (Hasanuzzaman et al. 2013). Plant hormones affect the plant growth and
reproduction bymodulating the plant antioxidants activities, physiological processes,
and development under HT stress (Ozga et al. 2017).

Besides being a signaling molecule, abscisic acid (ABA) is well known as stress
hormone due to its association in thermotolerance in heat-stressed plants. An inves-
tigation was carried out on the effect of exogenous ABA to mitigate the HT toxicity
on heat-sensitive C. arietinum (Kumar et al. 2012). Very low concentrated ABA
(2.5 μM) was found effective as co-treatment with various degrees of HT such as
40/35 and 45/40 °C. In this study, 4-day-old seedlings were exposed to HT stress
with and without ABA for the next 10 days. After that, Kumar et al. (2012) reported
that, exogenous ABA increased seedlings growth in terms of shoot and root length
and Chl synthesis with the enhancement of endogenous ABA and osmolytes like pro,
GB, and trehalose (Tre). The ABA-mediated higher survival and growth were asso-
ciated with ABA-induced reduction in oxidative stress which was confirmed from
lower content of MDA and H2O2 and lesser (EL). The ABA-induced heat tolerance
in C. arietinum was checked by applying inhibitor of ABA biosynthesis, fluridone
(FLU) under stress condition. Therefore, FLU application reverted the ABA-induced
actions in seedling survival, growth, Chl synthesis as well as oxidative stress, thus
showed an obvious role of ABA in enhancing heat tolerance in C. arietinum.

Brassinosteroids (BRs) are another group of plant hormone, having the potential
influence on cell division and stem elongation by pursuing diverse physiological
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processes (Mitchell et al. 1970). Thereafter, an experimentwas conductedby spraying
different doses of BRs as β-sitosterol (25, 50, and 100 mg L−1) on 30-day-old P.
vulgaris under HT up to 35 °C (El-Bassiony et al. 2012). It was found that, BRs
increased vegetative growth, yield,with higher bean quality by increasing the nutrient
content of N, P, K, and free amino acid and phenolic acids. Later, this study suggested
the role of BRs on decreasing the HT-induced oxidative stress which resulted in
significant betterment of plant growth and yield.

L. purpureus plants were subjected to HT stress of 40–42 °C with the exter-
nal application of various doses of salicylic acid (SA: 0.5, 1.0, 1.5, 2.0 mM) (Rai
et al. 2018b). Salicylic acid regulated the growth and biochemical processes in heat-
stressed plants by the modulation of antioxidants activities. Heat-stressed plants
showed higher growth by increased plant height and better yield indicated by num-
ber of pods, pod size, and yield plant−1. Exogenous SA enhanced Chl content with
higher leaf area which might be directly involved in producing higher yield. Heat
stress elevated the accumulation ofMDAandH2O2 contents with extrememembrane
damage (EL), which were minimized by SA treatments where SA-induced higher
involvement of antioxidants activities were observed. In this study, SA application
enhanced the contents of AsA and GSH with the higher activities of APX and GR in
stressed plants. The higher activities of SOD, CAT, POD, GPOX, and FRAP in SA
applied plants under stress could be involved in the reduction of ROS content. Finally,
from the overall observation, 1.0 mM dose of SA showed the best performance in
reducing heat-induced toxicity in L. purpureus.

A structural and functional mimic of jasmonic acid (JA) is coronatine (COR)—
involved in the growth and developmental processes of plants. It was reported that,
COR and JA are also similar in activities but not identical (Uppalapati et al. 2005),
while COR enhanced the protease inhibitors and secondary metabolites production
(Ceylan et al. 2013). An experiment was conducted to make correlation between
exogenously applied COR and plant tolerance to abiotic stress including HT (44 °C)
by taking C. arietinum as a test plant (Ceylan et al. 2013). In this study, the relative
growth rate (RGR), content of MDA, pro, and H2O2 along with the activities of
antioxidant enzymes in C. arietinum roots were observed with or without 0.01 μM
COR application. The COR application reducedMDA, pro and H2O2 contents while
RGR was increased in stressed seedlings compared to stressed alone. Moreover,
COR application increased the activities of CAT, POD and decreased APX and GR
activities in stressed plants for which oxidative stress was reduced.

Exogenous foliar application of auxin [4-chloroindole-3-acetic acid (4-Cl-IAA)]
enhanced the seed yield of P. sativum under heat stress (Abeysingha 2015).

6.2 Osmoprotectants

Accumulation of osmolytes is the adaptive mechanisms of tolerance of any kind of
stress condition including HT. The osmoprotectants, Pro, GB, and trehalose have
been shown to enhance under heat stress. In the present days, for mitigation of
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HT-induced damages in plants, exogenous use of osmoprotectants has been found
beneficial. These molecules provide protection against heat stress through managing
ROS by uplifting antioxidant capacities (Akhtar et al. 2015; Nahar et al. 2015b). As
non-essential amino acid, Pro is proved as the most extensively studied and revealed
thermoprotectant. Proline protects from stress-induced damages through performing
various roles such as C and N storehouse, ROS scavenger, molecular chaperone,
protein and membrane stabilizer. (Ashraf and Foolad 2007; Szabados and Savoure
2010). Through different physiological roles pro protect plants from HT damages.
Thus, most of the studies showed the positive correlation between pro and heat
stress, whereas, in few cases, pro also showed some negative correlation with heat
stress. Two genotypes (heat tolerant and sensitive) of V. radiata subjected to HT
stress (45/33 °C) until reproductive stage with or without 5 mM pro treatment. Heat
stress resulted in considerable reduction in pollen germination, stigma receptivity,
and ovule viability together high cell membranes damage, lowered water content,
cellular respiration, stomatal conductance, photosynthesis, C fixation and assimila-
tion enzymes activity, consequently affecting pod number, pod weight, seed weight
plant−1. Exogenous pro treatment significantly acts in thermotolerance through ele-
vating endogenous pro and noticeable pollen fertility improvement by proper func-
tioning of stigma and ovule. At the same time, plant water status activated C fixation,
increased photosynthetic ability, and assimilated enzymes ultimately increased the
pod number pod wt, filled pod , and seed weight plant−1. Proline treatment showed
significant effects on heat-sensitive genotype (Priya et al. 2019a). A studywith chick-
pea demonstrated the beneficial roles of exogenously applied Pro under HT stress.C.
arietinum root and shoot growth was inhibited at HT stress at 40/35 °C and 45/40 °C
(day/night), respectively. Different physiological disorders were observed with the
enhanced level of MDA, H2O2, membrane damages as well as increased oxidative
injury. Plant water status was also reduced with reduced cellular respiration, and
Chl contents. Enzymatic (SOD, CAT, APX, and GR) and non-enzymatic (AsA and
GSH) antioxidants activity were decreased with the inhibition of C fixation enzyme
(RuBisCO), sucrose phosphate synthase, and sucrose hydrolysis (invertase) activ-
ity. When the plants were exogenously supplied with 10 μM pro, inhibited shoot
and root growth was improved with elevated endogenous Pro (63 μmol g−1) level,
recovered membrane damage, improved water status, RWC, Chl contents specially
at 45/40 °C because of enhanced activity of vital antioxidants components as well as
reduced level of oxidative damages under heat stress (Kaushal et al. 2011). Kumar
et al. (2012) found that heat stress (45/40 °C) induced growth inhibition of C. ari-
etinum was altered and promoted through the exogenous application of pro, GB,
and trehalose (10 μM). The effect of heat stress and exogenous protectants on L.
purpureus was investigated. It was demonstrated that heat stress reduced growth
and biomass, damaged membranes, and generated ROS. Exogenous proline effec-
tively controlled oxidative damages and regulated the bio-physiological growth and
antioxidant defense systemand thus developed heat stress tolerance (Rai et al. 2018a).
Organic compatible soluteGB is another important amphoteric quaternary amine that
plays a significant role in protecting plants against stresses through reducing ROS,
osmotic adjustment, photosynthetic apparatus, and protein stabilization (Ashraf and
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Foolad 2007). Exogenous application of GB improved plant biomass and yield. It
also improved the attributes related to reproductive biology. Similarly, in M. sativa
exogenously applied GB showed protective effects against stress (Zhao et al. 1992).
Heat stress induced damage in mitigation by exogenous GB in legumes is needed to
be explored more.

Trehalose (Tre) is a reducing disaccharide that plays a role as a stress protec-
tant. It acts as a molecule and membrane stabilizer, forms hydrogen bonds with
biomolecules, membranes, replaces water, and thus, gives protection against stresses
(Crowe 2007; Nahar 2015b). Gao et al. (2013) conducted an experiment with V.
faba under heat stress. Pretreatment of V. faba leaf disks with Tre (1, 10, 25, 50, and
100μM) protected thylakoidmembrane proteins increased photosynthetic efficiency
and photochemical quenching, decreased MDA, H2O2 contents, EL due to upregu-
lated antioxidant defense system. Hence, the role of Tre for heat stress tolerance is
yet to be explored.

6.3 Plant Nutrients

There are 17 elements marked important for the life cycle, growth, and the develop-
ment of plants is known as essential plant nutrients. They are further subdivided into
macronutrients (C, H, O, N, P, K Ca, Mg, S) and micronutrients (Fe, Mn, Zn, Cu,
Mo, Cl, B, Ni) depending on their more and less necessity for the plant’s life cycle,
growth, and development, respectively. To attain the proper growth, metabolism,
higher productivity, as well as sustainable agricultural system, proper nutrients man-
agement is very important (Noreen et al. 2018). Although, the main function of
plant nutrients is to run the plant growth and development smoothly, plants toler-
ance against various abiotic stresses can be achieved through proper management of
nutrients. Under heat stress condition, proper nutrients management can reduce the
adverse effects of stress. High temperature stress causes higher generation of ROS,
oxidative damages of chloroplast, membranes, etc. Addition of proper nutrients scav-
enge the toxic ROS by enhanced antioxidants, photosynthesis, properly maintained
membrane and chloroplast integrity, and finally improved the tissue water status of
plant under heat stress (Waraich et al. 2012). Through different mechanisms, exoge-
nous use of different plant nutrients has shown to develop tolerance against HT-
induced injuries by improving growth and uplifting antioxidant defense mechanism
(Hasanuzzaman et al. 2015). Siddiqui et al. (2018) conducted an experiment to inves-
tigate the effect of heat stress on V. faba and mitigation of adverse heat stress through
exogenous magnesium (Mg) application. High temperature decreased the total Chl,
CA, and RuBisCO activities as well as growth attributes but elevated the level of
osmolytes (Pro, GB) accumulation, antioxidant enzymes (SOD, POD, CAT) activi-
ties. Increased EL, MDA, H2O2 contents, DNA damage were also evident, whereas
exogenously applied Mg caused significant enhancement of Pro, GB together with
increased activities of SOD, POD, CAT. On contrary, reduced damage of DNA,
electrolyte leakage, contents of MDA and H2O2 clearly indicated that exogenously
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supplied Mg, besides playing essential role in growth and development, improved
the heat stress tolerance of V. faba plant by reducing cellular oxidative damages
through enhanced accumulation of osmolytes and antioxidant enzymes activities. In
a study done by Thalooth et al. (2006) demonstrated that Zn when foliarly applied
gave better growth, yield components as well as better protection to dehydrated and
stressed V. radiata. It was demonstrated that Glycine max when supplemented with
boron (B) under stress condition had enhanced nitrogen metabolism, fatty acid oil,
and seed protein content compared to plant did not supplied with B (Bellaloui 2011).

Adequate amount of Zn nutrition is very crucial to increase the growth of C.
arietinum plants under HT (Ullah et al. 2019). Ullah et al. (2019) had been conducted
a study by using two levels of Zn including low dose (0.3 mg kg−1 of soil) and high
dose (3 mg kg−1 of soil) to mitigate the heat (35/30 °C day/night temperature) stress
on C. arietinum. Here, higher Zn alleviates the adverse effects of HT by decreasing
oxidative and osmotic stress along with improvement in photosynthesis rate, PS II
efficiency, plant growth, biomass accumulation, and Zn uptake. Enhanced activity
of SOD, APX, and higher content of AsA were observed in sufficient Zn applied
heat-stressed plant which correlated the Zn-induced modulated antioxidant defense
for suppressing oxidative stress. Hence, they suggested that Zn not only supply the
plant nutrient but can also be act as HT stress inhibitor when applied sufficiently.

6.4 Antioxidants

Non-enzymatic antioxidants—AsA, GSH, pro are directly involved in scavenging
ROS and enhancing heat tolerances in Fabaceae plants. Therefore, exogenous appli-
cation of these compounds shows the very potential way to protect plant from heat
toxicity. Among non-enzymatic antioxidant, AsA is very potential one, which pro-
tects plant cells from oxidative stress. Alleviation of HT toxicity by exogenous AsA
was evaluated on V. radiata (Kumar et al. 2011). The AsA (50 μM) was used with
and without varying degree of HT including 30/20, 35/25, 40/30, and 45/35 °C on
hydroponically grown seedlings in growth chamber. Therefore, the effect of AsAwas
evaluated on growth, membrane damage, Chl loss, leaf water status, oxidative stress,
and antioxidant components. Seed germination and seedlings growth were enhanced
byAsA treatment in stressed condition. The severity of Chl, water loss, and oxidative
damage (MDA and H2O2 content) were inhibited in AsA treated plants under heat
condition which can be correlated with AsA-induced higher activities of SOD, CAT,
APX, and GR. Exogenous AsA increased endogenous AsA, GSH, and pro accu-
mulation in stressed plants and indicated the role of AsA to mitigate heat-induced
chlorosis, growth retardation, and oxidative stress in V. radiata.

Again, exogenous GSH treated V. radiata showed the heat tolerance by regulating
the antioxidant and glyoxalase systems significantly upon short-term exposure to HT
stress (42 °C) (Nahar et al. 2015a). High temperature stress on 6-day-old seedling
showed the increased MDA, MG, pro contents with higher generation of ROS and
LOX activity. Therefore, seedlings suffered from Chl degradation and water crisis.
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In this situation, endogenous AsA content reduced with higher GSH and GSSG with
a result of lower GSH/GSSG. But, it was noticeable that 0.5 mMGSH application on
stressed seedlings as pretreatment for 24 h duration altered above-mentioned heat-
induced all parameters as well as enhanced better seedlings growth. Application of
GSH also increased APX, MDHAR, DHAR, GR, CAT, GPX, GST activities signif-
icantly in V. radiata seedlings under heat stress. The activity of Gly I and Gly II also
enhanced by GSHwhich resulted in the reduction of MG content under stressed con-
dition. The result of this well-organized study suggested the potential of exogenous
GSH to enhance heat tolerance and physiological adaptations of V. radiata. The role
of pro was described above by keeping in the group of osmoprotectant that is why
here we avoid it making repetition as a role of antioxidant.

6.5 Polyamines

Polyamines including spermidine (Spd), putrescine (Put), and spermine (Spm) are
universally distributed in living organism as low molecular weight aliphatic polyca-
tions. It has been already established that, these three PAs are accumulated in plants
upon exposure to abiotic stress including heat (Hussain et al. 2011; Hasanuzzaman
et al. 2013). Polyamines protect plants from HT stress by involving in securing
photosynthetic apparatus with the regulation of photosynthesis and maintaining
membrane thermostability (Hasanuzzaman et al. 2013). Therefore, exogenous PAs-
regulated antioxidant defense and glyoxalase systems to attain heat tolerance in V.
radiata were extensively studied by applying Spm against 40 °C (Nahar et al. 2016).
Heat caused extreme oxidative stress indicated by higher ROS generation, MDA
content, membrane damage and LOX activity with suppression of seedling growth
and Chl content. But the application of 0.2 mM Spm (as pretreatment for 24 h) to
stressed seedlings showed the improvement in seedling vigor, growth and biomass
accumulation with the increase of water and Chl contents. Thus, it was observed
that, Spm reduced ROS generation, MDA content, LOX activity in stressed seedling.
Nahar et al. (2016) reported the Spm induced upregulation in antioxidant and glyox-
alase enzymes activities in heat-stressed seedlingswhich resulted in higher tolerance.
Exogenous Spm increased AsA and GSH contents while enhanced the enzymatic
activities of SOD, CAT, GPX, DHAR, and GR—conferred the oxidative stress
tolerance to HT stress. Stressed seedlings also showed higher content of MG due to
uncoupling the glyoxalase enzymes activities, but Spm reducedMG level by increas-
ing the glyoxalase enzymes activities. Finally, Spm modulated higher endogenous
PAs levels were responsible for attaining higher tolerance in V. radiata under HT.

Exogenous applications of PAs strengthen the enhancement of heat tolerance inG.
max through modulation of the endogenous PAs content (Amooaghaie andMoghym
2011). Application of 1mMof each Put, Spd, and Spmwas used in germinating seeds
of G. max as pretreatment (2 h) prior to 45 °C (2 h), then improved both roots and
hypocotyls growth were observed (Amooaghaie and Moghym 2011). The effect of
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exogenous PAs also reduced the EL andMDA levels from root and hypocotyls under
heat stress. Thus, it has been suggested that Put, Spd, and Spm protects membrane
integrity under HT stress.

6.6 Signaling Molecules

Nitric oxide (NO) is vital signaling molecule due to its important roles in numerous
physiological processes in plants and also acting in increasing plants tolerance to
HT stress (Hasanuzzaman et al. 2013). It has been shown that exogenous NO (as
sodium nitroprusside, SNP) application advances the plant developmental process
with higher growth (Hu et al. 2017).

Application of SNP as NO donor enhanced the tolerance of L. purpureus plants
to HT stress of 40–42 °C. Experimental result indicated in terms of growth and yield
enhancement, reduction of oxidative stress through upregulating the antioxidants
activities (Rai et al. 2018b). Here, SNP treatment significantly modulated the activ-
ities of FRAP, POD, APX, GR, GPOX with maintaining higher content of AsA and
GSH, which were cumulatively involved in reducing ROS to tackle oxidative stress
under HT. SNP also increased plant water content and Chl content which imposed
higher photosynthesis and growth in stressed plants as well as improved plant toler-
ance. Rai et al. (2018b) also reported that, NO regulated DNA methylation pattern
and stress-responsive genes which later conveyed the HT tolerance.

Hydrogen peroxide (H2O2) enhanced the alfalfa seed germination under HT stress
such as 60, 70, and 80 °C up to 24 h (Hong and Kang 2016).

A nonprotein amino acid is γ-aminobutyric acid (GABA) which also acts as
signaling molecule in response to stress condition. It has been reported that GABA
modulates the tolerance ofV. radiata againstHT stress (45/28 °C) (Priya et al. 2019b).
In this study, heat-stressed plants suffered from the declining GABA concentrations
in leaf and anther by 49 and 60%, respectively, led to heat sensitivity of reproductive
function.But 1mMGABAtreatment improved reproductive function in heat-stressed
plants significantly in terms of pollen germination, pollen viability, stigma receptiv-
ity, and ovule viability. In addition, heat-stressed plants had lesser damage to cell
membranes, Chl content, Chl fluorescence, RuBisCO activity, carbon assimilation,
and C utilization upon GABA application. Exogenous GABA also increased the
osmolytes accumulation indicated by Pro and Tre leading to improved leaf water
status. Consequently, GABA-treated stressed plants produced more pods number
and seed weight by 28 and 27%, respectively. Priya et al. (2019b) also observed
GABA mediated reduction in oxidative stress confirmed by lower H2O2 production
andMDAcontent. Application of GABAenhanced the activities of SOD, CAT,APX,
and GR with higher contents of both AsA and GSH in heat-stressed V. radiata.
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7 Agronomic Approaches to Combat High Temperature
Stress

In the present climate change scenario, crop plants are regularly facing the ever-
fluctuating temperature extremes. In an open field, even though it is not an easy task
to regulate the growth temperature required for the crops, some options are still there
to combat the extreme heat stress. To alleviate the negative effects of HT stress,
manipulation of some agronomic crop management practices, like time and method
of sowing, tillage, irrigation practices, mulching, intercropping, crop rotation, choice
of tolerant varieties can result in great success and escape the crops critical growth
period from extreme heat stress. High temperature causes altered evaporation and
infiltration of soil water, heat exchange between soil and environment. Thus, ulti-
mately resulted in the changed temperature and water balance of the soil as well
as altered soil surface (Ferrero et al. 2005; Sekhon et al. 2010). The soil surface
alteration can be controlled by the operation of tillage and mulching. As the stored
soil water and plants water uptake from soil is greatly hampered by the heat-induced
roughness of soil surface, evaporation, etc., deep tillage can be an effective way to
improve the rooting depth of plants in a compact soil (Lipiec et al. 2012; Martínez
et al. 2012). Organic mulches have low thermal conductivity. So, the use of organic
mulches can be another protective way from extreme evaporation by reducing sur-
face temperature and ultimately, improving water content of soil (Khan et al. 2000;
Mulumba and Lal 2008). Conservation tillage practices are very appropriate for dry-
land agriculture, for soil structure conservation through reduced water infiltration,
runoff, etc. In C. arietinum, conservation tillage practices along with mulching have
showed higher productivity in the seasonal periods of higher heat and minimum
precipitation in Middle Indo-Gangetic Plains (Mishra et al. 2012b). In a study con-
ducted with L. culinaris, mulching effect on soil, canopy, and leaf temperature under
stress condition was investigated. It was revealed that the highest growth and pro-
ductivity of lentil were achieved when irrigated after 70 mm evaporation and 2 ton
ha−1 mulchwas applied together (Amini andAlami-Milani 2013). Different varieties
also behave differently under high heat and scanty water conditions. For example,
‘JG 16’ genotype of C. arietinum could perform better under adequate moisture
level, whereas ‘KWR 108’ genotype provided good productivity under scanty mois-
ture level. Especially, the early maturing crop varieties under stress condition could
escape terminal water shortages by their ability to establish early crop stand and
reduced heat stress (Sekhon et al. 2010). So, the selection of appropriate varieties of
pulses under various weather extremes can also play role in reducing the risk of crop
failure and yield loss (Mishra et al 2012b; Singh et al 2015). Varietal diversification
under stress condition can also reduce the risk of yield loss compared to growing a
single crop. To optimize the production, in adverse environmental situation, a con-
tingency planning for setting planting date can reduce the loss (Praharaj et al. 2015).
Rain-fed regions are usually chosen for pulse production. Hence, water-saving irri-
gation method employment, scientific irrigation scheduling, and proper application
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method can ensure higher irrigation area coverage, nutrients and water use efficiency
and good crop stand (DACGoI 2012). Under stressful condition, like water shortages
condition adoption of some techniques, those are efficiently water saving are very
effective. Somemodern irrigation practices savemore than 50%water, like sprinkler,
drip, micro, and film hole irrigation. Compared to surface irrigation, they have more
water use efficiency as well as provide more yields. But the problem associated is the
high-cost and energy requirements for the system (Jensen 2013). Zhang et al. (2015)
conducted an experiment to see the impact of scheduled irrigation in G. max and
found that irrigation decreased the extreme heat effects and played beneficial role to
achieve higher yield under climate change risk. InC. arietinum andP. sativum, raising
furrow irrigated bed can conserve soil moisture together with the increased produc-
tivity. Moreover, to overcome the terminal moisture stress, for increasing water use
efficiency and getting higher yield, single irrigation at branching stage is effective
(Mishra et al. 2012a). Alteration of sowing time would be beneficial to escape the
heat stress at crops’ developmental stages sensitive to HT stress. Cooler weather at
early spring and progressively hotter at the mid-summer are the characteristics of
the subtropical region. Concurrent production of agroforestry trees and agricultural
crops in the same field can reduce heat stress by balancing the temperature in the
region. Similarly, using shade above the agricultural field zone can be another pro-
tective measure to mitigate HT stress (Ismail et al. 1999; Khan et al. 2000). Water
shortages and alteration of temperature due to climate change can also remarkably
affect the geographical distribution and infestation of diseases and pests, and those
can significantly limit the production potential of the existing crops (Vadez et al.
2011; Sharma 2014). In such condition, crop rotation with the short duration species
can be an effective measure to control the outbreak of disease and pest. In addi-
tion, new control measures should also be adopted. In P. sativum plant, use of several
biofertilizers, arbuscular mycorrhizal fungi showed increased water, and nutrient use
efficiencies under stress condition. However, to combat climate change-induced heat
stress, gene mining for improving heat stress tolerance, efficient water and nutrients
management, changing existing cropping pattern, using alternate legume gene bank,
avoiding stress vulnerable regions, shed management, introducing microirrigation,
manipulating sowing time, etc., are some important measures to increase pulse pro-
duction. By adopting the above-mentioned management practices, in spite of water
and soil conservation, increased organic C sequestration in soil and reduced GHGs
emissionwill occur thosewill finally reduce the adverse climate change effects (Basu
et al. 2016).
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8 Transgenic Approaches to Enhance High Temperature
Stress Tolerance

Development of plants tolerant to HT stress is of colossal worth in light of global
warming. Re-programming the genetic machinery plants often survives and perpet-
uates their life process under HT stress. Transgenic approaches aim to develop HT
stress-tolerant plant species through over-expressing heat shock protein genes or by
altering levels of heat shock factors. Over-expression of some other genes/proteins
has proven to improve HT stress tolerance which may regulate osmoprotecting func-
tion, antioxidant defense system and reactive oxygen species, membrane proper-
ties, photosynthetic reactions, production of metabolites having capacities to modu-
late plant physiological processes (Grover et al. 2013). Among the presently exist-
ing/published articles, only few are experimented with transgenic approaches of HT
stress tolerance in Fabaceae plants (Table 2).

The VfHsp17.9-CII from G. max is a HT transcript. It was induced into V. faba.
The transgenic V. faba demonstrated a clear difference for HT stress tolerance in

Table 2 Transgenic approaches to develop high temperature stress tolerant legume plants

Host plants/source Genes Transgenic
plants

Tolerance
responses

References

Glycine max L. VfHsp17.9-CII Vicia faba L. Expression of
VfHsp17.9-CII
transcript was
higher and is
related to HT
tolerance in
seedling and
reproductive
stage. Increased
pollen viability
with the increase
of transcript level
of gene

Kumar et al.
(2015)

Medicago sativa
L.

MsHsp23 M. sativa L. Caused less
wilting, and
rendered greenish
leaves, increased
APX activity
levels

Lee et al.
(2017)

Saccharomyces
cerevisae

ScTPS1–ScTPS2 M. sativa L. Increased survival
percentage with
no visible necrosis
damage. Higher
Tre content,
relative water
content and fresh
weight

Suárez et al.
(2009)
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leaves of young seedlings and flowering plants. Expression of VfHsp17.9-CII tran-
script was 350-fold higher under 38 °C for 1 h, whereas the extent was 620-fold
after 2 h of heat shock. The loss of pollen viability was higher in 2 h of HT stress,
compared to 4 h of HT indicating the function of this gene in maintaining pollen
viability. The VfHsp17.9-CII transcript confirmed an obvious HT induction pattern
in leaves of young seedlings and flowering plants (Kumar et al. 2015). Trehalose-
6-phosphate synthase (TPS1) and trehalose-6-phosphate phosphatase (TPS2) gene
expression encouraged tolerance to multiple stresses. TransgenicM. sativa encoded
ScTPS1-ScTPS2 gene which was transformed from Saccharomyces cerevisiae. M.
sativawas exposed to extreme temperatures, drought, or salt stress. Plants exposed to
preadaptation at 37 °C for 4 h, before a heat shock at 40, 45, 50, and 55 °C for 1 h and
then were subjected to 10 d of recovery. Compared to wild type, transgenic plants are
biosynthesized higher amount of Tre. This osmoprotectant confirmed higher relative
water content. Transgenic plants also had higher percentage of survival with higher
foliage fresh weight (Suárez et al. 2009). Heat shock proteins (Hsps) are molecu-
lar chaperone participating in protein folding and signal transduction, maintaining
cellular homeostasis. These characteristics ofHsps contributed to developmental pro-
cesses and abiotic stress protection.MsHsp23 (heat shock protein) of wildM. sativa
exploited to develop transgenic M. sativa which showed enhanced tolerance to HT
(42 °C) and oxidative stress. The transgenic plants reduced wilting and increased
greenness of leaves (Lee et al. 2017).

9 Conclusion

High temperature is imposing a great threat to growth and the development of
Fabaceae plants either alone or together with other stress. Upon stresses, plants
faced suppression in their normal growth and physiology followed by a devastating
obstacle in reproductive development and yield loss. In addition, HT accelerates the
excessive production of reactive oxygen species and disruption in plant antioxidant
defense systems. Here, plants fail to make balance in non-enzymatic antioxidants
accumulation and activate many enzymatic antioxidants activities. As an outcome,
plants suffer from oxidative damage including cellular injury and even death. Due to
higher nutritional value and demand, Fabaceae plants have a large position in global
food production. Thus, it is important to protect Fabaceae plants from HT stress for
assuring the world food security. There are some researches to improve the toler-
ance of Fabaceae plants to heat stress by adopting exogenous phytoprotectants and
managing agronomic cultural practices which are not sufficient. On the other hand,
there are still lacking in introducing transgenic technique to unlocking the poten-
tiality of Fabaceae for increasing HT tolerance along with higher yield. Henceforth,
both laboratory and field experiments are extensively demanded to explore different
biochemical andmolecular manners incorporation with agronomic practices to know
the actual HT responses and their tolerances tactics.
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Legume Responses and Adaptations
to Nutrient Deficiencies

Rafael D. C. Duarte, Carla S. Santos, and Marta W. Vasconcelos

Abstract Legumes have unique mechanisms to respond to nutrient deficiencies that
can be considered as important advantages for agricultural purposes. The preponder-
ance of plant-based protein is on the rise, and the market value of protein crops is
expected to be worth billions by 2025. To match the global demand for plant-based
products, crops productivity must be ensured; however, this might be impaired either
by environmental or anthropogenic pressures that lead to soil nutrient disturbance.
The responses activated by legumes to nutrient deficiencies and the mechanisms
they utilize to adapt to such conditions will be discussed in this chapter. The study of
these factors enables breeding programs specific for legumes and crop improvement.
Understanding legumes responses also allows for a better management of agricul-
tural practices and the adoption of more sustainable methods. It is important to reflect
on the impact of climate change and intensive farming on food quality and on the
future of agriculture, and this chapter contributes with important facts about the role
of legumes in our current scenario.

Keywords Plant-based protein · Sustainability · Climate change · Environmental
factors

1 Introduction

Plants are responsible for the preservation of the atmosphere, supply of rawmaterials,
and provision of all the food we eat, directly or indirectly. Among the different and
various families in the Plantae kingdom, a few stand out and are valued worldwide
as a sustainable food source, as is the case for legumes (Shafique et al. 2014; Martin
et al. 2013).
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Legumes family, Fabaceae, comprises over 20,000 species and includes peas,
lentils, soybeans, beans, and peanuts among others. If we were to consider their eco-
nomic value and importance, it would be only eclipsed by Gramineae, a family that
includes all three major crops (wheat, maize, and rice) (Michaels 2016; Maphosa
and Jideani 2017). This prominence of legumes to world crop productions is com-
prehensible, as they can be key contributors to healthier human diets, while having
great shelf-times and still play a crucial role in the improvement of soil quality (Sathe
2016).

Starting by nutrition, legumes provide not only proteins, with numerous essential
amino acids, but also complex carbohydrates, vitamins, minerals, and dietary fiber
(Maphosa and Jideani 2017). Recent studies, also strongly suggest thatmore predom-
inantly plant-based pattern regimens, like theMediterranean Diet, are linked to lower
risk of chronic diseases (type 2 diabetes mellitus) and other metabolic syndromes
(Murphy et al. 2018). Considering all the factors, it is clear that legumes can be a
first-choice for health-conscious consumers, which opens a window of opportunity
to the growth of legumes market. A shift in the mindset of consumers towards more
plant-based diets has become perceivable (Ellet 2019; Morgan 2019b).

In addition to their nutritional value, legumes are also accountable for several
other important roles in modern agriculture. For instance, and thanks to their unique
symbiotic relationship with Rhizobium bacteria, they are renowned for their ability
of carrying out nitrogen (N) fixation, improving soil properties. As a consequence,
in the cropping systems of many countries, legumes are widely used as part of an
intercropping strategy based on the rotation of crops (Michaels 2016).

Nevertheless, as much as legumes stand as a beneficial and important crop, they
can be extremely sensible to environmental stresses (Scheelbeek 2018). Thus, in a
world of global climate change, it is important to understand the serious effects that
these atmosphere and weather fluctuations may have on plants, especially devia-
tions on the availability of certain nutrients (Morgan 2019b.). These changes include
unpredictable and extreme temperatures, decreased water availability, and elevated
concentrations of atmospheric carbon dioxide that strongly affect plant yield and
nutritional quality (Andjelkovic 2018). For example, since the beginning of the
Industrial Revolution, in the eighteenth century, atmospheric concentration of CO2

has practically doubled from 280 to 408 µmol mol−1. Given that CO2 is essential
for photosynthesis, this condition may improve the overall yield, while having a
negative influence in the nutrient content of edible parts of plants, either through
promoting sugar accumulation or limiting the uptake of N (Dong et al. 2018; Myers
et al. 2014). Therefore, in order to fully comprehend these effects and how legumes
respond to nutrient deficiencies, it is important to understand plant nutrition and the
mechanisms beneath.

Legumes, as it is the case for the majority of plants, mainly obtain their nutrients
from the soil and require both macronutrients, the “building blocks” and micronutri-
ents, cofactors for enzyme activity (Afzal et al. 2015;White and Brown 2010). These
nutrients can be oftentimes unavailable to plants for different reasons, and throughout
time, plants have adapted to absorb and utilize them very efficiently. As previously



Legume Responses and Adaptations to Nutrient Deficiencies 375

mentioned, while N uptake can be achieved through rhizobial symbionts, phospho-
rus (P) assimilation may require an increase in root-hair production or production of
rootlets, for example, (Sulieman and Tran 2017). The efficient use of these nutrients
is a limiting factor of crops productivity. Although sometimes misjudged as pests or
diseases, either due to low nutrient phytoavailability or high concentrations of toxic
elements, nutrient deficiencies affected crops can exhibit clear signs of deterioration,
as death of plant tissue, stunted growth, and others (White and Brown 2010).

There are many methods and strategies developed to enhance the uptake of dif-
ferent nutrients, and these may vary from plant to plant and depend on plants’ native
soils (Reid and Hayes 2003; Hernández et al. 2007), as will be further discussed
during this chapter.

2 Legumes

Legumes, one of the first domesticated plant families in theMediterranean, are found
in most areas of the world and have a vast number of species which include peas,
alfalfa, peanuts, soybeans, beans, and many others. Usually, cultivated legumes fall
into two classes: grain and forage. Forage legumes, as alfalfa, are grown in pasture
for grazing by livestock or to be harvested as hay, frequently for industrial purposes
(Beltran and Canas 2018). Grain legumes, on the other hand, are cultivated for their
seeds and are mainly used for human and animal consumptions (González-Pérez and
Arellano 2009). These edible seeds of legume plants are known as pulses, which grow
in pods that come in different shapes, sizes, and colors. The main distinction to other
vegetable crops is that pulses are harvested exclusively as dry grains. Recognizing
the importance of these high protein seeds, the Food and Agriculture Organization
(FAO) of the United Nations designated the year of 2016 as the international year of
pulses.

These crops, that can be either annual, biennial or perennial, are grouped into the
C3 category of plants (Archimède et al. 2011). Comparing C3 and C4 plants, both
rely on photosynthesis (Calvin cycle) to make sugars from CO2 but differentiate in
how plants respond to CO2, which leads to certain advantages and disadvantages for
different habitats or conditions (Sage and Zhu 2011). C3 legumes like beans, alfalfa,
and lentils, are more sensitive to higher CO2 concentrations than typical C4 plants
(for example, maize and sorghum). This sensitivity can affect differently the nutrients
under analysis, but evidence suggests a negative impact in some minerals, zinc (Zn)
and iron (Fe), and protein concentrations (Perring et al. 2010; Myers et al. 2014).
These nutritional losses, in a modern world where dietary micronutrient deficiencies
prevail, contribute to food insecurity and low quality agri-food cycles (in terms
of nutrition). However, legumes, especially pulses, can be an inexpensive source of
plant-based protein that can help to achieve numerous of the sustainable development
goals proposed by the UN (Calles et al. 2019).
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2.1 Benefits to the Environment

The unique ability of legumes to form symbiotic relations with N-fixing microor-
ganisms, enables legumes to thrive in soils with low N content, where others cannot,
and therefore, contributing to soil improvement and improving ecosystem sustain-
ability (Goh et al. 2013; Michaels 2016). These Rhizobium bacteria are responsible
for employing the solar energy seized by the plant to break the inert atmospheric
N into reactive N species, such as ammonium (Liu et al. 2018). Moreover, legumes
also contribute to soil carbon sequestration and overall reduced fossil energy inputs
in farming systems (Stagnari et al. 2017).

The agronomic impact that legumes can achieve through intercropping strategies
is significant, with higher protein yields per hectare, drop harsher pesticide practices
thanks to crop diversification, and reduced fertilizer usage rate (Nemecek et al. 2008).
Due to the latter, legume cultivation can have as a consequence the reduction of
greenhouse gas (GHG) emissions in arable systems in about 5–7 times less per unit
area compared with other crops (Jeuffroy et al. 2013).

2.2 Benefits to Human Health

Humans require essential amino acids, carbohydrates, essential fatty acids, and basi-
cally, 28 vitamins and minerals to sustain life and health. Usually, the sources for
alimentation are either plant or animal based, with the last having more promi-
nence in the last century (Williams et al. 2012). Nevertheless, in the case of plant-
based diets, they can meet or suppress the recommended intakes of most nutrients
while having the advantage of providing several health benefits when incorporated
in the commonWestern diet, supported by metabolic measures in health and disease
(Martin et al. 2013). Nowadays, western consumers, that were being overwhelmed
with an excess macronutrient intake and insufficient micronutrient consumption, are
gaining more awareness into integrating plant-based meals to their daily life. This
growth in public popularity is evident and, likewise, the scientific community is
going along as it is noticeable, in the last 10 years, almost a 300% increase in the
frequency of scientific publications including the terms “vegan,” “vegetarian,” and
“plant-based” (Medawar et al. 2019).

Besides being highly nutritious, legumes are low in fat, cholesterol free, and excel-
lent sources of protein, fiber, carbohydrates, and a wide range of minerals and vita-
mins (Polak et al. 2015). Also, several bioactive legume compounds hold antioxidant
properties with a number of beneficial physiological properties against chronic dis-
eases in general. Therefore, considering the overall nutritional legume properties and
the current world food security scenario, they become increasingly attractive both
in developed countries where weight management problems and decurrent health
issues prevail, and in developing countries, posing as an important protein/energy
source to help to eradicate malnutrition (Fao 2019).
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2.3 Legumes Contribution for a Sustainable Future

As in current knowledge there are 17 sustainable development goals (SDGs) pro-
posed by the UN to achieve a more sustainable future for all. Oftentimes overlooked,
legumes may be a key factor in the much-needed change as their (re)introduction in
humans’ diets can be a building block to several of the SDGs.

In the case of the SDGs “no poverty” and “decent work and economic growth,”
legumes can contribute with increased employment, income-earning opportunities,
and fair trade. As European policies are beginning to promote short supply chains
to increase regional sustainability (Deppermann et al. 2018), legumes can gain com-
petitiveness, since they have very high protein production levels per hectare (Pilorgé
andMuel 2016). These shorter supply chains also promote the “sustainable cities and
communities” SDG. Moreover, legumes can be consumed, at low expense, for their
green pods, immature seeds, tubers, leaves and mature seeds, being a flexible food
and commodity, and assuring “zero hunger” (Vasconcelos and Gomes 2016). Addi-
tionally, when considering legume dried grains, their long-term shelf-life constitutes
an obvious advantage.

Legumes are also recognized for their health promoting characteristics, thus con-
tributing for the SDG “good health and well-being.” Through the improvement of
body weight, oxidative stress and inflammatory status (Mirmiran et al. 2018), this
food can help to reduce the risk of obesity, diabetes, cardiovascular diseases, and
even cancer (Santos et al. 2017). Additionally, studies demonstrate that women’s
knowledge and education on nutrition and gender empowerment (“quality educa-
tion” and “gender equality SDGs”) in rural regions improve health status and diet
quality (Olney et al. 2015).

Legume inclusion in agricultural practices can drive environmental, economic,
and human development (Mcdermott and Wyatt 2017). The impacts of changing
the current agricultural scenario to a more legume-inclusive one have been well
described. Specifically, legumes require low amounts of water, being tolerant to
drought; they are N fixers, reducing the need for fertilizers, improving soil quality
and being well suited for crop rotation; and help to reduce greenhouse gas emissions
(Lienhardt et al. 2019). In this way, they address global climate constraints and
the SDGs “clean water and sanitation,” “responsible consumption and production,”
“climate action,” and “life on land.”

Finally, the involvement of the academia and industry in legumes capitalization
has led to the development of a wide range of new legume-based products (“industry,
innovation, and infrastructure”). For example, simultaneously responding to the “af-
fordable and clean energy,” new types of renewable energy sources based on legumes
like a biogas are being developed, helping in energy saving (Stinner 2015).Within the
innovation context, food biotechnology and market trends are strongly responding to
the new trends and plant-based food alternatives availability is increasing. Legume
protein is being often used in protein powders, veggie burgers, and bakery. Novel
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approaches for the use of legume protein include the development of alcoholic bever-
ages and formulas for babies and toddlers. The type of productsmadewith legumes is
becoming more refined and complex, and their nutritional specifications are getting
more precise and prepared by demand.

2.4 Legume Nutrition

To achieve their optimal growth and dietary quality plants require some elements,
like C, H, and O, that can be absorbed from the atmosphere or water, while the
majority of the other elements, commonly known as mineral elements, are found
in the soil (López-Arredondo et al. 2017). In order to sustain plant growth, legumes
require 14 essential elements, with several others that are considered beneficial but do
not stand as essential (for example, silicon and selenium). These essential elements
can be divided into macronutrients and micronutrients, with the split being based
on the actual amount of nutrient required for adequate plant growth (White and
Brown 2010). Macronutrients, required in larger amounts, like P, N and potassium
(K), are among the most limiting factor for crop yield. On the other hand, and even
though plants require considerably smaller amounts of micronutrients, a deficiency
in these minerals may prejudice them as much as a lack of N, P, or K. For instance, Fe
deficiency conditions impact chlorophyll production andmay lead to serious adverse
effects like interveinal chlorosis, reduced growth, and yellowing of leaves (Santos
et al. 2016) (Fig. 1).

Regarding themechanisms of uptake, formost of themacronutrients, the pathways
of absorption and transport within the plant are reasonably well understood, while
the situation is not as clear with micronutrients, maybe except Cl, Fe, and Zn (Reid
and Hayes 2003).

Fig. 1 Visual representation
of Fe deficiency symptoms
(yellowing of the leaves,
interveinal chlorosis) in a
Glycine max plant
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When the appropriate mineral supplementation cannot be achieved and plant
response is unable to ensure the proper uptake, nutrient deficiencies are reflected
in numerous physiological, biochemical, and molecular changes (Santos et al. 2015,
2019b).

3 Current Scenario and Obstacles for Legume Nutrition

Several factors can impact the efficiency of nutrient acquisition by legumes, princi-
pally abiotic stresses that are now even more unpredictable and harsh to crops, given
the status of global climate change (Smith 2001; Soares et al. 2019b).

Where we stand today, even if we disregard GHG, the disruptive anthropogenic
activities lead, inevitability, to an increase in the average temperature,more likelihood
of strong, and persistent heatwaves, aswell as the occurrence of erratically distributed
precipitation in many areas (Andjelkovic 2018). As a result, plants will have to cope
with drought, heat, salinity, and soil constrains with low nutrient availabilities. On
this matter, legumes will be one of the most affected crops thanks to their higher
sensibility when compared to other staple crops, cereals for example (Scheelbeek
2018). An overview of the predominant obstacles for legume nutrition and further
solutions is demonstrated in Table 1.

Starting by the global impact of climate change, this is maybe the most relevant
threat to plant growth and productivity, with concerning effects on either plant quality
or quantity (Soares et al. 2019b). Several climate models predict that the extended
and randomized periods of rainfall and drought, will increase the risk of soil erosion.
Consequently, the topsoil layer which is typically richer in nutrients may lose a great
part of its nutrients, affecting the overall process of nutrient cycling (Nearing et al.

Table 1 Factors impacting legume nutrition and potential answers

Obstacles Negative impact Possible solutions References

Monocropping Nutrient depletion,
loss of genetic
diversity

Crop rotation
involving legumes

Jacques and Jacques
(2012), Sharma
(2009)

Tilling Organic matter loss No-tillage crop
production

Curci et al. (1997),
Triplett and Dick
(2008)

Weather adversities Erosion, distressed
nutrient cycling

Increased water-use
efficiency

Nearing et al. (2004),
Hatfield and Dold
(2019)

Synthetic fertilizers Reduced
microbiological
diversity

Precision fertilization Tian and Niu (2015)

Pesticides Diminished nutrient
availability

Inclusion of non-toxic
alternatives

Machekano et al.
(2019)
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2004). Also, higher temperatures can lead to an increased decomposition of organic
matter which could reduce the carbon available for plants. Although the majority of
carbon is obtained through photosynthesis, soil carbon is also important as it helps to
retain water and other nutrients (Conant et al. 2011, 2008). Given the multifactorial
stresses associated with climate change, it is also relevant the effect of elevated CO2

(eCO2) on the decrease of protein grain concentration (harshly impacting human
nutrition) and disturbance of nutrient accumulation in important crops (Beach et al.
2019; Soares et al. 2019a). Furthermore, studies that evaluated longer treatments
with eCO2 reported acclimation of photosynthesis (Kaplan et al. 2012; Ainsworth
et al. 2004), accelerated leaf senescence (Ludewig and Sonnewald 2000), and stunted
growth (Ainsworth et al. 2004).

In addition to these concerning climate change effects, bad practices related to
industrial farming is another powerful contributor for soil health and respective nutri-
ent content depletion (Yang et al. 2018). Not only human population is increasing,
but also the average calorie intake per person is rising rapidly (Popkin et al. 2012)
and, in order to achieve the production amount necessary tomeet consumers demand,
the agricultural business is currently compelling farmers to further engage into these
bad practices (Hazell and Wood 2008).

For example, monocropping, the practice of growing in consecutive years, the
same crop into the same plot of land, has led to an intense depletion of the nutri-
ents in the soil, negatively impacting productivity, and promoting the growth of
pathogenic microorganisms that suppress plant development (Aparicio and Costa
2007). The tillage operation is a groundwork-type element of cropping which alters
the physicochemical properties of soil often speeding up the mineralization rate, at
the cost of losing a portion of soil organicmatter (Curci et al. 1997). Despite their role
in weed control, to avoid the consequent negative impact, a no-tillage crop manage-
ment is now being more often promoted with significantly improvement of crop-soil
association, either by accumulation of organic matter, improved water retention and
infiltration with higher vegetative growth (Daryanto et al. 2017).

Additionally, even though synthetic fertilizers played a key role in the demo-
graphic explosion, helping farmers to increase their productivities and to feed bil-
lions of newpeople (Erisman et al. 2008), their unbalanced and abusive utilization has
resulted in decreased soil microbiological diversity (specially harmful for legumes),
acidification and increased salt and heavy metal contamination of soils (Zhou et al.
2017; Tian andNiu 2015).Moreover, N fertilizers could potentially lead to the aggra-
vation of the climate change problematic since it alters global N cycle by increasing
emissions of nitrous oxide, not only a GHG but also especially harmful to ozone
(Fagodiya et al. 2017).

Finally, the use of pesticides to either control the growth of weeds or the propa-
gation of insects and fungi may affect microbial diversity and potentially suppress
N-fixing bacteria, common to leguminous plants, from replenishing natural N fer-
tilizer in soil (Potera 2007). Such is the case of glyphosate (commonly known as
RoundUp), that when used outside, the recommended limits has a negative effect
in soil microorganisms and binds with essential macro/micronutrients; therefore,
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reducing their availability and preventing the uptake of those required components
to plant processes (Mertens et al. 2018).

To reply to these potential antagonists, legumes have a wide range of responses.
These can be dependent on the species or genotype in question, or on the type and
severity of stress they face. In fact, these plants have evolved to overcome nutrient
limitations by several pathways, either through nodules formation and other root
adaptations, the production of certain compounds to attract Rhizobium soil bacteria,
increase allocation of resources and several others, as further detailed below.

4 Legumes Responses and Adaptations to Nutrient
Deficiencies

Given the examples of either environmental or anthropogenic causes to soil nutrient
disturbance, it is now important to address the responses and adaptations that legumes
employ to overcome this deficit. Since these stress factors majorly impact crop yield,
in this section, it will be prioritized nutrients that limit plant growth and development,
as is the case for phosphate, Fe, and Zn. The difference between yield potential
and actual yield (e.g., yield gap) is predicted to increase in the harsh forthcoming
environmental changes (Slattery et al. 2013).

The responses and adaptions that these plants have to undergo to thrive under nutri-
ent limiting conditions are various; nonetheless, they can exhibit similar mechanisms
when different nutrients are lacking (Fig. 2).

Alterations in root system architecture, in genetic regulation of certain trans-
porters, mycorrhizal symbiosis adjustments, and exudates release are among the
most important features that will be discussed.

4.1 Root System Architecture

As the availability of nutrients in soil is heterogenous and easily impactable, the
majority of plants has evolved in a way that their root system architecture can be
altered to efficiently forage and absorb these essential minerals. Although some
morphological changes can be, to a certain extent, nutrient specific, several adaptions
in root architectural patterns are more generalistic and follow the same premises.

For example, in case of P deficiency, that is perhaps the most limiting macronutri-
ent to legume crops’ growth, root architecture adjustments are encouraged to further
forage the surface soil layers that are richer in P, due to its low mobility (Liao et al.
2004). In that way, signaling pathways will engage into an enhanced lateral root for-
mation, which implies a shallower and broader root system that boosts plant capac-
ity to explore the desired upper layers (Liao et al. 2004; Ho et al. 2005). Increased
root-hair abundance and length is also one of the typical responses since it can be
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Fig. 2 Root and shoot responses to nutrient deficiency. In order to increase nutrient uptake, the
roots undergo architectural changes that enable the increase of absorption area; legumeplants release
protons to acidify the soil and organic compounds (exudates) to solubilize and better absorb the
nutrients; bacteria are attracted to these compounds andmycorrhizal symbiosis is enhanced, leading
to nodule formation. In the shoots, when nutrients are deficient, the final yield of the plant does not
reach the plants’ potential yield, resulting in a yield gap; in order to accumulate nutrients in the aerial
organs, legumes activate a shoot-to-root signaling pathway and decrease physiological processes
(like photosynthesis and transpiration); shoot-to-root ratio is decreased, since the assimilates are
directed to root growth

responsible for 90% of P acquisition (Lambers et al. 2006; Sánchez-Calderón et al.
2006). Root hairs may also be induced in response tomany other nutrient deficiencies
such as K, magnesium, Fe, and manganese (Jung et al. 2009; Niu et al. 2014; Yang
et al. 2008).
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One other common response is the formation of cluster roots, densely clustered
secondary roots, to increase root area and exudation of enzymes and organic acids.
This engages legume species into a more prolific nutrient acquisition as studied in
white lupin models (Vance 2001). Cluster development is controlled by a systemic
signal from the shootwith sugar and phloem transport being essential to the regulation
of the process (Liu et al. 2005).

Similarly to P, Fe, and Zn exhibit limited solubility in soils, and angiosperms usu-
ally rely on two different mechanisms to acquire them from the soil, reduction-based
strategy (Strategy I), and chelation-based strategy (Strategy II) (Walker andConnolly
2008). Legume species utilize Strategy I, and it is based on enzymatic activities in
the plasma membrane of cells in the outer layer of the root that are induced in nutri-
ent limiting conditions (Saini et al. 2016). Initially, H+-ATPases release protons in
the rhizosphere, acidifying the surroundings which will then solubilize Fe and Zn
promoting their uptake (Marschner and Römheld 1994; Sinclair and Kramer 2012).

4.2 Physiological Changes

In order to achieve mineral accumulation and compensate for nutrient deficien-
cies, in general, some physiological statuses are adjusted to meet the greater shoot
demand. One of the impacted processes is photosynthesis, which seems to decrease
in response to nutrient limitations, as is the case of N (Antal et al. 2010) and P
(Abdelrahman et al. 2018). In consequence, the conversion efficiency of intercepted
radiation into biomass decreases (Slattery et al. 2013). As resources for respira-
tion decrease, resource allocation changes and legumes direct them toward nutrient
uptake, by increasing root growth, thus decreasing shoot-to-root ratio (Kleinert et al.
2014). Since under these stress conditions, roots are the major sinks, transpiration
rates decrease, modulating the acquisition of several nutrients (Matimati et al. 2014).

Another strategy is the nutrient remobilization of short or mid-term storage,
through phloem transport, which may help to compensate a transient lack of min-
eral uptake by roots. Usually, this occurs during vegetative growth (low soil nutrient
availability) as mature leaves become sources to support the growth of news organs
(Maillard et al. 2015).

4.3 Legumes Related Symbionts

One unique way that legumes utilize to enhance nutrient acquisition is through myc-
orrhizal symbiosis (Santos et al. 2019a). For example, the fungi colonization of plant
cells that act as an extension of the root system, facilitating the uptake and con-
tributing to a more effective nutrient translocation in the host plant (Gutjahr and
Paszkowski 2013; Thuynsma et al. 2014). Among the most important fungi, the
arbuscular mycorrhizal fungi (AMF), belonging to Glomeromycota phylum, stand
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as a crucial partner for P acquisition (Scheublin et al. 2004). Furthermore, rhizobia
bacteria are responsible for producing N-fixing nodules on legumes where, in case of
nutrient deficiency, the uptake and recycling are enhanced (Udvardi and Poole 2013).
From the rhizobia, Rhizobium genus is the most known since these gram-negative
and motile bacteria are deeply associated with the leguminous plants (Parker 2001).

Particularly to rhizobia-legume symbiosis and nodule formation, these well-
organized and differentiated structures are molded after rhizobia attachment to root-
hair cells, with nodule organogenesis being coordinated by a series of molecular
interactions between receptor-like kinases among bacteria and their legume host
(Popp and Ott 2011). Afterward, the bacteria end up differentiating into bacteroids
(symbiotic N-fixing form) that rely on legumes as a source of carbon and other nutri-
ents, while ensuring N fixation (Roriz et al. 2020). Therefore, it is easy to underline
legumes natural advantage in N depleted soils, as this exclusive plant–microbe inter-
action can ensure the uptake of C and other critical nutrients from the soil outside
the rhizosphere and translocate them to the host plants (Yoneyama et al. 2012). Root
nodulation also impact P uptake, for example, through increased recycling and phos-
phate conservation mechanisms that prevent complete depletion through nutrient
reallocation from the root (Sulieman and Tran 2017; Nasr Esfahani et al. 2016).
Some legumes even have the ability to mobilize P from nucleic acids and phospho-
lipids, with recent reports suggesting that in some cases, these alternate routes to
conserve P are preferred to the direct uptake from soil (Vardien et al. 2016).

On the other hand, nodules have a strong Fe requirement, as higher rates of N
fixation seem to depend on increased concentrations of this micronutrient (Rotaru,
2009). Moreover, under Fe limitation, it was shown that the allocation of Fe ions to
nodules increase to support nodule growth, as well as the activity of ferric chelate
reductase that is a key enzyme in Fe reduction and uptake processes (Slatni et al.
2008).

4.4 Exudates Release

The increase in the release of exudates to enhance nutrient soil availability depends
not only on the damaging agricultural practices previously mentioned but also on
the inherent characteristics of the environment, as it is common that a vast amount
of nutrients may be present in chemical forms inaccessible to plants (Tate 2005).

One of the most common responses developed by plants is the production of cer-
tain types of enzymes and organic acids, as citrate, malate, and oxalate. These are
usually induced under nutrient deficient conditions (Yadav and Tarafdar 2001) or,
when present, when nutrients are unavailable for absorption (Dakora and Phillips
2002). For example, in order to solubilize the P provided by fertilizers, some extra-
cellular enzymes produced by legumes, for example, phosphatases, release this P
into usable forms for soil biota and plants through the cleavage of ester linkage sites
(Dotaniya et al. 2019). In fact, it has been reported higher phosphatase activity in
leguminous crops when compared to maize and wheat species which reinforces this
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strong tendency of legumes response to variations in soil P availabilities (Yadav and
Tarafdar 2001).

Root exudates have also an important role in micronutrient availability. Organic
compounds, like phenolics, organic acids, sugars, and flavins, have been studied
in the last years for their important role in the Fe solubilization and mobilization
(Sisó-Terraza et al. 2015; Fourcroy et al. 2014; Schmid et al. 2014), as well in metal
detoxification (Chen et al. 2017). These compounds have also the ability to behave
as signaling molecules, binding to receptors in rhizobial cell surfaces enhancing the
number of root nodules through an increased expression of nodule-synthesis related
genes (nod) (Sugiyama and Yazaki 2012). Hence, there is also a link between root
exudates and rhizobia attraction that will consequently increase functional nodules
development, whose importance was already discussed.

4.5 Gene Expression Modulation

The expression of transporters and enzymes important in nutrient acquisition is highly
impacted by nutrient deficiencies (Santos et al. 2019a). For example, in the response
to low P, the expression of the high-affinity phosphate transporter GmPT5 has been
shown to increase, which impacts nodulation and plant growth, since it controls P
transport from roots to nodules (Ho et al. 2005). Nonetheless, among the P trans-
porters, the ones belonging to the Pht1 family are the most commonly induced by
P starvation, under the control of the phosphate starvation response transcription
factors (Gu et al. 2016). In fact, for Glycine max species, from the 15 Pht1 known
paralogs, all are up-regulated in low P conditions (Fan et al. 2013).

For instance, ferritin which is essential for oxidative stress prevention and adapta-
tion to adverse environmental situations has been shown to be up-regulated in plants
that endure better under Fe-deficient conditions. Especially, the induction of certain
ferritin genes, fer3, is believed to be an efficient response mechanism to improve Fe
acquisition (Boamponsem et al. 2017). Also, in Fe limiting soils, legumes will tend
to enhance the production of coumarins through the bHLH transcription factor, one
of the major regulators of Fe deficiency responses FIT (FER-like Iron deficiency-
inducedTranscription Factor) (Schmidt et al. 2014). FIT is considered to be a network
of transcriptional regulators which allow the plant to cope with not only Fe limiting
conditions (Chutia et al. 2019) but also to interact with P an Cu uptake machinery
under decrement of these nutrients (Filiz and Kurt 2019). Concerning other mecha-
nisms of uptake, it has been shown that after Fe3+ reduction, Fe2+ is transported to
the root by Fe-regulated transporters (IRT), that are express only under Fe-deficient
conditions (Connolly et al. 2002). Besides Fe absorption, these transporters may also
be responsible for the transport of other divalent metals (Barberon et al. 2011) and
Fe translocation (Xiong et al. 2014).

Phytohormones can also positively regulate Fe deficiency responses, as it was
demonstrated the abscisic acid (ABA) promotion of Fe transportation from root-
to-shoot, alongside with phenolic compound secretion from the roots (Lei et al.
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2014). Although the molecular mechanisms behind ABA action in this context are
still unknown, evidences suggest the involvement of ABI5 in the ABA-mediated
alleviation of chlorosis under Fe deficiency (Liu et al. 2017) and regulation of Fe
levels by inducing ferritin expression (Santos et al. 2019a).

This kind of research is still expanding since recently, and only for common bean
species, over a hundred genes regulated by P availability have been identified in
roots and nodules with several transcription factors, microRNA and photosynthates
acknowledged as part of the deprivation signaling pathway (Liu et al. 2018). Many
and different elements are controlled at the transcriptional level with legumes remod-
eling their transcriptome and proteome in different ways to coordinate the required
metabolic and morphological adaptations (Tran et al. 2010).

5 Conclusion and Future Perspectives

For more than 5000 years, legumes have been one of the first-choice crops to feed the
world’s population (Ahmed and Hasan 2014), being recognized for their nutritious
content, health benefits, and positive impact on ecosystem sustainability. However,
decades of bad farming practices and exacerbated effects of climate change severely
impacts legume nutrition and plant overall productivity. Some of the effects caused
by these deficiencies are easily observable while others require a more cautious
approach as it is crucial a correct diagnose.

Nonetheless, legumes have evolved to cope with some of adversities and the
dissection of the physiological and molecular adaptations is an important field of
study. As advances in genomics may allow the breeding of nutrient-deficiency tol-
erant legumes, a correct understanding of the inherent strategies and mechanisms
that deal with these limitations is of utmost importance. Either through enhancement
of nutrient acquisition, improved remobilization, and optimized legume–rhizobium
associations, enabling or improving these processes will allow the future population
tomeet the agriculture demands for higher yields and endure climate change negative
effects on food quality.
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Abiotic Stress Tolerance in Legumes
of the Family Fabaceae
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Abstract Grain legumes are rich in carbohydrate, protein, vitamin, mineral, fiber,
and essential amino acids. Besides, legumes play a vital role in fixing atmospheric
nitrogen (N) which ultimately improves soil fertility through the symbiotic process.
However, in the changing climate, the sustainability of grain legumes production is
vulnerable due to the extreme events of abiotic stresses such as drought, salinity,
heat stress, and heavy metals. These abiotic stresses are linked with the physiologi-
cal, biochemical, and morphological changes that prevent the full genetic potential
productivity of the legume crops. Plants need an ample amount of mineral nutrients
(micro-and macronutrients) in each stage of the development to achieve maximum
yield. Among these mineral nutrients, macronutrients, particularly N, phosphorus
(P), and potassium (K) and micronutrients particularly iron (Fe), zinc (Zn), silicon
(Si), and selenium (Se) involve in several physiological, biochemical, and morpho-
logical processes in plants. These nutrient elements also play a vital role in increasing
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plant resistance to environmental stresses. An adequate balance of nutrient supply is
needed for each stage of the development and to achieve maximum yield potential
of legume crops. While imbalanced use of mineral nutrients may result in nega-
tive impacts on environmental and also increase the cost of production. Therefore,
adequate balanced mineral nutrient management is necessary for the sustainable
production of legume crops under the changing climate. This chapter described the
negative impacts of abiotic stresses on legumes under the family Fabaceae and also
highlighted the essential roles of balanced mineral nutrients in each developmen-
tal phage of plants for attaining maximum yield even under the abiotic stressful
environment.

Keywords Abiotic stresses · Legumes · Fabaceae family · Nutrient management

1 Introduction

After the familyPoaceae or grass family, legumes (familyLeguminosae orFabaceae)
are considered the secondmost important plant family rich in carbohydrates, proteins,
vitamins, minerals, fiber, and essential amino acids (Ara et al. 2019). Therefore,
grain legumes or pulse crops are a key source of carbohydrates, proteins, vitamins,
minerals, fiber, and essential amino acids in the human diets, particularly in the
developing countries (Mishra et al. 2014). Besides, legumes play a vital role in fixing
atmospheric nitrogen (N) which ultimately improves soil fertility through symbiosis,
and thus reduces the dependence on chemical fertilizers (Rubiales and Mikic 2015).
Hence, legumes are used as an intercrop with cereals as the concept of climate-smart
agriculture (FAO 2013) for improving soil fertility and crop productivity through
biological N-fixation (Qureshi et al. 2010; Rao et al. 2013; Farooq et al. 2017).

All plants including legumes are sessile organisms and thus face adverse abiotic
stresses such as soil salinity, drought, heat, cold, flooding, and heavy metal contami-
nation in their whole life span ranging from germination to the maturity that leads to
decline the crop productivity (Xu et al. 2014; Negrão et al. 2017; Nadeem et al. 2018,
2019). Similarly, due to climate change, the extreme events of abiotic stresses also
affect on the N-fixation in legumes through altering the physiological, biochemical,
and morphological processes of plants that limit the full genetic potential for higher
yield (Beebe et al. 2013).

Plants need an ample amount of mineral nutrients (micro- and macronutrients)
in each stage of the development to achieve maximum yield (López-Arredondo
et al. 2013). Particularly, macronutrients such as N, P, and K (Edmeades 2003) and
micronutrients (Fe, Zn, and Mn) are involved in several physiological, biochemi-
cal, and morphological processes in plants for improving plant resistance to abiotic
stresses (Fageria et al. 2002) although the requirement of the amount and types of
nutrients are varied with species to species and genotype to genotypes according to
their biological processes (Rengel and Damon 2008; Shukla et al. 2014). However,
an adequate balance of nutrients is needed for each stage of development and to
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achieve maximum yield potential (López-Arredondo et al. 2013). While the imbal-
ance use of mineral nutrients may result in negative impacts on the environment and
also increase the cost of production (Hawkesford 2012, 2014), therefore, adequate
balanced mineral nutrient management is necessary for sustainable legumes produc-
tion under the changing climate. In this chapter, we reviewed the adverse effect of
abiotic stresses on legumes under the family of Fabaceae and also highlighted that
balanced nutrient can improve the abiotic stress tolerance in plants.

2 The Adverse Effect of Abiotic Stresses on the Growth
and Development of Legumes

2.1 Drought

Drought stress (DS) poses a constant challenge for agricultural crops. It is considered
as a severe constraint for global agricultural productivity. Its intensity and severity are
predicted to increase in the near future due to global changing climate (Baroowa and
Gogoi 2013; Ghassemi-golezani et al. 2013). Legumes are mostly grown in dry areas
since they are moderately tolerant to drought stress (Nadeem et al. 2019). However,
severeDS leads to remarkable yield losses of crops due to their high sensitivity against
drought during the seedling and reproductive stages (Farooq et al. 2016; Nadeem
et al. 2019). The most prominent effects of DS are limited germination, shrinkage
plant growth through decrease in net photosynthesis as a result of abolishing the
photosynthetic apparatus (Chowdhury et al. 2016), reduced carbon and N-fixation
(Beebe et al. 2013; Nadeem et al. 2018, 2019), hampered assimilate translocation
(Mondal et al. 2011; Zlatev and Lidon 2012), and hindered the development of
reproductive organs such as pollen grain sterility (Sehgal et al. 2018). The DS leads
to reduce the number of pods and grains (Liu et al. 2004; Vadez et al. 2012), shortens
or fastens the time of flowering (Samarah et al. 2009), weakens sink movement
(Andersen et al. 2015), and also condenses nutrients uptake (Nadeem et al. 2019).

For enhancing water use efficiency of plants under DS, stomatal control is con-
sidered as one of the major physiological responses in plants (Makbul et al. 2011).
Since the rate of stomatal conductance is linked with the rate of transpiration (De
Souza et al. 1997), DS ultimately controls the rate of photosynthesis. Stomatal con-
ductance in soybean was decreased significantly as compared to the control under
drought stress (Hao et al. 2013; Mak et al. 2014; Mutava et al. 2014). Similarly, the
germination rate in soybean (Heatherly 1993), chickpea (Awari andMate 2015), and
in fababean (Li et al. 2018) was decreased significantly under drought stress. Atti
et al. (2004) reported that during DS, the declining rate of photosynthetic, stomatal
conductance, and transpiration was 78.4, 92, and 85.4%, respectively. Under drought
stress, the transpiration rate of legumes was lessened by more than 50% (Hao et al.
2013; Mak et al. 2014).
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2.2 Salinity

Due to the global climate change, areas and severity of soil salinity are increasing
globally which is threatening to the global food security of the increasing population.
FAO (2008) estimated that more than 800 million hectares of land across the globe
are affected by soil salinity. During salt stress, plants are normally facing osmotic
stress, hormones, ionic, and nutritional imbalances that lead to occur oxidative stress
in the plant cells (El Sayed 2011; Deinlein et al. 2014). During salt stress, two types
of challenges are tackled by the plant: Firstly, high concentrations of solute interrupt
the osmotic balance, resulting in the physiological drought which restricts water and
nutrients uptake from root zone soil solution (Munns 2011; Farooq et al. 2015);
and secondly, ionic imbalances from transformed K+/Na+ ratios and Na+, Cl− ion
concentrations lead to occur oxidative stress in plant cells (Rejili et al. 2007; Haro
et al. 2010). High concentrations of Na+ interrupt the osmotic balance, resulting in
the physiological drought which restricts water and nutrients uptake from root zone
soil solution of the affected plants (Farooq et al. 2015), although some plant species
are also sensitive to Cl−, due to the presence of major anion in salt-affected soils
(Nadeem et al. 2019). Under the extreme salt stress, the excessive concentrations of
Na+ and Cl− ions in the root zone of legumes hamper the availability of other micro-
and microelements including B, Zn, Ca, Cu, Mg, Fe, N, P, and K (Yadav et al. 1989;
El Sayed 2011).

Similar to other plants, the seedling of grain legumes establishment and repro-
ductive stages are also sensitive to high salinity stress (Al-Mutata 2003). Overall
plant growth in legumes under salinity has been occurred due to hormonal, ionic,
and nutritional imbalances and also a lack of cell wall acidification (Pitann et al.
2011). Sometimes leaf senescence in legumes is observed as a result of chlorosis and
necrosis (Sehrawat et al. 2013a, b). Salt stress also hampered the growth and devel-
opment of major grain legumes such as Phaseolus vulgaris L. (Ferri et al. 2000),
Cicer arietinum L. (Sadiki and Rabih 2001), Vigna radiata L. Wilczek (Kabir et al.
2004), Glycine max L. (Luo et al. 2006), Vicia faba L. (Pitann et al. 2011), and Lens
culinaris L. (Bandeoglu et al. 2004).

If salt stress is affected by the reproductive stages of legumes, flower formation
is delayed and also reduced the number of flowers and pods which lead to reduce
the grain yield and quality (Khan et al. 2016a, b). Limitation of nitrate (NO3

−)
absorption from the soil solution under salt stress reduces the grain protein and
distressed N metabolism in the grain of legumes (Ghassemi-Golezani et al. 2010).
Similar to grain protein, starch mobilization in grain legumes is also highly sensitive
to salt stress (Flowers 2004).

Salt stress also restricts N uptake and metabolism in the grain of legumes through
hampering the biologicalN-fixation (BNF) (Lopez et al. 2008;Nadeemet al. 2019). It
iswell-known thatBNFgenerally occurs in the nodules of plant roots, and this process
is also highly sensitive to salinity stress. Salt stress significantly reduces the number
and movement of nodules in grain legumes including Vicia faba L. (Cordovilla et al.
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1994; Rabie and Almadini 2005) and Cajanus cajan L. (Matamoros et al. 1999;
Garg and Manchanda 2008) which ultimately limit the BNF (Cordovilla et al. 1994;
Delgado et al. 1994).

2.3 Heat Stress

Heat stress (HS) is one of the foremost abiotic stresses causing an enormous loss in
the productivity of crops (IPCC 2014; Asseng et al. 2015; Fahad et al. 2017). The
increasing temperature has already changed the growing periods in many regions of
the world (Porter 2005). Even though growing temperatures have a positive effect on
crop production particularly in temperate regions, generally the impact of increasing
temperature is still undesirable (Challinor et al. 2014).

Wahid et al. (2007) revealed that under HS, growth, and development of plants
are significantly influenced by a series of morpho- and physio-biochemical changes.
Fahad et al. (2017) noticed that HS reduces the rate of germination and also seedling
stand establishment (Fahad et al. 2017). Under HS, growth, density, and length of the
roots are also reduced which leads to limit the uptake of water and nutrients from soil
solution to the aboveground parts of the plant (Wahid et al. 2007; Huang et al. 2012).
Vollenweider and Gunthardt-Goerg (2005) observed that HS causes leaf senescence
through scorching of the leaf twigs ultimately shrinkage growth and development of
plants through decreasing in net photosynthesis as a result of abolishing the photo-
synthetic apparatus. HS causes serious destruction of proteins in plant cells through
interrupting their synthesis, deactivate the enzymatic activity, destruction of the cell
membranes, and also hinder the cell division process (Smertenko et al. 1997) since the
adverse effects of HS on crops including legumes fluctuate with the duration, timing,
and severity of the HS (Fahad et al. 2016). For example, HS triggered the consid-
erable yield loss in Arachis hypogea L. and Phaseolus vulgaris L. (Vara Parasad
et al. 1999; Rainey and Griffiths 2005). The HS affects the nutrient cycle, uptake,
and availability and also obstructing different physiological functions of plants. HS
hinders the activity of enzyme-like nitrate reductase since this enzyme is directly
linked with N metabolism (Basirirad 2000; Klimenko et al. 2006; Rennenberg et al.
2006).

2.4 Heavy Metal Stress

Generally, heavy metals (HMs) such as Fe, Zn, Mn, Cu, Hg, Ni, Cd, Co, and arsenic
are accumulated in soils through imbalanced use of pesticides, chemical fertilizers,
and also from waste industrial and disposal sewage water (Aydinalp and Marinova
2009). These HMs contaminate groundwater through leaching and also store in
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soil surface (Gupta and Ali 2012; Dağhan and Ozturk 2015; Hakeem et al. 2015;
Ozturk et al. 2015a, b; Basheer 2018). Plants are bio-accumulators of various heavy
metals naturally from the HMs contaminated soil and water (Celik et al. 2010; Harib-
abu and Sudha 2011; Ozturk et al. 2017). Although some of HMs with a specific
concentration is essential as micronutrients for different physio-biochemical pro-
cesses in plants, whereas their excessive concentration has damaging impacts on the
physio-biochemical process of the plants (Ghori et al. 2019).

Leaf chlorosis, poor growth, burning of the root, and death of the plants are
the major toxicity symptoms of HMs (Ozturk et al. 2008, 2015b) although HM-
tolerant plants could accumulate HMs to some extent. However, the level of their
tolerances varies from species to species and genotypes to genotypes (Abolghassem
et al. 2018). The high concentration of HMs accumulation in plants hinders many
physio-biochemical and morphological process which leads to the decline of crop
productivity (Shahid et al. 2015). Grain legumes such as Pisum sativum L. (Wani
et al. 2008a),Cicer arietinum L. (Wani et al. 2008b;Wani andKhan 2010), andVigna
radiata (L.) Wilczek (Wani et al. 2007) faced nutrients deficiency or toxic effects
when grown in HMs-enriched soil.

The HMs accumulation in soils reduced the microbial activities (Paudyal et al.
2007; Wani et al. 2008a) leading to a subsequent reduction of soil fertility (Khan
et al. 2009; Krujatz et al. 2011). Likewise, several earlier reports revealed that higher
levels of HMs accumulation in soil reduced the rhizobial activity in host legumes
(Heckman et al. 1987; Broos et al. 2007) and concurrently decreased the yields of
affected legumes (Moftah 2000).

2.5 Abiotic Stress-Induced Excessive Production of ROS

Under stressful conditions (including heavy metal stress, HMs), molecular oxygen is
reduced in plant cells, while produce extremely oversensitive intermediary products
such as H2O2, hydroxyl radicals, and superoxide radicals that are recognized as ROS.
The production of ROS is one of the most common and most studied response of
plants toward HMs (Jalmi et al. 2018), which affects various enzymatic activities,
denatures proteins and lipid through chain reactions and ultimately damages cell
membranes and DNA (Rascio and Navari-Izzo 2011; Barconi et al. 2011; Ahmad
et al. 2012). These reactions also disturb the integrity of membranes, resulting in
the alteration of basic plant metabolic reactions such as photosynthesis, respiration,
and homeostasis (Hossain et al. 2012). The ROS also heading to lipid peroxidation,
particularly the cellular membranes affecting them to leak, damaging biomolecules,
and also cleavage of DNA strands collectively known as oxidative stress (Barconi
et al. 2011; Ahmad et al. 2012).
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3 Nutrient Management for Improving Abiotic Stress
Tolerance in Plants

3.1 Drought

Drought stress (DS) is a severe constraint for global agricultural productivity
(Baroowa and Gogoi 2013; Ghassemi-golezani et al. 2013). The DS decreases seed
germination, seedling growth, and development of plants through inhibiting net pho-
tosynthesis (Chowdhury et al. 2016), hinders the development of reproductive organs
such as pods/plant and grains/plant (Vadez et al. 2012; Sehgal et al. 2018), reduces
the time of flowering (Samarah et al. 2009; Andersen et al. 2015), and also reduces
the nutrients uptake (Nadeem et al. 2019).

The DS can be mitigated in two ways: (i) selection of crop cultivars that are tol-
erant to DS and (ii) improved agronomic approaches. Since breeding approaches
are time-consuming and need skill technical knowledge, the DS can be mitigated
through enhancing water use efficiency (WUE), which is linked with the rate of
stomatal conductance and the transpiration (Makbul et al. 2011; Hao et al. 2013;
Mak et al. 2014). Agronomic approaches such as the adjustment in time of sowing,
plant geometry, and fertilizer management can help to improve drought tolerance in
plants through enhancing WUE (Siddique et al. 2012; Jha et al. 2015). Besides these
approaches, zero tillage, mulching, and deep plowing could also enhance the WUE
for alleviating the adverse effects of DS in plants (Mupangwa et al. 2007; Johnson
et al. 2018). Since fertilizer management is the best option for increasing drought
tolerance in plants to mitigate the harmful effects of DS (Hansel et al. 2017), Jin et al.
(2006) found that both P and N fertilizers can increase WUE in crops by decreasing
the rate of evaporation. They also observed that P nourishment enhanced the rate of
photosynthesis in soybean through controlling the leaf water potential, membrane
stability, stomatal conductance, and development of root numbers and density under
DS (Jin et al. 2006). Similarly, N fertilization enhanced the grain protein concentra-
tion, yield and yield-related traits in chickpea (Palta et al. 2005). Sangakkara et al.
(1999) observed that the application of balanced K improved the photosynthetic effi-
ciency in legume by keeping higher tissue water potential during drought. Besides
chemical fertilizers, the combined application of organic and inorganic fertilizers
enhances the WUE and can also increase the final grain yield of soybean (Hati et al.
2006; Bandyopadhyay et al. 2010).

During the DS, the productivity of legume crops was enhanced by the addition
of selenium (Se) through the improvement of WUE in the root system of legumes
(Leport et al. 2006). Likewise, Se can enhance the growth of aging seedlings and
delay leaf senescence (Grams et al. 2007). Mohammadi et al. (2011) also described
that Se contracted the production of lipid peroxidation through increasing enzymatic
antioxidants including GPX and SOD in soybean and chickpea under DS. Further-
more, under drought stress, the silicon (Si) application also improved the tonoplast
and plasma membrane structure in terms of integrity and function and chlorophyll
fluorescence (Xu et al. 2015). Hattori et al. (2005) observed that Si significantly
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enhanced the relative water content (RWC) in plants by enlightening the levels of
proline and glycine betaine (GB), whereas Mali and Aery (2008) found that N-
fixation in cowpea was increased by Si nutrition. The addition of Si in combination
with K significantly improved the shoot dry weight of in chickpea under DS (Kurdali
et al. 2016, 2019). Zn application increased the grain yield and yield attributes of
chickpea under drought stress (Shaban et al. 2012). Grain yield in mung bean was
also increased due to the foliar application of Zn (Thalooth et al. 2006). Similarly,
an adequate amount of both Fe and Zn increased the RWC that leads to increased
micronutrients concentration and protein content of grains in legumes (Yadavi et al.
2014; Farooq et al. 2017). Boron is an important micronutrient, which is helpful in
N-fixation through improving the number of nodules in soybean duringDS (Bellaloui
et al. 2013; Bellaloui and Mengistu 2015).

3.2 Salinity

Similar to other abiotic stress, soil salinity (SS) is considered as one of the furthermost
significant abiotic stresses which disturb the morphological and physio-biochemical
process of the plants, which leads to expressively shrinkages the yield of the crops
including legumes (Bano et al. 2012; Yildiz and Terz 2013).

The SS reduces the ability of plants to take up water (Munns 2002, 2005). How-
ever, plants can overcome the adverse effect of SS through the accumulation and
production of proline, GB, soluble sugars (Sakamoto and Murata 2002; Murakeözy
et al. 2003) and also the absorption of mineral ions (Meloni et al. 2004; Slama et al.
2008), which in turn gives the possibility to absorb water and restore plant turgor
(Xiong and Zhu 2002). Without physiological approaches, a number of management
strategies have been considered for alleviating the negative effect of SS in plants
(Khan et al. 2013). Among them, adequate balance mineral nutrition is found one of
the best strategies to alleviate the SS in crop plants (Rengel and Marschner 2005).
It is due to the availability of essential plant nutrients under SS that could alleviate
the adverse effect of SS through declining permeability of plasma membranes that
subsequently conserve membrane integrity and utility (Singh et al. 2014).

It is well-known that N is the foremost crucial macronutrients for proper growth
and development in plants. However, it is the key constituent of all amino acids
and various N comprising compounds such as proline, GB, amides, amino acids
and polyamine, which are the most important compounds in plants exposed to SS
(Siddiqui et al. 2010). Under SS, usually, N availability and uptake are poor (Siddiqui
et al. 2010), due to high Cl− content in the soil. However, foliar application of Nmay
reduce the effect of SS and enhanced the growth of the plants through increasing the
availability and uptake of N lead to enhance the growth and productivity in chickpea
(Garg and Chandel 2011).

Similar to N, K+ availability in mild SS conditions enhanced the water relations,
growth as well as grain yield of mung bean also reported by Kabir et al. (2004).
Kafi et al. (2012) found that both sufficient presence of available K+ and Ca2+ could
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alleviate the injurious effects of SS in lentil. Superficially provided Ca2+ reduced the
contaminated effects of Na+ and Cl−, apparently by facilitating a higher K+ to Na+

selectivity (Latef 2011). However, the application of Ca2+ also maintains membrane
integrity and selectivity, thus reducing Na+ and Cl− toxicity in the plants (Grattan
and Grieve 1999).

Although legumes are highly sensitive to SS and contain fairly low Si contents,
exogenous application of Si reduces Na+ and Cl− contents in cowpea, common bean,
and faba bean and improves yield components in faba bean under SS conditions
(Kardoni et al. 2013; Farooq et al. 2017). Moreover, the application of both nitroge-
nous and potassic fertilizers, in combination with the application of Si could help
legumes to survive against SS. Garg and Singla (2016) recently found that Arbus-
cular mycorrhiza (AM) combined with Si availability improve the nutrient uptake
which leads to improve the growth and yield attributes in chickpea under SS. They
also revealed that AM improves Si uptake, which limits uptake and injurious effect
of Na+ lead to the increased productivity of crops (Garg and Bhandari 2016).

3.3 Heat Stress

Plants nutrients are not only required for better plant growth and development but also
help to improve survival ability against various abiotic stresses including heat stress
(HS) (Waraich et al. 2011; Tahir et al. 2011). Among the abiotic stresses, HS affects
the uptake of mineral nutrients in plants ultimately limits the plant growth negatively
(Waraich et al. 2011, 2012).Among themineral nutrient, N plays a vital role in the uti-
lization of absorbed light energy and photosynthetic carbonmetabolism (Huang et al.
2004) under HS. Similarly, N in the form of NO is extremely reactive andmembrane-
permeable free radical which has a broad spectrum of regulatory functions in many
physiological processes of plants under various abiotic and biotic stresses including
HS (Yang et al. 2006; Zhang et al. 2006; Zhao et al. 2007). Like N, K nutrition
also plays a vital role in the survival of crop plants under environmentally stressful
conditions. Since K is a vital element for numerous physio-biochemical processes
of plants (Mengel and Kirkby 2001), thus it minimizes the excessive production of
ROS (Waraich et al. 2011, 2012).

Calcium nutrition also plays a vital role in regulating a number of physiological
processes at the tissue, cellular, and molecular levels that stimulate both growths and
abiotic stresses including HS (Waraich et al. 2011, 2012). Kolupaev et al. (2005)
revealed that the exogenous application of Ca inducing the HS resistance in plants
by enhancing the antioxidant defense. Likewise, Jiang and Huang (2001) reported
that the constructive effect of Ca under HSmay be due to maintaining the antioxidant
activity.

It is well-known that under HS conditions plants accumulate HS-induced exces-
sive ROS, which leads to cell death, and finally death of the affected plants (Molas-
siotis et al. 2006). The tolerant plants generally survive by accumulating numerous
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enzymatic and non-enzymatic antioxidants to scavenge HS-induced ROS. Applica-
tion of available boron (B) could improve the antioxidant activities of plants for miti-
gating the negative effects ROSgenerated throughHS throughmaintaining numerous
physio-biochemical processes (Tavallali et al. 2018).

Comparatively, low level of Se also was documented as an indispensable com-
ponent in plants, which can enhance plants to survive against several abiotic stress-
induced oxidatives damage in plant tissues including HS (Hawrylak-Nowak et al.
2010; Valadabadi et al. 2010; Cartes et al. 2010). Se plays roles in the synthesis of a
major antioxidant enzyme and glutathione peroxidase enzyme.

Magnesium (Mg) surplus and insufficiency have harmful effects on plant photo-
synthesis through significant deterioration of leaf chlorophyll pigments (Shabala and
Hari 2005; Hermans andVerbruggen 2005). The production of excessiveHS-induced
ROS in plant cells (del Rio et al. 2006; Navrot et al. 2007) leads to the destruction
of proteins, lipids, carbohydrates, and DNA in plants’ cells (Khan and Singh 2008;
Tuteja 2007, 2010; Gill et al. 2011). Waraich et al. (2011, 2012) observed that Mg
has been involved in many physio-biochemical processes in plants for proper growth
and development during HS.

Under extreme events of abiotic stresses, plants cannot uptake nutrients and
prompt many morpho-physiological disorders in plants. Mn is an essential trace
element particularly involved in photosynthesis, nitrogen metabolism, and to form
other compounds required for plant metabolism. Recently, scientists found that Mn
has a decisive role in the reduction of the production of ROS through increasing
the enzymatic and non-enzymatic antioxidant compounds against abiotic stresses
including HS (Aloni et al. 2008; Waraich et al. 2011, 2012).

3.4 Heavy Metal Stress

Naturally occurring elements with a density >6 kg dm−3, 53 are considered as heavy
metals (HMs) as they have (Hooda 2010). The HMs include Cd, Ni, Pb, Fe, Zn,
Co, As, Cr, silver (Ag), and platinum (Pt) (Bhat et al. 2019). Depending on the
substances and physicochemical conditions of environment, HMs are classified into
two categories such as nonessential elements (Cd, Pd, Hg, Cr, As, and Ag), which do
not have any biological activity and, even at low concentrations, may have a harmful
effect on plants (Lasat 2002; Kabata-Pendias 2011); and essential micronutrients
(Cu, Zn, Fe, Mn, Mo, Ni, and Co) (Kabata-Pendias 2011) which are involved in
many important biochemical and physiological processes of plants (Kabata-Pendias
2011; Kalaivanan and Ganeshamurthy 2016).

However, plants follow numerous molecular and physiological mechanisms
through the production of enzymatic and non-enzymatic antioxidants as well as
other compounds such as amino acids, glutathione, phytochelatins, metallothioneins,
and enzymes such as superoxide dismutase and peroxide (Hossain et al. 2012) to
overcome HMs stress (Krzesłowska 2011).
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Besides these physiological mechanisms, balance and adequate amount of nutri-
ents management could overcome the harmful/toxic effect of HMs. Zhang et al.
(2014) observed that N efficiently relieved the Cd toxicity in plants through unclog-
ging the pathway of Cd inhibition on chlorophyll synthesis. The foliar application of
nitric oxide sinking the unhelpful action of HMs (Kopyra and Gwózdz 2003); nitric
oxide encourages the stomatal closure and enhances the adaptive mechanism against
stress including HMs also (Garcia-Mata and Lamattina 2001). Likewise, Li et al.
(2007) reported that addition of balance amount of N (NO3

− or NH4
+) in nutrient

solution could enhance the development of root systems ultimately enhanced the
adaptive mechanism against Cd and Zn (Yang et al. 2004).

Nzihou and Sharrock (2010) revealed that soluble phosphate could be used as a
means of chemical treatment for the conversion of HMs into insoluble compounds.
They also found that phosphate and apatite M10(PO4)6(OH)2, could be removed
HMs as the immobilize form from the soil solution, wastewater, groundwater. Several
hydrogen or dihydrogen phosphates have been considered for scavenging soluble
HMs (Nzihou and Sharrock 2010).

Hydrargyrite, Pb5(PO4)3Cl, is a typical example of a lead phosphate with very
low solubility in a wide pH range (Nriagu 1984). Another frequently encountered
example is hydroxylapatite, Ca5(PO4)3(OH), (HA) as the lead member of a large
class of substituted compounds of similar structures. The HA has a low solubility
product (Jaynes et al. 1999) in Pb contaminated soils since Pb could be effectively
removed after reactionwith HA (Ma et al. 1993) as the form of hydroxypyromorphite
[Pb10(PO4)6(OH)2] (Ma et al. 1993).

K is an essential plant nutrient for growth and development of plants (Cakmak
et al. 2010) since more than 10% biomass of plants are connected with K (Siddique
et al. 2012). It is also involved in the defensive mechanism of plants under numerous
stress conditions including HMs also through the enhancing stomatal movement and
gas-exchange capacity (Mengel and Kirkby 2001; Bybordi 2015). Addition of K
reduced the Cd-induced oxidative stress in plants through increasing the synthesis
of carbohydrates, amino acids, nitrogenous compounds (Zorb et al. 2014) and also
improving the accumulation of secondary metabolites, antioxidants, and nutrients in
plants which helped in mitigation of Cd stress (Yasin et al. 2017).

Similar to other essential elements, Zn also takes part in physiological functions of
plants including alleviating the HMs stress in various plants (Hassan et al. 2017). It is
well-documented that HMs-induced oxidative stress limits the growth and develop-
ment of plants by hampering the photosynthesis as well as inhabits metabolic func-
tions. However, Zn could alleviate the toxicity of HMs by stimulating the antioxidant
defense (Hassan et al. 2017).

Similar to other stresses, Si could also alleviate the antagonistic effects of HMs
stress (Liang et al. 2007; Kim et al. 2014) through stimulating the enzymatic and
non-enzymatic antioxidants defense system (Bhat et al. 2019). Abolghassem et al.
(2018) observed that under HMs, Si facilitates for altering pH value, the formation
of Si-HMs, and stimulating the enzymatic and non-enzymatic antioxidants.

Se is also an essential trace element,which plays an innovative role in plant biology
under abiotic stresses including HMs (Hatfield et al. 2014; Wu et al. 2015). Earlier
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research findings documented that foliar application of Se with fertilizer proliferate
the Se concentration in plants’ tissue which led to alleviate the injurious effects of
different abiotic stresses including HMs stress (Ardebili et al. 2014; Ahmad et al.
2016; Kaur et al. 2016; Wu et al. 2016a). Wu et al. (2016b) observed that exogenous
application of Se significantly reduced the detrimental effect of Cd and Pb.

3.5 Abiotic Stress-Induced Excessive Production of ROS

Although ROS is considered as harmful species, however, recently scientists found
that they could also play a vital role under different stress conditions and also assist
as pointers for certain stages of plant development including germination, senes-
cence, and stomatal closure (Yuan et al. 2013). They also act stress responses in
plants through working as signaling molecules and also activate the gene expression
process for the production of stress-defensive enzymatic and non-enzymatic antioxi-
dants (i.e., ascorbic acid, glutathione, tocopherol, and enzymes including glutathione
reductase, peroxidase, catalase, ascorbate peroxidase, and superoxide dismutase) and
hormones (Sytar et al. 2013; Baxter et al. 2013).

Of all the ROS, H2O2 involves in cell-to-cell signaling acclamatory for tolerance
to various stresses through controlling the germination, directive the leaf senes-
cence, stomatal aperture, growth, and development and also programmed cell death
(Pitzschke et al. 2006; Mittler et al. 2004) and also links with various steps in the
pathway of the mitogen-activated protein kinase by reacting with transcriptional fac-
tors, phosphatases and kinases (Opdenakker et al. 2012). The plant utilizes ROS
species for the formation of lignin in the cell walls to protect against pathogen attack
and water-loss (Underwood 2012).

4 Summary and Conclusion

Legumes play a vital role in agriculture, as grain legumes are rich in carbohydrate,
protein, vitamin, mineral, fiber, and essential amino acids and also could fix atmo-
spheric N. Therefore, crop rotations with legume crops are an effective strategy to
improve the soil fertility and also to reclaim eroded or barren areas, making them cru-
cial for agricultural and environmental sustainability. However, in the changing cli-
mate, the sustainability of grain legumes production is vulnerable due to the extreme
events of abiotic stresses such as drought, salinity, heat stress, and heavy metals.
Since plants follow numerous physiological mechanisms, particularly the produc-
tion of enzymatic and non-enzymatic antioxidants is to overcome the adverse effect
of abiotic stress.While a balanced and adequate amount ofmacro- andmicronutrients
are involved in the physiological, biochemical, and morphological mechanisms for
achieving the potential yield aswell as overcome the harmful effect of abiotic stresses.
While imbalanced use of mineral nutrients has a negative impact on the environment
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which also increases the production cost of crops. Therefore, it is important to apply
balanced nutrients for sustainable legume production under the changing climate.
In the following subsections, we discussed the nutrient management for improving
abiotic stress tolerance in legumes crops elaborately. This chapter overviewed the
adverse effect of abiotic stresses on legumes under the family of Fabaceae and also
highlighted the requirements for a balanced nutrient supply for improvement of the
abiotic stress tolerance in plants.
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Fabaceous Plants Under Abiotic Stresses
and Biochemical Functions
of Micronutrients

Shyam Narain Pandey

Abstract Fabaceous plants are mostly grown in tropical and subtropical areas of
the world. These are rich sources of minerals and proteins to the human beings and
animals. They have a specific function nitrogen fixation in their root nodules through
symbiotic association with prokaryotic organisms. Thus, they provide staple protein-
rich food to the world’s increasing population on one hand and contribute soil fertil-
ity by providing available nitrogen on the other hand. These processes are vital for
maintaining the ecosystem. Due to the rapid fluctuation in environmental variables,
Fabaceous plants are facing various abiotic stress problems such as drought, minerals
disorders, salinity, temperature, water and losing their growth reproductive yields,
and other products of various importances emerge as a great problem and big chal-
lenge for their management. Micronutrients such as zinc, iron, copper, manganese,
molybdenum, boron, chlorine are essential to normal growth and biomolecular func-
tions of all the plants. Fabaceous plants also require these essential micronutrients
for their growth, metabolism, and reproductive yield. The assessment and manage-
ment of micronutrient status in soil–plants can protect the Fabaceous plants to grow
normally and keep their specific function nitrogen fixation, even under abiotic stress
conditions. Soils in adverse environmental conditions (drought, salinity, degradation
through erosion, etc.) mostly show the deficiency of micronutrients which account
for a wide gap in between the production level of the food crops including Fabaceous
plants and also necessitate their prompt management.

Keywords Fabaceous plants · Micronutrients · Abiotic stresses · Nitrogen
fixation · Biomolecular functions

1 Introduction

Fabaceous plants are mostly pulses also called as grain legumes. The grain legumes
belong to the family Fabaceae which include about 670 genera and 20,000 species of
herbs, shrubs, and trees. Pulses are growing mostly in tropical and tropical regions of
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the world. Just after cereals, pulses ranked second as a human staple food; the grains
from different Fabaceous plants provide rich protein source to human beings and ani-
mals. Themajor producer of grain legumes are China, India,Mexico, Brazil, Nigeria,
and Turkey, and most of pulse producing countries are facing their low production
year by year due to climate change and abiotic stresses (Gupta and Pandey 2019). The
abiotic stress conditions like drought, salinity, nutrients deficiency are major factors
for the low production of pulses (Muszynska and Labudda 2019). The evolved high
yielding varieties of cereals over the past decade pushed out the production of pulses.
The Fabaceous plants not only the rich source of protein but nodules in their root
contain nitrogen-fixing bacteria. The nitrogen-fixing nodules supply sufficient nitro-
gen to the plants and also contribute it to the soil for good fertility (Marschner 1995;
Pandey et al. 2018). Some commonFabaceous plants are pigeon pea (Cajanus cajan),
chickpea (Cicer arietinum), lentil (Lens esculenta), broad bean (Vicia faba), cowpeas
(Vigna unguiculata), pea (Pisum sativum), soybean (Glycine max), common bean
(Phaseolus species), cluster bean (Cyamopsis tetragonoloba) (also used for green
manure), groundnut (Arachis hypogaea) (also used as oilseeds), etc. Some Faba-
ceous plants are also used as vegetables. Fabaceous plants show many growths and
biomolecular functions disorder under abiotic stress conditions (Pandey and Gautam
2009; Upadhyay et al. 2013). Some other common Fabaceous plants are Acacia sp.,
Medicago sativa (Alfalfa), Genus Trifolium (clover), Lespedeza sp. (bush clover),
Cytisus sp. (broom), Trigonella foenum-graecum (Fenugreek), Lablab purpureus
(Hyacinth bean), Indigofera sp. (indigo), Laburnum sp. (Laburnum), Lathyrus sp.
Beach pea (L. japonicas) and sweet pea (L. odoratus),Haematoxylum campechianum
(logwood), Prosopis sp. (Mesquite), Mimosa sp., Delonix regia (Royal Poinciana),
Senna sp., Albizia sp. (Silk tree), Crotalaria juncea (Sun hemp), Tamarindus indica
(Tamarind), etc., are useful in various ways. Although several minerals and favor-
able environmental conditions are required for optimum growth, metabolism, and
reproductive yield of Fabaceous plants,micronutrients are very significant for protec-
tion under stresses, regulation of biomolecular functions and optimum production of
grains (Sharma et al. 1996; Pandey and Gautam 2009; Kannaujia and Pandey 2013).
Micronutrients such as iron, copper, zinc, molybdenum, boron, manganese, chlo-
rine are well known for functioning against oxidative stresses (Alscher et al. 2002;
Cakmak 2000; Sharma 2006), regulating biomolecular functions (Pandey 2018), in
biological nitrogen fixation (Ma et al. 2017; Pandey et al. 2018) and to maintain-
ing reproductive yield (Sharma et al. 1990; Nautiyal and Chatterjee 1999; Pandey
et al. 2006). Most of the micronutrients are involved in redox reactions of many
enzymatic functions due to their variable oxidation states. Least attention is given to
the assessment and management of the micronutrients in soil–plant systems in agri-
culture. Fabaceous plants (Vicia faba, green gram) show reproductive yield due to
ultrastructural changes in pollen grains (Pandey et al. 1995). For the achievement of
optimum growth, cellular metabolism, reproductive yield, and protection against abi-
otic stresses adequate micronutrient status can play a significant role in maintaining
Fabaceous plants to survive better in adverse conditions (Saikia et al. 2018; Muszyn-
ska and Labudda 2019). Mostly, soil conditions inhibited the availability of zinc in
the soil for absorption by plants, foliar application of zinc can enhance reproductive
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efficiency of Fabaceous plants (Pathak et al. 2012). For sustainable production of
pulse crops under abiotic stresses, some plant-growth-promoting rhizobacteria and
normal critical levels of micronutrients such as iron, zinc, copper, manganese can
be applied (Pandey et al. 2018; Saikia et al. 2018). The oxidative damage (Cakmak
2000) and production of ethylene due to abiotic stress in Fabaceous plants can be
managed with adequate supply of micronutrients and with regulating enzyme activ-
ity in plants (Sharma 2006; Pandey 2018; Gupta and Pandey 2019). The application
of micronutrients may alleviate abiotic stresses by protecting the plants through the
regulation of biomolecular functions (Tewari et al. 2013; Muszynska and Labudda
2019).

2 Micronutrients

Micronutrients are essential elements along with macronutrients for normal plant
growth and to complete their life cycle, and their function is specific and cannot
be substituted with other elements. The plants are unable to grow normally in the
absence of micro- and macronutrients therefore essential to growth, metabolism, and
reproductive yield of plants. Micronutrients are required in traces (<1 ppm), but they
are specific to particular cellular functions andvital to plants. The considered essential
micronutrients are manganese (Mn), copper (Cu), zinc (Zn), boron (B), chlorine
(Cl), molybdenum (Mo), and iron (Fe) which play a very significant role in plants
growth and their biochemical activities (Arnon 1954; Sharma 2006). Micronutrients
Fe, Mn, Cu, and Zn bear positive ions placed in the first transition series of Period
IV. The Mo is of the second transition series of Period V. In addition, nickel and
cobalt have been claimed as essentialmicronutrients (Ahmed andEvans 1960;Hewitt
and Bond 1966; Gerendas et al. 1999). Cobalt is essential for nitrogen fixation in
Fabaceous plants (Dilworth et al. 1979) and non-Fabaceous plants (Hewitt and Bond
1966). Cobalt plays a role for the activity of B12 Coenzyme-dependent ribonucleotide
reductase has been observed in Rhizobium species (Cowles et al. 1969). In plants,
nickel is present as free ionic form, and as chelate mostly located in phloem and
xylem sap, its deficiency causes chlorosis in interveinal areas of monocotyledons
(Brown et al. 1987). Micronutrients have variable oxidation states, form complexes
with proteins and organic ligands, and form metalloenzymes function as catalyst
in biological system (Marschner 1995; Pandey 2018). Some beneficial elements
such as aluminum, cobalt, selenium, silicon also improve physiological functions
in Fabaceous plants under abiotic stress conditions such as drought, salinity, and
nutrient disorders (Pilon-Smits et al. 2009; Gupta and Pandey 2019).
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3 Plant Micronutrients and Abiotic Stresses

Fabaceous crops grow in tropical and subtropical areas of the world facing various
environmental problems. Under the present fluctuating environmental conditions,
these crops are facing a variety of abiotic stresses such as high temperature, salinity,
drought, heavymetal pollutants, and nutrients disorder. These stress conditions cause
low productivity of Fabaceous plants throughout the world. The pulse grain produc-
tion has been also decreased due to the biotic stresses induced by abiotic stresses
in root zones (Pandey et al. 2018). Since essential nutrients play a very vital role
in growth and cellular metabolism of plants (Muszynska and Labudda 2019), their
suitable availability to the plants is affected by various soil factors. The low or ele-
vated levels of these nutrients also cause nutrients disorders in the plants (Kannaujiya
and Pandey 2013). Some nutrients are specifically important in pulse crops such as
nitrogen, iron, copper, zinc to biosynthesis of more protein contents (Sharma 2006;
Pandey 2018). Under abiotic stress conditions, Fabaceous plants show disturbed cel-
lular metabolism (Pandey and Verma 2010; Ravichandran and Pathmanabhan2014).
Along with nutrient stresses various stress conditions like water, light, temperature,
heavy metals affect normal metabolic processes and produce a large number of
harmful reactive oxygen species (ROS) such as hydrogen peroxide (H2O2), superox-
ide anion (O2

·−), and hydroxyl radical (OH) (Tewari et al. 2013). These highly ROS
cause oxidative stress to cellular organelles through lipid peroxidation (Sharma 2006;
Apel and Hirt 2004). The stress conditions caused due to micronutrient deficiencies
intensify the adverse effects of ROS due to poor cellular defense mechanisms. A
large number of micronutrient elements are involved as a constituent or activator of
many enzymes involved in the cellular defense system (Pandey et al. 2002; Jaleel
et al. 2009; Pandey 2018). Some beneficial elements can help in survival and promo-
tion in the production of Fabaceous plants under abiotic stresses (Pilon-Smits et al.
2009). The nanoparticle size of the trace element application protects plants against
abiotic stresses such as drought, salinity, flood, temperature variations (Khan and
Upadhyay 2019; Muszynska and Labudda 2019). Fabaceous plants fix atmospheric
dinitrogen into available form not only for their own use but also for other plants; at
the same time, Fabaceous root nodules require many essential trace elements such
as Zn, Mo, Mn, Ni for proper activity of enzymes which involve in nitrogen fixation
(Sharma 2006; Pandey et al. 2018). The adequate trace metal content enhances cellu-
lar defense system though it acts as activator of many antioxidative enzymes (Pandey
2018;Gupta and Pandey 2019) and biosynthesis of antioxidant biomolecules (Pandey
et al. 2002; Saikia et al. 2018). Under iron, stress conditions due to iron deficiency in
leaves induce reactive oxygen species generation and cause oxidative stress (Tewari
et al. 2005, 2013).
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4 Functions of Micronutrients

Majority of micronutrient elements are cofactors or activators of many enzymes.
They participate in oxidation–reduction reactions and metal–protein functions as
electron carriers. Micronutrients play significant and specific role in electron trans-
port chains in chloroplast and mitochondrial membranes for the generation of ATP
(photo and oxidative photophosphorylation) (Sharma 2006; Pandey 2018). In chloro-
plast, iron and copper are coordinating the flow of electrons from pigment system
II to pigment system I during photosynthesis. Copper and iron micronutrients are
activators of electron transport protein at mitochondrial inner membrane. The most
important role of micronutrients is catalytic and regulates enzyme-catalyzed reac-
tions in cellular metabolism (Mendel and Hansch 2002; Alscher 2000). Copper, zinc,
iron, manganese, and molybdenum are the constituents of oxidoreductase enzymes
involved in various vital processes in plants such as photosynthesis, respiration, ion
uptake, metabolism ofminerals, nitrogen fixation, and various biosynthetic pathways
(Nautiyal and Chatterjee 1999; Dordas and Brown 2000; Ma et al. 2017).

Zinc and manganese are involved in the activity of hydrolases (Berg and Shi,
1996). Iron, zinc, and manganese are involved in the activity of lyases. Variable
oxidation states of manganese are involved in photooxidation of water in initial
reaction of light reaction (PS II) during photosynthesis. Also, manganese catalyzes
the enzymatic reduction of N = N bond during the conversion of molecular nitrogen
(N2) to ammonia (Sharma 2006; Pandey 2018). Copper and zinc have played to a
role in photosynthesis and transpiration observed in safflower (Pandey and Sharma
1989; Pandey and Sharma 1996).

Manganese (Mn2+) activates NAD+—isocitrate dehydrogenase enzyme which
catalyzes the reduction of NAD+ to NADH in matrix part of mitochondria. Micronu-
trients are allosteric effectors and influence the activity of many enzymes. The role of
somemicronutrients is known to regulate the plant–water relationship (Flowers 1988;
Xu et al. 2000); particularly, chlorine has a direct role in osmoregulation in plant cells.
Chlorine concentration also influences the turgor-dependent extension growth of
cells. These processes regulate the closing and opening of stomata. Several micronu-
trients are involved in biosynthesis of signaling molecules, growth hormones, and
secondarymetabolites.Micronutrients are also involved in biosynthesis of secondary
metabolites through being as cofactors of many enzymes catalyze the biosynthetic
reactions of secondary metabolites (Hermann and Weaver, 1999; Gupta and Pandey
2019). Kaurene synthase enzyme catalyzes the reaction of synthesis of gibberellins
precursor ent-kaurene activated by Co2+ and Mn2+. Gibberellins are major signaling
biochemicals in plants (Sun and Gubler 2004). Jasmonic acid biosynthetic enzymes
contain iron as a cofactor. Micronutrients are also cofactors of enzymes involved in
biosynthesis of abscisic acid and ethylene plant hormone (Prescott and John 1996;
Chapple 1998; Saikia et al. 2018). Cobalt is a micronutrient in legumes during sym-
biotic nitrogen fixation. Boron affects bacteria-legume cell–surface interactions and
induces nodulation in the root of leguminous plants (Bolanos et al. 1996). Legu-
minous plant shows better germination and growth responses with adequate boron
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in plant (Bell et al. 1989). Under the deficiency of iron, plants have ferric reducing
activity as observed in Phaseolus vulgaris (Sharma 2006). Molybdenum reserve in
sufficient amount in seeds of legumes (Phaseolus vulgaris) grown in tropical regions
promotes nitrogen fixation and growth of plants. Micronutrients redistribute and
accumulate in pods during pod filling in legumes (Caballero et al. 1996). Zinc con-
centration in Fabaceous plants affects the enzyme’s activity for scavenging ROS and
hydrogen peroxide oxidants, which affect growth, protein metabolism, and indole-
3-acetic acid along with some other phytohormones in Fabaceous plants (Cakmak
et al. 1989).

4.1 Photosynthesis

Several micronutrients such as copper, iron, manganese play an essential role in
photosynthetic process of plants including Fabaceous plants. Copper is also bound
to polypeptide functions in maintaining lipid environment which favors the move-
ment of plastoquinone molecules in pigment system II electron (Maksymiec 1997).
The deficiency of copper in safflower decreases photosynthesis (Pandey and Sharma
1996). Due to the important role of copper in chloroplast organization, photosyn-
thetic pigments, and leaf carbon dioxide conductance, deficiency of copper decreases
photosynthetic activity (Casimira 1990).

Zinc plays crucial role in photosynthetic process of plants; it is important in the
activity of more than 200 enzymes that involve in various biochemical processes
in plants (Pandey 2018). A decrease in photosynthetic activity in plants due to zinc
deficiencyhas beenobserved (Shrotri et al 1981; Pandey andSharma1989). Zinc defi-
ciency damages thylakoidmembrane due to ROS (Marschner and Cakmak 1989) and
abnormalities of chloroplast in bundle sheath in mesophyll cells (Shrotri et al 1978).
Zinc-deficient plant shows the inhibition of carbonic anhydrase activity in C3 and C4

plants (Hatch and Burnell 1990; Cooper et al 1969). Carbonic anhydrase contains Zn
as cofactor which is critical in photosynthesis of C4 plants. Carbonic anhydrase is
localizedmainly in cytosol of mesophyll cells site for phosphoenolpyruvate carboxy-
lase (uses bicarbonate as substrate). Carbonic anhydrase catalyzes the production of
HCO3 (Hatch and Burnell 1990) in C4 plants. Carbonic anhydrase maintains the car-
bon dioxide concentration at the site of the activity of RuBP carboxylase through the
conversion of bicarbonate to carbon dioxide inC3 plants (Cooper et al. 1969). Sharma
et al. (1996) reported the effect of zinc deficiency on carbonic anhydrase activity reg-
ulate stomatal opening in Fabaceous plants (Vicia faba). Inadequate supply of zinc
in Fabaceous and other plants limits the photoassimilates and their availability to
biosynthetic process of cellular molecules (Sharma 2006; Pandey 2018). Zinc plays
its role in the synthesis of auxin (IAA) an important plant growth hormone (Cakmak
et al. 1989).

Molybdenum (Mo) is a constituent of more than thirty enzymes in plants. It cat-
alyzes the redox reactions.The enzymenitrate reductase andxanthineoxidase contain
molybdenum as cofactor involve in biosynthetic pathway of auxins and abscisic acid
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(Taylor 1991; Koshiba et al. 1996). Molybdenum is a constituent of nitrogenase,
plays a significant role in atmospheric nitrogen fixation in root nodules of Fabaceous
plants. Therefore, the Fabaceous plants are very sensitive to molybdenum nutrition.
The deficiency ofmolybdenum in plants adversely affects the growth andmetabolism
of plants (particularly Fabaceous plants), and also decreases the sugar levels in leaves
(Agrawala and Hewitt 1955).

Boron is a constituent of several compounds in plants (Dembitsky et al. 2002).
Its role in cross-linking of cell wall polysaccharides has been reported (O’Neill
et al. 2004). Boron concentration in plants influences the pentose phosphate pathway
(forms an alternative to glycolysis). An increase in the activity of acid phosphatase
due to deficiency of boron has been observed (Sharma and Abidi 1986; Agarwala
et al. 1991). Chlorine is a component in the structure of oxygen evolution complex,
which also contains manganese (in photo system II). Low chlorine content in plants
decreases oxygen evolution (Kelley and Izawa 1978). Chlorine deficiency also causes
reduced leaf lamina, restricted cell divisions, and reduction of extension growth of
cells (Terry 1977; Pandey 2018).

4.1.1 Protective Role Under Abiotic Stresses

Fabaceous plants are facing various stress conditions such as drought, high tem-
perature, salinity, and essential nutrients disorder conditions (Pandey and Gautam
2009). The essential micronutrients zinc, copper, manganese, etc., protect Fabaceous
plants during stress conditions through regulating the biomolecular functions (Pandey
2018). Highly reactive oxygen species (ROS) that generate during abiotic stresses
cause oxidative stress, and micronutrients play an important role in their detoxifica-
tions. Most of the micronutrients behave as a cofactor of several enzymes in cellular
antioxidant system that provides protection against ROS damage of cellular mem-
branes. The ROS generates during electron transport system in chloroplast and mito-
chondria (Elstner 1991; Asada 1994). The first line defensive enzyme against ROS is
superoxide dismutase that contains micronutrients as its constituents (as a cofactor of
Fe-SOD,CuZnSOD,Mn-SOD) activate the action of SOD (Alscher et al. 2002). The
main location of Mn-SOD activity is in the mitochondria, whereas Cu-Zn SOD and
Fe SOD is localized in chloroplast for converting ROS into H2O2. The elevated H2O2

concentrations in cells oxidize the lipid membrane, and the H2O2 levels control by
heme enzymes catalase and ascorbate peroxidase in plants. The ascorbate peroxidase
uses ascorbate as an electron donor and reduces H2O2 to H2O (Sharma 2006; Pandey
2018). Catalase rapid breaks down the H2O2 and catalase enzyme concentrated in
peroxisomes where further H2O2 is formed through the conversion of glyoxylate.
Therefore, the above functions indicate the significant role of micronutrients iron,
zinc, copper, and Mn as a protectant of oxidative stress in cells during abiotic stress
conditions (Asada 1997). The deficiency of micronutrients in plants weakens the
cellular defense system, plants facing abiotic stress conditions such as high temper-
ature, salinity, nutrient deficiency/excess damaged by ROS (Cakmak 2000). Some
micronutrients also behave as osmoprotectant and maintain the structure of cellular
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membrane under temperature and salinity stresses (Gorham 1995). Iron enhances the
production of ROS such as toxic hydroxyl radicals (Halliwell and Gutteridge 1989)
and compounds ferryl (Fe2+O) or perferryl (Fe2+O2) damage proteins, membrane
lipids and nucleic acids in plants. The iron enzyme lipoxygenase causes hydroxy-
lation of linoleic acid and also catalyzes the production of singlet oxygen species
(O2

·). Thus, elevated iron boosts up the production of ROS in addition to production
through abiotic stresses (Sharma 2006). But, also iron protects the plants against ROS
and salt stresses through becoming a cofactor of antioxidative enzyme (Fe-SOD).
Copper deficiency weakens antioxidant enzyme system due to decrease in copper-
zinc SOD activity in plants. Excess heavy metals accumulation in plants induces to
form phytochelatins, zinc bind to them from metalloproteins. Metallo-polypeptides
contribute tolerance mechanisms against excess heavy metal accumulation in plants.
As being a constituent of copper-zinc SOD, zinc plays its role in antioxidant defense
mechanism in plants and catalyzes the detoxification of ROS by producing H2O2

which can be further detoxifies by micronutrient linked enzymes such as catalase
and ascorbate peroxidase (Pandey 2018) during drought, salinity, nutrients disorder
conditions, etc., Superoxide ions cause the production of hydroxyl radicals which are
more reactive than superoxide ions severally degenerates cellular lipid membranes,
various proteins and nucleic acids (Cakmak 2000; Beak et al. 2015). Molybdenum
participates in oxidation–reduction reaction as being cofactor of enzyme involves in
biological nitrogen fixation (Sigel and Sigel 2002). In the process of nitrate accumu-
lation and dinitrogen fixation by microorganism, other nutrients sulfur, copper, and
iron are also involved (Hille 1996; Sigel and Sigel 2002). These processes improve
soil fertility and reduce mineral stresses in plants (Pandey et al. 2018; Mendal and
Hansch 2002). Plants suffering from abiotic stresses show disturbances in turgor
pressure and damages in cell walls and membranes due to high efflux of potassium
ions, sucrose, phenolics, and amino acids (Cakmak et al. 1995; Yu et al. 2002). Boron
maintains the integrity of cell wall and cellular membrane andmaintains the turgidity
of cells during abiotic stress conditions (Yu et al. 2003; Pandey 2018). Molybdenum
increases fruiting and plants growth in acid soil by promoting pollen fertility (Gubler
et al. 1982). Sufficient boron content in plant tissues supports the synthesis of lignin,
flavonoids (Carpena et al. 1984), alkaloids, and polyphenols (Carpena et al. 1984;
Srivastava et al. 1985). These compounds biosynthesized with boron involvement
enhance plant defense against stresses (Sharma 2006). Plants facing abiotic stresses
imposed redox imbalance generate ROS and change cell wall structure, and severity
increases under boron deficiency. Cultured BY-2 tobacco cells show overexpres-
sion of salicylate-inducible glutathione-S-transferase (GST) and glucosyltransferase
(ToGT) genes which involve in plant defense system to protect from oxidative stress
and maintaining cell wall structure (Kobayashi et al. 2004). Boron deficiency lowers
the relative water content in plants (Sharma and Sharma 1987), and proline accu-
mulation is only due to water stress conditions in plants (Sharma and Sharma 1987;
Marschner 1995).
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4.2 Role in Reproductive Yield

Micronutrients play a crucial role in the reproductive yield of Fabaceous plants
(Pandey and Gautam 2009). Several workers are established the involvement of
micronutrients in the development of reproductive parts of plants (Sharma et al.
1990; Pandey et al. 2006). The involvement of TFIII A type zinc finger controls
the expansion of specific cell in plants (Takatsuji et al. 1992) and plays role in the
development of female gametophyte and seed development (Brive et al. 2001). The
reproductive yield of plants affected by tissue concentration of micronutrients that
controlled by morphological features and plant factors, and they affect the translo-
cation of micronutrients (Brown et al. 2002; Takahashi et al. 2003). The plant’s
reproductive development such as seed’s set and development supported by adequate
manganese content (Pandey et al. 2018). Seeds of Pisum sativum and beans (Faba-
ceous plants) exhibit browning symptoms under moderate manganese deficiency.
Manganese deficiency induces plants to go in the early reproductive phase (Sharma
2006). Cereals and cotton plants have been observed to show decrease in tillering,
and lateral branching due tomanganese deficiency (Pandey et al. 2002; Sharma 1992;
Otegui et al. 2002) reported the accumulation of manganese-phytate at the chalazal
end of the endosperm and its movement toward the endosperms toward the embryo
at the late bent cotyledon stage in Arabidopsis. Micronutrient copper is also copper
which is beneficial to the development of anther (Dell 1981), functional tapetum
and prevents dehiscence of anther due to poor lignin synthesis for anther cell walls
critical for dehiscence of pollen grains (Dell 1981). Copper affects the maturation of
seeds andmaintains seed quality through the activity of amylase and invertase during
grain filling stage (Nautiyal and Chatterjee 1999; Nautiyal et al. 1999). Zinc in plants
plays an important role in the reproductive yield of crops including Fabaceous plants
(Pandey et al. 2000). The deficiency of zinc in plants affects the initiation of flower-
ing, gametogenesis (in male and female), zygote formation, and seed development.
For the process of microsporogenesis, pollen grain’s production, pollen fertility, and
seed setting adequate zinc content are required (Sharma et al. 1990). Pollen grains at
their tip of the germ tube of Fabaceous plants (Vicia faba) contain higher zinc content
than other parts of plant (Polar 1970). The reduction in pollen viability and alteration
in morphology of exine in Fabaceous plants (Phaseolus vulgaris and Lablab pur-
pureus) have been reported by Pandey et al. (1995). Zinc deficiency decreases RNA
content with increasing activity of RNAase (Wetzel and Jensen 1992) lead changes
in morphology of exine. Zinc-deficient Fabaceous plants (such as Vicia faba) show
decrease in stigmatic size and pollen receptive area of the stigma tip observed under
scanning electron microscope (Pandey et al. 1995; Pathak et al. 2012). Zinc-deficient
Fabaceous plants take longer time for the maturation of seeds and show changes in
seed coat topography possibly inhibit their germination (Sharma et al. 1995; Baylock
1995). Zinc-deficient Fabaceous plant (Vicia faba) shows ultrastructural changes on
stigmamay cause poor pollen fertility (Pandey et al. 1995).Molybdenum (Mo) status
in soil and plants leads to low reproductive yield in plants (Pandey 2018). In acid
soils, the application of Mo promotes fruiting (Gubler et al. 1982) through beneficial
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effects on pollen fertility. In Fabaceous plant (chickpea), the deficiency ofMo affects
protein quality in seeds and reduces legumins and vicillins and increases albumins
(Nautiyal et al. 2005). Lowmolybdenum in plant tissues reduces seed dormancy and
causes pre-harvest sprouting of grains (Cairns and Kurtzinger 1992), as the role of
molybdenum as a constituent of aldehyde oxidase catalyzes the abscisic acid (Seo
and Koshiba 2002) which suppress premature germination of seeds. Molybdenum
content-rich seeds benefit the seedlings growth and seed production of plants cul-
tivated under molybdenum deficient soils (Gurley and Giddens 1969; Chatterjee
and Nautiyal 2001). Plants are more sensitive to their reproductive development for
boron content than their vegetative parts development. Relatively high concentration
of boron in anthers, stigma, and ovary (Loomis and Durst 1992), and abnormalities
in floral parts of plants under low boron status have been reported (Xu et al. 1993).
Restricted and delayed flowering, pollen sterility, premature bud abscission, poor
seed development under boron deficiency indicate boron requirement in the repro-
ductive biology of plants (Adams et al. 1975; Chatterjee and Nautiyal 2001). Reduc-
tion in flower-bearing branches and premature bud abscission causes a decrease in
number of flowers in plants with boron deficiency (Sharma 2006). Boron involves in
the development of cytoskeletal structure preceding pollen germination and pollen
tube growth (Li et al. 2001). Boron deficiency enhances the accumulation of phenolic
compounds on stigmatic surface which inhibits the germination of pollen grains. The
role of boron in seed yield, pollen fertility, seed maturation, and seed germination
has been established in Fabaceous and other group of plants (Bell et al. 1989; Sharma
2006; Pandey et al. 2018). Abiotic stress conditions such as temperature, humidity,
water, light, and salinity affect boron availability to Fabaceous plants at the critical
stages of reproductive development (Bell et al. 1989; Sharma 2006).

5 Nitrogen Fixation in Fabaceous Plants

Essential micronutrients such as molybdenum, manganese, iron, nickel, cobalt, zinc
play a very significant role in nitrogen fixation in leguminous plants. Iron is an impor-
tant component in protein leghaemoglobin, which is oxygen-binding protein found
in root nodules of Fabaceous plants (Eide et al. 1996). During the nitrogen fixation of
molecular nitrogen, nitrogenase activity is very important; nitrogenase is inhibited by
oxygen content in nodules. Thus, iron-containing leghaemoglobin binds the oxygen
and prevents the activity of nitrogenase for normal nitrogen fixation process in root
nodules of Fabaceous plants (Pandey et al. 2018). The nodulating Fabaceous plants
need sufficient level of iron content for the nitrogen fixation processes (Udavardi
and Day 1997). Because iron is an important constituent of the nitrogenase complex,
ferredoxin and leghaemoglobin involve in molecular atmospheric nitrogen fixation.
Abiotic stresses such as salinity and sodicity, low or very high temperature, with very
low water content affect the availability of iron to the plants, and Fabaceous plants
show poor nitrogen fixation under these abiotic stress conditions (Sharma 2006;
Pandey 2018). Low iron content in Fabaceous plants shows poor nitrogen fixation
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and nodulation (Tang et al. 1992). A high accumulation of ureide due to decrease in
the activity of allantoate amidohydrolase under manganese deficiency reduces nitro-
gen fixation in Fabaceous plants. Manganese content enhances the degradation of
ureide and nitrogen fixation in soybean under low water stress conditions (Purcell
et al. 2000). Zinc and copper protect Fabaceous plants from oxidative stresses such
as being constituent of antioxidative enzymes and prevent nitrogen fixation and nod-
ule formation (Sharma 2006; Pandey 2018). Molybdenum micronutrient plays an
essential role in Fabaceous plants for dinitrogen fixation by microorganisms (Agar-
wala and Hewitt 1995). Nitrogenase is a prokaryotic enzyme which is a complex of
enzymes dinitrogenase (Molybdenum-iron protein) and dinitrogenase reductase (Fe-
protein). Symbiotic bacteria require FeMoCo (iron-molybdenum cofactor) for their
nitrogenase activity. The single 4Fe–4S cluster in dinitrogenase reductase provides
high reducing power to dinitrogen. Biological fixation of nitrogen needs an input of
eight high potential electrons and eight protons for the reduction of one molecule of
nitrogen to ammonia (N2 → NH3) (Sharma 2006).

N2 + 16 ATP + 8e− + 8H+ → 2 NH3 + H2O + 16 ADP + 16 P

Some Fabaceous plants such as soybean and cowpea fix atmospheric nitrogen in
root nodules and reach to the aerial parts as ureides. Boron is involved in ureide’s
catabolism via the allantoate amidohydrolase pathway. Boron-deficient plants show
decrease in the activity of allantoate amidohydrolase which catalyzes the oxidative
decarboxylation of allantoate to uredoglycine, with concomitant accumulation of
allantoate (Sharma 2006). Therefore, the specific function of Fabaceous plants is
nitrogen fixation that must require a large number of micronutrients to complete the
process normally (Marschner 1995).

6 Conclusions

Pulse crops (grain legumes) belong to the family Fabaceae are rich sources of nitro-
gen and proteins and contribute in available form of nitrogen into the soil through
atmospheric N2 fixation (dinitrogen) in symbiotic associations with prokaryotes in
their root nodules. Mostly, Fabaceous crops are grown in tropical and subtropi-
cal regions of the world facing a lot of abiotic stress problems. Drought, salinity
temperature fluctuations, nutrient disorders, and several other abiotic stresses are
lowering the growth, metabolism, and production of Fabaceous plants. Micronutri-
ents, along with other essential nutrients, play a very significant role in maintaining
and strengthening the growth, reproductive yields, and internal defense system of
the Fabaceous plants during various abiotic stress conditions. Various enzymatic
activities and biomolecular functions involve in the nitrogen fixation process, nodu-
lation, and symbiotic microbes’ activities are maintained and protected by adequate
quantity of micronutrients (iron, manganese, zinc, molybdenum, copper, boron, etc.)
in Fabaceous plants. During abiotic stress conditions, essential micronutrients are
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Table 16.1 Some important enzymes having micronutrient element as cofactor (Sharma 2006)

Enzyme (EC) Micronutrient (cofactor)

Catalase (EC 1.11.1.6) Iron

Peroxidase (EC 1.11.1.7) Iron

Superoxide dismutase (EC 1.15.1.1) Copper-Zinc, Manganese, Iron

Cytochrome c oxidase (EC 1.9.3.1) Iron, Copper

Nitrite reductase (EC 1.7.7.1) Iron

Glutamate synthase (EC 1.4.7.1) Iron

Nitrate reductase (EC 1.6.6.1) Molybdenum

Laccase (EC 1.10.3.2) Copper

Ascorbate oxidase (EC 1.10.3.3) Copper

Copper amine oxidase (EC 1.4.3.6) Copper

Alcohol dehydrogenase (EC 1.1.1.2) Zinc

Glutamine dehydrogenase (EC 1.4.1.3) Zinc

Allantoate amidohydrolase (EC 3.5.3.9) Manganese

Carboxypeptidase A (EC 3.4.17.1) Zinc

Aconitase (EC 4.2.1.11) Iron

Enolase (EC 4.2.1.11) Manganese, Magnesium

Phosphoenolpyruvate carboxylase (EC 4.1.1.31) Manganese, Magnesium

Carbonic anhydrase (EC 4.2.1.1) Zinc

less available to the plants root for the absorption; thus, their deficiencies cause low
growth, poor cellular defense, and reproductive yield to the Fabaceous plants. The
genetic variability of Fabaceous plants also major concerns to uptake, transloca-
tion, and distribution of micronutrients in the internal plant system. The assessment
of micronutrients under various environmental conditions and their management in
growth medium can protect and enhance the growth and production of Fabaceous
plants growing under various abiotic stress conditions (Table 16.1).
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Plants to Metal/Metalloid Toxicity
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Khursheda Parvin, and Mirza Hasanuzzaman

Abstract Plant of Fabaceae family or legumes are familiar for their nitrogen-fixing
ability as well as their indispensable role in livestock and human health, in improving
soil health and sustainable agricultural production. Excess toxic metals/metalloids in
soil are one of themost important environmental reasons that hinder plant growth and
productivity of a wide range of plant species including Fabaceae plant. On account
of tolerance ability, member of Fabaceae plant varies and elevated level of met-
als/metalloids affected growth and yield of plant to the highest degree. Generally,
Fabaceae plant can tolerate a small amount of metals/metalloids without compromis-
ing the growth and yield due to their well-established antioxidant defense system,
osmolyte synthesis, hormone regulation, and chelation. Plant of Fabaceae family is
also known for their phytoremediation capability. Plant scientists are trying to elu-
cidate the underlying mechanisms of Fabaceae plant to metals/metalloids toxicity.
In this chapter, we synthesized the recent research findings on diverse features of
metals/metalloids stress tolerance approaches.
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1 Introduction

Fabaceae or Leguminosae, usually recognized as legume, pea or bean family, is
the third largest angiosperm family but considered as the second most important
plant family in the world agriculture following grass family called Poaceae (Gómez-
Sagasti and Marino 2015; Ara et al. 2019). Members of Fabaceae family or legumes
are familiar for their nitrogen-fixing ability. They improve the dietary value, which
plays an imperative role in the health of livestock and human (Araújo et al. 2015).
Legume root contains special organ called nodule which is host for some important
symbiotic bacteria mostly rhizobia. These bacteria can fix atmospheric nitrogen and
maintain a mutualistic relation with host plant. The introduction of legumes in crop
rotation can retain the quality of degraded and polluted soils. So, legumes are also
recognized for their significant function to retain soil health and confirm sustainable
agricultural systems. Practice of crop rotation and intercrop (e.g., combined with
cereals) with legumes diminishes the activity of pests, diseases, and weed popu-
lations while increasing the overall farm productivity (Matusso et al. 2014; Foyer
et al. 2016). Similarly, other plant species of Fabaceae family also suffered from
a different unavoidable environmental condition or abiotic stress including toxic
metal/metalloid toxicity (Hasanuzzaman and Fujita 2012; Mahmud et al. 2018; Ara
et al. 2019).

Rapid population expansion together with industrial insurgency and unplanned
urbanization are contributing in enormous toxic metal/metalloids pollution to the
environment. Metal/metalloids not only are big environmental concern but also cre-
ate human health hazard due to their extensive occurrence in the air, water, and soil;
perseverance in ecosystems; and noxious properties (Vijendra et al. 2016; Mahmud
et al. 2019). Mining of ore, foundries and smelters, utilization of agrochemicals,
metal-based industrial activities, emission from automobiles, blazing of fossil fuels,
etc., are the main sources of releasing toxic metal/metalloids to the environment
(Hasanuzzaman and Fujita 2012; Tchounwou et al. 2012; Rehman et al. 2017).
Among the limiting factor of world agricultural production, toxic metals/metalloids
are considered most important environmental contaminants as it enters into the plant
body from the growing media and shrinks the quantity and quality of edible parts.
Moreover, entry of toxic metal/metalloids to human food cycle from the agricul-
tural commodity causes devastating effect on human health by crating different car-
cinogenic diseases including cancer (Mahmud et al. 2018, 2019). Different records
confirm that lead (Pb), cadmium (Cd), chromium (Cr), mercury (Hg), aluminum
(Al), arsenic (As), etc., are unnecessary and extremely toxic metal/metalloids for
any sort of life including vegetation. Conversely, a number of metals/metalloids are
indispensable for normal functioning and proper growth of plant in a trace amount
but become lethal at higher concentration, e.g., copper (Cu), zinc (Zn), iron (Fe),
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boron (B), manganese (Mn), nickel (Ni), etc. (Tangahu et al. 2011; Hasanuzzaman
and Fujita 2012; Zhou et al. 2014; Emamverdian et al. 2015; Mahmud et al. 2019).
Toxic metal/metalloids severely demolish the usual cellular physiological and bio-
chemical mechanisms including germination, photosynthesis, nutrient uptake, etc.,
and decrease growth and development of plant by creating nutritional disorder and
oxidative stress (Sharma and Dietz 2009; Hasanuzzaman and Fujita 2012; Hossain
et al. 2012; Sarwar et al. 2017; Mahmud et al. 2018).

Scientists are trying to explore the physiological and molecular basis of Fabaceae
plant under toxic metal/metalloid stress. Under stress condition, production of reac-
tive oxygen species (ROS; singlet oxygen, 1O2; superoxide anion,O

•−
2 ; hydrogen per-

oxide, H2O2; and hydroxyl radical, OH•) and methylglyoxal (MG) content increases
tremendously which makes imbalance with components of antioxidant defense and
glyoxalase system, respectively, and destroys cellular redox balance (Hasanuzza-
man et al. 2012, 2017). Among the metal/metalloids, some (Fe, Cu, Cr, Co, etc.) can
produce ROS directly through Haber–Weiss and Fenton reactions which are called
redox-active. Redox-inactive metal/metalloids (Cd, Pb, Zn, Ni, Al, etc.) enhance
ROS generation by reducing antioxidant defense system, provoking NADPH oxi-
dase, relocating indispensable cations from definite binding enzyme site, triggering
calcium (Ca)-reliant mechanisms, and influencing Fe-mediated systems (Hasanuz-
zaman and Fujita 2012; Mahmud et al. 2018, 2019). All types of plant try to scav-
enge production of excess ROS through antioxidant defense system consisting of
non-enzymatic components (ascorbic acid, AsA; glutathione, GSH; phenolic com-
pounds; alkaloids; α-tocopherol; and nonprotein amino acids) and enzymatic compo-
nents (superoxide dismutase, SOD; catalase, CAT; ascorbate peroxidase, APX; glu-
tathione reductase, GR; monodehydroascorbate reductase, MDHAR; dehydroascor-
bate reductase, DHAR; glutathione peroxidase, GPX; and glutathione S-transferase,
GST) and excess MG through glyoxalase system containing glyoxalase I, Gly I, and
Gly II enzyme (Hasanuzzaman et al. 2012, 2017; Stambulska et al. 2018). More-
over, few plants can increase its endogenous phytochelatins (PCs) and metalloth-
ioneins (MTs) content to combat stress. Phytochelatins and MTs make complex
with metals/metalloids and transfer them in cell vacuole as inert form (Mahmud
et al. 2019). Under metals/metalloids toxicity, soils interact with variety of microor-
ganisms enhancing tolerance as well as growth of plant (Rajkumar et al. 2012).
Fabaceae crops show significant variation broadly in their level of tolerance to toxic
metal/metalloids. Plant tolerance-to-metal/metalloids stress is mostly determined
by their genetics. Positive responses of different osmolytes, antioxidants, hormone
regulation, metal chelation, and plant–microbe interaction of Fabaceae plant under
metal/metalloid toxicity contribute in stress tolerance (Ara et al. 2019).

In this chapter, we will try to explore a general overview of physiological and
molecular basis of Fabaceae plant under metal/metalloids toxicity. We hope these
progresses will be able to support the development of adaptive Fabaceae plant for
ensuring crop quality and quantity.
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Table 1 Responses of Fabaceae plants to different metals/metalloids toxicity

Crops Stress intensity and
duration

Plant responses References

Trigonella
foenum-graceum L.

200 ppm Cu as
CuSO4.5H2O; 7 days

• Reduced seed
germination percentage
by 45% with reduced
seedling emergence
rate

• Decreased fresh weight
of radical and plmule

• Declined seed vigor
index (SVI)

Menon et al.
(2016)

T. foenum-graceum
L.

200 ppm Cr as
K2Cr2O7; 7 d

• Lowered seed
germination percentage
by 60%

• Reduced radical and
plumule lengths and
their fresh weight (FW)

• Declined SVI

Menon et al.
(2016)

T. foenum-graceum
L.

200 ppm Zn as ZnSO4;
7 d

• Reduced seed
germination percentage
by 20%

• Decreased radical and
plumule lengths and
their FW

• Decreased SVI

Menon et al.
(2016)

T. foenum-graceum
L.

3 and 4.5 g L−1 Cu as
CuSO4

• Decreased seed
germination by 16%

• Reduced radical length
and its dry weight
(DW) by 28 and 51%,
respectively

Jalali et al.
(2018)

Vicia faba L. 3 and 4.5 g L−1 Cu as
CuSO4

• Decreased seed
germination by 47%

• Reduced radical length
and its DW by 70 and
26%, respectively

Jalali et al.
(2018)

V. sativa L. 3 and 4.5 g L−1 Cu as
CuSO4

• Decreased seed
germination by 17%

• Reduced radical length
and its DW by 30 and
35%, respectively

Jalali et al.
(2018)

Medicago truncatula
L.

3 and 4.5 g L−1 Cu as
CuSO4

• Reduced seed
germination by 50%

• Reduced radical length
and its DW by 57 and
41%, respectively

Jalali et al.
(2018)

(continued)



Response and Tolerance of Fabaceae Plants to Metal/Metalloid … 439

Table 1 (continued)

Crops Stress intensity and
duration

Plant responses References

Vigna radiata L. cv.
T-44

10 mM Al as AlCl3; 14
d

• Caused a sharp decline
in shoot and root
lengths by 27 and 67%,
respectively

• Reduced plant DW and
leaf area by 25 and
58%, respectively

• Declined the content of
chlorophyll (chl) and
car by 48 and 66%,
respectively

• Decreased Ci content
and carbonic anhydrase
activity by 47 and 38%,
respectively

• Reduced stomatal
conductance (gs),
water-use efficiency
(WUE), and
photosynthetic rate
(Pn) by 58, 37, and
43%, respectively

• Lowered leaf relative
water content (LRWC)
by 40% with the
elevation of proline
(pro) content

Ali (2017)

V. radiata L. 400 mg Kg−1 Cr as
K2Cr2O7; 14 d

• Reduced 53% of seed
germination

• Inhibited stem length
by 68%

• Restricted biomass
accumulation in above
ground parts of plant

Hu et al.
(2016)

V. radiata L. cv.
NM-2006

250 μM Cr as
K2Cr2O7; 28 d

• Reduced plant height,
root length, and
number of leaves
significantly

• Caused significant
reduction in shoot and
root FW and DW

• Decreased chl a, chl b,
chl (a + b), and car
contents

Jabeen et al.
(2016)

(continued)
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Table 1 (continued)

Crops Stress intensity and
duration

Plant responses References

V. radiata L. cv.
NM-2006

500 μM Cr as
K2Cr2O7; 28 d

• Drastically reduced
plant height, root
length, and number of
leaves

• Reduced shoot and root
biomass accumulation

• Decreased chl a, chl b,
chl (a + b), and car
contents

Jabeen et al.
(2016)

V. radiata L. cv.
BARI Mung-2

1.5 mM Cd as CdCl2;
48 h

• Decreased plant height,
root length, plant DW,
and leaf area by 18, 28,
20, and 32%,
respectively.

• Reduced chl (a + b)
content and LRWC

• Increased pro contents

Nahar et al.
(2016a, b)

V. radiata L. 5,7 and 9 μM Cd as
CdCl2; 24 h

• Reduced adventitious
root number and FW

• Increased pro content

Li et al. (2019)

V. radiata L. 5 mg L−1 Hg as
HgCl2; 4 d

• Decreased root length
• Reduced chl a and chl
b contents

Mao et al.
(2018)

V. radiata L. 10 mg L−1 Cd
3CdSO4.8H2O; 4 d

• Decreased root length
• Reduced chl a and chl
b contents

• Decreased plant FW
and DW

Mao et al.
(2018)

V. radiata L. 15 mg L−1 Cr
K2Cr2O7; 4 d

• Decreased root length
• Reduced biomass
contents

• Reduced chl a and chl
b contents

Mao et al.
(2018)

V. radiata L. 45 mg L−1 Cu as
CuSO4.5H2O; 4 d

• Decreased root length
• Reduced chl a and chl
b contents

Mao et al.
(2018)

V. radiaa L. 80 mg L−1 Pb as
(CH3COO)2.3H2O; 4 d

• Decreased root length
• Reduced chl a and chl
b contents

Mao et al.
(2018)

Pisum sativum L. cv.
Douce Provence

200 μM CdCl2; 9 d • Delayed embryo
growth in seed
germination

• Reduced shoot and root
lengths

Jaouani et al.
(2018)

(continued)
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Table 1 (continued)

Crops Stress intensity and
duration

Plant responses References

Glycine max L. 0, 50, 100, and 150 mg
L−1 of Cd as
CdSO4•8H2O; 35 d

• Decreased shoot
length, root length, and
their biomass content
with the increase of Cd
concentration

• Showed highest
reduction of LRWC
under 150 mg L−1 Cd
stress

• Increased electrolyte
leakage (EL)
dramatically

• Increased pro
accumulation

Alyemeni
et al. (2017)

G. max L. cv.
Taekwan

100 μM CuSO4; 5 d • Reduced chl and car
contents

• Decreased the shoot
and root lengths

• Inhibited shoot and
root FW and DW

Kang et al
(2015)

G. max L. cv.
Taekwan

100 μM ZnSO4; 5 d • Reduced chl and car
contents

• Decreased the shoot
and root lengths

• Inhibited shoot and
root FW

Kang et al
(2015)

G. max L. cv. BMX 4 mmol L−1 Al as
AlCl3; 48 h

• Decreased shoot and
root DW

• Decreased chl index
(SPAD)

• Decreased Ci and
increased transpiration
(E)

• Decreased leaf xylem
diameter

• Caused leaf chlorosis
and root tip lesion

Reis et al.
(2018)

G. max L. cv. BMX 20 μmol L−1 Ni as
NiCl2; 7 d

• Decreased Pn, gs, and
E

• Increased Ci

Reis et al.
(2017)

G. max L. 5 mg L−1 Hg as
HgCl2; 4 d

• Decreased root length
• Reduced chl a and chl
b contents

Mao et al.
(2018)

(continued)
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Table 1 (continued)

Crops Stress intensity and
duration

Plant responses References

G. max L. 10 mg L−1 Cd
as 3CdSO4.8H2O; 4 d

• Decreased root length
• Decreased plant FW
and DW

• Reduced chl a and chl
b contents

Mao et al.
(2018)

G. max L. 15 mg L−1 Cr
as K2Cr2O7; 4 d

• Decreased root length
• Declined biomass
accumulation

• Reduced chl a and chl
b contents

Mao et al.
(2018)

G. max L. 45 mg L−1 Cu as
CuSO4.5H2O; 4 d

• Decreased root length
• Reduced chl a and chl
b contents

Mao et al.
(2018)

G. max L. 80 mg L−1 Pb as
(CH3COO)2.3H2O; 4 d

• Decreased root length
• Reduced chl a and chl
b contents

Mao et al.
(2018)

2 Responses to Metal/Metalloid Toxicity

Metal/metalloid toxicity in plant-growingmedia hampers the usual growth and devel-
opment of Fabaceae plant by creating nutrient imbalance and oxidative stress. Germi-
nation, emergence, cellular development, and physiological processes of plants are
beingdisturbedby the toxicity ofmetal/metalloid (Stambulska et al. 2018).Moreover,
these stresses also hinder nodulation process and reduce the quality and productivity
of Fabaceae plant. In this subsection, we have discussedmajor responses of Fabaceae
plant to metal/metalloid toxicity (Table 1).

2.1 Germination and Emergence

Metal stress restricted primary physiological process naming seed germination in
plant by reducing the germinationpercentageof seeds later resulted in lower seedlings
growth (Stambulska et al. 2018). With the increase of metal concentration, reduction
of seed germination and seedling emergence rate are decreased gradually (Nath et al.
2008; Stambulska et al. 2018). Among 2, 105, 25, and 50 ppm Cr contamination,
lowest seed germination of Vigna sinensis was recorded from 50 ppm concentration
(Nath et al. 2008). Later, germinated seedlings were also suffered from inhibitions
in plumule and radicle lengths under Cr toxicity. Stambulska et al. (2018) reported
that Cr stress not only inhibited the seed germination but also delayed the required
time for germination. As Cr toxicity causes the inhibition of amylase activities and
subsequently decreases, the carbohydrates transport to the germ which explained the
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metal-induced restriction in seed germination process (Nath et al. 2008; Stambulska
et al. 2018). Seed germination and emergence of Trigonella foenum-graceum were
evaluated under Cr-, Cu-, and Zn-contaminated condition to study the effect of heavy
metal (Menon et al. 2016). Seeds were kept to germinate on varying concentrated
solution of each metal such as 1, 3, 5, 10, 50, 100, 200, 300, 500 ppm for 7 days.
After that, germination percentage, seed vigor index (SVI), and length of radical and
plumule with their fresh weight (FW) were measured. It was found that 500 ppm
concentration of Cu, Cr, and Zn made maximum damage in each parameter. Hence,
total germination was around 10, 25, and 60% from 500 ppm of Cr, Cu, and Zn,
respectively, while 300 and 500 ppm caused the death of all seeds and 200 ppm
of each metal showed lowest growth length and FW of radicle and plumule. Due
to the metal-induced reduction of germination percentage, length of radical and
plumule, FW of radical and plumule cumulatively reduced the SVI drastically. Seed
germination and seedling emergence capacity of Vicia faba, V. sativa, T. foenum-
graceum, andMedicago truncatulawere tested under 3 and 4.5 g L−1 Cu toxicity for
5 days (Jalali et al. 2018). The Cu toxicity declined seed germination percentage in
all legume species but varied depending on species and toxicity severity. Therefore,
V. sativa and T. foenum-graceum showed germination percentage about 17 and 16%,
respectively, which again reached by 47% and 50%, respectively, for V. faba and
M. truncatula. Seedling emergence was also reduced by Cu stress, while V. sativa
maintained comparatively less reduction of radical length and its dry weight (DW)
whichwas 30 and 35%, respectively, but other three species showed higher rate of this
reduction and then comparatively severe decreases revealed inV. faba (70% and 26%,
respectively), T. foenum-graceum (28% and 51%, respectively), and M. truncatula
(57% and 41%, respectively). Jalali et al. (2018) concluded that Cu stress-induced
inhibitory effects on seed germination and emergence are associated with alteration
in needed water absorption for required metabolic processes and later swerving of
reserved mobilization process from cotyledon. A study was conducted on the effects
of Cu, Mn, Pb, and Zn on the C. arietinum (Bhagyawant et al. 2019). It was revealed
that seed germination and establishment hampered under stress condition indicated
by retardation in radical length irrespective of metal exposure where most inhibition
was recorded from Pb and least from Zn.

2.2 Growth and Development

Heavy metal stress illuminates the suppression in plant growth and development
focused by the reduction in plant height, root length, adventitious root growth, leaf
numbers, branch numbers, plant biomass accumulation, etc. Here, stress-induced
growth inhibition is varied with the variation of plants, plant species, different types
of metal, doses of metals, and durations. Nickel stress caused the hampers in normal
growth of Cicer arietinum under varying doses of Ni including 25 mg L−1, 50 mg
L−1, 100 mg L−1, and 150 mg L−1 to soil (Batool 2018). Here, 150 mg L−1 Ni
persuaded the highest reduction of shoot length, leaf number, branch number, and
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biomass content. In another study, growth inhibition rate (GIR) of C. arietinum was
evaluated under Cu, Mn, Pb, and Zn toxicity (Bhagyawant et al. 2019). Where, the
increasing of metal concentration, GIR was drastically increased upon all metals
exposure. Six different genotypes of C. arietinum were exposed to vanadium (V;
25 mg L−1) toxicity for 10 days (Imtiaz et al. 2015). Therefore, plant biomass, and
shoot and root lengths were considered to evaluate the plant tolerance to V stress.
The application of V lowered the plant growth and development measured by shoot
length, root length, and their FW and DW. However, V toxicity resulted in gradual
stunt of plant shoot and root growth along with restriction in lateral root development
in all genotypes. Sevendays oldV. radiata seedlingswere allowed to growunder 1 and
10mMAl toxicmedia for 14 days (Ali 2017). After that, Al-treated seedlings showed
the reduction of growth as dose-dependentlywhile 10mMAl caused highest damage.
The Al toxicity caused severe inhibition in root length than shoot where decreased
root length and shoot length are by 67 and 27%, respectively. Further plant DW and
leaf area declined by 25 and 58%, respectively, upon 10 mMAl toxicity which might
be correlated by Al-induced limited water and mineral uptakes due to extensive root
damage. The inhibitory effects of Crwere evaluated on stem length and above ground
FW of V. radiata plants by exposing to 50, 100, 200, 400, and 800 mg Kg−1 Cr (Hu
et al. 2016). With the increasing Cr level, the stem length and above ground FWwere
reduced but 50 and 100 mg Kg−1 were not so significant in decreasing stem growth
and biomass accumulation. V. radiata showed the symptoms of brown leaves and
thin stem size at 400 mg kg−1 Cr, while 800 mg kg−1 Cr caused extensive growth
retardation, stem blackening, and slight root decay.Arachis hypogaea seedlings were
exposed to 50, 100 or 200μMCd; after two weeks of treatment, seedling growth was
inhibited (Dong et al. 2016). Higher Cd concentration showedmaximum reduction of
seedling FW and DW around 45 and 47%, respectively. In one study, hydroponically
grown 28 days oldM. sativa seedlings were exposed to varying degree of Pb toxicity
(0, 10, and 100 μM) for 2 and 7 days (Hattab et al. 2016). Two days treatment
did not significantly restrict the plant growth indicated by shoot and root lengths
and their FW and DW. Long-term exposure of M. sativa to Pd stress causes the
reduction of shoot and root growth with 41 and 48% reduction of FW of shoot and
root, respectively. The 100 μM Pb treatment reduced the shoot size by 43%. Here,
remarkable decrease in root length was observed in 100 μM Pb toxicity, which was
less affected by 10 μM Pb. Five genotypes (Pusa-37, Pusa-16, Pusa-40, PK-416,
and Pusa-24) of Glycine max were evaluated upon varying degree of Cd toxicity
(Alyemeni et al. 2017). Among 50, 100, and 150 mg L−1, 150 mg L−1 showed the
maximum toxicity effects in this study while plant growth was reduced gradually
with the increasing Cd levels. All the genotypes suffered from reduction of shoot
height, root length, and their FW and DW, although lower damage intensity showed
the genotype tolerance to Cd.
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2.3 Photosynthesis

The principal components of photosynthetic system are photosynthetic pigments
including chlorophyll (chl) and carotenoid (car) by which dry matter accumulation
and yield are governing, which decreased significantly in metal-treated plants. The
10 mM concentration of Al toxicity caused significant decline in chl and car pig-
mentation in V. radiata by 48 and 66%, respectively (Ali 2017). Again, stomatal
conductance (gs), water-use efficiency (WUE), and finally photosynthetic rate (Pn)
reduced by 58, 37, and 43%, respectively, in Al-treated V. radiata. Thus Al-induced
47 and 38% reduction of intercellular CO2 concentration (Ci) and carbonic anhy-
drase (CA) activity supported the reduction of Pn. A pot experiment was conducted
to study how Pb toxicity affects transpiration, photosynthetic pigments, gs, and net
assimilation rate (NAR) of V. radiata by applying 250 and 500 mg Kg−1 Pb (Arif
et al. 2019). Elevation of Pb toxicity enhanced the chl a degradation rate from 19
to 35% along with higher loss of chl b and car contents. Besides, higher Pb con-
tamination excessively suppressed the NAR and gs. Leaf chl a, chl b, chl (a + b),
and car contents notably decreased in Cr-stressed V. radiata in respective controls.
Moreover, the decline was higher in higher doses of Cr (500 μM)-treated plants than
lower dose (250 μM) (Jabeen et al. 2016). A. hypogaea suffered from chl degra-
dation upon Cd toxicity indicated by decreased leaf chl a, chl b, and car contents,
while the more decline was observed in higher Cd level (Dong et al. 2016). The Cd
toxicity significantly reduced the Pn and transpiration (E), and maximum reduction
was observed from 200 μM Cd-treated seedlings. In a study, individual application
of 100 μM Cu and Zn caused the reduction in photosynthetic pigment synthesis in
G. max (Kang et al. 2015). Here, total chl and car contents were reduced in both Cu-
and Zn-stressed plants. A pot experiment was conducted to study the photosynthetic
responses of five tree species of Fabaceae such asMillettia peguensis, Pongamia pin-
nata, Albizia lebbeck, Bauhinia purpurea, Dalbergia sissoo to Pb, Cu, Cr, and Mn
contamination (Kanwal et al. 2019). Therefore, on the basis of photosynthetic rate
these species can be arranged as followsM. peguensis >P. pinnata >B. purpurea >A.
lebbeck >D. sissoo. In addition, as one of the contributing factors for photosynthesis,
gs increased inP. pinnata andM. peguensiswith the increase of metal contamination,
while A. lebbeck,D. sissoo, and B. purpurea showed the decreasing trend. Thus upon
metal toxicity, Fabaceae plants show the reduction in photosynthesis process which
later contributes in lower yield production as well as further plant growth restriction.

2.4 Water Relation

Water is also considered one of the major factors for plant growth regulation due
to its direct or indirect involvement in all growth processes. Plants are also suf-
fered from water crisis upon raise in metal contamination owing to shallow root
structure and poor physicochemical properties of soil, for which researchers become
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more interested in plant–water relation under heavy metal stress. Shah et al. (2010)
demonstrated about the metal stress-induced series of events leading to water loss in
plants including decrease in number and size of leaves, stomatal size, number and
diameter of xylem vessels, with higher leaf rolling, leaf abscission, and root suber-
ization. As like other abiotic stresses, heavy metal stress also restricts water uptakes
by plants and hampers cell–water relation indicated by alteration in endogenous pro-
line (pro) and water status. The Al toxicity increased the pro accumulation levels
in V. radiata which indicated its involvement in maintaining osmoregulation under
metal-induced water shortage condition (Ali 2017). In another study on Cd, modu-
lated pro accumulation andwater relation inV. radiatawere investigated (Nahar et al.
2016a). In this study, 1.5 mM Cd toxicity enhanced the pro content as an indication
of stress which was later confirmed by the reduction of tissue water content (LRWC)
and leaf succulence. Here, it was summarized that Cd stress causes the disruption
in water relationship as well as physiological drought in plants. The endogenous
pro content was measured in leaves of Cd and Pb-exposed Albizia julibrissin after
7, 14, and 21 days of treatment (Baycu et al. 2017). After 21 days of treatment,
Cd and Pb remarkably elevated the pro content about 25- to 40-fold than control
which was insignificant in case of short-term exposure. Cu, Mn, Pb, and Zn toxi-
city accelerated the increase of pro content in C. arietinum which increased along
with increase of metal concentration (Bhagyawant et al. 2019). This metal-induced
higher pro concentration confirmed the stress condition in C. arietinum plants which
was associated with pro-related gene expression. A. hypogaea seedlings also showed
the gradual decrease in pro content with the increase of Cd toxicity from 50 to
200 μM levels and indicated the reduction of water status (Dong et al. 2016). G.
max was suffered from the imbalance water relation upon Cd toxicity in both tol-
erant and sensitive genotypes (Alyemeni et al. 2017). Increased pro accumulation
was higher in tolerant genotypes than sensitive genotypes, as Cd caused higher pro
content compared to control. Consequently, LRWC was decreased in all genotypes
of G. max with the gradual increase of Cd toxicity. Thus, the severity of pro and
LRWC can be considered as the indicator of plant tolerance to stress. Pb-, Cu-, Cr-,
and Mn-contaminated industrial waste water treatment to M. peguensis, P. pinnata,
A. lebbeck, B. purpurea, D. sissoo increased endogenous pro contents significantly
as stress indicator (Kanwal et al. 2019). According to maximum to minimum pro
contents under stress conditions, these plants can be arranged as A. lebbeck > M.
peguensis > P. pinnata > D. sissoo > B. purpurea. However, upon metal toxicity pro
accumulation increased in all plant species.

2.5 Nodulation

Nodule is an important organ initiated on the roots of plant, principally in themember
of Fabaceae family. Nodulation is a mutualistic relationship between host plant and
soil bacteria, mainly between legumes and nitrogen-fixing bacteria, e.g., rhizobia.
This interaction is very important for host plant as it gets extra atmospheric nitrogen
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through bacteria (Stambulska et al. 2018). Numerous scientific studies confirmed
that toxic metal/metalloids destroy the normal function of nodulation of leguminous
crop because nodule uptake more metal than the other parts of plant (Ghnaya et al.
2015). Haddad et al. (2015) carried out an experiment with three leguminous crops
(clover, broad bean, and soybean) under different concentrations (0, 5, 25, 50, 100,
and 250mg kg−1 soil) of six heavymetals (Cd, Co, Cr, Cu, Ni, and Pb) and found that
low concentrations of heavy metals did not notably affect process of nodulation and
nodule number per plant, but under higher concentration those parameters become
decreased notably (Table 2). In 2019, Navarro-Torre et al. recorded similar result
from alfalfa plant under a different metal toxicity (Table 2). The familiar metalloid
As also proved its damaging nature by hampering nodulation process of alfalfa
and soybean (Melina et al. 2013; Pajuelo et al. 2008). Kong et al. (2017) checked
the performance of Medicago lupulina L. under different concentrations of CuSO4.
They observed number of effective nodules, nodule FW, and nitrogenase activity
decreased significantly with an increased amount of Cu in the medium. Recently, de
Abreu et al. (2019) observed that Mn2+ did not inhibit the symbiotic process between
isolated bacteria and plant species. In brief, it can be stated that toxicmetal/metalloids
hamper the overall nodulation process at higher concentration as nodule uptakes
huge metal/metalloids from the growing media but is also a tolerance mechanism for
legumes.

Table 2 Nodulation process affected by different metals/metalloids toxicity

Crops Stress intensity and duration Plant responses References

Trifolium spp,
V. faba, G. max

50, 100, and 250 mg
CdSO4· 8H2O),
CoSO4· 7H2O,
CuSO4, Cr2(SO4)3· 12H2O,
Pb(CH3COO)2,
NiSO4· 6H2O) kg−1 soil;
50 d

• Hampered
nodulation process

• Reduced nodule
number per plant

Haddad et al.
(2015)

M. sativa L. 650 μM As + 600 μM Cu
+ 30 μM Cd + 250 μM Pb
+ 750 μM
Zn; 35 d

• Reduced nodule
number per plant

Navarro-Torre et al.
(2019)

M. lupulina L. CuSO4, 100 mg kg-1,
200 mg kg-1, 300 mg kg-1

growing medium; 50 d

• Decreased number
of effective nodules

• Decreased nodule
FW

• Decreased
nitrogenase activity

Kong et al. (2017)
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2.6 Reproductive Development, Yield, and Quality of Grain

Excessive heavy metal becomes responsible for producing lower yield in legumes.
One hundred and fifty mg L−1 Ni contamination to soil medium led to inhibition
in yield of C. arietinum by decreasing pod number and seed yield about 53 and
20%, respectively (Batool 2018). This Ni-mediated yield reduction might be corre-
lated with shortage nutrient supply to the reproductive parts of C. arietinum. The
yield of C. arietinum was investigated upon 200 μM of Cd toxicity (Ahmad et al.
2016). Cd stress significantly decreased the number of pods and seed yield by 50 and
53%, respectively. Moreover, Cd-mediated restriction in mineral and water uptake
along with inhibition of photosynthetic pigment synthesis negatively affected this
yield reduction togetherly. Both metal-tolerant (Sel 85 N) andmetal-sensitive (P792)
genotypes of Cajanus cajan were exposed to Cd and Zn toxicity at 15 days olds,
where reproductive development and yield responses in metal-stressed plants were
evaluated (Garg and Kaur 2013). Stress treatment delayed the flowering in both
genotypes, while flower bud development drastically reduced in sensitive cultivars
than tolerant one. Conversely, increasing the Cd toxicity had greater adverse effects
in delaying the flowering process than Zn which indicated the more toxicity of Cd
than Zn. Hence, metal stresses decreased the yield components in C. cajan indi-
cated by lowered flower number, pod number, pod dry weight, seed number, seed
dry weight, and 100-seed weight. In addition, yield responses to stress were lower
in Cd-exposed plants than Zn exposure and thus revealed about the more toxicity of
Cd to yield reduction than Zn (Garg and Kaur 2013).

Both Cd and Pb caused the reduction in yield of A. hypogaea and G. max (Fatoba
et al. 2012). Hence,A. hypogaea andG.maxwere treatedwith 10, 20, 30, and 40 ppm
of Cd and Pb, respectively, to observe the responses in yield attributes. Therefore,
a significant reduction in pod numbers, seed numbers, and pod filling potentiality
was found in both A. hypogaea and G. max upon higher toxic levels of Cd and Pb.
Phaseolus mungo also showed significant reduction in yield potentiality upon Cd
toxicity by decreasing of number of pods and seed yield (Siddhu and Khan 2012).
The accumulated metal/metalloids in soil can alter the quality of produced grain
in Fabaceae plants. Previous researchers studied about the negative effects of some
of metals, viz. Cd, Cr, and Cu on grain quality, especially the protein content of
mung bean grain, and found significant variation among the treatments in a dose-
dependent way.Wani et al. (2007a) reported that Cr application can improve the gain
protein in green gram. They also suggested that symbiosis did not get affected by the
application of Cr, as a result then supply remains unchanged, and hence the protein
content of grain was increased. Further, they added that grain protein content in green
gramwas significantly reduced by the application of Cd and Cu, when applied solely
or in combination. On the other hand, when chickpea and mung bean were grown
under metal toxic (Cd, Cr, Ni, Zn, Pb, and Cu) condition, the grain protein content
decreased in a dose-dependent fashion, which increased after Cr and Pb application
(Wani et al. 2007a, b; Table 3). Similarly, Cu-, Zn-, and Mn-contained sewage slims
increased the protein content of grain as well as the nutrient (N and P) contents of
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Table 3 Impact of toxic metal/metalloids toxicity on quality attributes of Fabaceae crops

Toxic
metal/metalloids

Stress intensity Crop Grain quality
indicator

Reference

Cd 0.011 (g kg−1

soil)
Cicer arietinum
L.

11% decrease in
grain protein

Wani et al.
(2007a)

0.023 (g kg−1

soil)
C. arietinum L. 22% decrease in

grain protein
Wani et al.
(2007a)

0.006 (g kg−1

soil)
Vigna radiata
(L.) R. Wilczek

4% decrease in
grain protein

Wani et al.
(2007b)

0.012 (g kg−1

soil)
V. radiata (L.)
R. Wilczek

6% decrease in
grain protein

Wani et al.
(2007b)

0.024 (g kg−1

soil)
V. radiata (L.)
R. Wilczek

8% decrease in
grain protein

Wani et al.
(2007b)

0.1 mM Glycine max
(L.) Merr.

23% decrease in
grain oil

Khan et al.
(2013)

0.5 mM G. max (L.)
Merr.

28% decrease in
grain oil

Khan et al.
(2013)

1.0 mM G. max (L.)
Merr.

33% decrease in
grain oil

Khan et al.
(2013)

Cr 0.067 (g kg−1

soil)
C. arietinum L. 3% increase in

grain protein
Wani et al.
(2007a)

0.135 (g kg−1

soil)
C. arietinum L. 2% decrease in

grain protein
Wani et al.
(2007a)

0.034 (g kg−1

soil)
V. radiata (L.)
R. Wilczek

5% increase in
grain protein

Wani et al.
(2007b)

0.068 (g kg−1

soil)
V. radiata (L.)
R. Wilczek

7% increase in
grain protein

Wani et al.
(2007b)

0.14 (g kg−1

soil)
V. radiata (L.)
R. Wilczek

11% increase in
grain protein

Wani et al.
(2007b)

Cu 0.066 (g kg−1

soil)
C. arietinum L. 9% decrease in

grain protein
Wani et al.
(2007a)

0. 14 (g kg−1

soil)
C. arietinum L. 18% decrease in

grain protein
Wani et al.
(2007a)

0. 33 (g kg−1

soil)
V. radiata (L.)
R. Wilczek

4% decrease in
grain protein

Wani et al.
(2007b)

0.66 (g kg−1

soil)
V. radiata (L.)
R. Wilczek

5% decrease in
grain protein

Wani et al.
(2007b)

1.38 (g kg−1

soil)
V. radiata (L.)
R. Wilczek

6% decrease in
grain protein

Wani et al.
(2007b)

Ni 0. 29 (g kg−1

soil)
C. arietinum L. 2% decrease in

grain protein
Wani et al.
(2007a)

0. 58 (g kg−1

soil)
C. arietinum L. 16% decrease in

grain protein
Wani et al.
(2007a)

(continued)
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Table 3 (continued)

Toxic
metal/metalloids

Stress intensity Crop Grain quality
indicator

Reference

Pb 0.19 (g kg−1

soil)
C. arietinum L. 3% increase in

grain protein
Wani et al.
(2007a)

0.39 (g kg−1

soil)
C. arietinum L. 6% increase in

grain protein
Wani et al.
(2007a)

Zn 4.8 (g kg−1

soil)
C. arietinum L. 10% increase in

grain protein
Wani et al.
(2007a)

9.7 (g kg−1

soil)
C. arietinum L. 19% increase in

grain protein
Wani et al.
(2007a)

Hg 0.1 mM G. max (L.)
Merr.

38% decrease in
grain oil

Khan et al.
(2013)

0.5 mM G. max (L.)
Merr.

58% decrease in
grain oil

Khan et al.
(2013)

1.0 mM G. max (L.)
Merr.

68% decrease in
grain oil

Khan et al.
(2013)

lentil, whereas Zn application in chickpea decreased the content of grain protein
content (Yamur et al. 2005). Further study suggested that toxic concentrations of
metals, for example Cd and Hg, reduced the soybean grain oil content (Khan et al.
2013). They also suggested that metal toxicity decreased the essential fatty acid—
oleic acid, and content in soybean decreased but palmitic, stearic, and linolenic acid
increased markedly. They also added that the deleterious effect of Hg is greater than
that of Cd on soybean oil content (Table 3).

2.7 Oxidative Stress

In recent era, the soil and water are contaminated by toxic metal/metalloids through
industrial dumps, mining, sludges, and agrochemicals; as a result, the toxic buildup
of metal/metalloids has been emerging as a potential threat to the plants as well
as the human beings. Further, this heavy load of metal/metalloids is leached and
dissolved with the groundwater aquifer, subsequently absorbed through the plant
roots, and transferred into the aerial parts causing toxicity. This toxicity is extended
from morphological to physicochemical level causing production of excessive ROS
(O•−

2 , OH•, 1O2, and H2O2), which causes membrane lipid peroxidation, protein
oxidation, enzyme inhibition, and damage to DNA and RNA (Anjum et al. 2012;
Siddiqui 2013; Šiukšta et al. 2019). From biological point of view, metal/metalloids
are of two groups, redox-active (Fe, Cu, Cr, Co) and redox-inactive (Cd, Pb, Zn,
Ni, Al). The uptake and transport and distribution of metal/metalloids to organelles
are guided to ROS generation, through redox activity by membrane-bound NADPH
oxidase, while redox-inactive metal/metalloids are involved in the formation of OH•
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from H2O2 via Haber–Weiss and Fenton reactions and initiate lipid peroxidation.
Substantial indication proofed thatHg,Cu,Cr, Zn,Al, Pb, andCd toxicity in Fabaceae
plants can cause oxidative stress (Rui et al. 2016; Vijendra et al. 2016; Ashraf et al.
2016; Kapur and Singh 2019) (Table 4).

Nahar et al. (2017) reported that Al toxicity overproduced 83% of H2O2 and
110% of O•−

2 , increased LOX activity up to 97%, and resulted in lipid peroxidation.
They also observed a substantial increase (123%) in methylglyoxal content in the
cell of mung bean plants. Anjum et al. (2011) reported that in V. radiata plants Cd
level in soil (100 mg kg−1 soil) caused higher lipid peroxidation and H2O2 (69.6
and 113.9% increases in thiobarbituric acid reactive substances, TBARS, and H2O2

contents, respectively, over the control). The accumulation ofH2O2 after Cd exposure
has been detected in the leaves of different plant species, such as Pisum sativum
(Romero-Puertas et al. 2004) and V. mungo (Singh et al. 2008). In another study,
Bouazizi et al. (2010) assayed Cu toxicity in expanding Phaseolus vulgaris seedling
leaves and found that the MDA content did not change significantly, but H2O2 level
increased, when seedlings were exposed to 75 μM CuSO4. They also observed that
under 75 mM CuSO4 stress GPX and CAT activities decreased, whereas GPX and
CAT activities remained unchanged under 75 mM CuSO4.

Mercury is another toxic metal for the leguminous crops, alfalfa root is very
much sensitive to Hg2+, and the root growth decreased in a dose-dependent way.
Subsequently, theTBARScontent increased,whichwas fourfold higher under 20μM
Hg2+. In this context, maximum TBARS formation was accomplished by 12 h after
Hg2+ exposure which was declined thereafter (Zhou et al. 2007). They also found
that the activity of LOX increased, which is responsible for the peroxidation of
biomolecules. Other antioxidant enzymes SOD and POD activities increased upon
Hg exposure. But APX activity increased at a higher Hg concentration, whereas GR
activity reduced at a lower Hg concentration (Zhou et al. 2007).

Thereafter, Anjum et al. (2014) also observed a significant increase of oxidative
stress in roots and shoot of V. radiata in a dose-dependent way. The %EL, and H2O2

and TBARS illustrated a significant increase, where the maximum value occurred
at 100 mg Cd kg−1 > 50 mg Cd kg−1. Interestingly, the roots exhibited 1.6-, 1.3-,
and 1.3-fold lower EL, H2O2, and TBARS, respectively, compared to the shoot. The
enzymeGR,GPX, andGST exhibited varying responses, where GPX andGST activ-
ity decreased by Cd treatment, but GR activity increased. Among the non-enzymatic
antioxidants, GSH content increase in V. radiata roots and shoot, it increased signif-
icantly, with reference to the control (Anjum et al. 2014). Similarly, Rui et al. (2016)
examined the effects of Cd on growth, lipid peroxidation, reactive oxygen species
(ROS) accumulation, antioxidant enzymatic activity, in the roots of two varieties of
V. sativa. They observed that Cd treatment increased ROS and lipid peroxidation in
the Cd-sensitive variety, where they found extracellular accumulation of H2O2 and
O•−

2 . Meanwhile, Vijendra et al. (2016) showed that Cd stress induced an increase
O•−

2 in both leaf (up to fourfold) and root (up to 6.2-fold) tissues of V. aconitifolia
L., compared to controls, which causes lipid peroxidation in leaves and roots. Com-
pared to controls, significantly increased carbonyl content in leaves and roots was
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Table 4 Impact of toxic metal/metalloids toxicity on oxidative stress of Fabaceae crops

Crops Stress intensity and
duration

Plant responses References

Medicago sativa 40 μM Hg2+ as
HgCl2; 3 days

• Increased TBARS content in
root and shoot

• LOX activity increased
• SOD isoform-1 increased
remarkably

• All the POD isoforms except
VII and APX activity
increased

Zhou et al. (2007)

Glycine max
(L.) Merr.

Cd (0.3 mM as
CdSO4.7H2O);
reproductive stage

• MDA content increased by
26.81%

• Proline content increased by
20.33%

• H2O2 increased by 25.02%
• AsA content dropped by
43.57%

• SOD and APX activity
increased but GR and CAT
activity dropped

Kapur and Singh
(2019)

G. max (L.)
Merr.

Cd (0.6 mM as
CdSO4.7H2O);
reproductive stage

• MDA content increased by
26.81%

• Proline content increased by
35.16%

• H2O2 increased by 38.56%
• AsA content dropped by
52.79%

• SOD and APX activity
increased but GR and CAT
activity dropped

Kapur and Singh
(2019)

Vigna
aconitifolia L.

Cd 500 μM as
CdCl2; 15 d

• Increased O•−
2 and H2O2 in

both shoot and root where
4.0-fold increase was
observed in shoot compared
with sevenfold increase in
root

• Both LOX and TBARS
contents were increased in
both shoot and root

• AsA content was decreased,
whereas GSH content
increased in both leaves and
root

Vijendra et al.
(2016)

(continued)
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Table 4 (continued)

Crops Stress intensity and
duration

Plant responses References

V. radiata L.
Wilczek cv.
Pusa Ratna

Cd (50
and 100 mg Cd
kg−1 soil); in the
form of CdCl2

• Roots exhibited 1.6-, 1.3-,
and 1.3-fold lower levels of
EL, H2O2, and TBARS,
respectively

• Compared to roots, the shoot
displayed 2.6- and ≈3.0-fold
higher activity of GPX and
GST, respectively, and a
twofold lower activity of GR

Anjum et al.
(2014)

Cicer arietinum
L.

3 and 4.5 g L−1 Cu
as CuSO4.5H2O

• Lowest concentration
showed nearly 16-fold
higher tissue accumulation
than the control at minimal
dose and reaching more than
50-fold at highest dose of
250 mg L−1 dose

Bhagyawant et al.
(2016)

C. arietinum
L.

Pb 250 mL−1as
Pb(NO3)2)

• Lowest concentration
showed nearly 16-fold
higher tissue accumulation
than the control at minimal
dose and reaching more than
50-fold at highest dose of
250 mg L−1 dose

Bhagyawant et al.
(2016)

C. arietinum
L.

Zn 50 mL−1 as
ZnSO4.7H2O, 7d

• At lower treatment doses, Zn
accumulation in the tissues
was nearly threefold

Bhagyawant et al.
(2016)

C. arietinum
L.

Mn 50 mL−1 as
MnSO4.H2O, 7d

• At lower treatment doses,
Mn accumulation in the
tissues was nearly threefold

Bhagyawant et al.
(2016)

V. radiata L.
cv. BARI
Mung-2

Al (0.5 mM) as
AlCl3; 48 and 72 h

• The content of H2O2, O
•−
2

generation rate, and LOX
activity increased by 83, 110,
and 72%, which increased
the lipid peroxidation by
97% under the Al stress of
48 h, compared to control

• AsA content decreased,
DHA content increased and
AsA/DHA ratio decreased

• Increased SOD, APX,
MDHAR, DHAR, GPX,
GST activity, whereas CAT
activity decreased

• Methylglyoxal level
amplified by 86 and 123%

Nahar et al. (2017)

(continued)
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Table 4 (continued)

Crops Stress intensity and
duration

Plant responses References

Pisum
sativum
L.

Cd 50 μM as
CdCl2; 14 d

• Reduction of GR and GPX
and, to a lower extent, of
CAT, while total SOD
activity showed a slight
increase by the metal
treatment

• H2O2, O
•−
2 content

increased

Rodríguez-Serrano
et al. (2006)

Vicia faba L. Cd 10, 15, 20,
25 mg L−1 of
substrate.

• Proline content increased in
dose-dependent way

Alle et al. (2019)

V. faba L. 200, 400, 600, 800,
1,000 mg L−1 of
substrate.

• Proline content increased in
dose-dependent way

Alle et al. (2019)

V. mungo L. cv.
Shekhar-2

0.25 mM Cr • MDA content increased
• SOD activity increased,
while CAT decreased and
POD remained unchanged

Srivastava and
Shukla (2016)

V. mungo L. cv.
Shekhar-2

0.25 mM Cd • MDA content increased
• SOD and POD activity
increased, but CAT activity
decreased

Srivastava and
Shukla (2016)

V. mungo L. cv.
Shekhar-2

0.25 mM Co • MDA content increased
• SOD and POD activity
increased CAT activity
decreased

Srivastava and
Shukla (2016)

V. mungo L. cv.
Shekhar-2

0.25 mM Pb • MDA content increased
• SOD, POD, and CAT
activity decreased

Srivastava and
Shukla (2016)

also recorded. Lipoxygenase activity was found to be increased in both leaves and
roots of stressed plants.

In recent study,Kapur andSingh (2019) tried tofindout the interaction betweenCd
and Zn in soybean [G.max (L.)Merr.]. They observed the Cd-induced higher activity
of APX and SOD, accompanied by the other non-enzymatic antioxidants, but along
with the stress severityH2O2,MDA, andproline content also raised creating oxidative
stress of plants. Also, the CAT and GR activity reduced along with a decrease in
AsA content with the increasing dose of Cd. They also found an antagonistic effect
with Zn and concluded that when Zn is applied at a higher dose the activity of
antioxidants increased. Moreover, the efficacy of Zn was more when applied in
higher concentrations with low Cd. Thus, Zn plays a key role in plants to counter
heavymetal stress by elevating antioxidative defense with higher activity of enzymes
and reduced levels of non-enzymatic metabolites, and efficacy of Zn in combination
is dose-dependent.
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3 Tolerance Mechanism to Metal/Metalloid Toxicity

Tolerance of Fabaceae plant mostly depends on the type of metals/metalloids.
Plant tries to adjust with stress condition by nutrient balance, metal chelation,
and synthesis of different biomolecules including organic acids, phytohormones,
osmolytes, polyamines, signaling molecules, etc. Here, we have discussed the
tolerance mechanism of Fabaceae plant to combat metal/metaloid toxicity.

3.1 Nutrients

Different nutrients contributes in enhancing metals/metalloids stress tolerance in
Fabaceae plant. Function of manures on heavy metals toxicity reduction and phy-
toremediation was studied in Sinapis alba L. and Robinia pseudoacacia L. Seed
germination, biomass, root length, guaiacol peroxidase activity, and protein con-
centration were improved by manure application in soil contaminated with heavy
metal. Those plants also showed better phytoremediation after manure application
(Marta et al. 2019). Potassium (80 and 160 kg ha−1) decreased heavy metal con-
centrations and Lablab purpureus productivity. This plant also showed increased
plant biomass and enhanced root growth and mycorrhizal fungal colonization rates
which were supposed to reduce metal content and toxicity in leaf (Ruthrof et al.
2018). Biochar and Bradyrhizobium japonicum were applied in metal-rich soil con-
taining Ni, Mn, Cr, and Co. Vigna mungo plant growth, and N and P content of soil
were upregulated by biochar and activity of those N-fixing bacteria. Soil bioavail-
able fractions of metals were also increased. 2.5% of biochar showed better perfor-
mance than the 5% level of biochar (Seneviratne et al. 2017). Effect of individual
application of Ca and K, and combined application of Ca and K to improve phys-
iological performance of chickpea plants under Cd stress was studied. Addition of
these macronutrients either alone or in combination maintained osmotic balance
through Pro regulation in Cd-affected seedlings, total phenol, flavonoid, total pro-
tein, and enzymatic components of antioxidant defense system including SOD, CAT,
APX, and GR activities upregulated by those macronutrients application under Cd
stress. Reduction of H2O2 and MDA was the indication of Cd-induced oxidative
stress reduction by Ca and K application. Regulation of root and shoot Cd accu-
mulation together with mineral homeostasis maintenance (regulation of S, Mn, Mg,
Ca, and K) was conferred by Ca and K, either single or dual application. Lastly
augmenting the photosynthetic pigment (chl a, chl b, and total chl) and improving
shoot and root growth, yield attributes and seed yield of chickpea Ca and K showed
its additive effects in conferring Cd stress tolerance (Ahmad et al. 2016). Calcium
and/or potassium were assessed for their role in Cd tolerance development in faba
bean [V. faba L. (cv. TARA)]. Cadmium toxicity enforced faba bean plants toward
physiological disorder. Calcium and potassium supplementation improved plant per-
formance under Cd stress condition. Calcium and potassium improved the activity
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of antioxidant system enzyme activity including CAT, POD, and SOD. Exogenous
addition of these nutrients also increased Pro content, decreased MDA level, and
increased chl a and chl b contents. Root length, fresh and dry weight, shoot length,
and fresh and dry weight plant−1 were also improved by Ca and K addition in V.
faba under Cd stress. Magnesium-induced alleviation of Al toxicity was studied in
rice bean [V. umbellata (Thunb.) Ohwi and Ohashi]. Upregulation of Al-induced
citrate efflux also increased root growth. Beneficial role of Mg was through the cit-
rate efflux in root. Vanadate (a H+-ATPase inhibitor) helped to reduce Al-induced
citrate efflux, but Mg reinstated the efflux. Supplementation of Mg enhanced activ-
ity of plasma membrane H+-ATPase which was decreased by Al. Enhanced activ-
ity of plasma membrane H+-ATPase by additional Mg application increased Mg
and calcium contents in root apices (Yang et al. 2007). Function of calcium addi-
tion on chickpea (C. arietinum L.) germinating seeds exposed to cadmium stress
was studied. Cadmium increased oxidative stress, but Ca supplementation decreased
lipid peroxidation and protein carbonylation which indicates oxidative stress relax-
ation. Calcium addition decreased shoot and root Cd content. Shoot and root lengths
decreased by Cd addition but increased by Ca supplementation with Cd. Under Cd
toxicity, high increase of NAD+/NADH and NADP+/NADPH and activity of oxida-
tive [NAD(P)H-oxidase] and dehydrogenase (glucose-6-phosphate dehydrogenase,
6-phosphogluconate dehydrogenase, and malate dehydrogenase) indicate oxidative
stress which was alleviated by Ca. Redox balance was examined through the study of
the redox state of pyridine nucleotide couples NAD+/NADH and NADP+/NADPH
as well as their related oxidative [NAD(P)H-oxidase] and dehydrogenase (glucose-
6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, and malate dehy-
drogenase) enzyme activities. Cell death percentage highly increased by Cd toxicity
which was reversed by Ca (Sakouhi et al. 2016). Faba bean (V. faba L.) seeds were
treated with H2O [nonprimed (NP)], or faba bean (V. faba L.) seeds were primedwith
CaCl2, then these were exposed to CdCl2, and also compared with nonprimed faba
bean plants. Primed seedlings showed better performance in terms of gas exchange
parameters, chl, and carotenoid contents than the nonprime seedlings under Cd stress.
Cadmium acted as source of oxidative stress through increasing the H2O2 and O•–

2 ,
increased electrolyte leakage which is an indication of membrane injury. In con-
trast, CaCl2 priming alleviated ROS generation, oxidative damage, and decreased
electrolyte leakage from the Cd-affected seedlings (Nouairi et al. 2019). Cadmium
stress (0, 400, and 600 μM) caused oxidative stress to Trifolium repens L. plants
and highly increased production of H2O2 content and thiobarbituric acid reactive
substances (TBARS). The reason behind oxidative stress was disruption of antiox-
idant defense system. Cadmium also decreased growth of the plants. Application
of CaCl2 (5 mM) together with Cd treatment regulated several enzymes of antiox-
idant defense system such as activities of SOD, CAT, APX, and GPX which acted
to enhance oxidative stress tolerance, decreased oxidative damage, and improved
membrane integrity (compared to Cd-stressed plants without Ca supplementation).
Calcium supplementation also increased the growth parameter of Cd-affected plants
(Wang and Song 2009). Cadmium being a nonessential element is toxic for plants



Response and Tolerance of Fabaceae Plants to Metal/Metalloid … 457

even in small amount. Zinc is essential nutrient element but becomes toxic at ele-
vated levels. Silicon (Si) has been recognized as trace elements for plants having
biological function and role in improving stress tolerance. Cadmium and zinc tox-
icity resulted in several deleterious effects on growth and development as well as
physiology of pigeon pea plants. Silicon application and Rhizophagus irregularis
inoculation recovered pigeon pea plants from those damages. Silicon was effective
in upregulating cellular silicon content, and nitrogen and phosphorus content under
Cd stress. Reduction of Cd or Zn content, silicon-mediated higher generation of non-
protein thiol, and phytochelatin is correlated with the greater reduction of Cd and
Zn content from the plant body. Si addition considerably increased the activity of
SOD, CAT, and guaiacol peroxidase as well as GSH level of the pigeon pea plants
under Cd or Zn stress. The enhancement of the antioxidant system thus declined
the oxidative stress by decreasing H2O2 and MDA, percent of nodular membrane
electrolyte leakage. Overall growth of pigeon pea was also improved significantly
by Si addition under Cd or Zn stresses (Garg and Singh 2018)

3.2 Organic Acid

Organic acids proved their performance against diverse metals/metalloids toxi-
city in Fabaceae plant. Cadmium highly increased lipid peroxidation and pro-
tein carbonylation, NAD+/NADH and NADP+/NADPH, and activity of oxidative
[NAD(P)H-oxidase] and dehydrogenase (glucose-6-phosphate dehydrogenase, 6-
phosphogluconate dehydrogenase, and malate dehydrogenase) in chickpea (C. ari-
etinumL.) plantswhich indicate oxidative stress. Shoot and root Cd content increased
to a great extent under Cd stress. Shoot and root lengths decreased by Cd addition.
Cadmium caused cell death. Ethylene glycol tetraacetic acid (EGTA) addition recov-
ered damage of chickpea (C. arietinum L.) plants from cadmium stress. Addition of
EGTA decreased Cd content of root and shoot, reduced oxidative stress, and percent-
age of cell death. The growth parameters measured by length of shoot and root were
also increased by EGTA addition with Cd treatment, compared to Cd treatment only
(Sakouhi et al. 2016). Organic acid-induced Al tolerance was inspected in different
genotypes of soybean. Root tip of different genotypes of soybean released organic
acid in exposure of Al. Citrate and malate secretion increased within 6 h of Al expo-
sure. Higher amount of Al accumulated in root tips of the Al-sensitive genotype
Young, compared to the Al-tolerant genotype PI 416937. Higher amount of organic
acid accumulation specially the citrate accumulation was correlated the exclusion of
Al and tolerance of Al. Lateral root showed higher susceptibility to Al, compared to
taproots. Lateral root tips accumulated higher amount of Al which had lower content
of citrate (Silva et al. 2001). Oxalate acid (50 and 100μmol L−1) containing nutrient
media was made toxic with Cd (8 mg L−1). Another nutrient solution was made
toxic only with the same concentration of Cd. Control plants were grown only in the
nutrient media. In bean plant, Cd in roots and shoots significantly increased due to
the presence of Cd in the nutrient solution. The bean plants grown in oxalate acid
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solution with Cd performed better because the root and shoot Cd content was lower
in this treatment, compared to the plants grown only in Cd containing nutrient media.
Organic acid made a complex with Cd which was absorbed by roots and transported
to shoot and became less toxic. Organic acid addition also improved root and shoot
growth under Cd stress (Dongsen et al. 1995).

3.3 Osmolytes

Under metals/metalloids stress, a different osmolyte synthesis in cellular level is
increased up to a certain extent which helps plant to survive. Function of glycinebe-
taine (GB) in augmenting Cr tolerance in mung bean was experimented. Different
concentrations of Cr were applied alone or in combination with GB. Plant growth
and biomass were reduced by Cr. Photosynthetic pigment contents, chl a, chl b, and
carotenoids, were damaged by Cr. Chromium concentration within the mung bean
plants and electrolyte leakage considerably and progressively increased in plantswith
rise in Cr levels. Activities of SOD, peroxidase (POD), and CAT were boosted up by
exogenous GBwhich diminished electrolyte leakage. Reduction of Cr content inside
plant and higher photosynthetic pigment contents were advantageous consequences
of GB application in Cr-affected plants, and such effects promoted growth of Cr-
affected plants (in contrast to Cr-affected plant without GB supplementation) (Jabeen
et al. 2016). Thirty days aged chickpea plants were applied with 0, 25, 50, or 100 mg
of Cd kg−1 of soil. The plants were sprayed with 20 mM proline. The control plants
were sprayed with double distilled water. Proline spray improved plant performance
against cadmium stress. Cadmium stress resulted in differential damage effects in
chickpea plants that were severe with the increase of harshness of stress. Nodulation
parameters, leghemoglobin and carbohydrate content, leaf nitrogen, and root nitrate
contentwere increased byproline additionwithCd treatment.Activity of nitrogenase,
nitrate reductase, glutamine synthetase, glutamate synthase, and glutamate dehydro-
genasewas increased in Pro-addedCd (all doses except 100mg kg−1 of soil)-affected
plants (Alyemeni et al. 2016). Increased amount of trehalose was confirmed in the
nodules of Pusa 2002 than Pusa 991 cultivar of pigeon pea under Cd and Zn stress
representing its function as osmoprotectant. Mycorrhization and Si supplementation
further upregulated the activity of Tre biosynthetic enzymes trehalose-6-P synthase
(T6PS) and trehalose-6-P phosphatase (T6PP) with concurrent decline in trehalase
activity, which ensured improved endogenous Tre accumulation. This upregulated
trehalose is supportive for mitigation of oxidative stress and lipid peroxidation under
Cd and Zn stress (Garg and Singh 2018). Chickpea (C. arietinum L.) cv. Avarodhi
plants were imposed with Cd (25, 50, or 100 mg per kg of soil) stress, and the role of
exogenously sprayed 20 mM Pro was studied. Exogenous Pro application increased
the endogenous level of Pro and increased leaf water potential. Carbonic anhydrase
activity was amplified by Cd exposure, whereas Pro spray under Cd stress reduced its
activity. Increase of CAT, peroxidase, and SOD activities was involved in defending
oxidative damage of Cd-affected plants. Cadmium toxicity resulted in differential
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negative impact on photosynthetic parameters. When these plants were applied with
Pro, the gs, Ci, E, WUE, and PN were significantly improved, compared to Cd-
stressed plants. Proline also improved root and shoot lengths, and plant fresh and dry
mass of Cd-affected plants. The overall improvement of physiological and growth
parameters contributed to improve the yield attributes and yield of chickpea and seed
quality of the plants in terms of pod number and number of seed pod−1, seed yield
plant−1, 1000-seed weight, seed protein content (Hayat et al. 2013). Proline biosyn-
thesis by SA addition in Cd-affected plants helped to confer osmoprotection. The
same treatment also conferred oxidative stress protection as indicated by decreased
lipid peroxidation and electrolyte leakage. Photosynthetic and growth performance
were also improved (Popova et al. 2009). Selenium (Se), the trace elements, showed
its toxic effects in hydroponically grown bean (P. vulgaris L.) seedlings at 4 and
6 ppm, but 1 and 2 ppm showed beneficial effect. Reduction of germination was
recorded under Se stress. Root and shoot growth, chl content, leaf water content, and
cellular respiration showed decreased pattern under Se toxicity. Elevation of lipid
peroxidation and hydrogen peroxide whichwere due to disrupted enzymatic function
including SOD, CAT, APX and GR together with reduced function of AsA and GSH.
Proline content reduced considerably at 4 and 6 ppm levels. Exogenous application
of Pro (50 μM) with the Se alleviated the injurious effect of Se and attributed better
physiology in terms of all the studied parameters and growth of seedlings (Aggarwal
et al. 2011).

3.4 Polyamine

Polyamine plays a significant role to overcomemetal/metalloids toxicity in Fabaceae
plant. Mung bean plants showed enhanced tolerance to metal stress when they
were co-treated with polyamine. Spermine supplementation reduced Cd uptake and
decreased further toxic effects in different physiological parameters in mung bean
plant. Spermine decreased the accumulation and translocation of Cd from the grow-
ing media to root toward different parts of the mung bean plants. Spermine-treated
seedlings showed higher phytochelatin content. Cadmium application increased
oxidative damage in the mung bean plants which is indicated by the increase of
H2O2 content, O•–

2 generation rate, LOX (lipoxygenase) activity, and lipid perox-
idation level, whereas spermine supplementation decreased the oxidative damage
by increasing the AsA and GSH contents and activities of antioxidant enzymes
including SOD, CAT, GST, MDHAR, DHAR, and GR. Osmoregulation was main-
tained by increasing endogenous proline content induced by exogenous spermine
for which water content of Cd-affected plants improved, compared to Cd-stressed
plants without spermine application. Spermine treatment also increased the growth
of seedlings of Cd-affected mung bean seedlings. Increasing the activities of gly-
oxalase system, the methylglyoxal was detoxified that also decreased Cd-induced
toxicity in mung bean seedlings. The cytotoxicity of methylglyoxal (MG) was also
reduced by exogenous Spm because it enhanced glyoxalase system enzymes and
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other component of this system (Nahar et al. 2016a). Putrescine (Put) increased Ni,
Cd, and Pb accumulation in chickpea. Joined application of Put and Bacillus subtilis,
Bacillus thuringiensis, and Bacillus megaterium increased the accumulation higher
than the single application. Thus, Put showed its capacity to enhance phytoreme-
diation capacity of chickpea (Khan and Bano 2017). Polyamine and nitric oxide
both are recognized for their signaling function within the plants. They are inter-
linked in their biosynthesis pathways. Polyamines can be directly converted into
nitric oxide, or polyamines induce NO production. Combined effect of polyamine
and NO has been detected for putative effect on different abiotic stressed plants.
Putrescine (0.2 mM) and nitric oxide (sodium nitroprusside, 1 mM) were applied
concomitantly to defend Cd toxicity in mung bean seedlings. Restoration of root and
shoot growth, chl repairment, reestablishment of osmotic adjustment (adjusted Pro),
and leaf relative water content restoration were prominently noticed in mung bean
plants as a result of combined application of putrescine and nitric oxide. Putrescine
and nitric oxide either single or combined application alleviated oxidative damage
by enhancing non-enzymatic and enzymatic components of antioxidant systems.
Putrescine and nitric oxide modulated Gly I and Gly II activities and GSH content of
glyoxalase systemwhich reducedMG content and its adverse effect. One of the main
reasons for the advantageous effect was reduction of Cd content within the root and
shoot which was due to increase of GSH content that is involved in the formation of
metal chelating agent phytochelatin. The research also suggested for probable mem-
brane function that restricted entrance of Cd ion through the membrane (Nahar et al.
2016b). Aluminum toxicity aggravated reactive oxygen species (H2O2 and O•–

2 ), and
generation, enforced lipoxygenase activity, and thus caused membrane lipid perox-
idation in mung bean seedlings. The methylglyoxal content also increased signifi-
cantly that is highly cytotoxic and oxidative in nature. Boosting the AsA and GSH
content, AsA/dehydroascorbate (DHA) ratio, GSH/glutathione dissulfide (GSSG)
ratio, activity of different enzymes of APX, DHAR, GR and CAT exogenous spermi-
dine reduced reactive oxygen species production and oxidative stress induced by Al
stress. Spermidine enhanced glyoxalase system and diminished methylglyoxal level.
Reduction of chlorosis symptom by increasing chlorophyll content was observed in
spermidine-supplementedAl-stressed seedlings, compared to the aluminum-stressed
seedlings. Spermidine supplementation alleviated wilting symptoms of aluminum-
affected mung bean seedlings by adjusting the osmolytic balance, i.e., the proline
level which is also proved from higher leaf relative water content (Nahar et al. 2017).

3.5 Phytohormone

Different phytohormones confirmed their positive performance against met-
als/metalloids toxicity. Intonation of CuO nanoparticle toxicity by indole-3-acetic
acid (IAA) was reported in green pea. Combination of different doses of IAA and
CuO nanoparticles was tested. Some combinations did not show beneficial effect
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on green pea. Nano-CuO (10–100 nm, 74.3% Cu) and bulk CuO (bCuO, 100–
10,000 nm, 79.7% Cu) were applied. Application of IAA at 10 and 100 μM on
all Cu treatments reduced the number of plants. Supplementation of IAA at 10 μM,
nano-CuO (100 mg/kg) and bCuO (50 mg/kg) increased stem Cu by ~84 and ~78%.
On the other hand, when IAAwas increased to 100μM, nano-CuO and bCuO dimin-
ished stem Ca by 32 and 37%, and Mg by ~35% (Ochoa et al. 2017). Mung bean
plants were exposed to Al stress, and exogenously applied salicylic acid was tested
to alleviate adverse effect of Al. Decrease of length, and fresh and dry mass of root
and shoot were recorded in aluminum-affected plants. Altered enzyme activities,
osmolytic imbalance, and decreased water content were observed in aluminum-
affected plants. Aluminum exposure destructed chlorophyll and declined rate of
photosynthesis. Activity of carbonic anhydrase and proline content was regulated
by exogenous salicylic acid. As a result, relative water content and water-use effi-
ciency were higher in aluminum-affected and salicylic acid-supplemented mung
bean plants. Salicylic acid also increased chlorophyll content and the rate of photo-
synthesis. Moreover, salicylic acid supplementation in Al-affected plants enhanced
antioxidant defense system which is demonstrated from higher activities of antioxi-
dant enzymes including catalase, peroxidase, and superoxide dismutase (Ali 2017).
Non-enzymatic and enzymatic components of antioxidant systems. Putrescine and
nitric oxide modulated Gly I and Gly II activities and GSH content of glyoxalase
system which reduced MG content and its adverse effect. One of the main reasons
for the advantageous effect was reduction of Cd content within the root and shoot
which was due to increase of GSH content that is involved in the formation of
metal chelating agent phytochelatin. The research also suggested for probable mem-
brane function that restricted entrance of Cd ion through the membrane (Nahar et al.
2016b). Melatonin (N-acetyl-5-methoxytryptamine) is considered as a plant growth
regulator and stress tolerance. In acidic soil, Al toxicity is considered as major con-
straint for plant’s growth. Melatonin and gene encoding acetyltransferase NSI-like
(nuclear shuttle protein-interacting) upregulation under Al stress were demonstrated
to decrease Al-induced phytotoxicity in soybean (G. max L.). Further addition of
melatonin (0.1 and 1 mM) conferred Al tolerance. Root growth inhibition and H2O2

generation were alleviated by melatonin addition with Al. Activities of the antioxi-
dant enzymes (SOD, POD, CAT) and increased exudation of malate and citrate were
recorded in melatonin-added Al treatment. Thus, melatonin enhanced Al tolerance
in soybean. But high concentrations of melatonin (100 and 200 mM) had a negative
effect and even reduced root growth in Al-imposed seedlings (Zhang et al. 2017).
Cassia tora L. plant’s root tip was applied with 20 μM Al. Aluminum-affected
plants were damaged through production of H2O2 and O

•−
2 in root tip. The oxidative

stress damaged the plasma membrane. When the Al-exposed plants were supple-
mented with salicylic acid (SA), the plants showed reduced H2O2 and O

•−
2 , reduced

oxidative stress, electrolyte leakage, and membrane damage. The reason behind the
oxidative stress alleviation was modulation of antioxidant defense system. Activity
of SOD, CAT, APX, GR, and guaiacol peroxidase was modulated which has been
recognized as a key to enhance oxidative stress as well as Al tolerance (Wang et al.
2004). Role of auxin was inspected for enhancing Al tolerance in soybean. Auxin
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regulated organic acid production andmembrane properties. Increase of indole acetic
acid (IAA) content by 25 and 50 μm Al exposure to root of soybean plant increased
citrate exudation and activation of the plasma membrane H+-ATPase activity. In
fact, in the presence of Al auxin stimulated citrate exudation through upregulation
of GmMATE. Augmented phosphorylation of the plasma membrane H+-ATPase in
soybean roots was also correlated with higher auxin content in the presence of Al
(Wang et al. 2016). Function of IAA (10 and 100μM) in decreasing damaging effects
of hexavalent chromium (Cr VI; 50, 100, and 250 μM) was studied in pea seedlings.
Seed germination rate, nitrate reductase, nitrite reductase, glutamine synthetase, and
glutamate synthase (GOGAT) activities were inhibited by Cr, but ammonium content
and glutamate dehydrogenase activity were upregulated. Pea seedlings applied with
IAA alleviated those damaging effects. Chromium accumulation was regulated by
IAA. Superoxide radicals and reactive carbonyl groupswere increased byCrwhich is
an indicator of oxidative stress, while IAA addition alleviated oxidative stress. Con-
versely, 100 μM IAA did not show positive effects on Cr-affected plants; moreover,
this concentration of IAA showed toxic effects (Gangwar and Singh 2011).

Auxin induced and increased the production of adventitious roots under heavy
metal stress in mung bean [V. radiata (L.) Wilczek]. Exposure of CdCl2 inhibited
generation and growth of adventitious roots, amplified soluble protein and MDA
contents, and reduced the activity of peroxidase and APX, and content of GSH
and phenols. Increase of CAT and SOD activities together with higher AsA con-
tent was demonstrated under Cd stress. Indole-3-butyric acid reverted inhibition in
adventitious root development, controlled the antioxidant defense mechanism, and
prevented oxidative stress of Cd-treated mung bean plants (Li et al. 2018). Abscisic
acid (ABA) addition showed regulatory effect on antioxidative defense systems and
the mitigation of Cd-stressed oxidative damage and physiology of mung bean plants.
Regulation of SOD, APX, peroxidase, CAT activity, IAA oxidase activity, and AsA
and GSH content was noticed in ABA-added Cd-stressed mung bean plants. Num-
ber and fresh weight of the adventitious roots of Cd-stressed seedlings were also
increased by ABA. So, ABA induced Cd tolerance by the growth promotion, antiox-
idant system upregulation, and physiology of mung bean plants (Li et al. 2014).
Pigeon pea [Cajanus cajan (L.) Millsp] was tested for its response to Al stress and
role of 28-homobrassinolide (28-HBL) in alleviating Al stress. Seed germination
and seedling growth parameters including root and shoot lengths, fresh weight, and
dry weight decreased under Al stress. Inclusion of 28-HBL decreased the undesir-
able effects of Al on different growth parameters of seedling. Addition of 28-HBL
augmented the Pro level and boosted the CAT, peroxidase, SOD, and APX activ-
ity of Al-stressed pigeon pea seedlings (Madhan et al. 2014). Mung bean seedlings
were treated brassinolide to examine its role to eliminate the adverse effect of Al
stress. Epicotyl length, dry weight of root and shoot, and chl content were decreased
by Al, whereas brassinolide-added Cd-treated seedlings showed better performance
in terms of the above-mentioned parameters (Abdullahi et al. 2003). Exposure of
P. vulgaris L. to CdCl2 increased the Cd content within the plant cell and increased
membrane lipid peroxidation, andmembrane stability indexwhich caused electrolyte
leakage. Cadmium also caused loss of water which is indicated by reduced relative
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water content. When the Cd and 24-epibrassinolide were applied concomitantly, the
Cd content decreased in plant. The rising of proline level acted to increase the relative
water content increased inCd-affected plants after treatmentwith 24-epibrassinolide.
The enhanced antioxidative enzyme activity boosted up by 24-epibrassinolide alle-
viated oxidative damage, improved membrane properties, and prevented electrolyte
leakage. As a result, overall production of P. vulgaris L. increased under Cd stress.
However, 24-epibrassinolide also performed better without stress condition (Rady
2011). Exogenous SA increased phytoremediation capacity of heavy metal of chick-
pea. The SAwas applied singly or together with plant growth-promoting rhizobacte-
ria (PGPR; Bacillus subtilis, B. thuringiensis, and B. megaterium). Either individual
or together, SA and PGPR increased heavy metal (Ni, Cd, and Pb) accumulation in
shoot. Addition of SA also increased macronutrient accumulation in shoot and root.
Increase of Pro and decrease of lipid peroxidation level were also recorded in SA
treatment in chickpea under heavy metal stress (Khan and Bano 2017). Biosynthesis
of IAA and phosphate solubilization by the plant growth-promoting bacteria (PGPB)
facilitated plant growth and development. Application of KM594397 increased the
chickpea growth and dry matter under metal stress as compared to only metal-treated
plants. Phosphorus availability upregulated the efficiency of biological nitrogen fix-
ation. Inoculation with PGPB (Rhizobium spp.) improved the root and shoot growth
and grain yield in chickpea plants (Gull et al. 2004). Salicylic acid improved pea
plant performances in terms of shoot and root growth, CO2 fixation, and the activity
of ribulose-1,5-bisphosphate carboxylase (RuBPC). Reduction of lipid peroxidation
and electrolyte leakage indicates oxidative stress reduction. Higher Pro level in SA-
pretreated plants improved osmotic regulation under Cd stress. Adverse effect of Cd
on photosynthesis, carboxylation reactions, and thermoluminescence characteristic
parameters was also decreased in SA-pretreated plants. Overall improvement in the
content of chl and growth was attributed by SA under Cd stress (Popova et al. 2009).
Peanut plants were subjected to 200 μM CdCl2 without or with 0.1 mM SA. It was
clearly apparent that Cd accused oxidative injury whereas improving SOD, CAT, and
peroxidase activity SA decreased oxidative damage. Application of SA reduced Cd
distribution among different organalles. Uptake of nutrients includingK, Ca,Mg, and
Fewas improved bySAunderCd stress than theCd treatment addition alone (Xu et al.
2014). Kinetin (KN; 10 and 100 μM) improved pea seedlings performance under
Mn stress (50, 100 and 250 μM Mn; Gangwar et al. 2010). Growth, photosynthetic
pigments, total protein, total nitrogen, ammonium (NH4

+) content, NH4
+ assimilat-

ing enzymes, and antioxidant system in pea seedlings decreased under Mn stress
but improved by KN treatment. Kinetin increased the root and shoot, AsA and GSH
content as well as activities of glutamine synthetase (GS), glutamate oxoglutarate
aminotransferase (GOGAT), and CAT, GR, and DHAR activities in Mn-affected
plants which were considered as a key to enhance Mn toxicity tolerance (Gangwar
et al. 2010).
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3.6 Signaling Molecule

Signaling molecule plays an important role to activate some enzyme and their related
genes for enhancing metals/metalloids stress tolerance. Peanut (Arachis hypogaea
L.) seedlings were experimented for their responses to sodium nitroprusside (SNP,
a donor of NO) for defending cadmium toxicity effects or not. Cadmium imposition
inhibited growth. Photosynthesis was hindered due to cadmium stress. Oxidative
stress was also accelerated due to cadmium toxicity. Cadmium was accumulated
mostly in root and leaf cell wall. When SNP was applied, the soluble fractions of
Cd in cell organelles decreased whereas the root and leaf cell wall accumulation
and deposition were higher, compared to without SNP addition under Cd stress.
Improved photosynthesis, upregulated antioxidant system, and reduced Cd translo-
cation from roots to shoots (as evidenced by decreased Cd accumulation) were the
protective effects of SNP which conferred Cd tolerance (Dong et al. 2015). Applica-
tion of nitric oxide (SNP, 1mM) inCd (1.5mMCdCl2)-affectedmung bean seedlings
improved growth, chl content, proline, and leaf relative water content, compared to
Cd-affected plantswithout SNP addition. Cadmium increasedH2O2 andO

•−
2 content,

LOX activity, and MDA content pointing toward oxidative stress, and SNP incorpo-
ration inverted the oxidative damage in Cd-stressed plants. Different components of
antioxidant system likeAsA,AsA/DHA,SOD,CAT,APX,MDHAR, etc.,weremod-
ulated for ensuring oxidative safeguard of cellular components of SNP-supplemented
Cd-affected plants. Glutathione metabolism was significantly modulated by SNP in
Cd-distressed mung bean plants. The higher GSH content, GSH/GSSG, GR activity,
andGST activitywere acquired by SNP supplementation. The higherGSH is not only
a component of antioxidant system but also structural components of phytochelatin
and a component of glyoxalase system. The mung bean seedlings with SNP addition
produced higher phytochelatin which chelated Cd and thus the reduction of root and
shoot Cd content, biological concentration factor, translocation factor, and biological
accumulation coefficient in mung bean seedlings. Increased GSH level together with
modulation of Gly I and Gly II activity of glyoxalase system the toxic MG level
was reduced by SNP in Cd-affected plants (Nahar et al. 2016b). Exogenous addi-
tion of SNP alleviated the injurious effects of Cd on adventitious rooting in mung
bean hypocotyl cuttings in various ways. SNP-induced higher content of GSH, AsA,
polyphenol, and Pro levels in Cd-affected plants, compared to Cd-treated plants with-
out SNP. Augmentation of APX, POD, CAT, and SOD activities was also evident
in SNP-supplemented Cd-affected plants. All these components were involved in
oxidative stress alleviation. The Pro was not only involved in antioxidant defense
but also involved in osmoregulation. Indole-3-acetic acid oxidase (IAAO) activity
was reversed by SNP addition in Cd-stressed. All these components contributed to
perform better in SNP-supplemented Cd-affected seedlings (Li et al. 2019). Cad-
mium reduced root growth and NO accumulation, and caused ROS burst in roots of
inM. truncatula. Supplementation with NO resulted in inhibition of ROS generation
and reversed root growth retardation in Cd-stressed plant. By slowing down IAA
oxidase activity, NO prevented auxin degradation. Exogenous NO also enhanced the
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uptake of K+ and Ca2+ . So, NO upregulated cadmium tolerance by reducing oxida-
tive damage, maintaining the auxin equilibrium, and augmenting ion absorption (Xu
et al. 2010). Cadmium in peanut (A. hypogaea L. cv. Huayu 22 and cv. Xiaobaisha)
exerted negative effects. When 0.25 mM SNP was applied, improved better growth,
chl content, photosynthesis, and mineral nutrition were noticed, compared to the
Cd-affected plants. Addition of SNP decreased Cd-induced oxidative stress (H2O2,
superoxide, andMDA content) by increasing activities of antioxidant enzymes SOD,
CAT, and peroxidase activity, and AsA andGSH content. Root and shoot Cd contents
were greatly decreased by SNP addition. Addition of SNP also maintained nutrient
homeostasis increasing K, Ca, Mg, and Fe content in Cd-affected plants, compared
to Cd-affected plants without SNP addition (Xu et al. 2014).

3.7 Metal Chelation

In general, plants are well equipped to reduce metals/metalloids toxicity at cellu-
lar level under certain extent of stress concentration. Among the tolerance strate-
gies, synthesis of cysteine-rich/originated compound, phytochelatins and metalloth-
ioneins, is one of the important approaches which contribute in metal chelation. In
this process, phytochelatins and metallothioneins make a complex with accumu-
lated metals/metalloids and that are being transferred into cell vacuole as immo-
bile/inert forms to reduce stress damage (Nahar et al. 2016a, b; Mahmud et al.
2019; Fig. 1). Metal/metalloid toxicity makes active the enzyme phytochelatin syn-
thase which increases the synthesis of phytochelatin as well as phytochelatin met-
als/metalloids complex. On the contrary, cellular MTs are remarkably diverse and
it is subdivided into three types based on the arrangement of the Cys residue (Zhou
et al. 2006). Becana et al. (2010) reported that nodules are characterized by high
levels of antioxidant defenses including nicotinamine, phytochelatins, and metal-
lothioneins, which may contribute to detoxify Cd. Moreover, nodulation is a usual
process where huge amount of Fe, Mg, Ca, and K are necessary. As a result, these
metals are generally accumulated in the nodules for its normal functioning and con-
tribute in reducing metal toxicity in Fabaceae plant which makes themmore efficient
metal accumulator than the plants of other family (Brear et al. 2013). Nahar et al.
(2016a) reported that 1 mM and 1.5 mM Cd stress enhanced phytochelatin con-
tent of mung bean plant by 190 and 267%, respectively, while as a stress protectant
exogenous spermine further increased phytochelatin content. In a separate exper-
iment, Nahar et al. (2016b) confirmed similar result in mung bean plant under Cd
stress condition but they used diverse polyamines as an exogenous protectant. On the
other hand, Anjum et al. (2015) stated that Cu and Ni are moderate inducers while
Pb and Zn are feeble inducers of phytochelatin. Alongside functioned as a metal
detoxifier through chelating, MTs are concerned in metal homeostasis and an effi-
cient protector of metal (Hossain et al. 2012). Synthesis of phytochelatin varies upon
plant or metals/metalloids types where among the plant family Fabaceae and among
the metals/metalloids Cd, Hg, As, and Fe proved higher phytochelatin synthesis in
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Fig. 1 Metal chelation by Fabaceae plant (Modified from Mahmud et al. 2019)

cellular level (Zhou et al. 2006; Becana et al. 2010). Furthermore, different exoge-
nously applied phytoprotectors already confirmed their ability to further increase
phytochelatins and metallothioneins.

4 Phytoremediation by Legume

Phytoremediation is a cost-effective plant-based bioremediation technique that
employs a range of plants to eradicate, move, stabilize, and/or demolish contam-
inants in the soil and groundwater (Gómez-Sagasti and Marino 2015). A variety of
vegetation has been recognized in the researches for their prospective in facilitating
the phytoremediation process from toxicmetal-/metalloid-polluted growingmedium.
Different grasses and plant of Brassicaceae and Fabaceae family showed their effec-
tiveness in phytoremediation/rhizoremediation (Perveen et al. 2015; Navarro-Torre
et al. 2019). Field crops including Fabaceae plant are also used in crop rotation
process to improve soil mineral availability obviously for the legumes itself and fol-
lowing non-leguminous crop due to their symbiotic N-fixation, and the relationship
between legumes and Rhizobium could be helpful for the rehabilitation of metal-
contaminated soils by phytoextraction (Vamerali et al. 2010; Ghnaya et al. 2015).
Symbiotic nitrogen fixations create Fabaceae family as perfect initiator to settle
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and renovate the worth and health of N-lacking surroundings, a widespread fea-
ture of metal-/metalloid-contaminated soils. This capacity together with legumes’
deep-reaching root system and high biomass is ideal traits for efficient phytore-
mediation of Cd (Zaidi et al. 2012). Moreover, Merkl et al. (2005) confirmed that
beside metal/metalloid remediation Fabaceae plant can work as phytoremediator
of petroleum-contaminated soil. Several scientific researches established that toxic
metal/metalloids demolish the usual function of nodulation of leguminous crop
because nodule uptakes more metal and confirms phytoremediation (Ghnaya et al.
2015). However, Fabaceae are least investigated for their extensive utilization in
phytoremediation technology (Zaidi et al. 2012).

5 Plant–Microbe Interaction in Fabaceae Plant to Mitigate
Metal/Metalloid Toxicity

Metal/metalloid pollution not only causes environmental problems but also destructs
ecological harmony to the agricultural soils, altered the structural and func-
tional behavior of microbial community as well as their diversity. Moreover,
metal/metalloid toxicity hampered the growth, physiology and yield of plants as
well as contaminate the food chain. Plants under Fabaceae have an intimate rela-
tionship with microbes, which play a vital role for adaptation as well as survival of
both plants andmicrobes undermetal/metalloids stress, using inheritedmetabolic and
genetic ability (Gopalakrishnan et al. 2015). Plants onmetal-/metalloid-contaminated
soils interact with variety of microorganisms, which can enhance growth and
metal/metalloid toxicity tolerance (Rajkumar et al. 2012). Among the microorgan-
isms, the plant growth promoting rhizobacterias (PGPRs) interact with the Fabaceae
plants. A lot of previous reports suggested that PGPR have great effects on plants
affected bymetal/metalloid toxicity. Among the PGPR, bacteria from Pseudomonas,
Achromobacter, Azospirillum,Enterobacter, Variovorax, Bacillus, Azotobacter,Kleb-
siella, and Aeromonas are reported to increase growth of plants under environment
adversities, especially under metal/metalloid toxicity by various mechanisms includ-
ing chelating agents (organic acids, siderophores, metallophores, bio-surfactants)
and phytohormone production; facilitating nutrient availability; synthesizing 1-
aminocyclopropane-1-carboxylic acid (ACC) deaminase; biomodification of root
morphology and biomass; and acting as biocides (Glick 2010; Ma et al. 2016, 2011;
Rajkumar et al. 2012). In a metal-/metalloid-contaminated environment, PGPR can
adopt one or more strategies above to confer stress tolerance. However, the basic
mechanisms lying in metal/metalloids toxicity tolerance are the mobilization and
immobilization ofmetal/metalloids bybacterial proteins,which reduce their bioavail-
ability as well as their absorption in pants. The PGPR have been reported to chelate
the metal/metalloids by two ways; first, they actively produce several low molecular
weight organic compounds (LMWOC) like gluconic acid, citric acid, oxalic acid,
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succinic acid, etc. On the other hand, some IAA-producing PGPR can increase exu-
dation of LMWOC from roots by loosening the cell walls, like oxalic acid, malic
acid, citric acid, acetic acid, etc. The organic acids in the root zone are reported to
play various biochemical processes (Archana et al. 2012). Reports suggested that
LMWOC-producing PGPR facilitate metal/metalloids stress tolerance by chelating
the metal/metalloids ions form complex such as metaloxalate; those are less toxic
to plants than from the free form, thus creating difficulties for the uptake to the
stressed plants (Kavita et al. 2008; Gao et al. 2010; Rajkumar et al. 2012). Moreover,
Gadd (2010) reported that LMWOC secreted by the microbes have more affinity
toward toxic metal/metalloids than plant nutrients. Moreover, these organic acids are
involved in mineral P solubilization, thus forming metal phosphate precipitates (e.g.,
Cd and Pb) (Patel et al. 2010; Sharma and Archana 2016). Park et al. (2011) reported
that organic acid-producing and P-solubilizing Pantoea sp. and Enterobacter sp. are
involved in Pb immobilizing in soil. Similarly in another study, Kavita et al. (2008)
illustrated that gluconic acid-producing E. asburiae PSI3 can confer Cd toxicity tol-
erance in mung bean seedling. Bacterial siderophore (BSP) is one of the important
mechanisms for iron (Fe)-chelating—secondary metabolites of 400–1000 Da (Burd
et al. 2000; Glick 2010). Under metal/metalloids stress, Fe plays a vital role, which
is mainly accomplished by BSP, increasing Fe absorption as well as decreasing free
toxic metal/metalloids ions by binding them in siderophores, and leads to dilute
toxicity of metal/metalloids, e.g., Cd, Ni, and Pb (Dimkpa et al. 2009a, b; Deicke
et al. 2013). Tank and Saraf (2009) reported that decreased Ni uptake and increased
plant growth in chickpea are attributed to Pseudomonas siderophore. Moreover,
Becerra-Castro et al. (2011) reported that BSP could decrease the bioavailability of
toxic Zn, Cd, and Ni. In addition, biosynthesis of chl is enhanced by the BSP by
providing more Fe and nitrogen (N) (Rasouli-Sadaghiani et al. 2010). Soil pHs, Fe
availability, soil nutrient condition, nutrient translocation from root to shoot, and root
exudates are responsible for the generation of siderophore (Rajkumar et al. 2012).
Another strategy followed by the microorganisms during metal/metalloids toxicity
to save plants is producing the bio-surfactants—mainly lipid-containing complex,
such as glycolipids, fatty acids, phospholipids, lipoprotein or lipopeptide, lipopep-
tides, and mycolic acid (Pacheco et al. 2010; Pacwa-Płociniczak et al. 2011). For
example, di-rhamnolipid surfactant can remove 92% Cd and 88% Pb in Cd- and
Pb-contaminated soils, respectively (Juwarkar et al. 2007). Moreover, B. subtilis, P.
aeruginosa, Torulopsis bombicola produced bio-surfactants namely sophorolipids,
di-rhamnolipids, and rhamnolipids, respectively, can remove metal/metalloid toxic-
ity hence confers metal tolerance to Fabaceae plants (Juwarkar et al. 2007; Venkatesh
and Vedaraman 2012). Among the phytohormones, abscisic acid (ABA), citokinins
(CKs), brassinosteroids (BRs), auxins, and gibberellins (GA) and salicylic acid (SA)
play a vital role reducing metal/metalloids toxicity (Peleg and Blumwald 2011).
Gangwar et al. (2011) and Zhu et al. (2012) reported that GA reduces Cd toxicity
as well as oxidative stress and lipid peroxidation as well as enhances antioxidant
systems. Similarly, Ngumbi and Kloepper (2016) reported that microbes facilitate
decreasing metal/metalloids toxicity, while Sharaf et al. (2009) reported that hor-
monal balance regulates proteases, catalase (CAT), and peroxidase (POD) activities.
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In addition, PGPR also can produce phytohormones (IAA, GA, CK, ABA) and have
been reported to stimulate growth under control as well as metal/metalloids toxi-
city (Ma et al. 2011; Etesami et al. 2015; Ullah et al. 2015). Microbial IAA has
great importance increasing plant nutrient uptake, numbers of root hairs, length and
surface of roots, as well as inducing physiological changes and tolerance to metals
during metal/metalloids toxicity. Chmielowska-Bąk et al. (2014) reported that IAA
reduced Cd adsorption and alleviated Cd toxicity in plants. Moreover, bacterial IAA
can loosen the root cell walls, thus increasing root exudation, proton (H+) release for
acidification, producing organic/amino acid–metal/mineral complexes, increasing
nutrient (e.g., N, P, K, Fe, Mn, Zn, Cu, etc.) mobility, prevention of toxic entering the
cell symplast (Magdziak et al. 2013; Ma et al. 2016). Although most of the previous
reports focused on microbial IAA, phytohormone GA and SA are also able to reduce
metal/metalloids toxicity (Zhu et al. 2012). The conversion of insoluble phosphatic
compounds is an important trait of phosphate-solubilizing bacteria (PSB), and 1–50%
population of rhizospheric bacteria can dissolve phosphates (Zaidi et al. 2009). The
PSB bind metal/metalloids to the cell wall forming complexes, which plays impor-
tant roles in reducing toxic metal/metalloids uptake and translocation (Matusik et al.
2008; Park et al. 2010; Qiu et al. 2011), as reported in Pb immobilization via for-
mation of pyromorphite (Pb5(PO4)3) (Cao et al. 2008) and in Cd2+ immobilization
by formation of insoluble Cd phosphate precipitates (Sharma and Archana 2016).
During metal/metalloids toxicity, plant nutrients play a significant function to induce
stress tolerance (Singh and Kumar 2015). Due to ionic similarity with nutrient ele-
ments, toxic metal/metalloids obstruct the uptake of essential plant nutrients like N,
P, K, Mg, Ca, Fe, and Zn causing their deficiency and imbalance as well as alteration
of their metabolic functions (Ouzounidou et al. 2006; Parida et al. 2003). DalCorso
et al. (2013) reported that under As and Cd stress Ca2+, Mg2+, Zn2+, and Fe2+ are
competed by As and Cd2+ replacing the nutrient cations from their specific bind-
ing sites and disrupt their functions causing mineral deficiency in the plant. On the
other hand, interaction with microbes can lead to reduce metal/metalloids toxicity
by mobilizing the essential nutrients and making them essential for plants as well as
plant’s resistance to toxic metal/metalloids (Ma et al. 2016; Rajkumar et al. 2010;
Saravanan et al. 2011; Sharma and Archana 2016). Plant growth-promoting bacteria
like Rhizobium, Bradyrhizobium,Mesorhizobium, etc., provide N to the plant in two
ways, first by mineralizing the organic N and second symbiotic nitrogen fixation,
and thus gave tolerance to plants during metal/metalloids toxicity (Wani et al. 2008).
Similarly, P-solubilizing PGPRare able to convert unavailable P to available forms by
rhizosphere acidification, metal chelation, ion exchange, as well as releasing organic
acids, protons, hydroxyl ions, CO2, siderophore generation, phytohormone produc-
tion, and ACC deaminase activity and extracellular phosphatases (Gyaneshwar et al.
2002; Glick 2012). Under metal/metalloids toxicity, Pseudomonas sp., Pantoea sp.,
and Psychrobacter sp. produce siderophores and dissolve P from Ca3(PO4)2 and
Zn3(PO4)2 increase P uptake and ultimate plant growth (Rodriguez et al. 2004; Sar-
avanan et al. 2007; Mia et al. 2010; Taurian et al. 2010). Similarly, some PGPR
are reported to increase K and Si release from silicate minerals like feldspar, mus-
covite, and biotite mostly from the acidolysis by 2-ketogluconic acid, oxalic acid,
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propionic acid, tartaric acid, gluconic acid, citric acid, malic acid, succinic acid,
fumaric acid, lactic acid, glycolic acid, malonic acid, etc. (In addition, these bac-
teria can also release H+ ion to displace these ions and enhance Ca2+, Mg2+, and
Mn2+ to plants.). Sulfate esters and sulfonates or amino acid sulfur are the main
sources of S in soils, which are degraded by the microbes and increase S availabil-
ity to plants. Sulfur is the main component to GSH in plants, which is involved
in metal sequestration, antioxidant defense, and glyoxalase system for conferring
metal/metalloids toxicity (Hasanuzzaman et al. 2018). Similarly, Etesami and Beat-
tie (2017) reported that PGPR can increase micronutrient availability by altering
soil pH and releasing chelating agents. Moreover, PGPR can solubilize Zn from Zn
containing minerals (Saravanan et al. 2011). Under metal/metalloids toxicity, one of
the most detrimental effects is production of phytohormone ET, which is involved in
root growth retardation, ROS production as well as apostasies. Contrary PGPR under
metal/metalloids toxicity produceACCdeaminase enzyme,which hydrolyzes the ET
precursor ACC, thus reduce production of ET, and confer tolerance to plants from
metal/metalloids toxicity (Glick 2010; Etesami et al. 2015). Reporters suggested
that Fabaceae plants inoculated with ACC deaminase-releasing PGPR like Achro-
mobacter xylosoxidans, Actinobacteria sp., Arthrobacter sp., Bacillus sp. B. cereus,
B. megaterium, Burkholderia sp., Enterobacter sp., E. aerogenes, E. intermedius,
Firmicutes sp., Proteobacteria sp., Pseudomonas sp., P. tolaasii, P. fluorescens, P.
aeruginosa, P. koreensis are some of ACC deaminase-producing bacteria that could
alleviate the toxicity of heavymetals in plants (Glick 2010;Ma et al. 2011; Rajkumar
et al. 2012) (Fig. 2).

Bacterial extracellular polymeric substances (EPSs) decrease metal/metalloids
toxicity by arresting the mobility of the metal/metalloids as well as their avail-
ability to plants (Kunito et al. 2001; Rajkumar et al. 2012). Basically, EPSs are
homo- or heteropolysaccharides (includes proteins, humic substances, and muco-
polysaccharides) and attach with bacterial cell surface in capsule or slime form.
Moreover, neutral sugars, amino sugars, uronic acids, organic ester, and pyruvate
ketals are also titled as EPS. Due to their acyl group, EPSs, which are anionic in
nature, hence interact with other polysaccharides (Kaushal andWani 2016), strongly
bind with potentially toxic trace metal/metalloids, and subsequently increase trace

Fig. 2 Plant–microbe interaction in Fabaceae plant to mitigate metal/metalloid toxicity
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element resistance (Xu et al. 2012). For example P. putida secreted EPS transformed
toxic Cd2+ into organic complexes (Wei et al. 2011; Xu et al. 2012). Moreover, PSB
are able to immobilize toxic metal/metalloids via EPS sorption of metals (Susilowati
and Syekhfani 2014).

Therefore, further study is required on themetal/metalloids toxicity tolerancewith
the physiological status of Fabaceae plants as well investigating metal/metalloid-
specific and crop-specific microbes for creating better tolerance in Fabaceae plant
species.

6 Genetic Advances in Fabaceae Plant to Combat
Metal/Metalloid Toxicity

Specialized genes possessed by the microbes can provide biological resistance in
microbes and are a preferred technology due to their special metabolic pathway
which can help them to convert toxic metal/metalloids into less toxic forms (Pieper
and Reineke 2000; Furukawa 2003; Bondarenko et al. 2008; Jan et al. 2009; Ng et al.
2009; Hasin et al. 2010). Genetically engineered (GE) microorganisms producing
metallothioneins (MTs) can enhance metal/metalloids accumulation in their cells
(Pazirandeh et al. 1995). For example, MerA gene containing GE bacteria is able
to remove Hg from Hg-contaminated soils by expressing MT and polyphosphate
kinase (Barkay et al. 2003; Deckwer et al. 2004; De et al. 2006; Ruiz et al. 2011). In
addition, GE microbes Deinococcus radiodurans and Pseudomonas putida are able
to degrade chlorinated organic compounds and organophosphates in contaminated
soils (Brim et al. 2000; Kumar et al. 1996). On the other hand, Ralston metallidu-
rans, Caulobacter spp. strain JS4022/p723-6H, E. coli can be used for Cr, Cd, Ni
removal, respectively (Liu et al. 2011; U 2005; Fulkerson et al. 1998). Meanwhile,
GE plants can detoxify metal/metalloids and researchers have identified many genes
that have been used to regulate metal/metalloids uptake, removal, translocation, and
bioaccumulation. These plants may also be able for xenobiotics degradation and
efficient for phytoremediation (Eapen et al. 2007; Bizily et al. 2000; Raskin 1996;
Dietz and Schnoor 2001; Kurumata et al. 2005; Kumar 2012). Symbiosis is one of the
promising efforts in plant community, which enables both the plant and the associated
microorganisms to successfully sustain in the contaminated soils as well as remov-
ing the metals from the soils and can tolerate the metal/metalloids toxicity (Sriprang
et al. 2002). To successfully accomplish this process, leguminous plants receive MT
genes which will enable the plant to accumulate the toxic metal/metalloids in the
nodules. On the other hand, Rhizobia inoculated with metallothionein (MTL4) and
phytochelatin synthase gene can establish a successful relationship with Fabaceae
plant Astragalus sinicus, hence, can accumulate a significant amount of Cd in the
nodules, and can tolerate the Cd phytotoxicity (Ike et al. 2006). Although there are
scopes for phyto- or bioremediation by microbes as well as plants using transgenic
approaches in Fabaceae plants, there are also many challenges behind this such as
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transgenic pollen as well as transfer of plasmids horizontally, which will further act
as hyper-accumulating plants, will accumulate higher amount of metals, and will be
a powerful weapon for overcoming the present situation.

7 Conclusion

Toxic metal/metalloid contamination in the plant-growing medium hampers seed
germination, cellular development, photosynthesis, growth and development of
Fabaceae plant with a variety of morphological and physiological faults. The
important event for legumes, nodulation, is negatively affected by the action of
metal/metalloid stress because nodule uptakes huge amount of metal/metalloid and
contributes in phytoextraction of them from growing medium. Moreover, it reduces
the transportation of metal/metalloid to the upper parts of plant. Plant–microbe inter-
action with Fabaceae plant engages in tolerance capacity of plant up to certain extent.
However, the defending efficiency of nodule bacteria depends on numerous factors,
for instance category, nature, and concentrations of metals/metalloids, compatible-
ness of associates, virulence, adaptive capability, and nitrogen-fixing ability of bac-
teria. Toxicity of metal/metalloid in any plants is associated with the increased ROS
generation which involve in creating oxidative stress resulting in protein oxidation,
lipid peroxidation, and DNA damage. In most of the cases, Fabaceae plant can tol-
erate mild level of metal/metalloid toxicity due to their well-established antioxidant
defense system but with the increase of stress concentration the system becomes
incompetent. Scientists are trying to discover the approach to combatmetal/metalloid
toxicity of Fabaceae plant. Pretreatment of seed/seedling with nodule bacteria at low
levels of oxidants could be prop up bacteria to defend against elevated concentration
of toxic metals/metalloids in the surroundings. The production of nodule bacterial
strains with higher resistance to environmental stresses may be a big prospect to
enhance the advantage from their utilization in phytoremediation and cultivation at
contaminated region. Our chapter tried to accumulate recent advances of Fabaceae
plant under metal/metalloid toxicity which will help to develop research idea to
overcome the problem.
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Oxidative Stress and Antioxidant
Defence in Fabaceae Plants Under
Abiotic Stresses

Carla Gualtieri, Andrea Pagano, Anca Macovei, and Alma Balestrazzi

Abstract Legumes, grownworldwide under various climate conditions, are strongly
appreciated for their nutritional value and impact in terms of environmental benefits
and enhanced sustainability. Several environmental and anthropogenic factors can
affect legume crop productivity, among which are the deleterious abiotic stresses,
namely drought, salinity, temperature, heavymetals. Different abiotic stresses impair
legume growth and performance by triggering a common scenario within the cell
that is extensive oxidative damage. Thus, a better understanding of the molecular
mechanisms underlying the oxidative stress response in legumes will lead to inno-
vative agronomic and scientific developments, promoting the future competitiveness
of the system. The chapter will present and discuss the state of the art concerning the
hallmarks of oxidative damage and plant antioxidant response as well as the impact
of oxidative injury on genome integrity. The focus will be on the DNA damage
response and the way plants use this complex molecular network to cope with stress.
Besides dissecting the cellular mechanisms, an in-depth evaluation of the several
environmental and anthropogenic factors that are stress determinants is provided. In
this context, the role of emerging players as miRNAs will be discussed. This chapter
provides new insights on legume profiles of antioxidant stress response resulting
from ‘omics’, covering issues of model legumes versus legume crops.

1 Hallmarks of Oxidative Damage

The evolution of photosynthesis has led to substantial changes in the composition of
the Earth’s atmosphere since carbon dioxide was progressively replaced by oxygen.
The new living organisms were able to adapt to oxygen and its reduction intermedi-
ates, the cytotoxic reactive oxygen species (ROS), through the parallel evolution of
antioxidant defence mechanisms that carefully regulate ROS levels within the cell
(Apel and Hirt 2004; Gutteridge and Halliwell 2018; Xie et al. 2019). Oxidative
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stress is a complex array of chemical and physiological events associated with all
the different types of biotic (pathogen infection) and abiotic stresses (e.g. drought,
salinity, extreme temperature, metal toxicity) that higher plants face during their life
cycle (Xie et al. 2019). This condition results from the ROS overproduction and
accumulation and compromises crop yields (Moller et al. 2007; Farooq et al. 2009;
Challinor et al. 2014; Zorb et al. 2019).

Oxidative stress impacts the agronomic performance of grain legume crops that
represent a fundamental source of dietary protein and essential mineral nutrients, par-
ticularly in the developing countries (Zhu et al. 2005; Bohra and Singh 2015; Bohra
et al. 2015; Considine et al. 2017). In the context of global climate changes, adverse
environmental conditions combinedwith improper agricultural landmanagement are
expected to challenge the global productivity of grain legume crops, thus limiting
their benefits to soil fertility as well as their essential role in the cereal-legume-based
cropping systems (Foyer et al. 2016; Considine et al. 2017).

Free radical species as O2
− (superoxide radical), OH· (hydroxyl radi-

cal), HO·
2(perhydroxyl radical) and non-radical molecules (H2O2, hydrogen

peroxide;1O2, singlet oxygen) drive oxidative stress (Apel and Hirt 2004). The main
sites of ROS production within the plant cell, in the presence of light, are chloro-
plasts and peroxisomes, whereas mitochondria represent the predominant source
in the dark (Xia et al. 2015; Corpas et al. 2015). Other sites of ROS production
have been identified, e.g. the plasma membrane where this event is mediated by
the NADPH-dependent oxidase (Sharma et al. 2012), the endoplasmic reticulum
(with the involvement of cytochrome P450) (Mittler 2002) and the apoplast (Hu
et al. 2006). Excessive ROS levels cause oxidative injury to membrane lipids, pro-
teins and nucleic acids, impairing the cell structure and metabolism, and ultimately
lead to programmed cell death (Mittler and Blumwald 2015). Thus, the balance
between ROS accumulation and scavenging is a critical parameter for plant survival
and growth under environmental stress conditions. The hallmarks of oxidative stress
damage can be precisely identified through the biochemical and molecular profiles
of specific cellular components.

1.1 Lipid Peroxidation

At the level of cellular membranes, lipid peroxidation occurs when highly reactive
ROS, such as hydroxyl radicals and singlet oxygen, abstract a hydrogen atom from
polyunsaturated fatty acids to form lipid hydroperoxides. The latter are unstable and
decompose to generate reactive aldehydes and ketones. Malondialdehyde (MDA) is
a breakdown product of polyunsaturated fatty acid, and the MDA levels are regarded
as a quantitative hallmark of lipid peroxidation induced by oxidative damage (Moller
et al. 2007). Membrane lipids are sensitive targets, and the extent of ROS attack can
be measured under adverse environmental conditions.

Lipid peroxidation is a reliable indicator of cell membrane damage, reported
in several studies focused on the response to drought and heat stresses in alfalfa
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(Medicago sativa L.) (Naya et al. 2007; Wang et al. 2009), white clover (Trifolium
repens L.) (Lee et al. 2007), cowpea (Vigna unguiculata L.) (Nair et al. 2008) and
Lotus japonicus L. (Sainz et al. 2010). Lipid peroxidation has been reported as one
of the parameters used to assess the degree of oxidative damage triggered by heavy
metals, as in the case of exposure to lead in pea (Pisum sativum L.) plants (Dias
et al. 2019). MDA was also used as oxidative stress marker to monitor the response
of chickpea (Cicer arietinum L.) roots to cadmium (Kar 2018). On the other hand,
stress-tolerant genotypes can be selected, based on their ability tomaintain low levels
of lipid peroxidation, as reported for the drought-tolerant alfalfa varieties (Zhang et al.
2019). Similarly, lipid peroxidation has been used as hallmark to test the impact of
salt stress on the Medicago truncatula L.-Sinorhizobium meliloti symbiosis and to
evaluate the protective role of pre-treatments with the polyamines spermine and
spermidine (Lopez-Gomez et al. 2017).

Another interesting use of this oxidative stress marker has been described in the
context of seed germination. Doria et al. (2019) recently provided MDA profiles
during the early step of water up-take by M. truncatula seeds in order to assess the
impact of imbibitional damage on the lipid membranes. Lipid peroxidation helps the
evaluation of an effective seed priming, the pre-sown treatment used by seed technol-
ogists to improve seed vigour (Bailly et al. 2000; Paparella et al. 2015). Polyamines
are valuable priming agents, which are able to accelerate and increase germination
of white clover seeds (Li et al. 2014). The treatment with polyamines triggered the
pre-germinative metabolism, enhancing the antioxidant defence. Exogenous spermi-
dine was able to improve the seed tolerance to water deficit during germination, and
this was evidenced by the lower lipid peroxidation levels detected, compared to the
untreated samples (Li et al. 2014).

1.2 Protein Oxidation

The irreversible protein oxidation is a major event that regulates the protein biologi-
cal function and fate (Oracz et al. 2007). When free Fe2+ or Cu+ react with hydrogen
peroxide, the resulting metal-catalysed oxidation generates highly reactive hydroxyl
radicals (Fenton reaction; Halliwell 2006) that, in turn, oxidise amino acids. Protein
carbonylation is induced through the interaction with reactive aldehydes generated
by cell membrane lipid peroxides (Moller et al. 2011; Fedorova et al. 2014). Glyca-
tion represents a different type of oxidative post-translational modification, caused
by the reaction of lysine and arginine residues with reducing sugars or their oxi-
dation products. Legume root nodules contain high levels of Fe-proteins (nitroge-
nase, cytochromes and leghemoglobin) that can easily undergo oxidation (Becana
et al. 2000). The occurrence of these oxidative post-translational modifications has
been investigated in bean (Phaseolus vulgaris L.) nodule proteins (Matamoros et al.
2018). Metal-catalysed oxidation of amino acids led to malate dehydrogenase inac-
tivation and leghemoglobin aggregation. The glycated proteins identified included
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the key nodule enzymes sucrose synthase, glutamine synthetase and glutamate syn-
thase (Matamoros et al. 2018). Patterns of carbonylated proteins in maturing seeds of
Medicago truncatula reported by Satour et al. (2018) revealed a correlation between
carbonylation levels and seed deterioration.

2 The Plant Antioxidant Response

Plants have evolved highly complex defence mechanisms to limit the distructive
effects of ROS. Such mechanisms contribute to the cellular redox homoeostasis
through enzymatic and non-enzymatic antioxidants. The coordinated action of these
players improves the cell ability to detoxify ROS, thus providing protection against
oxidative damage (Mittler 2002; Gill and Tuteja 2010; Sharma et al. 2012).

The antioxidant enzymes mostly investigated include SOD (superoxide dismu-
tase) which is able to catalyse the dismutation of O2− radicals into O2 and H2O2.
Depending on themetal cofactor required to activate the catalytic site, they are classi-
fied asMnSODs, FeSODs and CuZnSODs. These classes can be distinguished based
on different molecular features (e.g. their sensitivity to inhibitors) and subcellular
locations. SOD isoforms are found in legume nodules where they play an essential
role in removing the O2− radicals released from the oxidation of legemoglobin, as
shown for alfalfa MnSOD (Becana and Salin 1989) and soybean CuZnSOD (Puppo
et al. 1982). The FeSOD isozyme has been identified first in cowpea nodules (Becana
et al. 1989) and then in alfalfa, common bean and mung bean nodules (Becana et al.
2000). The tetrameric hemoproteins catalases are found asmultiple isozymes,mainly
located in peroxisomes and glyoxysomes (Scandalios et al. 1997). Catalase is located
in the peroxisomes of determinate nodules, where it removes H2O2 generated by
uricase and other oxidases (Kaneko and Newcomb 1987).

All the components of the ascorbate-gluthatione (AsA-GSH) cycle (Noctor and
Foyer 1998; Asada 1999) are found in the cytosol of nodule cells (Dalton et al.
1986, 1992, 1993a, b; Dalton 1995). The AsA-GSH cycle includes four enzymes,
namely ascorbate peroxidase (APX), monodehydroascorbate reductase (MDAR),
dehydroascorbate reductase (DHAR) and glutathione reductase (GR) that act as a
highly effective H2O2 detoxification route (Sofo et al. 2010). Non-enzymatic antiox-
idants consist of major cellular redox buffers, such as AsA, GSH, flavonoids, toco-
pherols, tocotrienols, carotenoids and alkaloids.AsAparticipates in several processes
of plant growth and development (Noctor and Foyer 1998) and is found in legume
nodules where it removes ROS (Matamoros et al. 1999). The thiol tripeptide GSH is
a ROS scavenger, participating in the AsA-GSH cycle for H2O2 removal in chloro-
plasts and nodule cytosol (Dalton 1995), as well as in sulphur transport and storage,
stress tolerance and heavy metal detoxification (Noctor and Foyer 1998). The leaves,
roots and seeds of some legumes contain homoglutathione (hGSH) instead of or
in addition to GSH (Klapheck et al. 1988). The relative abundance of GSH and
hGSH in different legume tissues and species is determined by the corresponding
thiol tripeptide synthetases. GSH and hGSH play protective roles during N2 fixation
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(Matamoros et al. 1999). Nodules possess other compounds with antioxidant prop-
erties, e.g. soybean nodules contain α-tocopherol (Evans et al. 1999). Polyamines
are organic polycations involved in plant growth, but they are also powerful ROS
scavengers (Fujihara et al. 1994). Uric acid, another potent antioxidant compound,
is an intermediate of purine degradation and ureide synthesis found in peroxisomes
(del Rio et al. 1998). Flavonoids and other phenolics are abundant in nodules, where
they can inhibit lipid peroxidation by intercepting the peroxyl radicals formed in
nodule membranes (Moran et al. 1997).

The antioxidant defence is essential for legume seed viability and successful
germination under stress conditions, as reported in M. truncatula (Macovei et al.
2011a). The free radical scavenging activity ofM. truncatula seeds was significantly
higher at four and eight hours following rehydration, in presence and absence of PEG
(polyethylene glycol)-mediated osmotic stress (Macovei et al. 2011a).APX and SOD
genes, encoding cytosolic ascorbate peroxidise and superoxide dismutase, were up-
regulated inM. truncatula seeds, as part of the antioxidant response (Balestrazzi et al.
2011a, b; Macovei et al. 2010, 2011b). The role played by antioxidant mechanisms
in the response to specific abiotic stresses, namely drought stress, soil salinity, heat
stress and heavy metal toxicity, will be described with more details in Paragraph 9.4.

3 Oxidative Injury and Genome Integrity: The DNA
Damage Response

The integrity of genetic information is compromised under severe stress conditions
that trigger oxidative DNA damage and impair genome stability. This results into
reduced plant growth and crop productivity. To overcome genotoxic injury, plants
have evolved an efficient repair machinery that responds to damage perception and
signaling networks, the so-called DNA damage response (DDR) (Yoshiyama et al.
2013; Nikitaki et al. 2018). DDR has been mainly investigated in the model plant
Arabidopsis; however, in recent years,M. truncatula has become a versatile system
for the study of DNA damage sensing and repair, particularly, in relation to seed ger-
mination and seed quality issues (Pagano et al. 2017, 2019 and 2020), and hopefully,
this knowledge will be translated to the most relevant legume crops (Parreira et al.
2018).

Macovei et al. (2011a) reported on the involvement of the M. truncatu-
laOGG1 (8-oxoguanine DNA glycosylase/lyase) and FPG (formamidopyrimidine-
DNAglycosylase) genes in the seed repair response, as part of the base-excision repair
(BER) pathway (David et al. 2007). InM. truncatula, theMtOGG1 andMtFPG genes
were up-regulated during seed imbibition, with a peak at the timepoint of rehydra-
tion in which the highest levels of oxidative DNA damage, measured in terms of
8-oxoguanine accumulation, were recorded (Balestrazzi et al. 2011b). The contri-
bution of nucleotide excision repair (NER) pathway to genome maintenance during
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M. truncatula seed imbibition has been highlighted as well (Macovei et al. 2010,
2011b).

To date, M. truncatula is the plant system mostly used for the study of tyrosyl-
DNA phosphodiesterases (TDPs) (Macovei et al. 2018a, b; Confalonieri et al. 2013;
Faè et al. 2014; Sabatini et al. 2015, 2017; Araujo et al. 2016). The Tdp1 and Tdp2
DNA repair enzymes are involved in the processing of a wide range of 5′-and 3′-end
blocking DNA lesions, among which the cytotoxicstabilised topoisomerase/DNA
covalent complexes (Pommier et al. 2014). Differently from animals where Tdp1
is encoded by a single copy gene, plants possess a small Tdp1 gene family, first
identified in M. truncatula by Macovei et al. (2010). Both the Tdp1α and Tdp1β
geneswere up-regulated during seed imbibition, and in planta, in response to osmotic
and heavymetal stress (Macovei et al. 2010). The involvement of plant Tdp1 genes in
the complex DDR response ofM. truncatula cells has been evidenced using ionising
radiation (Donà et al. 2014), antisense strategy and RNA-Seq-based analysis (Donà
et al. 2013, 2017; Sabatini et al. 2015). Transgenic lines over expressing theMtTdp2α
gene revealed enhanced tolerance to genotoxic stress caused by PEG6000 and copper
(Confalonieri et al. 2013; Faè et al. 2014).

The knowledge concerning DNA damage response during seed development is
still scarce. A transcriptomic profiling of the expression of genes related to DNA
damage response/chromatin remodeling mechanisms was performed in P. vulgaris
seeds at four distinct developmental stages (Parreira et al. 2018). In late embryogen-
esis, the observed up-regulation of genes related to DNA damage sensing and repair
suggested for a tight control of DNA integrity. At the end of filling and onset of seed
dehydration, the up-regulation of genes involved in sensing of DNA double-strand
breaks indicated that genome integrity is challenged (Parreira et al. 2018).

4 Environmental and Anthropogenic Factors as Stress
Determinants

4.1 Drought Stress

Water deficit, the main limiting factor for the successful establishment of crop cul-
tivation, is playing a dramatic role in the current scenario of climate change (Boyer
et al. 2013). Drought stress affects plant growth, reducing crop production, espe-
cially during grain filling and the reproductive phase. The extent of decrease in yield
depends on the intensity and duration of drought stress, crop developmental stage
and genotypic variability. Agricultural forage production requires adequate water
supply, and this is problematic in semi-arid climates where insufficient water sup-
ply severely limits the production of forage legumes (Hopkins and Del Prado 2007;
Nadeem et al. 2019a).
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Drought resistance is achieved through reduced water loss combined with a more
efficient water up-take, whereas drought tolerance relies on the action of osmopro-
tection and antioxidant mechanisms (Farooq et al. 2009; Fang and Xiong 2015). One
of the biochemical changes occurring when plants experience these harmful con-
ditions is ROS accumulation that is balanced through the antioxidant mechanisms.
Enhanced antioxidant protection and declined lipid peroxidation are tightly associ-
ated with superior drought tolerance in legumes. Alfalfa avoids drought by reaching
the deep moistured soil (Huang et al. 2018); however, several complex cultivar-
specificmorphological, physiological andmolecular traits, including a robust antiox-
idant response, generally contribute to alfalfa drought resistance (Wang et al. 2009,
2011; Maghsoodi and Razmjoo 2015; Quan et al. 2016). Under oxidative stress,
antioxidants may increase more during the recovery phase than in the stress phase,
as observed in bean (Yasar et al. 2013), pea (Mittler and Zilinskas 1994; Osman
2015), soybean (Guler and Pehlivan 2016), chickpea (Patel et al. 2011) and cowpea
(Carvalho et al. 2019). In the presence of drought stress, SOD, APX, GR, GST, GPX
and POD activities are increased in resistant cultivars of common bean and horse
gram (Macrotyloma uniflorum L.) (Saglam et al. 2011; Bhardwaj and Yadav 2012).
The response of legumes at the onset of drought can vary; however, the final yield
will significantly be reduced (Nadeem et al. 2019a).

4.2 Soil Salinity

Soil salinity exerts a deleterious impact on crops, including legumes, in terms of
oxidative stress, genotoxicity, ionic imbalance, nutrition deficiency and osmotic
stress (Murillo-Amador et al. 2007; He et al. 2015; Nadeem et al. 2019b). Compo-
sition of legume grains and grain yield is also altered (Manchanda and Garg 2008).
This major constraint to crop production affects about 20% of the total irrigated land
area in the world (FAO). Soil salinity is mainly caused by excess sodium chloride
used for irrigation (Flowers and Flowers 2005).Salinity stress disrupts metabolic
pathways by impairing key enzyme activities, while triggering ROS accumulation.
Salt-tolerant legumes rely on effective antioxidant defence systems to scavenge the
toxic-free radical species (Hernandez et al. 1999; Kukreja et al. 2005; Farooq et al.
2015). Under salinity stress, SOD, MDHAR, DHAR, GR and APX activities are
significantly increased in salt-tolerant pea cultivars (Hernandez et al. 2000) and,
similarly, a salt-tolerant common bean cultivar showed enhanced APX and CAT
activities (Yasar et al. 2008).
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4.3 Heat Stress

Temperature extremes (heat stress and cold stress) can severely damage crop plants at
all stages of development, resulting in loss of productivity. Legumes, such as chick-
pea, lentil (Lens culinaris L.), mung bean (Vigna radiata L.), soybean and peas,
are characterised by different degrees of sensitivity to high- and low-temperature
stresses, and this compromises their performance at different developmental stages
(germination, seedling emergence, vegetative phase, flowering and pod/seed filling
phase) (HanumanthaRao et al. 2016; Sharma et al. 2016). In the case of mung bean,
it has been reported that each degree rise in temperatures above optimum reduces the
seed yield by 35–40% (Sharma et al. 2016). Increasing atmospheric CO2 concentra-
tion along with temperature also limits plant growth, particularly in C3 plant species,
like mung bean (Nair et al. 2008). Heat stress decreases the activity of SOD, CAT
and APX and increases ROS levels and membrane damage in the aerial parts of soy-
bean, chickpea andmung bean plants (Djanaguiraman and Prasad 2010; Kumar et al.
2013; Nahar et al. 2015). Application of exogenous GSH enhanced heat stress toler-
ance in mung bean seedling by modulating antioxidant systems (Nahar et al. 2015),
whereas higher levels of antioxidant metabolites have been detected in heat-tolerant
chickpea and soybean genotypes under heat stress (Kumar et al. 2013; Chebrolu et al.
2016).

4.4 Heavy Metal Stress

Heavy metal environmental pollution has become a serious concern for living organ-
isms and ecosystems. Heavy metals accumulated in soil are difficult to degrade
and remove, and their further accumulation in plant tissues can cause higher plant-
tissue toxicity (Nagajyoti et al. 2010). Heavymetal toxicity significantly affects plant
growth as it suppresses antioxidant enzyme activity (Duan et al. 2018). The use of
forages grown onmetal-contaminated soil can increase the risk of heavymetals enter-
ing the food chain and affecting human health. The response to heavy metals has
been investigated in legumes, highlighting the role of antioxidant players. P. sativum
plants exposed to lead (Pb) in soil showed increased GR, APX and CAT activities
in leaves and roots that were triggered by the phytohormone jasmonic acid (Dias
et al. 2019). Similarly, in chickpea plants exposed to increasing vanadium (V) con-
centrations, the antioxidant enzyme activities (SOD, CAT, POD) were increased in
a dose-dependent manner (Imtiaz et al. 2018).
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5 Novel Players in the Response to Oxidative Stress:
MicroRNAs

MicroRNAs (miRNAs) are small non-coding RNA molecules (21–22 nt) which are
able to regulate gene expression at post-transcriptional level. They can silence the
expression of a specific gene by matching to its messenger RNA (mRNA), triggering
degradation or, in some cases, repressing the translation step (Yu et al. 2017; Tyagi
et al. 2019). miRNAs have been retrieved in several legume species including M.
truncatula, soybean, chickpea, common bean and L. japonicas (Subramanian et al.
2016; Szittya et al. 2008; Arenas-Huertero et al. 2009; Hu et al. 2013; Zheng et al.
2016; Pan et al. 2016;Wu et al. 2017). In a study performed on drought-sensitive and
drought-tolerant soybean seedlings, Kulcheski et al. (2011) identified 256 miRNAs
among the novelMIR07 andMIR11. The relative expression ofMIR07was increased
under water deficit in both the drought-sensitive and drought-tolerant genotypes. In
contrast, MIR11 expression showed a genotype-dependent response, being stable in
the tolerant plants. Other soybean miRNAs involved in drought tolerance were also
identified by Zheng et al. (2016). High-throughput sequencing was used by Jatan
et al. (2019) to detect and characterise small RNAs in drought-tolerant chickpea
roots in presence or absence of the rhizobacterium Pseudomonas putida, under water
deficit. This study suggested that bacterial inoculation might play a crucial role in
the modulation of miRNAs and their target genes in response to drought stress (Jatan
et al. 2019). The genotype-dependent response of miRNAs to abiotic stresses was
further assessed byBarrera-Figueroa et al. (2011)who investigated and compared the
impact of water deficit on drought-tolerant and drought-sensitive cowpea cultivars.
MicroRNAs also mediate the response to heat stress, as reported in common bean
(Naya et al. 2014) and alfalfa (Matthews et al. 2019).

Members of the miR156 family control the Squamosa promoter-binding protein-
like (SPL) genes in the context of plant growth under abiotic stresses. Alfalfa plants
overexpressing miR156 and RNAi-mediated knockdown of the SPL13 gene showed
increased tolerance to heat stress associated with increased non-enzymatic antiox-
idant content (Matthews et al. 2019). A significant improvement in drought toler-
ance was also observed in alfalfa plants overexpressing miR156, concomitant with
enhanced accumulationof proline, abscisic acid and antioxidants (Arshad et al. 2017).

The state of the art related to the miRNA word in legumes is rapidly expanding
and databases resulting from the use of high-throughput technologies which are
continuously enriched with huge amounts of information. The legume miRNAomes
need to be integrated with tissue-specific transcriptomes and proteomes captured in
response to abiotic stresses and/or ameliorating treatments (e.g. priming).
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6 Insights on Legume Profiles of Antioxidant Stress
Response Provided by ‘Omics’

In the last decades, the approaches used to study biological systems and explain their
behaviours have changed. The reductionist vision based on functional biology and
aiming at model simplification is being progressively complemented and substituted
by more holistic views based on system biology and aiming at huge dataset integra-
tion. Key functional and regulatory genes involved in abiotic stress resistance have
been identified using next-generation technologies and related bioinformatic tools
that enable the rapid and cost-effective analysis ofwhole genomes and transcriptomes
in major crops.

In a recent review, Abdelrahman et al. (2018) provided an exhaustive overview of
the knowledge gained on the molecular mechanisms underlying abiotic stress resis-
tance in legume crops. Microarray-based gene expression analyses were initially
used for transcriptome studies in legumes, as in the case of soybean (Le et al. 2012;
Ha et al. 2015; Tripathi et al. 2015; Ramesh et al. 2019), L. japonicus (Asamizu et al.
2005), alfalfa (Gao et al. 2016),M. truncatula (Cheung et al. 2006), chickpea (Deokar
et al. 2011) and candidate genes for drought, salinity, cold and heavy metal stress
resistance were identified. Garg et al. (2016) performed a comparative transcriptome
analysis of drought- and salinity-tolerant/sensitive chickpea genotypes in response
to drought or salinity at different developmental stages. The study highlighted the
extensive transcriptional reprogramming occurring in the different chickpea geno-
types, showing enhanced drought sensitivity during the early reproductive stage,
followed by pronounced salt stress sensitivity at the late reproductive stage (Garg
et al. 2016).

High-throughput Illumina Hiseq 2500 sequencing allowed to identify drought-
responsive miRNAs from alfalfa roots and leaves, providing 281 novel, pre-
dicted miRNAs (Li et al. 2017). Based on this study, drought-induced miRNA-
related pathways were established, and the most representative families (miR166,
miR159,miR482 andmiR2118)with regulatory roles in legumes under drought were
assessed (Li et al. 2017). Genome-wide analysis revealed auxin-responsive miRNAs
differentially expressed in soybean roots in response to salt stress (Sun et al. 2016)
as well as miRNAs involved in post-transcriptional regulation of gene expression in
chickpea roots under salt and drought stresses (Khandal et al. 2017).

7 Model Legumes Versus Legume Crops

The choice of a model organism is essential to establish a representative experi-
mental system, and it is functional for the definition of specific timepoints, physio-
logical stages and treatments in which the phenomena of interest are to be studied.
Two legume species in the galegoid clade (cool season legumes), M. truncatula
and L. japonicus, which belong to the tribes Trifolieae and Loteae, respectively,
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were selected as model systems to investigate legume genomics and biology (Cook
1999; Stougaard 2001). Differently from the major crop legumes, M. truncatula
and L. japonicus own a small genome, ideal for carrying forward and reverse genetic
analyses and well suited for studying biological issues relevant to crop legumes,
among the abiotic and biotic stress tolerances.

M. truncatula was originally chosen for the study of rhizobia-legume symbiosis
and the molecular genetics of nitrogen fixation in legume root systems (Barker et al.
1990). Subsequently, the interest towards M. truncatula as a model organism has
progressively increased because of other appealing features. Its phylogenetic rela-
tionship and genetic similarity with other legumes, along with his small sequenced
genome (~500 Mbp) and its diploidy (2n = 16) makes it a suitable model system for
molecular genetics. Furthermore, its autogamy, its short generation time (~3months)
and its in vitro regenerative capacities add practical advantages to its cultivation, both
in field/greenhouse and in vitro (Frugoli and Harris 2001).

L. japonicus is a perennial temperate pasture species, closely related to birds-
foot trefoil (Lotus corniculatus L.) with features useful for genomics (e.g. a short
life cycle of 2–3 months, self-fertility, diploidy (2n = 12) and a small genome of
472.1 Mb). Although both L. japonicus andM. truncatula belong to the ‘temperate’
or ‘galegoid’ legume group, L. japonicus forms determinate nodules as observed in
‘tropical’ or ‘phaseoloid’ legumes such as soybean and common bean. L. japonicus
is widely used to study plant–microbe interactions, due to its ability to establish a
range of different types of relationship with symbiotic and pathogenic microorgan-
isms, and it has been demonstrated to be amenable to genetic analyses (Handberg
et al. 1992; Sato and Tabata 2006; Mun et al. 2016).

Efforts and investmentsmade todecipherM. truncatula andL. japonicusgenomics
have brought to significant advances in basic and applied research, facilitating knowl-
edge transfer from the best-characterised models to related food and feed legumes
(Zhu et al. 2005). Comparative genome mapping has revealed macrosynteny or the
conserved gene order between species as well as microsynteny (conserved gene
content and order at sequence level over a short, physically defined DNA contig)
(Zhu et al. 2005). The conserved genome structure between M. truncatula and crop
legumes has allowed for map-based cloning of genes required for nodulation in
crop legumes (Zhu et al. 2005). Similarly, these approaches are currently used to
speed up the identification of stress-tolerant phenotypes and design of new breed-
ing strategies to ameliorate legume crop adaptation to adverse environments. In this
context, a promising, integrated strategy aimed at the identification of stress-tolerant
legume germplasm has been recently described by Menendez et al. (2019). The
link between plant physiology and big data resulting from ‘omics’ was examined
in order to highlight the gene-to-metabolite networks involved in the abiotic stress
interactions dealing with the ROS scavengers polyamines. These approaches are
expected to accelerate the identification of stress-tolerant phenotypes and the design
of new biotechnological strategies to increase their yield and adaptation to marginal
environments, making better use of available plant genetic resources.
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8 New Avenues for Improving Abiotic Stress Tolerance
in Legumes

Genome resources (physical maps, functional genomics tools) facilitate the isolation
of key genes contributing to abiotic stress tolerance in several legume species, provid-
ing the opportunity for crop improvement. Thus, biotechnologists and breeders will
be able to target more rapidly and precisely the desired agronomic traits. Themolecu-
lar profiling of germplasm collections reflecting the global biodiversity will promote
the discovery of novel players in abiotic stress tolerance thatwill be included breeding
programs. In this context, the focus is directed towards the ‘orphan’ or underutilised
legumes, suited to withstand harsh environments (e.g. arid regions) (Cullis et al.
2018). Orphan legumes include groundnut (Arachis hypogaea), grass pea (Lathyrus
sativus), bambara groundnut (Vigna subterranea), cowpea (Vigna unguiculata) and
marama bean (Tylosema esculentum). They are staple food crops in many develop-
ing countries, with little economic importance, not extensively improved by breeders
(Foyer et al. 2016); however, these plants have evolved successful survival strategies
using a combination of different traits and responses. To date, orphan legumes rep-
resent a unique source of information for breeders who are looking for traits able to
allow for survival in extreme environments.

Genome editing stands as a powerful tool for legume crop improvement, whose
potential is still underexploited. To date, a few studies are available that describe
the use of CRISPR/Cas9 for editing drought-tolerance-related genes in legumes (Cai
et al. 2015, 2018). The CRISPR-based approach requires a deep characterisation of
the target gene(s), their function and regulatory mechanisms, and this might delay
the use in legume crops that still own limited information on stress-related genes.

Due to their peculiar physiology, legumes are expected to play pivotal roles in
the mitigation of the effects of climate changes as well as in the contribution to
sustainable farming. Their broad genetic diversity will be the source of alleles with
relevance in novel adaptive traits. Researchers from different disciplines in plant
science must integrate their expertise to address the open questions and develop new
tools. Traditional andmodern breedingmust join their efforts and integrate their tools
in order to accelerate genetic improvement.
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Threat Imposed by O3-Induced ROS
on Defense, Nitrogen Fixation,
Physiology, Biomass Allocation,
and Yield of Legumes

Richa Rai

Abstract Fabaceae is the third largest family of flowering plants. Tropospheric
O3 is one of the most important secondary pollutants causing threat to agriculture
productivity. The projected levels to which O3 will increase are critically alarming
and have caused a significant effect of productivity of legumes. The present chapter
highlights about the effect of tropospheric O3 on growth, development, and func-
tioning of legumes. Tropospheric O3 causes significant leaf injury, reductions in
root biomass, and root nodule number. It causes reduction in photosynthesis and
nitrogen-fixing enzymes. Changes in allocation of photosynthates between above
and belowground due to O3 also affect nitrogen fixation in legumes. Potential short-
falls in N-fixation will have severe economic and environmental consequences and
it has not yet been considered on anagroecosystem basis. There is an utmost need
for further investigation of tropospheric O3 impacts of legume crops.

1 Introduction

The Leguminosae also known as Fabaceae is the third largest family of flowering
plants. Legumes belong to the family Fabaceae/Leguminosae (with about 700 genera
and 18000 sps) (Doyle 2001). Legumes rank third after cereals and oilseeds in world
population and have major effects on the environment and health (Dita et al. 2006;
Mantri et al. 2013). Legume crops can be divided into two groups according to their
ability to grow in different seasons, namely cool season food legume and warm or
tropical season food legumes (Miller et al. 2002; Toker and Yadav 2010). Legumes
are a primary source of amino acids and provide around one-third (20–40%) of all
dietary protein (Zhu et al. 2005; Kudapa et al. 2013). Legumes are an important
source of protein oil fiber and micronutrients and play a vital role in cropping cycles
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due to their ability to fix atmospheric nitrogen (El-Enamy et al. 2013; Mantri et al.
2013). Legumes produce secondary metabolic compounds that can protect the plant
against pathogens and pests (Kudapa et al. 2013; Ashraf et al. 2010). The present
world population of 7.2 billion is expected to reach 9.6 billion by the middle of
twenty-first century due to the high growth rate particularly in developing countries.
There is no need to produce about 70% more food to feed this excessive population
(Varshney et al. 2013). Climate change and a secondary pollutant O3 are a threat to
crop production.

Concentrations of tropospheric ozone (O3) are a secondary pollutant and short-
lived greenhouse gas formed through complex photochemical reaction of volatile
organic compounds (VOCs), carbon monoxide (CO), and nitrogen oxides (NOx).
The emissions of nitric oxide (NO) results from the reaction between nitrogen and o
present in atmosphere under high temperature generally attained in the combustion
chambers of engine. Nitric oxide once emitted scavenges singlet oxygen produced
by dissociation of atmospheric O2. NO2 formed is easily dissociated by UV range
of solar radiation into nitrogen monoxide and single oxygen (1O2). Singlet oxygen
reacts with molecular O2 to give rise to O3. Under these conditions, the lifetime of
O3 is very short, because the O3 produced reacts with NO to produce NO2 and O2

again; therefore, an equilibrium is formed between O3 formation and degradation
(Lorenzini and Saintanis 2003). But in rural area, O3 scavengers NO is not available,
henceO3 concentrations are higher. Other precursors are non-methane hydrocarbons,
volatile organic carbons (VOCs), and carbon monoxide (CO). The concentration of
O3 precursors (NOx, VOCs, CO etc.) is an important factor in determining the O3

concentration in that region. The spatial and temporal distribution of O3 and its
precursors are mostly driven by the distribution of their emissions. These concentra-
tions have increased tremendously across the globe since the start of the industrial
era (IPCC 2013).Meehl et al. (2007) projected an increase of 20–25% inmean global
O3 concentration between 2015 and 2050 and of 40–60% by 2100. Ground-level O3

concentrations (O3) have more than doubled to 35–40 ppb since the Industrial Rev-
olution and expected to increase in developing countries like India and China with
peak values exceeding above 100 ppb when emissions of high O3 precursor coincide
with high temperatures and irradiance (The Royal Society 2008; IPCC 2013; Young
et al. 2013).

Tropospheric O3 causes damage to crops and affects crop yield which is a
major challenge to global food supply in the present scenario. Studies have shown
yield losses of wheat, rice, and legumes crop. Among Poaceae and Leguminosae
(Fabaceae) members, Fabaceae members are more sensitive to tropospheric O3 than
Poaceae members. The present chapter highlights the impact of tropospheric O3 on
physiological machinery, N-metabolism, photosynthate allocation, growth and yield
of Fabaceae members.
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2 Uptake of O3 and Defense Response in Legumes

Relationship between O3 and plant responses is commonly based on the O3 concen-
trations in the surrounding air. Tropospheric O3 and CO2 have a common route of
entrywithin plant system and stomata play a fundamental role in determining the flux
of O3 in the apoplastic region of the plant. The flux of O3 from the atmosphere into
plants depends on a different level of resistance (inverse of conductance, 1/[conduc-
tance]) which exists at different morphological or physiological levels. Conductance
is defined as a flux (concentration gradient) per unit driving force. The resistance to
O3 into plant cells consists of the following types: (i) aerodynamic resistance that
depends upon atmospheric resistance; (ii) the boundary layer resistance caused by
a layer of laminar air adjacent to leaves; (iii) the stomatal resistance exerted by the
stomatal pores; and (iv) the internal resistance caused in the leaves after O3 uptake
through stomata (Guderian 1985). Internal structures of the plant such as cell wall
and inter- and intracellular apparatus also contribute toward resistance against O3.
Various modeling results have indicated that a major factor affecting plant responses
to O3 appears to be stomatal conductance (gs). The sensitivity of plants to O3 is often
correlated with their stomatal response because O3 exposure generally results in a
decline in stomatal aperture, and plants that show more rapid stomatal closure are
reported to be resistant to O3 in population-level studies (Yadav et al. 2019; Winner
et al. 1991). However, O3-induced declines in stomatal apertures may be of protec-
tive value as it may check uptake of O3 and also it depends on the concentration of
intercellular CO2 within plant cell (Biswas et al. 2013). Studies have reported reduc-
tions in stomatal conductance (gs) in Vigna unguiculata L. cultivars Blackeye and
Asontem (Tetteh et al. 2015), soybean cultivars (Sun et al. 2014; Zhang et al. 2014;
Rai et al. 2015), mung bean (Chaudhary and Agrawal 2015; Mishra and Agrawal
2015).

3 Oxidative Stress and Defense Response

Once O3 enters the leaf through open stomata, it reacts instantaneously with the
surrounding membranes leading to production on ROS, such as superoxide.O2-,
H2O2, and.OH- (Lamb and Dixon 1997). The production of ROS leads to alterations
in the permeability of plasmamembranes and lipid compositions (Heath 1987). Diara
et al. (2005) reported that extracellular H2O2 accumulation is one of the earliest
detectable responses to O3 exposure. H2O2 disrupts photosynthesis and activates
NAD(P)H-dependent oxidase (Park et al. 1998; Rao and Davis 1999) which leads to
ROS accumulation. Alscher and Hess (1993) suggested that the superoxide radical is
formed and produces leaf injury under O3 exposure. Among other ROS, the hydroxyl
radical is themost reactive oxygen species (ROS). It reacts rapidlywith protein, lipids,
and DNA and causes cell damage (Ibal et al. 1996). ROS leads to a chain of reactions
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which cause a significant effect on the cellular metabolism of the plants. ROS cause
membrane damage and deleterious effects on the normal functioning of cells.

It has to be taken into account that ROS can directly affect the conformation of
proteins and lipids. O3-induced ROS formation activates several pathways, including
Ca2+ andMAPK signaling pathways, in addition to ethylene-, salicylic acid-, and jas-
monic acid-dependent pathways eventually leading to induction of defense reactions
leading to programmed cell death (Samuel et al. 2000; Sandermann Jr. et al. 1998).
ROS generated in the apoplast activates calcium (Ca2+) channels and further induce
the intracellular O3-responsive signaling pathways. Clayton et al. (1999) showed a
specific increase in the intracellular Ca2+ concentration, if atmospheric O3 reached
concentrations above 70 ppb. In terms of signaling, Ca2+ channels of the plasma
membrane could also function as ROS sensors as they may affect the ion channel,
redox-dependant alterations in ion conductance. Chaudhary and Agrawal (2015)
reported an increase in lipid peroxidation (LPO) and solute leakage in all cultivars of
mung bean (Vigna radiata L.) (HUM-1, HUM-2, HUM-6, HUM-23, HUM-24 and
HUM-26) with the highest increase in HUM-1 and minimum in HUM-23 in mung
bean exposed to elevated O3 (70.9 ppb) than ambient O3 (64 ppb).

The stress condition generated by O3 results in an oxidative burst due to enhanced
production of ROS, which causes negative effects on cellular components leading
to damage to the lipids (peroxidation of the unsaturated fatty acids in membrane),
protein (denaturation), carbohydrate, and nucleic acids (Blokhina et al. 2003).

To counteract the stress imposed by ROS, an array of antioxidant molecules is
induced (Ashmore 2005; Caregnato et al. 2013) via non-enzymatic antioxidants
such as ascorbic acid (AA), flavonoids, phenolics, tocopherol, peptides (glutathiones,
carotenoids, and polyamines), and organic buffering systems or through enzymatic
antioxidants (Blokhina et al. 2003) via superoxide dismutase (SOD), ascorbate per-
oxidase (APX), glutathione reductase (GR), catalase (CAT), and various types of
peroxidases (POX) (Caregnato et al. 2013).

Non-enzymatic antioxidants, such as ascorbic acid (AA), protect critical macro-
molecules from oxidative damage by directly reacting with O2 and H2O2-, regenerat-
ing α- tocopherol from tocopheroxyl and removing H2O2 via AA-GSH cycle (Pinto
et al. 2003). Increase in AA pool has been observed in mung bean cultivars (Mishra
and Agrawal 2015). Ascorbic acid (AA) is the most abundant low mol. wt. antioxi-
dant which is synthesized in leaf cells (Castillo and Greppin 1988; Smirnoff 2000)
and forms the first time of defense against O3 exposure (Polle et al. 1995). The ability
of AA to donate electrons in a wide range of enzymatic and non-enzymatic reaction
signifies it as being the main ROS detoxifying compound. In addition, α-tocopherol
is an important antioxidant for its ability to directly scavenge oxidizing radicals and
protect chain propoagation during lipid peroxidation due to O3 (Serbinov and Packer
1994).

Among enzymatic antioxidants, the primary one is superoxide dismutase (SOD),
which represents a family of mettaloenzymes that catalyzes the dismutation of O2-
to H2O2 (Bowler et al. 1992; 1994). Another important enzyme is catalase (CAT)
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which is primarily in peroxisomes and catalyzes the disintegration of H2O2 (Scan-
dalios et al. 1997). Ascorbate peroxidase (APX), glutathaione reductase (GR), mon-
odehydroascorbate (MDHAR), and dehydroascorbate (DHAR) are enzymes of the
ascorbate-glutathione cycle and help to regulate ROS formed in the presence of O3

(Jimenez et al. 1997; Noctor and Foyer 1998). Similarly, O2- (superoxide production
rate) increased in elevatedO3-treatedmung bean plants. ElevatedO3 altered the activ-
ities of antioxidative (APX, CAT, GR, and SOD) enzymes with varied magnitude
in all the cultivars of Vigna radiata L. (Chaudhary and Agrawal 2015; Mishra and
Agrawal 2015). Hassan et al. (2017) also recorded a significant increase in ascorbate
peroxidase (APX), and glutathione peroxidase (GPX) in pea cultivars is exposed to
ambient O3 above 40 ppb. Level of antioxidative enzyme activities varied differen-
tially between pea cultivars. An increase in APX and GPX activities was recorded
in pea cultivar Little Marvel which indicates the adaptation to O3 and increased
ability of plants to scavenge toxic reactive oxygen species as a protective mecha-
nism against oxidative stress (Hassan et al. 2017). Moreover, increasing activities
of these enzymes is an indicator of oxidative stress and production of H2O2 against
tropospheric O3.

BothGRandAPXare integral parts of the ascorbate glutathione cycle and efficient
H2O2 scavengers; their induction is a strategic management of O3-induced oxidative
stress (Calatayud et al. 2004; Cheng et al. 2011). Their activities were increased in
Little Marvel plants, while pea cultivar Victory showed insignificant response in the
present study (Hassan et al. 2017).

4 Visible Injury

Exposure to elevated O3 caused interveinal chlorosis on adaxial (upper) surface of
the leaves in mung bean cultivars, with higher foliar injury percentage which was
observed in sensitive cultivar Vigna radiata L. HUM-2 compared to resistant cultivar
HUM-6 (Chaudhary et al. 2015). Taylor et al. (1982) recorded in soybean leaves the
initial symptomswith dose ofO3 (250ppb)were rapid desiccationbleaching, necrosis
of leaves within 1–3 h of fumigation. After 12–24 h of fumigation, stippling (red-
brown pigmentation) and silvering of leaf surfaces were observed with intermediate
dose (Taylor et al. 1982). Burkey and Carter (2014) found foliar injury as stippling
and necrosis depend on differential sensitivity among different cultivars, being much
more pronounced on the sensitive genotype of soybean Forrest than tolerant cultivar
exposed to 80 ppb for 7 h. Singh and Agrawal (2011) recorded the occurrence of
injury symptoms like chlorotic spots on the adaxial surface of soybean cultivars Pusa
7712 and Pusa 9814 leaves grown under non-filtered air plus 20 ppb elevated O3.
With age, interveinal chlorosis was also observed in both cultivars. However, the
percentage of injured leaves was slightly higher in O3-sensitive cultivars Pusa 9712.
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5 Impacts on Photosynthesis and Allocation
of Photosynthates in Legumes

O3 exposure results in decreased photosynthetic carbon assimilation (Morgan et al.
2003). In many cases, loss of assimilation capacity was shown to be done primarily
to reduce carboxylation efficiency directly related to loss of RuBisCO activity. These
losses of activity are thought to be due to decrease in activation state. M. Reid and
Fiscus (1998); Reid et al. (1998) showed decline in RuBisCO content and activity,
chlorophyll content and net photosynthesis ratewith increasedO3 contents in ambient
air.

Photosynthesis is a multistep process and alteration in Ps may be influenced by
chl content, changes in internal CO2, or by variations in the light reactions such as
light energy utilization and conversion or dark reaction (carboxylation efficiency of
RuBisCO). O3 can alter light reaction decreasing the electron transfer between the
two photosystems (Pellegrini et al. 2011; Calatayud et al. 2004). Sun et al. (2014)
showed reductions in all chlorophyll fluorescence parameters including quenching
of photochemical efficiency of PS II (qP), Fv/Fm ratio, PhiPSII, %P, (fraction of
absorbed radiation dissipated in the antenna) %D, and (PSII antennae) %X and
reduction in Chl decreased by 6.4% and carotenoid by 5.7%, light-saturated pho-
tosynthesis by 28% and also reduction in stomatal conductance in soybean plants
exposed to 71 ppb for 9 h O3 in a free-air concentration enrichment (FACE) experi-
ment. Main causes of reduction in photosynthesis are due to reduction in RuBisCO
carboxylation (Vcmax) and rates of electron transport (Jmax) which are correlated with
the reduction of RuBisCO gene expression.

The majority of the sugars decreased under elevated O3 levels. Sucrose and starch
are the major primary metabolites formed after photosynthesis so reductions in sugar
levels or synthesis rates are the results of reduction in photosynthesis under elevated
O3 levels. On the other hand, reduction in rates of sucrose and starch synthesis
would hence affect triose-p utilization and RuBP-regeneration-limited photosynthe-
sis. Triose-p utilization, mainly the rate of starch and sucrose synthesis, affects Pi
recycle and hence affecting RuBP regeneration. It is reported that O3 stimulates PEP
carboxylase (PEPC) activity in common bean Phaseolus vulgaris (Guidi et al. 2009).
In anaplerotic reaction, PEP carboxylase (PEPC) catalyzes CO2-fixation with PEP to
produce oxaloacetate that can be subsequently reduced into malate and/or converted
into citrate in TCA cycle. Such an increase could give rise to ATP and reducing
power production by respiration to allow an enhancement of the constitutive detoxi-
fication systems activity in response to the release of reactive oxygen species (ROS)
(Dizengremel et al. 2008).
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6 Impact of O3 on Nitrogen Fixation

Nitrogen is a vital element for plant growth and required for the synthesis of macro-
molecules such as amino acids and chlorophyll. About 78% of the atmospheric nitro-
gen cannot be used by living organism till it is not available ammonia or its reduced
form. Biological nitrogen fixation (BNF) accounts for about 60% of nitrogen used
in agriculture. Member of Fabaceae is capable of biological nitrogen fixation and
meets their own need due to symbiotic association with diazotrophic Gram-bacteria
known as Rhizobium. In legume-Rhizobium symbiosis, rhizobia induce nodules for-
mation on the root of legumes in which N2-fixation occurs. Legume nodules are
found in a variety of shape, size, and structure. Some of the nodules have deter-
minate growth with only a transient meristem, and these are relatively short-lived
and most are indeterminate with a distinct apical meristem often showing branching.
The rhizobia forming symbiosis with legume roots belong to five different genera:
(i) Rhizobium; (ii) Azorhizobium; (iii) Mesorhizobium; (iv) Sinorhizobium; and (v)
Bradyrhizobium.

In symbiotic relationship between legumes and Rhizobium, bacterial attachment
to the root surface initiates root infection and formation of root nodules specialized
structure which makes anaerobic environment and also leghaemoglobin produced
by host cells to prevent the entry of O2 into the infected cells for the activity of
Nitrogenase, a key enzyme for nitrogen fixation. Efficient bacteroid respiration also
restricts oxygen penetration into the cytoplasm and provides nitrogenise with the
ATP and reductants required. In order to sustain N-fixation, the host plant must
supply the bacteroids with a carbon source in the form of sucrose through phloem.
(White et al. 2007). Bacteroids do not have enzymes for the assimilation of ammonia,
so NH3 obtained from N2 reduction is released into the root cell from where the
assimilation occurs via GS-GOGAT pathway in leaf of host cells through nitrite
reductase, nitrate reductase, and glutamine synthase and leads to the production of
glutamine, glutamate, and successively of the other transport compounds. Some of
them are returned to bacteroid (White et al. 2007).

Symbiotic nitrogen fixation is crucial to the plant and it controls the number of
nodules to balance the nitrogen gains and to avoid severe energy drain that would be
imposed by having too many nitrogen-fixing nodules (Zahran 1999). There are many
factors that affect biological nitrogen fixation such as temperature, water content, N
concentration, root zone pH, plant nutrient status including C and N substrates in
roots, and genetic variation in potential N-fixation capacity. It is also affected by
plant nutritional status such as phosphorus (P) and potassium (K) levels that control
nodule growth and nitrogenase activity directly or indirectly (Havelka et al. 1982).
Photosynthate partitioned to roots supports nodule growth, provides energy for N-
fixation, maintains a functional population of rhizobia, and allows the synthesis of
amino compounds produced from N-fixation (Minchin and Pate 1973; Layzell et al.
1979; King et al. 1986).

Studies have shown tropospheric ozone reduced number, size, or mass of root
nodules by 20% after exposure of legumes to 60 ppb (Hewitt et al. 2014; Zhao et al.
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2012; Cheng et al. 2011). Several studies also report decreased N-fixation parameters
with themajority of them focussing on negative effects in clover and soybean. Indeed
O3 induces suppression of N-fixation rates in peanut, chickpea, faba bean, mung
bean, and cowpea within a range of 8–99% under different levels of O3 exposure.
Umponstira et al. (2009) found that nodule dry weight was significantly affected in
cowpea by 61 and 90%, respectively, at vegetative stage (V3) and 42.3 and 55.6%
at harvesting (R5) when exposed to ozone concentration at 40 and 70 ppb for 8 h
per day. Nodules of size over 2 mm were recorded after the vegetative stage (V3).
The number of nodules size over 2 mm found significantly decreased by 63.5 and
78.3% at vegetative stage (V3), 44.9 and 74.9% at flowering stage (R1), and 50.7
and 51.8% at harvesting (R5), respectively, after exposure to ozone concentration at
40 and 70 ppb. Ozone does not directly affect root nodules as it does not penetrate
through the soil surface (Blum and Tingey 1977) but the leachates of ozone-treated
plants may influence the growth and subsequent colonization of soil rhizobia and
root fungi (Umponistira et al. 2009). A decreased supply of detritus may lead to a
suppression of N-fixation in soil microbial communities in legume agroecosystems
(Hewit et al. 2014). Stable isotope studies showed ozone-induced reductions in N-
fixation rates which was associated with reduced availability and translocation of
carbon assimilates to the root system during growth (Pausch et al. 1996; Cong et al.
2009) with a reduced sucrose flow to nodules the most likely cause (Udvardi and
Poole 2013).

In peanut, seasonal exposure to treatments of 49–70 ppb is sufficient to reduce
tissue N content and N-fixation rates (Cong et al. 2009), while mean 107 ppb expo-
sure to soybean reduces N-fixation by 58% (Cheng et al. 2011), and in white clover,
reductions recorded were reduced more than 50% in legumes exposed to 40–60 ppb.
The nitrogen in plant shoot reduced at all stages like vegetative stage (V3), flower-
ing stage (R1), and harvest (R5) exposed to ozone concentration at 40 and 70 ppb
(Table 1).

Flavonoids are released by legume roots which serve as chemo-attractants for the
attraction of bacteriaRhizobiumand activate expression of rhizobial nod geneswhich
are responsible for the production of nod factors (certain lipochitin oligosaccharides)
that are perceived as a receptor in the legume host and trigger a sequence of events
in host plant like curling of root hairs around the invading rhizobia, the entry of the
rhizobia into the plant through infection threads and the induction of cell division
in the root cortex that marks formation of the nodule primordium (Hirsch 1992).
Galant et al. (2012) showed reduced flavonoid synthesis under O3 treatment. The
activity of nitrogen-fixing enzymes was also reported to reduce under O3 exposure.
Agrawal and Agrawal (1990) reported reduction in nitrogenase, nitrate reductase,
and nitrite reductase activity in Viciafaba and Cicerarientumexposed to 92 ppb O3

for 2 h. Rai et al. (2015) observed reductions in nitrate reductase activity in soybean
exposed to ambient concentration of O3 (42 ppb) for 12 h from germination to
maturity. Reduction in nitrite reductase (NiR) could be attributed to its localization.
Chloroplast is the site of localization of O3 and also a primary place of action of
O3 after its absorption through stomata (Swanson et al. 1973). It is also known that
O3 alters the ultrastructure and functions of chloroplasts including electron flow
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Table 1 Impact of O3 on nitrogen fixation and nodulation in members of Fabaceae (Modified
from Hewitt et al. 2015)

Plant name O3
concentration

Nitrogen fixation
parameters

Percentage
reduction (%)

References

Common bean 300 ppb Nodulation 12 Blum and Heck
(1980)

Chick pea
Faba bean

100 ppb Nodulation,
N-fixing enzymes

12–34 Agrawal and
Agrawal, (1990)

Soybean 58–107 ppb N-fixation 27 Flagler et al.
(1987)

Chickpea 85 ppb Nodulation 18–21 Welfare et al.
(2002)

Cowpea 40–70 ppb Nodulation and
N-fixation

31–90 Umponstira et al.
(2009)

Soybean 65 N-fixation 37–40 Cheng et al.
(2011)

Bean 100 ppb Nitrate and nitrite
reductase

25 Hassan and
Anttonen (1999)

Soybean 42 ppb Nitrate and nitrite
reductase

28–31 Rai et al. (2015)

Cowpea 40–80 ppb Nitrogenase
enzyme activity

10–43 Malaiyandi and
Natarajan (2014)

in photosystems I and II and various enzymes of the reductive pentose phosphate
pathway (Nakamura and Saka 1978). Itmay be due to theO3 treatmentwhich resulted
in the chloroplasts damage and thus reduced the NiR activity of leaves. On the other
side, a decline in nitrate reductase (NR) may be due to reduction in enzyme synthesis
or due to non-availability of an electron donor for proper enzyme activity (Agrawal
and Agrawal 1990) (Table 1).

In leaves of soybean exposed to high O3, Galant et al. (2012) describe an accumu-
lation and/or oxidation of proteins implicated in amino acid biosynthesis and nitrogen
homeostasis. The cytosolic formof glutamine synthase (GS), a central player in nitro-
gen sensing, increased in abundance, oxidation, and activity in the 116 ppb O3 leaf
sample of soybean (Galant et al. 2012). Indeed, increased expression of cytosolic
GS is associated with leaf senescence and the recycling of ammonia during stress
conditions (Brugie‘re et al. 2000).

7 Impact of O3 on Plant Growth and Yield

Nitrogen fixation is also dependent on the availability of sugars from the host plant.
As described before in this chapter, Ozone causes physiological changes in leaves
that affect source strength, i.e., the amount of carbon available for allocation to sink
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tissues. Changes include decreased carbon assimilation, increased metabolic costs,
and possibly decreased phloem loading. Several processes occur inO3 exposed leaves
that lead to increased carbon demand and sink strength in leaves and thus a reduction
in carbon allocation below ground (Andersen 2003). Factors that increase the sink
strength of leaves for carbon include repair processes, as well as the synthesis of
antioxidants and other secondary compounds. Ozone stimulates biosynthetic path-
ways which involve carbon intermediates in support of defense and repair processes
(Guderian 1985; Dizengremel 2001) and can lead to increased costs to construct
tissues (Tingey et al. 1994). Synthesis of antioxidant compounds results in the diver-
sion of carbohydrate from other metabolic processes (Dizengremel 2001). Amthor
(1988) reported in beans (Phaseolus vulgaris L.) increased rate of metabolism to
support repair and lesion formation O3 exposure to 43 and 80 ppb. Such repair is an
energy-consuming process which may lead to an increased rate of respiration. This
increase in respiration for repair (maintenance) results in a diversion of a substrate
from growth, and hence growth rate will decrease. Singh et al. (2015) reported in
pea plants (Pisum sativum L.) under stress means low carbohydrate partitioning to
the roots and nodules which led to a consequent reduction in the release of root
exudates to the rhizosphere. This can, in turn, affect nodule formation and ultimately
the biological N2-fixation. Sucrose is oxidized to dicarboxylic acids and used as
energy source by the bacteroids to fix atmospheric N, thus elevated rates of bacteroid
respiration may lead to more formation of ROS (Dupont et al. 2012).

Increased costs associated with membrane repair, protein/antioxidant synthesis
possible photosynthetic down-regulation, and decreased phloem loading could con-
tribute to the reduction in allocation below ground. Roots are often dependent on
the availability of photosynthate for their structural development (Andersen 2003),
carbon-limiting stresses such as O3 may have a rapid and significant effect on root
growth. Decreased allocation below ground is often associated with decreased root:
shoot ratio (RSR). Decreased RSRwas recorded in cultivars ofVignamungo exposed
to 50 ppb ambient O3 for 12 h (Singh and Agrawal 2011). Decreased allocation
associated with ozone exposure alters N fixation in legumes which may result in a
decrease in root nodule size or number or in the specific activity of the nitrogenases
(Rees et al. 2005; Chaudhary and Agrawal (2015) found reductions in total biomass,
number of leaves per plant and plant height exposed to elevated O3 in mung bean
and cultivar HUM-1 showed maximum reductions than HUM 23 which could be
attributed to damage to fundamental metabolic processes of plants. Changes in the
assimilation as reflected in the form of reduced plant biomass may also be due to
disturbed partitioning which further altered the whole development.

The cumulative modifications in growth and biochemical parameters, biomass
accumulation, and allocation under elevated O3 concentration subsequently reflected
in terms of negative impact on yield. Yield in Fabaceae members is influenced by
the number of pods plant−1, wt. of pods plant-1, number of seeds pod−1, and number
of seeds plant-1. Rai et al. (2015) reported the number and weight of pods plant−1

decreased significantly by 27.5 and 26.5%, respectively, after O3 exposure in soy-
bean. Singh and Agrawal (2011) observed a reduction in yield by 40-44% in black
gram (Vigna mungo L.).
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8 Conclusions

The present chapter concludes that tropospheric O3 affects physiology, nodulation,
N-fixing enzymes, and photosynthate allocation which impact on growth, biomass,
and yield of agricultural important legumes. Ozone within plant cell causes oxidative
stress which diverts more of photosynthate toward repair and defense mechanism
at the cost of below ground allocation which influences N-fixation and nodulation
due to reduced availability of C assimilates. Different cultivars show differential
responses to O3. Multiple interacting environment stressors, such as ozone, drought,
elevated CO2, and N deposition will be increasingly important in determining the
sustainability of legume-based agriculture and food production, particularly in parts
of the world where severe issues with food security already exist.
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Abstract Salinity stress is a constraint to the world crop production. The crop plants
of Fabaceae family are a major source of dietary proteins for the population of third
world countries. But salinity stress poses a serious threat in their yield. Several stud-
ies have been performed to elucidate the legume salinity stress responses as well
as strategies to ameliorate salt stress. Here, in this chapter, we have tried to sum-
marize the salt stress responses in as well as techniques employed to improve yield
under salinity stress in three important crop plants of this family focusing on ground-
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1 Introduction: Salinity Stress

Abiotic factors such as temperature, irregular rainfall, salinity stress, among oth-
ers, strongly influence the soil quality which in turn results in the depletion of crop
productivity. However, salinity is one of the most important limiting factors that
inhibit the productivity of agricultural crops and plants through its adverse effects on
germination, plant vigour and finally yield and yield attributing characters. USDA
salinity laboratory has defined the saline soil as the soil having an electrical conduc-
tivity (EC) of solution extracted from the water-saturated soil paste ECe (EC of the
extract) of 4 dS/m (deci Siemens per meter), where 4 dS/m ≈ 40 mM NaCl or more
(Kotuby-Amacher et al. 2000; Chinnusamy et al. 2005). It is also observed that salt
tolerance may vary depending on soil types and environmental factors (abiotic) such
as vapour pressure deficit, radiation and temperature. Salinity is a concerning issue
in arid and semi-arid areas as there are insufficient rain to leach salts and excess
sodium ions out of the rhizosphere. Imadi et al. (2016) pointed out that almost 75
countries around the world are having sodic and saline-sodic soils and they have also
denoted that their extent is increasing steadily among agricultural countries. Singh
et al. (2015) also assumed that, by 2050, almost 50% of total arable land might lose
its fertility due to this ever-increasing salinization procedure. Fertile lands across
100+ countries are facing the problem of salinization in varying intensities (Yadav
1993). As per the report of Munns and James (2003), globally, nearly 100 million
ha of arable land that accounts for 6–7% of total arable land is affected due to salin-
ity. However, as per the recent findings of Singh (2018), it has been observed that
worldwide currently almost 953million ha of land area comes under the severe threat
of salinization. According to the above-mentioned report, about 6.73 million ha of
productive lands of India are exposed to the severe threat of being saline-prone. Out
of 29 states, fifteen states of the country contain saline and sodic components in their
productive lands. Gujrat topped the list with 2.2 million ha of saline and sodic soil
while Uttar Pradesh ranked second with 1.3 million ha of saline prone areas. Arid
and semi-arid regions are supposed to be more vulnerable due to the utilization of
brackish water for irrigation purpose that induces secondary salinization resulting a
great threat to the sustainable productivity. Soils of any origin contain salts in differ-
ent amount stretching from humid tropics to the polar regions. Minerals, in the form
of salts, are very common and the most significant part of soil and are considered
as the essential component for plant nutrition. Irrigation waters, from either canals
or underground pumping, contain some amount of salt, which starts secondary soil
salinization procedure through crop irrigation. Lauchli et al. (2008) presented alarm-
ing statistics about soil salinization. They described that more than 45 million ha
of irrigated land (~20% of total irrigated land acreage) and almost 2% of the lands
farmed by dryland agriculture have been severely damaged or lost its productivity
due to high salinity level. It is evident that irrigation water containing calcium (Ca2+),
magnesium (Mg2+) and sodium (Na+) produce carbonates after evaporation, leaving
Na+ dominant in the soil (Serrano et al. 1999). This residual Na+ often exceeds the
quantity of aggregatedmacronutrient as well asmicronutrient by one or two orders of
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magnitude. Grattana and Grieveb (1999) observed that these higher concentrations
of Na+ in soil may reduce the nutrient-ion activities by producing extreme ratios of
Na+/Ca2+ or Na+/K+.

2 Consequences of Salinity Stress on Field Crops

Physiological processes of plants are directly related to the soil salinity level which
reduce the crop growth and its vigour development through processes such as water
stress, ion toxicity, nutritional disorders, oxidative stress, alteration of metabolic pro-
cesses, membrane disorganization, reduction of cell division and expansion, geno-
toxicity (Munns 2002; Zhu 2007). Soil salinity is one of the most important abiotic
factors that drastically limits the crop production, depending on the magnitude of
salinity and the tolerance limit at the critical phenological stages of a particular crop
(Hasanuzzaman et al. 2013a, b; Parihar et al. 2015; Shrivastava and Kumar 2015;
Negrao et al. 2017; Parvin et al. 2019; Hasanuzzaman et al. 2018a, b, 2019; Mahmud
et al. 2020). Presence of excessive amount of salt in the soil strongly obstructs the
germination process and retards the growth by making water less available resulting
a physiological drought (Moreno-Casasola 2008). Plant morphology and physiol-
ogy are adversely affected due to the presence of salt. Under high salinity stress, the
enhanced uptake of Na ions negatively influence the plant growth due to the result
of five different reasons and they are as follows:

i. Decreased uptake of essential nutrients such as potassium by the plant.
ii. Reduced water use efficiency
iii. Toxic effects of Na+ and Cl− on plant morphological traits such as root system

size.
iv. Toxic effects of both the ions on plant physiology including the activity of

enzymes, the function of cell membranes and the production of plant hormones
(Alam 1994; Munns and James 2003);

v. Increased oxidative stress caused by high Na+ and Cl− levels (Munns 2002;
Dolatabadian et al. 2011; Golpayegani and Tilebeni 2011; Bothe 2012).

vi. In short, shoot growth is affectedmore by salinity than root (Omisun et al. 2018).

However, at low concentrations, crops and their productivity levels might hardly
be affected (Maggio et al. 2001). Plants such as glycophytes are very sensitive to
salinization as the presence of 100–200 mM NaCl in soil might be lethal for the
plant. On the contrary, halophytes are more susceptible to high salt concentration
(up to 300–400 mM). For some species, a relation between leaf area and number
and salinity was described, where leaf number may increase with the increasing
salt concentration (Chen et al. 2007; Rui et al. 2009; Gama et al. 2007; Ha et al.
2008). Recent studies also proved that fresh and dry weights of the shoot systems are
affected (either positive or negative) depending on salts concentration, type of salt
and importantly the type of plant species (Taffouo et al. 2010; Memon et al. 2010).
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3 Salinity Stress on Selected Field Crops from Fabaceae
Family

3.1 Groundnut

Groundnut (Arachis hypogaea L.), also known as peanut, is an important oil, food
and feed legume crop cultivated in more than 100 countries of tropics and subtrop-
ics stretching from 40° N to 40° S latitudes. Since it is rich in protein and fill with
high-energy value, it is considered as the fourth most important source of edible oil
and third most source of vegetable protein in the world. China holds the topmost
position by producing almost 1.4 × 1010 kg of groundnut (Fig. 1) (FAOSTAT 2017).
India is the second largest producer (80–85 lakh MT) having the highest annual
all-season acreage of 70 lakh hectares (GOI 2018). Groundnut can be cultivated
throughout the year, i.e. in monsoon season (commonly known as Kharif), winter
season (commonly known as Rabi) and summer. However, in India, nearly 80% of
annual acreage and production comes from Kharif season. According to the Direc-
torate of Economics and Statistics, GOI, all India Kharif 2018 groundnut acreage
was 3,890,000 hectares. Gujarat is leading the table with 40.1% of national pro-
duction followed by Rajasthan which produced almost 21.6%. The national average
yield was estimated as 1336 kg ha−1.

Groundnut, a self-pollinated, tropical annual legume, belongs to genus Arachis
in subtribe Stylosanthinae of tribe Aeschynomenea of family Leguminosae. Mainly
two subtypes, hypogaea and fastigiata, are being cultivated across the globe with two

Fig. 1 Top ten producers of groundnuts and their production (in tonnes) in 2017. Source FAOSTAT
(accessed on 26.11.2019)



Salinity Stress Responses in Three Popular Field Crops … 523

botanical varieties (var. hypogaea and var. aequatoriana). Each of these botanical
varieties can be differentiated by their distinct features in terms of plant, pod and
seed morphology. However, most of the commercially cultivated varieties belong to
the hypogaea (common name/market type: Virginia or runner), fastigiata (Valencia)
and vulgaris (Spanish) botanical variety groups.

Now if we consider the economic scenario, we can state that it is a very important
agricultural export commodity. Groundnut kernels contain 48–50% of oil and 26–
28% of protein along with antioxidants, biologically active polyphenols, flavonoids,
isoflavones, minerals and vitamins (Janila et al. 2013). On equal weight basis (Kg
for Kg), groundnuts contain more protein than meat and about two and a half times
more than eggs. In addition to protein, groundnuts are a good source of calcium,
phosphorus, iron, zinc and boron. The groundnuts also contain vitamin ‘E’ and
small amounts of vitamin ‘B’ complex. It has been observed that its growth and
development is at the optimum level when the mean temperature remains between
21 and 26.5 °C along with ≥50 cm rainfall. A warm and dry condition is assumed
as the best weather during its ripening period. It has been noticed that 100 gm of
groundnut kernel can produce 564 kcal of energy (Jambunathan 1991; Pasupuleti
and Nigan 2013). Birthal et al. (2010) described that over 60% of global groundnut
production is crushed for extraction of edible oil as well as industrial uses. Rest of
the amount, i.e. 40% is being used for direct consumption as nut along with seed
storage (for next year). Most of the Asian countries utilized groundnut oil as the
cooking medium because of its high smoking point (Singh and Diwakar 1993). The
best part of it is the cake (crushed portion after oil extraction) which is utilized
for feeding animal industry and nowadays, with advance technologies, they have
transformed them into enriched easily digestible food for children and aged persons.
Generally, the cake contains protein (43–65%) and fat (6–20%) along with vitamin B
depending upon the method of extraction. Its nutritious quality is so high that NASA
has selected groundnut as a possible food for the advanced life support system for
extended space missions. Fermented dough and kisra, prepared from groundnut, are
very popular among Sudanese (Singh 1992). Groundnut cake meal has been used
to prepare bakery products such as bread, biscuits and cookies which can replenish
protein demand of malnourished people in the developing countries. Nowadays,
people of USA, Canada, Australia, etc., are using peanut butter as the most popular
product. Each and every portion of groundnut plant is very useful and rich in nutrient
values. Not only the kernels but also the haulms contain protein @8–15%, lipids
(1–5%), minerals (9–17%) and carbohydrate (38–45%) which constitute a nutritious
fodder for livestock.

The most interesting part of this crop is that, being a legume crop, it can improve
the soil health and fertility by leaving behind N2 (through nitrogen fixation at root
zone) and organicmatter in the soil. Due to these superqualities, the projected demand
of peanut in Asia alone by 2020 is assumed to be 1.6 times more than the level of
production in 2000 (Birthal et al. 2010). As a whole, its cultivation contributes to the
sustainability of mixed crop–livestock production systems, the most predominant
system of the semi-arid areas.
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3.1.1 Impact of Salinity Stress on Groundnut’s Physiology, Agronomic
Performance and Nutritional Quality (2010–Till Now)

Rapid urbanization for better lifestyle signals higher incomes, higher opportunity
cost of time and therefore greater demand for convenience foods. To contribute
to the feeding of the 2/3 portion of the world population living in the developing
countries of Asia and Africa, a rapid growth in groundnut production is needed.
However, the groundnut genotypes are very sensitive to salt and drought stress as
they affect both productivity and quality of peanut in semi-arid tropics (Reddy and
Anbumozhi 2003; Krishna et al. 2015). Salt stress sharply reduces the plants’ ability
to uptake minerals and its corresponding growth and development through ‘osmotic
effect’ (Singh et al. 1989; Janila et al. 1999). The impact of salinity stress on the
physiological and biochemical changes of groundnut was examined by two different
ways and they are as follows:

3.1.2 Laboratory-Based Study (In Situ Experiments)

Nigeria is the fourth largest producer of groundnut in the world, and due to its
economic as well as nutritious value, it continues to be the predominant crop of this
country. Mensah et al. (2006) tested five genotypes (RMOP 91, Ex Dakar, RMP 12,
RRB 12 and Esan Local) over two different approaches. For germination tests, seeds
were placed in Petri dishes, whereas plastic buckets were used for the rest of the
growing period. They also recorded a delay in germination as well as the reduction
in agronomic characters such as plant height and number of leaves per plant under
EC greater than 2.60 mS/cm. It is also noticed that the selected varieties were more
salt-tolerant during the germination stage during the vegetative stage.

Numerous studies proved that under saline conditions, leaves of the plant contain
more Na+ and Cl− ions which are toxic to them (Dogar et al. 2012). In addition,
the absorption of K+, NO3

− and H2PO4
− ions are regulated rather reduced due to

the presence of these two ions (White and Broadley 2001). Presence of substantial
amount of Na+ also induces nutrient imbalance (Rogers et al. 2003; Hu and Schmid-
halter 2005) and inhibits the activity of Ca2+, K+ and Mg2+ due to high Na+/Ca2+

or Na+/K+ (Hu and Schmidhalter 1997; Grattan and Grieve 1999) and N, P and K
translocation (Hirpara et al. 2005). Mungala et al. (2008) reported that the germina-
tion of groundnut seeds is reduced by 10% when grown on media containing 2.5%
NaCl. They have also noticed a consecutive reduction in groundnut yield by 25%,
50%and 100%when cultivated under the salinity level of 4.1, 4.9 and 6.5mmhos/cm.
On the other side, Yadav et al. (2011) demonstrated that EC 3.2 dS/m is the critical
value for yield reduction. Salinity level of 9.2 dS/m might capable of reducing the
chlorophyll contentwhich, in turn, able to inhibit/retard the productivity in groundnut
(Hammad et al. 2010). Seedling, seed development and flowering stages are consid-
ered as the most critical phenological stages that can be severely influenced by the
soil salinity (Mudgal 2004; Cuartero et al. 2006; Amin 2011). Taufiq et al. (2016)
studied the growth of two groundnut varieties, namely Domba (Spanish type) and
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Hypoma 1 (Valencia type) under saline condition where EC varies from 2.65 to 4.08
dS/m. Results revealed that above the critical level (3.2 dS/m), the number of pod
per plant and pod yield both reduced. In another study, Taufiq et al. (2015) cultured
ten groundnut varieties in a glasshouse and the results revealed that the Indonesian
cultivars failed to produce pods on soil with EC value of 2.0 dS/m.

Groundnut is considered as moderately sensitive to salinity stress (Azad et al.
2013). Researchers from Kerala raised groundnuts under in vitro and in vivo con-
ditions where different concentrations of NaCl (No NaCl, 100 mM, 200 mM) were
used as the stress-inducing salt (Mohan and Shashidharan 2018). A delayed response
was noticed under both types of cultures due to the adaptive feature that plants adopt
to survive under stress affecting multiple resources (e.g. building blocks and energy).
Mild increase in protein content was observed in the 200 mM salt. Plants are also
capable of synthesizing new proteins under a stressed situation that may provide a
storage form of nitrogen which can be reutilized when stress is over (Garratt et al.
2002). The response to salinity is directly regulated with the upregulation of key
enzymes that regulates reactive oxygen species levels such as peroxidases catalase,
superoxide dismutase and maintenance of H2O2 at concentrations required for cell
signalling (Munns and Tester 2008). Mohan and Shashidharan (2018) also noticed a
sudden increase in the concentration of phenolic compounds under the 100mM solu-
tion of both in vitro and in vivo conditions. However, this drastic change is mostly
limited up to 100 mM as no further increment was recorded with the increment of
the saline dose.

Neighbouring countries like Bangladesh are also facing the concerning issue of
salinization of arable land. Around the coastal belts of Bangladesh, approximately
1.02 million ha of cultivated lands are facing the disastrous effect of varying degree
of salinity (2.0 → 16 dS/m) which changes according to the seasons (Karim and
Iqbal 2001; SRDI 2003). Thus, these places are not suitable for growing high water-
demanding crops during the dry period of November to May as suitable irrigation
water could not be supplied that time. Farmers like to cultivate groundnut in the said
period as the crop demands only 350 mm water to complete its life cycle, which
can be accomplished through rainfall (Reddy and Kaul 1996). Azad et al. (2014)
tested the growth of five genotypes of groundnut in the glasshouse of Bangladesh
Institute of Nuclear Agriculture to study the impact of salinity on those cultivars.
It was observed that under 7–9 dS/m salinity stress, the ‘Dacca-1’ variety showed
more resistance during flowering to harvest in the time frame of August to January
and it produced more pods and kernels compared to unstressed treatment. However,
a contrasting scenario was also noticed when the variety was exposed to 8 dS/m
during April to August where they could not produce any pod due to high maximum
temperature (>50 °C).

In a recent study conducted under the laboratory condition of Plant Physiology
Department of Bidhan Chandra Krishi Viswavidyalaya (BCKV), West Bengal, 26
genotypes of groundnut were investigated to identify the salt-tolerant varieties and
their physiological changes in response to stress (Pal and Pal 2017). The same study
confirmed that high salinity causes fluctuation of biochemical parameters such as
reduction of leaf sugar content in the range of 2.70–70.32% (varying with genotypes)
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over control, increase in leaf proline content (531.5–780.16%) in tolerant genotypes.
Five genotypes, namely KDG-197, R2001-2, VG-315, TCGS1157 and TG-51 were
the best performers under the salinity stress (up to 200 mMNaCl), whereas genotype
Girnar 3 was found as the mostly affected one in this study.

3.1.3 Field-Based Study (Ex Situ Experiment)

Very few ex situ trials were done to examine the impact of salinity on the produc-
tivity and growth of groundnut. One of these works was conducted by Chakraborty
et al. (2016) where two Spanish bunch type varieties (TG 37A and GG 2) have been
tested in a split-split design to define the role of external K+ application in allevi-
ating the salinity stress and their responses towards conjoint saline-K environment.
Imposition of salinity stress results in varying degree of response and adaptabil-
ity in two different genotypes. Being a stress-tolerant variety, GG 2 represents the
lesser degree of reduction (11–20%) of relative water content (RWC) in the leaves
compared to TG 37A (16–28%). However, external application of K+ improved the
resistance capability of both genotypes, specifically in TG 37A. Leaf water potential
also dropped significantly with concurrent fall in RWC. Under control condition, i.e.
without stress, the stress-tolerant cultivar (GG 2) produced less biomass compared to
stress susceptible cultivar. This may be due to the higher metabolic cost of imparting
inherent tolerance character in GG 2 resulted in sacrificing total biomass under con-
trol condition. Exogenously applied K+ helped both the cultivars to maintain better
physiological status by retaining tissue K+ or through higher uptake of K+. Previous
studies also pointed out the same points (Ikeda 2005; Akram et al. 2009).

3.2 Mungbean

Vigna radiata (L.) or mungbean is a vital legume crop, widely cultivated in Asian
countries. Mungbeans are a member of the genus Vigna that comprise 150+ species
originated mostly in Asia and Africa. The tropical regions of Asia have the highest
degree of genetic diversity (USDA-ARS2012). Besides complementing cereal-based
diets, it is also used as an indispensable ingredient in various salads consumed in
developed and developing countries. Cultivated species ofmungbeans are also known
as green gram, moong, golden gram, oregon pea, chickasono pea, chickasaw pea and
chiroko in India. Agronomically, mungbean belongs to short-duration field crops
with crop duration of 70–110 days and can be cultivated in a wide range of agroe-
cosystem (except in frost-free land mass) (Imrie 1995). Morphologically, mungbean
has small structure (<1.25 m), nodule bearing roots (for N2 fixation) with erect to
suberect branches, trifoliate leaves, bears yellow flowers with butterfly-like structure,
which may vary from variety to variety. Seeds of mungbean have a wide range of
appearances depending upon the colour of testa as well as absence or presence of
texture layer (Watt et al. 1977). From morphological point of view, seeds are either
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having a dull or buff appearance with a golden or green shiny appearance. India
has the credit to be the world’s largest producer of mungbean (>50%) (Vijayalak-
shmi et al. 2003), whereas Thailand is the largest exporter of mungbean in the world
(Srinives 1991). During 2012–2017 (under Twelfth Plan) in India, 15.91 lakh tonnes
of mungbean were produced from 34.50 lakh hectares’ agricultural land. In India, in
terms of production per unit land, the order lies Andhra Pradesh (696 kg/ha) < Jhark-
hand (704 kg/ha) < Punjab (845 kg/ha), respectively, with national yield average of
461 kg/ha, whereas if we consider agricultural land used for mungbean cultivation,
the top three positions were occupied by Rajasthan, Maharashtra and Karnataka,
respectively (Kumar and Pandey 2018).

3.2.1 Salinity Stress on Mungbean

Salinity stress has been documented as the main abiotic stressor for the field crops.
Hasanuzzaman et al. (2013a) reported that due to salinity stress, asmuch as 70%yield
reduction of mungbean is observed in the presence of 50 mMNaCl. Authors such as
Kandil et al. (2012) and Karthikeyan et al. (2012) were of the opinion that 1–3% of
agriculture land has gradually become saline every year due to both anthropogenic
influence as well as naturally. The authors further added that this soil salinization,
by the middle of twenty-first century, will significantly modulate the production of
agronomically important crops throughout the world. Regarding the adverse effects
of soil salinity on field crops, mungbean is no exception. Under field conditions,
mungbean experiences a wide range of adverse situation along with salinity stress,
such as high temperature, pod shattering, attack from pests, among others, which
stimulates significant yield reduction. From agronomically or plant biology point
of view, the adverse effects of salinity on mungbean depend on various factors.
The magnitude of salinity induced injuries is governed by (a) duration of exposure,
(b) concentration of salt, (c) growth stage where it exposed to salinity, (d) nature of
plant and finally and (e) how salinity was applied. Main obstacles behind proper
categorization or documentation of salinity-induced responses in mungbean are
(1) complex nature of salinity stress and (2) polygenic nature of stress-induced
responses (Mahajan and Tuteja 2005). Other authors, asMahdavi and Sanavy (2007),
were of the view that unavailability of adequate technology to standardize the stress-
induced responses in grain legumes can hinder the development of transgenic or
tolerant lines.

In the plant–soil system context, salinity stress inhibits germination and a reduc-
tion in root and shoot elongation was observed. It is reported that under saline stress
environment, Na+ and Cl− create an osmotic potential on the exterior of root and
thus preventing water and dissolved mineral uptake can be taken as a possible mode
of action of excess salinity stress (Moose and Mumm 2008; Muhammad and Majid
2013; Munns and James 2003). Nafees et al. (2010) and Natr and Lawlor (2005)
reported that salinity-induced reduction in pigment (chlorophyll content) in mung-
bean and attributed this to inhibition of chlorophyll biogenesis or modulating chloro-
plast structure by accumulatedNa+ andCl− inmungbean’s leaf. Sehrawat et al. (2013,
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2014a, b, 2015) have investigated the consequences of salinity stress on mungbean
and found that salinity stress can impose inhibitory or adverse effects irrespective
of growth stage, but especially damage at post-vegetative stage, i.e. flowering and
pod-filling stage. To elaborate the possible mechanism associated with drastic yield
loss, authors like Tavakkoli et al. (2010) and Hasanuzzaman et al. (2012) found
that greater accumulation of Na+ in saline soil and its subsequent accumulation in
different plant parts may lead to yield reduction.

3.3 Blackgram

Blackgram (Vigna mungo (L.) Hepper) is one of the important pulse mainly con-
sumed because it is a cheap source of dietary protein (21%), in the underdeveloped
and developing countries. Blackgram plants can also maintain nitrogen level in the
rhizosphere by fixing atmospheric nitrogen (Chowra et al. 2017). It is mainly culti-
vated in Asian countries including India, Pakistan, Myanmar and parts of southern
Asia. About 70% of world’s blackgram production comes from India (Khariff crop).
The seeds of blackgram are small and have black seed coat.

Blackgram is considered to be highly sensitive to salt and as such is prone to salt
from airborne spray and tidal immersion in coastal areas. Despite its high susceptibil-
ity, very fewworks on blackgram and salinity stress responses have been reported till
date. The first report studied the physiological impact of sodium chloride treatment
in water relations, proline and chlorophyll contents, whereas the second report a year
later by the same group discussed the differential tolerance of nine varieties (Ashraf
1989; Ashraf and Karim 1990). In the second report, they showed that there is con-
siderable variability in tolerance among the varieties through assessing chlorophyll
content and ionic status upon NaCl treatment (Ashraf and Karim 1990). Dash and
Panda 2001, showed dose-dependent response in growth and antioxidant enzyme
activity in blackgram during germination. Again after a decade gap, Win et al (2011)
studied the variation in response on salt treatment in several Vigna genotypes, being
some of them Vigna mungo.Among other aspects, this study evidenced the relevance
of genetically diverse accessions to study salt response mechanisms and usefulness
as a good resource for breeding programs.

4 Salinity Stress Management

From the previous discussions and literature surveys, it is clear that salinity stress
changes the physiological as well as biochemical properties of a plant. Scientists
projected that the rate at which fertile agricultural lands are affected by high soil
salinity, the amount of available arable land will reduce by 30% in the next 25 years
and up to 50% by the year 2050 (Rozema and Flowers 2008). Such kind of alarming
situation strictly demands the development of salt-tolerant varieties as well as the
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more advanced techniques to mitigate or at least slow down the soil salinization
procedures. There are two ways to eradicate the impact of salinity in legume crop
production and that are discussed further.

4.1 Methods so Far Applied in Groundnut to Mitigate
Salinity Stress

4.1.1 Techniques or Procedures to Mitigate Salt Stress in the Soil

Several substances have been applied to soils in a tentative to ameliorate crop yield
in soils with high levels of salt. One of these examples is the application of gypsum
@3–5 tons per acre (recommended rate) in the field during its preparation. Taufiq
et al. (2016) have proved that combination of gypsum and organic manure is a better
option to ameliorate saline soil compared to the individual application of K fertilizer,
dolomite, gypsum and organic manure. These authors found that the combination
of gypsum and organic manure was consistent in reducing exchangeable Na, Na
saturation and soil EC and the groundnut varieties, cultivated under this treatment,
produced higher yield compared to other treatments. Other approaches include:

i. Incorporation of Dhaincha (Sesbania bispinosa) (6.25 t ha−1) in soil before
planting (Cuevas et al. 2019).

ii. Maintenance of high K/Na ratio by applying potash and Ca fertilization. Appli-
cation of exogenous K+ might enhance the resistance power against salinity in
terms of plant water status, biomass produced under stress, osmotic adjustment
and better ionic balance (Chakraborty et al. 2016). However, the response may
differ depending upon the salt sensitivity of the genotype studied.

iii. Split application of N and K fertilizers.

4.1.2 Techniques to Minimize or Eradicate the Influence of Salinity
in the Plant Itself

With the advancement of genetic engineering, worldwide researchers are focusing
mainly on the development of stress-resilient transgenic crops by using recombi-
nant DNA techniques (Asif et al. 2011; Iqbal et al. 2012). Azad et al. (2013) found
that one of the mutant varieties had increased total sugar contents when exposed to
salinity stresses, namely during flowering and pod-filling stage, as well as, increased
free amino acid during pod-filling stage. These physiological responses contributed
to maintain turgor of guard cell and intake of CO2 (through open stomata). This
modulates photosynthesis rate and contributing to the mobilization of assimilates to
reproductive organs, particularly kernel. The ectopic expression of a peroxisomal
ascorbate peroxidase gene (SbAPX) from the extreme halophyte Salicornia brachi-
ate was found to improve salinity responses in A. hypogaea (Singh et al. 2014).
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Traits as growth, chlorophyll content, relative water content and electrolyte leakage
under 150mMNaCl stress conditionwere found improved by the described approach
(Singh et al. 2014). In a recent experiment, Banavath et al. (2018) have also developed
one A. hypogaea transgenic genotype expressing an Arabidopsis homeodomain-
leucine zipper transcription factor (AtHDG11) under stress-inducible rd29A pro-
moter. Such approach influenced few biochemical and physiological attributes like:
efficient uptake of water from deeper layers of soil due to enhanced root length.

Reduction in water loss through stomata by reducing its density; boosted water
use efficiency traits and elevated photosynthetic rates to lower down the yield loss
under stress conditions and; contributed for the control of cellular salt tolerance
with enhanced accumulation of different enzymes and efficient ROS detoxification
mechanism.

Nevertheless, other suitable approaches could be used also to improve the plant
response to salinity. Nowadays, researchers also prefer the use of plant growth-
promoting rhizobacteria to mitigate the salt effects in plants. One of these examples
is the use of diazotropic salt-tolerant bacterial isolates that under stress condition can
contribute to maintain ion homeostasis in groundnut cultivars, which also showed
less ROS accumulation and even enhanced growth in under salt stress condition
(Sharma et al. 2016).

i. Seed hardening with NaCl (10 mM concentration) (TNAU Agritech Portal
2020).

ii. Foliar spray of 0.5 ppm brassinolode for increasing photosynthetic activity.
iii. Foliar spray of 2% DAP + 1% KCl during critical stages.
iv. Foliar application of ascorbic acid could improve the number of leaves and leaf

area, while in combination with zinc sulphate, it can increase the plant height
and total plant biomass.

4.2 Salinity Management in Mungbean

A lot of work has been done on mungbean stress mitigation through priming, pre-
treatment and co-treatment during this decade. Since legume crops are relatively
recalcitrant to genetic engineering, very few studies have been performed. Exogenous
application of proline, ethylene and glycinebetaine reduced ROS accumulation and
ROS-induced damages, whereas boosted the antioxidant machinery, photosynthesis
and glyoxylase system in mungbean under salt stress (Hossain and Fujita 2010;
Hossain et al. 2011; Khan et al. 2014). Adverse effect of salinity was also found to
be reduced by exogenous application of thiourea and glutathione throughmodulation
of cellular metabolites andmethylglyoxal detoxification system (Perveen et al. 2016;
Nahar et al. 2015). Another interesting study found that pre-treatment with sublethal
dose of salt (NaCl) stimulated the antioxidant defence against salinity stress as well
as DNA damage at latter stages of seedling development (Saha et al. 2010, 2015).
Rhizobia, rhizobacteria and Pseudomonas strain co-inoculation also ameliorates salt
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stress response in mungbean and co-inoculated plants have increased chlorophyll
content, relative water content, transpiration rate and nutrient balance (Ahmad et al.
2011, 2012, 2013; Tittabutr et al. 2013; Panwar et al. 2016). Salicylic acid treatment
has been reported to enhance photosynthetic efficiency under saline condition by
enhancing nitrogen and sulphur assimilation (Nazar et al. 2011; Shakeel andMansoor
2012; Akhtar et al. 2013; Kaur and Nayyar 2015; Ghassemi-Golezani and Lotfi
2015). Co-application of phyto-hormones (gibberellic acid and brassinosteroid) and
polyamines (spermine, spermidine and putrescine) resulted in alleviation of salt stress
and stressed seedlings showing better physiology, nutrient homeostasis, antioxidant
activity and reduced sodium uptake (Ghosh et al. 2015; Nahar et al. 2016; Lalotra
et al. 2017). Biochar is an eco-friendly alternative for amelioration of environmental
stressors, which has been experimented in different crops under different conditions.
In mungbean, biochar also effectively attenuates salinity stress by regulating H+-
ATPase and H+-PPase activities in root tonoplast among other physiological and
morphological aspects (Torabian et al. 2018; Nikpour-Rashidabad et al. 2019). Even
elements like sulphur, calcium, zinc and silica have been used to ameliorate salinity
stress in mungbean, and like other agents, they both boost up the antioxidant activity
leading to better phenotype than the untreated controls (Hussain et al. 2019; Ahmad
et al. 2019; Ashraf et al. 2019). Very recently, a low dosage acetic acid has been found
to be a cost-effectiveway tominimize toxicity inmungbean due to seawater (Rahman
et al. 2019). The treated plants showed better morpho-physiological aspects and
photosynthetic efficiency under the influence of sea water with respect to untreated
controls.

Trait improvement for salinity tolerance inmungbean through genetix engineering
approach has been reported by a single laboratory till date. An Arabidopsis NHX1,
a Na+/H+ exchanger protein localized in the vacuolar membrane was constitutively
overexpressed inmungbean (Sahoo et al. 2016).NHX1 is known to compartmentalize
Na+ in vacuoles to protect the cytoplasmic macromolecules and organelles from the
toxic effects. The transgenic mungbean plants showed better adaptability to saline
condition as depicted from the soil salinity stress assays depicted in the manuscript
(Sahoo et al. 2016).

4.3 Salinity Stress Management in Blackgram

Genetic engineering has long been used as an alternative tool for crop improve-
ment, and blackgram has not been an exception to this. Blackgram is recalcitrant
to genetic transformation but despite this bottleneck attempts have been made to
engineer candidate genes into blackgram for trait improvement (Saini et al. 2003;
Chopra and Saini 2014; Das 2018). The blackgram recalcitrance to generate trans-
genic calli was reported by Karthikeyan et al. (1996). Seven years after, the recovery
of transgenic blackgram was reported by Saini et al. (2003) and Balaji et al. (2003).
Constitutive overexpression of Glyoxalase I gene in blackgram resulted in plants
with enhanced tolerance to salt stress (Bhomkar et al. 2008). Glyoxalase I belongs



532 D. Moulick et al.

to metalloglutathione transferase superfamily, thus implicated in a decisive part in
the detoxification of cytotoxic methylglyoxal. Perhaps this was the first report for
engineering of abiotic stress tolerance in blackgram. Latter from the same group,
another report for the improvement of multiple abiotic stress tolerance in blackgram
through genetic engineering was published (Singh et al. 2016). In this study, the
overexpression of ALDRXV4was the approach defined. This enzyme belongs to the
aldo–keto reductase superfamily which catalyse the reduction of carbonyl metabo-
lites in the cells thus consititute a key player for osmoprotection and remediation
of the reactive carbonyl species. Meantime, a considerable number of genomic and
transcriptomic resources have been generated, which in the future might contribute
to the development of improved varieties to abiotic stresses including salinity. Using
high throughput Illumina sequencing technology, RNA libraries were constructed
from leaves of blackgram paving the way for identification 13 novel miRNA (Paul
et al. 2014). Blackgram genetic diversity analysis and linkage maps were also gener-
ated using AFLP, RAPD and ISSRmarkers (Souframanien and Gopalakrishna 2004;
Chaitieng et al. 2006; Gupta et al. 2008; Gupta and Gopalakrishna 2009) and may
constitute a relevant tool for marker-assisted breeding approaches in this species.

Besides genomic and genetic approaches, seed and seedling treatments including
the well-described seed priming have also been used as an excellent tool to enhance
the tolerance/avoidance capacity of crop plants against abiotic stress like drought,
salinity, cold, heavy metal, etc. (Saha et al. 2019; Sahoo et al. 2019). For example,
the effectivity of seed priming as an alternative mean to ameliorate against other
abiotic stresses like arsenic stress in rice has been widely studied using selenium and
zinc seed treatments (Moulick et al. 2016, 2017, 2018a, b, c, 2019). Diverse group of
agents has been used to ameliorate stress in Vigna species including polyamines and
hormones, but being a neglected crop, very few studies have been done on black-
gram.A triazol compound, triadimefon,was one of the first agents to be experimented
with as co-treatment along with salinity (Jaleel et al. 2009). Triadimefon drastically
alleviated salinity in blackgram by triggering enhanced antioxidant enzyme activ-
ity. Devi et al. (2012) demonstrated the use of IAA as an ameliorating agent to
salt stress. In this work, stressed blackgram plants treated with IAA showed better
growth reflected on shoot–root length, biomass, leaf area and chlorophyll content.
Very recently, the impact of halotolerant plant growth-promoting rhizobacteria (H-
PGPR) and kinetin was studied on salt tolerance of blackgram (Yasin et al. 2018).
In this work, 15 rhizobacterial isolates were screened for their potential to enhance
growth in blackgram. Two of the selected strains were then applied in combination
with kinetin doses, and plant performance was evaluated in field condition (brackish
water) for improving tolerance to blackram. The plants treated with kinetin and H-
PGPR exhibited enhanced chlorophyll content, growth, yield and reduced electrolyte
leakage.
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5 Conclusion

Keeping in mind the economic importance of Fabaceae family, its susceptibility to
salinity stress and impact on productivity and nutritional quality, we are still far from
having a complete picture of the physiological andmolecular mechanisms governing
legume response to salinity. More research efforts in terms of funding and research
projects should be intensified. Moreover, reluctances of some crops to genomic alter-
nation, lack of standardization in research experiments and the existence of a large
number of orphan crops perhaps hampered the generation of knowledge. Indeed,
it would be relevant to extend research from the questions of particular region to
global level, in which large collaborative research consortium should be established
to maximize the efforts to improve legume performance and yield in the current sce-
nario of climate change. Large-scale omic studies will go a long way in this regard.
Besides adopting modern methodologies to mitigate salinity stress in the abovemen-
tioned field crops, a parallel attention should also have directed towards developing
farmer-friendly mitigation options too. Speaking in terms of research, basic research
must be encouraging at any cost but at the same time strategic research also encour-
aged considerably or else the gap between the basic and applied (i.e. application of
findings) remains as it was.
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