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Preface

Climate change models predicted that crop production will decline in most production areas
and will seriously affect food security in the coming decades. The world population is ex‐
pected to exceed 10 billion by 2100. During the last century, agriculture fulfilled the growing
demand for food by increasing the crop yield. Projections are that global warming will make
changes in precipitation, together with more frequent droughts and floods; runoff in snow‐
melt; increase in CO2, temperature, and evapotranspiration; reduction in water availability;
and leaching of soil nutrients. Under changed climate, further increase in crop yield will not
be sufficient in a growing food demand.

Although it is difficult to have accurate data of the impact of abiotic stress on crop yields,
the influence is significant, according to the affected area (FAO estimations are that only
3.5% of the global arable area is not affected by some abiotic stress factors). Among all abio‐
tic stresses, drought is going to have the most important influence on the decrease of crop
production. Yield of the three most important food crops (wheat, rice, and maize) is expect‐
ed to decrease in most arable areas, based on reductions in available water and increased
temperature. The main tasks for researchers are to increase food production by developing
sustainable agricultural practices, increase abiotic and biotic stress tolerance in crops, and
introduce new crops adapted for changed conditions and environments.

The present book is comprised of two parts: the first one focuses on tolerance and adapta‐
tion of some crops (soybean, sugar beet, and sugarcane) to water stress, and the second one
explains the possibilities and techniques that could help crops in reducing damages caused
by global climate changes.

Soybean is the most important legume and is at the fourth place according to global crop
production areas. The importance of this crop in response to climate changes lies in its bio‐
logical fixation of nitrogen too. Chapter 2 presented the anatomical and morphological
changes in different soybean cultivars in response to different levels of water stress. Chapter
3 pointed out the possibilities in nature among the genetic diversity and wild relatives of
soybean, which could be used to alleviate global warming. Sugar beet and sugarcane are
important for sugar production in different regions of the world based on climatic condi‐
tions. Sugar beet is produced more in Europe and needs an adequate amount of water for
achieving a satisfactory yield. In Chapter 4, different sugar beet genotypes are tested for wa‐
ter stress tolerance under greenhouse conditions. Although sugarcane is C4 crop growing in
tropical regions, its production is also dependent on water availability. In Chapter 5, some
new biotechnology approaches are explained in order to mitigate the effect of water stress
on sugarcane production.
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Besides the efforts on understanding the mechanisms of plant responses to abiotic stresses
and breeding crops with increased tolerance and adaptation to climate changes, which is
presented in Chapter 6 of this book, it is necessary to look for some sustainable methods and
agricultural practice to obtain stable crop yields in the coming decades. The advantages of
application of chemicals and biostimulants, together with traditional agricultural practice in
alleviation of climate change effects on crop production, are presented in Chapter 7. Since
different abiotic stresses are affecting plant growth simultaneously, plant response is very
complex and difficult to predict and breed for improved tolerance to abiotic stresses. Finally,
Chapter 8 gives an overview of the different stressors and mechanisms of crop response to
them, with recommended agricultural techniques that could be used to help plants to sur‐
vive and bring yield in spite of the negative effects of the upcoming climate change.

We are grateful to all the authors for their contributions. We express our special thanks and
appreciation to Ms. Kristina Kardum, Publishing Process Manager, for her encouragement
and help in bringing out the book in the present form.

Dr. Violeta Andjelkovic
Maize Research Institute

Zemun Polje, Serbia
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Introductory Chapter: Climate Changes and Abiotic 
Stress in Plants

Violeta Andjelkovic

Additional information is available at the end of the chapter

1. Climate change

Climate change is a problem with the highest priority facing the mankind today, influencing 
agricultural production worldwide. According to IPCC [1], human activities are the main fac-
tor for changes that are unique over decades to millennia. Gas emissions have increased since 
1950s, reach the highest level nowadays than ever. Atmospheric concentration of CO2 was less 
than 300 ppm from the beginning of human civilization to 1900. The present level at about 
400 ppm was not reached in more than 400,000 years. The period from 1983 to 2012 was the 
warmest 30-year period of the last 1400 years in the Northern Hemisphere. The Earth’s average 
temperature increased for 1.4°C in twentieth century and is predicted to increase about 11.5°C 
in twenty-first century. With more climate disruption by human activities, average temperature 
is predicted to rise in twenty-first century, heat waves are going to be more frequent and last 
longer, as well as occurrence of unevenly distributed precipitation in many areas. Warming and 
acidification of oceans will continue, followed by rising sea levels due to the melting of polar ice, 
and additional rainfall leads to flooding. Climate change caused by humans is significantly faster 
than natural global climate change during the past millions of years and most plants cannot 
naturally adapt according to fast changes of ecosystems caused by global warming. Temperature 
increases of about 4°C in late twentieth century, is reducing wheat, rice, and maize global pro-
duction and with increasing food demand, seriously affecting food security. The consequences 
of global warming on crop production became a major task for researchers in the past decades. 
Also, climate change affects a number of days when plants can grow, by their decreasing of 
11% until 2100. Simultaneously, extreme temperatures and rainfalls, lowering of available water, 
and changes in soil quality are expected to make difficulties for plants to grow and survive. 
Nevertheless, plants will be exposed to different abiotic and biotic stresses at the same time and 
their responses will be more complex with overlapping of different stress response pathways.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Abiotic stress

Abiotic stress is defined as environmental factors that affect plants and reduce growth and 
yield below optimum levels. Plant abiotic stress factors include extremes in temperature, water, 
nutrients, gasses, wind, radiation, and other environmental conditions. Plant responses to abi-
otic stresses are dynamic and complex; they are both elastic (reversible) and plastic (irrevers-
ible). Since the plants are exposed to a combination of different stresses, responses are more 
complex and different stress pathways overlap [2]. In “Adapting Crops to Climate Change,” the 
authors suggest “the major abiotic stresses expected to increase in response to climate change 
are drought, heat, salinity, and inundation” [3]. Nowadays, tolerance to drought and heat, and 
water use efficiency are receiving the most attention in breeding programs worldwide.

2.1. Drought

Drought is expected to have the highest influence on crop productivity decrease in the frame 
of upcoming global warming. Predictions are that 30% of land will be exposed to extreme 
drought by the end of twentieth century [4]. Consequently, demand for irrigation will consid-
erably increase in future, since about 70% of water worldwide is used in agriculture. Limited 
resources of irrigation water will require careful management to obtain crop production for 
food and feed. Various plant drought responses are classified into three categories, more than 
50 years ago: drought escape, drought avoidance, and drought tolerance [5].

Plants escape drought by fast phenological development, completing their life cycle before the 
water deficit occurs and it is distinct from drought resistance. Drought avoidance is based on 
plant maintenance of water status through improvement of water balance by increased water 
uptake by deeper roots and/or reducing water loss by increasing leaf waxiness. Drought tol-
erance involves biochemical mechanisms activated after stress to enable plant to maintain 
functional growth under low available water. Osmotic adjustment is a typical physiological 
mechanism for dehydration tolerance or turgor maintenance by accumulation of osmoprotec-
tants, ABA or increase of antioxidative and other protecting mechanism. Usually, plants com-
bined different drought responses, and their adaptation and productivity depend on balance 
between all three strategies. Drought tolerance is a quantitative, complex trait, under genetic 
control and significant influence of the environment. Despite the increasing knowledge on 
plant stress responses and the advancement of “omics” technologies to screen number of 
genes involved in drought response, the improvement in breeding for drought tolerant crops 
is relatively modest.

3. A system biology perspective

Recent achievements in biotechnology have significantly increased possibilities for gene discov-
ery and functional genomics. Comprehension of gene action is a major challenge in postgenomic 
era, since many of the roles of particular genes are unknown, they are inferred and associated 
with other known genes, and that provide a better understanding of biological functioning. 
High throughput “omics” technologies are enabling the identification of new genes and their 

Plant, Abiotic Stress and Responses to Climate Change4

function. Three systematic approaches or “omics” improved our knowledge of the complex 
mechanisms that regulate genes and networks in stress response through adaptation and/or 
tolerance. The first “transcriptomics” includes the analysis of coding and noncoding RNAs, and 
their expression profiles. The second one “metabolomics” analyzes a large number of metabo-
lites. The third one is “proteomics” in which protein and protein profiles offer a widening of 
knowledge about regulatory networks. The combination of data on gene expression, protein 
synthesis, and production of small cell metabolites give better overview of plant response to 
drought-stressed environment. System biology examines all factors in plants in response to 
environmental stresses that help in better explanation and understanding of involved mecha-
nism. Integration of “omics” technologies allows identification of molecular study of abiotic 
stress signaling and application of biotechnology in crop production in future [6, 7].

4. Perspectives

As climate change includes crop adaptation to new environmental conditions, breeders are 
challenged to breed for new unpredictable conditions, and to consider the genetic poten-
tial of past breeding work. “Traits that may not have been as attractive 10, 15 or 20 years 
ago are more important today because with these new techniques and abilities breeders are 
able to look at what’s in their library and although they maybe couldn’t tease out a specific 
trait previously, today they are able to” [3]. Global warming indicates necessity to look for 
crops that are more convenient for new environment, not only to focus on adapted crops and 
attempt to improve their tolerance to drought, cold, heat, or any other emerged conditions. 
“If you want to talk about real sustainability it is not just about making crops that are cur-
rently the emphasis…better, it’s also thinking about the big picture and what other crops we 
are going to need to make better to fit into those cropping systems” [3]. Progress in breeding 
for improved drought tolerance will be accomplished by integration of conventional breed-
ing with physiology and genomics [8]. Large amount of available data obtained from “omics” 
technologies put a new challenge for agricultural bioscience in their analysis and practical 
applications. Developing tools integrating environmental stressors and diverse genetic back-
grounds, together with numerous levels of analysis will help in better understanding of bio-
logical processes in plants under stress. Although new technics can be used to predict some 
aspect of plant responses to stress, there is still a large gap between huge amount of available 
data and our understanding of biological networks and phenomena. It required having close 
collaboration of agronomists, molecular biologists, biochemists, and computer scientists in 
order to provide those answers [9].
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Abstract

Water stress is one of the most important physiological stress factors that adversely affect 
soybeans in many critical aspects of their growth and metabolism. Soybean’s growth, 
development and productivity are severely diminished, when soil or cell water poten-
tial becomes inadequate to sustain metabolic functioning. However, little has been done 
to gather comprehensive information regarding the specific changes that occur in water-
stressed plants at the anatomical and morphological level. In this study, deviations in root 
growth, shoot growth, stomatal conductance, yield components and anatomical  features are 
reported. Treatments with two levels of water stress imposed by reducing irrigation (once 
in 7 days or once in 15 days) revealed that, all cultivars (Dundee, LS 677, LS 678, TGx 1740-
2F, TGx 1835-10E and Peking) were highly susceptible to prolonged water stress, exhibiting 
severe dehydration and death. A 15.0 and 30.0% survival  frequency was obtained in plants 
irrigated once in 7 days; LS 677 and Peking, respectively. Unlike many other stresses, water 
deficit did not only affect the density of stomata, but, photosynthesis was affected by the 
lower levels of tissue CO2. These results suggest that, balanced biochemical, physiological, 
anatomical and morphological regulations are necessary for increased growth and yields 
in soybean.

Keywords: anatomy, growth, morphology, soybean, water stress

1. Introduction

Water stress is one of the most important constraints in the growth and development of plants. 
Water deficit stress, in particular, is a major problem in agriculture and most crop plants show 
high sensitivity to this kind of stress than any kind of abiotic constraint conditions. Crop 
plant growth and yields are severely impacted by inadequate supply of water, which result 
in decreased carbon assimilates contents. In addition, plants exposed to prolonged shortage 
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in ground, surface or atmospheric water, known as drought are highly susceptible to pests 
and diseases. Mattson and Haack [1] provided evidence on the occurrence of fungi and insect 
induced stalk rots, wilts and foliar diseases in plants caused by drought stress. The prevalence 
in disease outbreak occurred in water-stressed plants compared to the normal water stress-
free plants. Estimations of yield losses in soybeans compiled by Wrather and Koenning in 
the United States from 1996 until 2007 indicated that, the role of pathogens such as soybean 
cyst nematode, phytophthora root and stem rot, as well as charcoal rot that affected seedling 
development was exacerbated by the physical environmental stress conditions [2]. Drought 
is, and continues to be an insidious hazard to plants, animals and human lives. Drought con-
ditions in many regions worldwide are worsening due to various factors, some of which are 
caused by climate change. The increase in atmospheric CO2 level, currently estimated at about 
380–400 ppm, and alterations in hydrological cycles make drought a recurring natural hazard 
world-wide [3, 4]. In this regard, plants undergo permanent or temporary damage to their 
morphological architecture, and their anatomical and physiological processes when exposed 
to dry and hot conditions. According to Shao et al. [5], water stress effects can be extended 
in plants to alter gene expression, change cellular metabolism, cause reduction in mitotic cell 
division activities in mesophyll tissues and other organs, as well as to cause the decrease in 
stomatal conductance [6]. Scientific research showed that; drought stress causes imbalances 
in the natural status of the environment and drastically disrupts crop cultivation thus, threat-
ening food security [7, 8]. Many regions have experienced the detrimental and severe effects 
of drought, particularly, populations in the developing countries. In the Southern African 
Development Community (SADC) region; poor rainfall conditions were recorded for the 
2016/2017 agricultural season as a result of El Niño induced drought [9]. FAO’s global infor-
mation and early warning system in 2015 reported significant drought dating back to 1984 [10]. 
The area data covered regions such as the United States, Semi-Arido of Brazil, Eastern Europe 
and African countries where, severe drought causing food crisis across Ethiopia, Kenya and 
Somalia resulted into the deaths of over 1 million people. Therefore, the continuing drop into 
below-normal annual rainfalls and increasing temperatures create the relevance to study and 
understand the morphological/anatomical changes that plants undergo to cope with envi-
ronmental stresses. In cultivated crops such as soybean (Glycine max L.), this would minimise 
limitations that adversely affect plant growth, and the improvement of this crop for yield 
purposes [11], as well as counteracting against factors that negatively influence the nutritional 
content and essential secondary metabolites synthesised in this plant.

2. Analyses of soybean responses to water deficit stress

Plants experience water deficit stress when the amount of water in the cells and surrounding 
becomes limiting to growth and development. To investigate these effects, a study was con-
ducted to primarily assess the influence of water stress on the growth of soybean; morpho-
logically and anatomically, under greenhouse conditions. According to Lisar et al. [8] water 
deficit is caused by prolonged water shortage. In order to examine this stress, reduction in the 
frequency of irrigation was performed by limiting watering to once a week (WT 1) and once 
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in 15 days (WT 2). Plants used for the control were watered daily, depending on soil moisture 
content in the plastic pots. For the growth of soybean plants, plastic containers filled with 
a mixture of 4:1 (v/v) fertile sandy-loam soil with vermiculite was used. Seeds of soybean 
cultivar Dundee, LS 678, LS 677, TGx 1740-2F, TGx 1835-10E and Peking were inoculated into 
the pots for germination and seedling emergence. At least one soybean plant was grown per 
pot with 20 replicates per cultivar, and allowed to grow up to V3 stage before imposing water 
stress. The morphological and physiological data were then recorded, which included plant 
height, number of leaves plant-1, number of braches plant-1, yield and yield components, 
average leaf area, root length and the micro-morphological characteristics of the stomata and 
trichomes were evaluated. Assessment of these characteristics was guided by the methods 
according to Cornelissen et al. [12] with modifications. To study stomatal and trichomes char-
acteristics the microscopic slides were prepared by a protocol modified from Yeung’s [13] 
guide to study plant structures. Leaves of soybean plants from both the control and water-
stressed plants (WT 1 and WT 2) were collected a week before the experiment was termi-
nated. The experiment was terminated when the plants reached reproductive stage 4 (R4) of 
fruiting, involving maturity and seed filling. The free hand sectioning method by Yeung was 
used to study structural organisation of the root and stems, with section staining done using 
Toluidine blue O stain. Quantifying the chlorophyll content and leaf area is an important 
measurement for comparing plant growth, treated with different growth conditions. For leaf 
area assessment, leaf samples were randomly detached from the different cultivars, and their 
leaf area estimated as described by Richter et al. [14]. Leaves were randomly sampled for 
estimation of chlorophyll content using a CCM 200 plus Chlorophyll Meter, Opti-Sciences.

3. Description of soybean morphology and anatomy

Plants are responsible for a number of essential ecological services. Plants are the main pri-
mary source of foods for humans and animals, supply oxygen, timber, medicine and also 
have ornamental value. The multiple and complex processes involving genetic, morphologi-
cal, anatomical, physiological and biochemical mechanisms are responsible for the goods and 
services that plants provide. These functions are made possible by the architecture of the 
plant’s internal and external structures. Soybeans like other legumes and non-leguminous 
plants display different types of internal and external growth forms that functions together 
to provide these services. The external form include indeterminate, determinate and semi-
determinate morphological growth habits, which typically take place in both the early and 
late maturity groups of varieties grown for commercial and subsistence farming [15]. Soybean 
plants with determinate growth terminate their vegetative growth stage during the onset of 
the reproductive stage. In contrast, indeterminate varieties continue growing even during 
flower setting and anthesis. Anthesis is the period in which flowers developed during the 
reproductive stage of the plant’s life cycle begin to open. According to the NDSU [15] the 
semi-determinate growth habit lies between the polarity and growth of the other two growth 
habits (determinate and indeterminate form). The vegetative parts of soybean include the 
stem, leaves and the soil submerged roots. A few types of leaves can be found in soybean. 
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The plant has trifoliate leaves, which are photosynthetic foliage with three leaflets. They have 
protective scale leaves which covers and protect young immature flowers before anthesis.

These scales are small bracts which appear subtending the yellow or purple flowers of soybeans 
[16]. The special leaf types constituting the floral parts or inflorescence (raceme) can also be 
found. The vegetative stage is furthermore characterised by erect elongated stems, axillary buds, 
some viewed immediately above the cotyledons at the axil, unifoliate buds and the terminal buds 
(Figure 1a–c). Both young and old stems of soybeans are heavily covered by the epidermal hairs 
(trichomes) (Figure 1d). Even though soybean plants produce primary roots, originating from the 
seedling’s embryo; the roots have many branching secondary roots that slightly resemble fibrous 
root system in monocots. Most of the lateral roots are concentrated at the upper part of the root 
zone. As in most of the dicotyledonous plants, soybean’s body is made up of the three main tissue 
systems: dermal, ground and vascular (Figure 1e, f). The epidermis as the dermal  tissue is the 

Figure 1. Overview of soybean plant morphology and anatomy. (a) Vegetative first trifoliate (V1) stage. (b) Example 
of cotyledons and axillary buds at the axil. (c) Trifoliate leaves showing adaxial-abaxial leaf surfaces. (d) Example of 
soybean stem with epidermal hairs. (e) A micrograph of soybean stem cross-section. (f) A micrograph of soybean root 
cross-section.
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outermost single layer of cells derived from the protoderm, and in soybean it covers the plant for 
its entire life cycle. The three main types of epidermal cells found in soybean include trichomes 
and microscopic guard cells as well as the subsidiary cells of the stomata (Figure 2b–d). This 
layer of elongated and compactly arranged cells functions to protect soybean against water loss 
and harsh external environmental factors, including pathogens. Trichomes are unicellular or 
multicellular hairs occurring on shoot system of plants. On the roots, hairs are called root hairs. 
In leaves, this layer of cells is followed by the palisade parenchyma and spongy mesophylls.

Figure 2. Examples of microscopic cross-section in roots and stems of soybean plants. (a) Formation of pith canal as a 
result of water stress in WT 1 plants. (b) Broadening of canal and changes on stem cortex tissue in WT 2. (c) Control 
plants showing unaffected pith and cortex. (d) Cross-section of WT 2 root showing rupturing of the stele, protoxylem 
(PX) and metaxylem (MX). (e) Cross-section of WT 1 root showing marks of lateral roots (left right arrow). (f) Root 
section taken from the control showing expanded thickened xylem tissue and reduced cortex. (g) Close view of xylem 
tissue from the control plant. (h) Close view of parenchymatous pith as indicated on (c), (arrows indicate intercellular 
spaces of the parenchyma. (i) Soybean cortical tissue of the stem showing phloem fibres (left right arrow), collenchyma 
(solid arrow) and a single layer of epidermis (dashed arrow).
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multicellular hairs occurring on shoot system of plants. On the roots, hairs are called root hairs. 
In leaves, this layer of cells is followed by the palisade parenchyma and spongy mesophylls.

Figure 2. Examples of microscopic cross-section in roots and stems of soybean plants. (a) Formation of pith canal as a 
result of water stress in WT 1 plants. (b) Broadening of canal and changes on stem cortex tissue in WT 2. (c) Control 
plants showing unaffected pith and cortex. (d) Cross-section of WT 2 root showing rupturing of the stele, protoxylem 
(PX) and metaxylem (MX). (e) Cross-section of WT 1 root showing marks of lateral roots (left right arrow). (f) Root 
section taken from the control showing expanded thickened xylem tissue and reduced cortex. (g) Close view of xylem 
tissue from the control plant. (h) Close view of parenchymatous pith as indicated on (c), (arrows indicate intercellular 
spaces of the parenchyma. (i) Soybean cortical tissue of the stem showing phloem fibres (left right arrow), collenchyma 
(solid arrow) and a single layer of epidermis (dashed arrow).
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The palisade and spongy cells are specialised tissues used by all eudicot plants with C3 path-
way for photosynthesis and gaseous exchange in leaves, respectively [17]. Soybean is one of the 
C3 plants which undergo photosynthetic carbon reduction and do not have a CO2 concentrat-
ing mechanism. It differs with grain crops such as maize, rice, sorghum and wheat C4 plants 
that concentrate CO2 by not salvaging carbon lost during photorespiratory carbon oxidation 
(PCO) cycle [17]. But, the palisade and spongy tissues of soybean form the mesophyll, a ground 
tissue system of a leaf, which plays a critical role in carboxylation, reduction and regeneration 
processes during photosynthesis. In roots and stems, the fundamental (ground) tissue consists 
of non-protective and non-conductive simple cells of parenchyma, collenchyma and scleren-
chyma (Figure 2e and f). Evert and Eichhorn [18] referred to this tissue system as the one most 
dominated by parenchyma cells, which are by far considered the most common ground tissue 
of the pith and cortex in roots and stems of soybean and other eudicots, as well as in the mono-
cots. The vascular system is made up of conducting strands of phloem and xylem. These are 
principal water and food conducting tissue in all vascular seedless and seed plants.

3.1. Morphological changes due to water deficit stress

The morphological evidence gathered in this study has shown that soybean growth is highly 
sensitive to water deficit stress. All plants exposed to water deficit presented significant changes 
in their shoot and root morphology. Complete reduction in the number of new branches per 
plant, initiation of leaves and expansion of the lamina (measured by estimated leaf area) and 
the number of trifoliate leaves per plant was observed. Decreases in the assessed morphological 
characteristics were more predominant in plants subjected to stress for longer periods (WT 2) 
than those watered once a week (WT 1). Soybean cultivar Dundee, TGx 1740-2F, TGx 1835-10E 
and Peking produced significantly similar mean number of trifoliate leaves (about 4.0–5.0) in 
WT 2, when compared to about 5.0–6.0 trifoliate leaves obtained in WT 1 (Table 1). Leaf roll-
ing and flipping were observed in some of the older leaves as a result of induced water stress. 
The negative effects of water stress on new leaf and branch formation was also reported by 
Mabulwana [16]. Jaleel et al. [19] similarly added that, water stress decreases the elongation and 
expansion of stems and leaves. In contrast to observations made in all water stressed plants, the 
control exhibited normal shoot growth and the highest number of trifoliate leaves (Table 1).

According to Nosalewicz and Lipiec [20] suppression on the growth and distribution of the 
roots by water stress could also lead to the reduction in shoot growth. As the vegetative shoot 
growths appeared diminished by induced stress, roots in water-stressed plants became more 
elongated and branched than in the control. Root phenotype in the control appeared shal-
low and less branched than in WT 1 and WT 2 plants. However, plants which had irrigation 
reduced to once in 15 days (WT 2) had deep root phenotype compared to plants irrigated once 
a week (WT 1). Insufficient water supply for WT 2 plants with deep root development, and 
moderately stressed plants (WT 1), both demonstrated clear morphological changes. All culti-
vars in WT 2 also exhibited severe nutrient deficiency symptoms (the entire leaf with chloro-
sis and marginal necrosis) and stem wilting. These symptoms were accompanied by adverse 
growth effects and survival frequency of 0% when the experiment was terminated (Table 2). 
Water deficit stress ultimately led to the severe damage to shoots of WT 2 plants, with no 
possible indication of recovery. In WT 1 plants, moderate to severe deficiency symptoms  

Plant, Abiotic Stress and Responses to Climate Change14

So
yb

ea
n 

ge
no

ty
pe

s
T

re
at

m
en

t p
la

nt
s 

1
T

re
at

m
en

t p
la

nt
s 

2
C

on
tr

ol
 p

la
nt

s

M
ea

n 
no

. o
f 

fu
ll

y 
de

ve
lo

pe
d 

tr
if

ol
ia

te
 le

av
es

A
ve

ra
ge

 
le

af
 a

re
a 

(c
m

2 )

St
om

at
al

 
de

ns
it

y 
(n

o.
 o

f 
st

om
at

a/
 c

m
2 )

M
ea

n 
no

. o
f 

fu
ll

y 
de

ve
lo

pe
d 

tr
if

ol
ia

te
 le

av
es

A
ve

ra
ge

 le
af

 
ar

ea
 (c

m
2 )

St
om

at
al

 
de

ns
it

y 
(n

o.
 o

f 
st

om
at

a/
cm

2 )

M
ea

n 
no

. o
f 

fu
ll

y 
de

ve
lo

pe
d 

tr
if

ol
ia

te
 le

av
es

A
ve

ra
ge

 
le

af
 a

re
a 

(c
m

2 )

St
om

at
al

 d
en

si
ty

 (n
o.

 
of

 s
to

m
at

a/
 c

m
2 )

D
un

de
e

5.
0a

55
.1

a
21

3a
5.

0a
55

.1
a

11
2a

13
.0

a
50

.0
a

24
7a

LS
 6

77
7.

0b
38

.6
b

19
1b

6.
5b

32
.1

b
10

6b
14

.5
b

41
.1

b
21

3b

LS
 6

78
6.

0c
40

.1
c

20
3c

6.
0c

32
.1

b
16

7c
13

.5
c

57
.7

c
21

2c

Pe
ki

ng
8.

0d
43

.9
d

18
1d

4.
5d

36
.5

c
14

3d
15

.5
d

33
.6

d
25

6d

TG
x 

17
40

-2
F

6.
0c

37
.5

e
15

4e
5.

0a
40

.1
d

16
3e

12
.5

e
16

.1
e

16
3e

TG
x 

18
35

-1
0E

6.
0c

60
.1

f
16

7f
4.

0e
30

.7
e

15
5f

11
.0

f
39

.8
f

17
1f

Th
e 

le
af

 a
re

a 
of

 ce
nt

ra
l i

nd
iv

id
ua

l l
ea

fle
ts

 in
 so

yb
ea

n 
cu

lti
va

rs
 w

er
e 

es
tim

at
ed

 u
si

ng
 th

e 
ge

ne
ra

l E
q.

 L
A

 =
 k

 ×
 (L

.W
) w

he
re

 L
A

, l
ea

f a
re

a;
 k

, i
s t

he
 ‘a

dj
us

tm
en

t f
ac

to
r’ 

es
tim

at
ed

 
by

 li
ne

ar
 re

gr
es

si
on

 fo
rc

in
g 

th
e 

re
gr

es
si

on
 in

te
rc

ep
tin

g 
lin

e 
to

 b
e 

ze
ro

 u
si

ng
 T

ab
le

 C
ur

ve
 s

of
tw

ar
e 

(R
ic

ht
er

 e
t a

l. 
[1

4]
), 

L,
 le

ng
th

 o
f t

he
 le

afl
et

 a
nd

 W
, l

ea
fle

t w
id

th
.

Va
lu

es
 w

ith
in

 c
ol

um
ns

 f
ol

lo
w

ed
 b

y 
di

ffe
re

nt
 a

lp
ha

be
ts

 a
re

 s
ta

tis
tic

al
ly

 s
ig

ni
fic

an
t 

at
 p

 ≤
 0

.0
5 

co
nfi

de
nc

e 
le

ve
l. 

Fo
r 

W
at

er
 T

re
at

m
en

t 
1 

(W
T 

1)
, i

rr
ig

at
io

n 
fr

eq
ue

nc
y 

w
as

 
re

du
ce

d 
to

 o
nc

e 
a 

w
ee

k 
(A

ft
er

 7
 d

ay
s)

, W
at

er
 T

re
at

m
en

t 2
 (W

T 
2)

; r
ed

uc
ed

 to
 o

nc
e 

in
 1

5 
da

ys
 a

nd
 th

e 
C

on
tr

ol
, w

at
er

in
g 

de
pe

nd
ed

 u
po

n 
m

oi
st

ur
e 

av
ai

la
bi

lit
y 

in
 th

e 
so

il.

Ta
bl

e 
1.

 D
ev

el
op

m
en

ta
l p

att
er

ns
 in

 t
he

 le
av

es
 o

f 
w

at
er

 s
tr

es
se

d 
an

d 
un

st
re

ss
ed

 s
oy

be
an

 p
la

nt
s 

m
ea

su
re

d 
im

m
ed

ia
te

ly
 a

ft
er

 t
he

 t
er

m
in

at
io

n 
of

 t
he

 w
at

er
 d

efi
ci

t 
st

re
ss

 
ex

pe
ri

m
en

t.

Water Stress: Morphological and Anatomical Changes in Soybean (Glycine max L.) Plants
http://dx.doi.org/10.5772/intechopen.72899

15



The palisade and spongy cells are specialised tissues used by all eudicot plants with C3 path-
way for photosynthesis and gaseous exchange in leaves, respectively [17]. Soybean is one of the 
C3 plants which undergo photosynthetic carbon reduction and do not have a CO2 concentrat-
ing mechanism. It differs with grain crops such as maize, rice, sorghum and wheat C4 plants 
that concentrate CO2 by not salvaging carbon lost during photorespiratory carbon oxidation 
(PCO) cycle [17]. But, the palisade and spongy tissues of soybean form the mesophyll, a ground 
tissue system of a leaf, which plays a critical role in carboxylation, reduction and regeneration 
processes during photosynthesis. In roots and stems, the fundamental (ground) tissue consists 
of non-protective and non-conductive simple cells of parenchyma, collenchyma and scleren-
chyma (Figure 2e and f). Evert and Eichhorn [18] referred to this tissue system as the one most 
dominated by parenchyma cells, which are by far considered the most common ground tissue 
of the pith and cortex in roots and stems of soybean and other eudicots, as well as in the mono-
cots. The vascular system is made up of conducting strands of phloem and xylem. These are 
principal water and food conducting tissue in all vascular seedless and seed plants.

3.1. Morphological changes due to water deficit stress

The morphological evidence gathered in this study has shown that soybean growth is highly 
sensitive to water deficit stress. All plants exposed to water deficit presented significant changes 
in their shoot and root morphology. Complete reduction in the number of new branches per 
plant, initiation of leaves and expansion of the lamina (measured by estimated leaf area) and 
the number of trifoliate leaves per plant was observed. Decreases in the assessed morphological 
characteristics were more predominant in plants subjected to stress for longer periods (WT 2) 
than those watered once a week (WT 1). Soybean cultivar Dundee, TGx 1740-2F, TGx 1835-10E 
and Peking produced significantly similar mean number of trifoliate leaves (about 4.0–5.0) in 
WT 2, when compared to about 5.0–6.0 trifoliate leaves obtained in WT 1 (Table 1). Leaf roll-
ing and flipping were observed in some of the older leaves as a result of induced water stress. 
The negative effects of water stress on new leaf and branch formation was also reported by 
Mabulwana [16]. Jaleel et al. [19] similarly added that, water stress decreases the elongation and 
expansion of stems and leaves. In contrast to observations made in all water stressed plants, the 
control exhibited normal shoot growth and the highest number of trifoliate leaves (Table 1).

According to Nosalewicz and Lipiec [20] suppression on the growth and distribution of the 
roots by water stress could also lead to the reduction in shoot growth. As the vegetative shoot 
growths appeared diminished by induced stress, roots in water-stressed plants became more 
elongated and branched than in the control. Root phenotype in the control appeared shal-
low and less branched than in WT 1 and WT 2 plants. However, plants which had irrigation 
reduced to once in 15 days (WT 2) had deep root phenotype compared to plants irrigated once 
a week (WT 1). Insufficient water supply for WT 2 plants with deep root development, and 
moderately stressed plants (WT 1), both demonstrated clear morphological changes. All culti-
vars in WT 2 also exhibited severe nutrient deficiency symptoms (the entire leaf with chloro-
sis and marginal necrosis) and stem wilting. These symptoms were accompanied by adverse 
growth effects and survival frequency of 0% when the experiment was terminated (Table 2). 
Water deficit stress ultimately led to the severe damage to shoots of WT 2 plants, with no 
possible indication of recovery. In WT 1 plants, moderate to severe deficiency symptoms  
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were observed. Soybean cultivar LS 677 and Peking showed some resistance with 15 and 30% 
survival rate (Table 2). A few plants in these two genotypes exhibited moderate stress effects 
among all the cultivars assessed. There were no differences in the lengths of root system and 
shoots observed in water stress resistant cultivars (LS 677 and Peking) in comparison with those 
severely affected (Dundee, LS 678, TGx 1740-2F and TGx 1835-10E) in both WT 1 and WT 2 plants.

Klamkowski and Treder [21] reported almost similar results in water stressed strawberry 
plants. In addition, there were no major differences, especially in root lengths that were 
observed between water stressed plants and the control. The report cited inhibition of growth 
by water stressed plants, involving decrease in root expansion as suggested by Boyer [22]. 
This claim probably led to the observed root phenotype in water stressed strawberry plants. 
This is in contrast with finding in this study and most of the other suggestions made on 
root phenotypes during water stress. In general, root formation has been found to increase in  
length during water stress, with roots growing deep into the soil in search for moisture  
[17, 19, 23, 24]. This further development in the root system is an attempt by plants to increase 
the uptake of water in order to sustain growth as observed in this study.

3.2. Anatomical changes in response to water stress

The WT 1 and WT 2 plants demonstrated a different internal anatomy compared to the control 
plants. Stem cortex of water stressed plant were generally smaller compared to the cortex in 
stems of plants in the control (Figure 2). However, vascular tissue thickening and expansion 
was observed in both the roots and stems of water stressed and control plants. The develop-
ment of the secondary tissues in water stressed plants, especially the deposition of secondary 
xylem cells (as viewed in Figure 2a, b), was interrupted by the gradual rapturing of the pith 
which resulted in the formation of pith canals. Pith canals are hollow centres, called central 

Soybean 
genotypes

Mean plant height 
(cm)

Mean no. of 
branches

Flowering 
plants (%)

Mean no. of pods 
produced

Survival frequency 
(%)

TP 1 TP 2 TP 1 TP 2 TP 1 TP 2 TP 1 TP 2 TP 1 TP 2

Dundee 25.2a 24.1a 3.0a 3.0a — — — — — —

LS 678 40.0b 26.4b 3.0a 3.0a — — — — — —

LS 677 33.3c 26.5b 4.0b 3.0a 1.00a — 7.0a — 15.0a —

Peking 24.2d 23.5a 4.0b 2.0b 15.0b — 3.0b — 30.0b —

TGx 1740-2F 27.3e 21.0c 2.0c 3.0a — — — — — —

TGx 1835-10E 26.1f 20.7d 3.0a 3.0a — — — — — —

Percentage survival frequency was calculated from the number of plants/ genotype that survive until the termination 
of the water stress deficit experiment.
Statistical significance among the values is designated by different superscript letters. Values within columns showing 
different letters are statistically varied (at 0.05) by ANOVA.

Table 2. Vegetative growth and flowering response of soybean plants subjected to water deficit stress conditions.
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canals, which are usually formed in woody shrubs and trees. They are formed when the earli-
est vascular tissues, protoxylem, is destroyed by the formation of new metaxylem as the root 
or stem grows in diameter. In gymnosperms, these canals are instead used by the pine trees 
to store resin and they are more associated with the cortical tissue of the stems than the pith 
[25]. In stems of plants such as seedless vascular plants (horsetails), these canals are naturally 
formed to reduce the weight of the stem thus, increasing stem strength and resistance to 
buckling [18]. However, the formation of canals (breaking down of the soybean pith tissue) 
observed in roots and stems may have resulted from water stress. Furthermore, this may have 
possibly impacted negatively on the growth of plants, particularly when induced as a result 
of severe water stress, like in WT 2.

Even though the pith is poor in nutrients [26], the parenchyma cells can still function in storage 
of nutrients and water for the plant. Pallardy [27] suggested that, rapturing could also destroy 
the interconnectivity between the storage parenchyma of the pith with the cortex, disrupting 
short distance transport that occurs through the rays via secondary xylem. The variations in 
canal diameters between WT 1 and WT 2 (Figure 2a, b, including canal in the root- d) may be in 
response to the different water stress regimes or the genotype variability of the soybeans used. 
Canal diameters in soybean WT 2 plants were larger than the diameter observed in WT 1 plants 
(Figure 2a, b). Soybean cultivar LS 677 and LS 678 showed little resistance to the rapturing of 
the pith, compared to cultivar Peking and Dundee. This was the case, even though cultivar LS 
677 and Peking were the only varieties more resistant to water stress treatment (WT 1). This 
could be both a genetically-linked response and the reaction or effects of water stress condi-
tions to the tissue development. In cultivar Peking, TGx 1740-2F and TGx 1835-10E, pith canals 
appeared to be continuously cut from the central pith further to the cortical cells. This induced 
complete disruption of water transportation through some part of the xylems, xylem rays and 
nutrient transport by the phloem tissues. The cutting of water supply may have resulted in the 
poor survival rates observed in most of the cultivars (Table 2). But, the absence of pith canals in 
stems of the control plants furthermore suggests a relationship between water deficit and the 
change in anatomy of the soybean plants. When the imposed environmental stress reduced the 
rate of tissue development, the length of xylem rays in roots was also reduced.

The reduction occurred when growth is affected by death of tissues and slowing down of 
metabolism as a result of the stress. Alteration in plant metabolism affect cell division, thus 
cell elongation and expansion is negatively affected as evidenced in Figure 2d, e). The xylem 
cell portion in the roots of water stressed plants was reduced compared to xylem tissue diam-
eter in the control. Yamaguchi and Sharp [28] indicated that, water stress induce changes in 
root growth and cell length distribution which may be directly related to growth inhibition 
in roots, especially at root elongation zones. Another example is by Schuppler et al. [6] who  
also indicated the reduction on mitotic activity of mesophyll tissues in wheat (Triticum aestivum)  
seedlings subjected to mild water deficit. These reports indicate that, the lack of adequate 
water supply decreases the rate of cell division and tissue expansion in all plant organs, 
although root morphology may appear less affected in contrast to root anatomy. Munns and 
Sharp [29] made similar remarks following their investigation on the effect of abscisic acid 
(ABA) on shoot and root growths during salinity and drought stress.

Water Stress: Morphological and Anatomical Changes in Soybean (Glycine max L.) Plants
http://dx.doi.org/10.5772/intechopen.72899

17



were observed. Soybean cultivar LS 677 and Peking showed some resistance with 15 and 30% 
survival rate (Table 2). A few plants in these two genotypes exhibited moderate stress effects 
among all the cultivars assessed. There were no differences in the lengths of root system and 
shoots observed in water stress resistant cultivars (LS 677 and Peking) in comparison with those 
severely affected (Dundee, LS 678, TGx 1740-2F and TGx 1835-10E) in both WT 1 and WT 2 plants.

Klamkowski and Treder [21] reported almost similar results in water stressed strawberry 
plants. In addition, there were no major differences, especially in root lengths that were 
observed between water stressed plants and the control. The report cited inhibition of growth 
by water stressed plants, involving decrease in root expansion as suggested by Boyer [22]. 
This claim probably led to the observed root phenotype in water stressed strawberry plants. 
This is in contrast with finding in this study and most of the other suggestions made on 
root phenotypes during water stress. In general, root formation has been found to increase in  
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xylem cells (as viewed in Figure 2a, b), was interrupted by the gradual rapturing of the pith 
which resulted in the formation of pith canals. Pith canals are hollow centres, called central 

Soybean 
genotypes

Mean plant height 
(cm)

Mean no. of 
branches

Flowering 
plants (%)

Mean no. of pods 
produced

Survival frequency 
(%)

TP 1 TP 2 TP 1 TP 2 TP 1 TP 2 TP 1 TP 2 TP 1 TP 2

Dundee 25.2a 24.1a 3.0a 3.0a — — — — — —

LS 678 40.0b 26.4b 3.0a 3.0a — — — — — —

LS 677 33.3c 26.5b 4.0b 3.0a 1.00a — 7.0a — 15.0a —

Peking 24.2d 23.5a 4.0b 2.0b 15.0b — 3.0b — 30.0b —

TGx 1740-2F 27.3e 21.0c 2.0c 3.0a — — — — — —

TGx 1835-10E 26.1f 20.7d 3.0a 3.0a — — — — — —

Percentage survival frequency was calculated from the number of plants/ genotype that survive until the termination 
of the water stress deficit experiment.
Statistical significance among the values is designated by different superscript letters. Values within columns showing 
different letters are statistically varied (at 0.05) by ANOVA.

Table 2. Vegetative growth and flowering response of soybean plants subjected to water deficit stress conditions.
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canals, which are usually formed in woody shrubs and trees. They are formed when the earli-
est vascular tissues, protoxylem, is destroyed by the formation of new metaxylem as the root 
or stem grows in diameter. In gymnosperms, these canals are instead used by the pine trees 
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[25]. In stems of plants such as seedless vascular plants (horsetails), these canals are naturally 
formed to reduce the weight of the stem thus, increasing stem strength and resistance to 
buckling [18]. However, the formation of canals (breaking down of the soybean pith tissue) 
observed in roots and stems may have resulted from water stress. Furthermore, this may have 
possibly impacted negatively on the growth of plants, particularly when induced as a result 
of severe water stress, like in WT 2.

Even though the pith is poor in nutrients [26], the parenchyma cells can still function in storage 
of nutrients and water for the plant. Pallardy [27] suggested that, rapturing could also destroy 
the interconnectivity between the storage parenchyma of the pith with the cortex, disrupting 
short distance transport that occurs through the rays via secondary xylem. The variations in 
canal diameters between WT 1 and WT 2 (Figure 2a, b, including canal in the root- d) may be in 
response to the different water stress regimes or the genotype variability of the soybeans used. 
Canal diameters in soybean WT 2 plants were larger than the diameter observed in WT 1 plants 
(Figure 2a, b). Soybean cultivar LS 677 and LS 678 showed little resistance to the rapturing of 
the pith, compared to cultivar Peking and Dundee. This was the case, even though cultivar LS 
677 and Peking were the only varieties more resistant to water stress treatment (WT 1). This 
could be both a genetically-linked response and the reaction or effects of water stress condi-
tions to the tissue development. In cultivar Peking, TGx 1740-2F and TGx 1835-10E, pith canals 
appeared to be continuously cut from the central pith further to the cortical cells. This induced 
complete disruption of water transportation through some part of the xylems, xylem rays and 
nutrient transport by the phloem tissues. The cutting of water supply may have resulted in the 
poor survival rates observed in most of the cultivars (Table 2). But, the absence of pith canals in 
stems of the control plants furthermore suggests a relationship between water deficit and the 
change in anatomy of the soybean plants. When the imposed environmental stress reduced the 
rate of tissue development, the length of xylem rays in roots was also reduced.

The reduction occurred when growth is affected by death of tissues and slowing down of 
metabolism as a result of the stress. Alteration in plant metabolism affect cell division, thus 
cell elongation and expansion is negatively affected as evidenced in Figure 2d, e). The xylem 
cell portion in the roots of water stressed plants was reduced compared to xylem tissue diam-
eter in the control. Yamaguchi and Sharp [28] indicated that, water stress induce changes in 
root growth and cell length distribution which may be directly related to growth inhibition 
in roots, especially at root elongation zones. Another example is by Schuppler et al. [6] who  
also indicated the reduction on mitotic activity of mesophyll tissues in wheat (Triticum aestivum)  
seedlings subjected to mild water deficit. These reports indicate that, the lack of adequate 
water supply decreases the rate of cell division and tissue expansion in all plant organs, 
although root morphology may appear less affected in contrast to root anatomy. Munns and 
Sharp [29] made similar remarks following their investigation on the effect of abscisic acid 
(ABA) on shoot and root growths during salinity and drought stress.
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4. Effect of water deficit on plant metabolism

The synthesis and breakdown of metabolites to yield energy is required for the many activi-
ties that plants depend upon. But, when plants are exposed to drought stress conditions, 
physiological and metabolic changes occur. Immediate acclimatisation by the alteration of 
plant morphology is therefore required for plants to be adapted to the changing environ-
ments. Whether plants succeed to acclimatise or not, the subsequent phenotypic modifica-
tions observed in water stressed plants would be a function of the metabolic changes. In 
soybean, like other leguminous plants, decrease in the leaf area, number of individual leaves 
and the total number of branches per plant is normally observed [16, 24]. However, on the 
metabolic section, water stressed plants experiences a dramatic decrease in photosynthetic 
rates as a consequence of the modification in photosynthetic structures and chloroplastidic 
pigments. Chloroplastidic pigments involve all plant pigments such as chlorophylls and 
carotenoid  pigments embedded in the thylakoid membranes of parenchyma mesophylls [18]. 
These pigments are primary molecules responsible for making sure that light energy from the 
sun is captured and converted to chemical energy required for metabolism.

This is the main route in which energy used for synthesis of biological products enters our 
biosphere. Water stress adversely limits this process by inhibiting the functioning of structure 
serving as primary support for photosynthetic metabolism. According to Kwon and Woo [24] 
drought reduce photosynthesis by limiting stomatal operations. In line with this report, the soy-
bean plants subjected to water stress (WT 1 and WT 2) kept their stomata closed to reduce tran-
spiration, hence trying to preserve water. The stomatal micrograph in Figure 3 illustrates closed 
stomatal apertures (c, d) prepared from leaves collected during the day. The closure of stomata 
in turn reduces the concentration of CO2 required in the mesophyll for carboxylation process 
during the manufacturing of photosynthates. This phenomenon was also reported by Dekov 
et al. [31], Evert and Eichhorn [18], Lopez-Carbonell et al. [30] and Taiz et al. [17]. Additionally, 
there were significant variations in stomatal density exhibited by the different genotypes.

Water stressed soybean cultivar TGx 1740-2F and LS 677 exhibited low density of stomata 
with an average of 154 and 106 in WT 1 and WT 2 respectively, among all the cultivars used 
(Table 1). Furthermore, the two TGx cultivars (TGx 1740-2F and TGx 1835-10E) did not show 
extensive variations in the stomata among all water stressed plants, including the control. The 
mean leaf areas of the water stressed plants were also significantly lower compared to the con-
trol. The decrease in the leaf area of the plants posed negative effects on the rate of photosyn-
thesis by reducing the leaf surface area in which light is captured. Anatomically, water stress 
also had an effect on leaf mesophyll thickness which also had an impact on photosynthesis. 
Cramer and Browman [32] attributed this to the changes in the rate of cellular expansion, 
which was observed in the maize mesophyll tissues when cell division and differentiation 
appeared affected by drought stress. However, plants growing in soil grounds of very lower 
water potential possess poor cell formation and expansion. Schuppler et al. [6] also reported 
this when assessing the effects of water stress on rate of cell division or mitotic activity on 
wheat leaf tissues. The report indicated that generally, leaf tissue expansion rate is reduced to 
more than 50% when plants are subjected to drought stress. In terms of physiological response 
to water stress, the reduction in chlorophyll content index (CCI) in water stressed plants was 
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recorded, and the decreases in chlorophyll contents varied according to imposed water stress 
treatments (Figure 4). Plant irrigated once in 15 days (WT 2) showed remarkable decrease in 
CCI (Figure 4d) than WT 1 plants (Figure 4b).

Control plants did not exhibit significant reduction in CCI nor variation in all cultivars’ 
CCI measurements even before when water treatments were imposed on water stressed 
plants (Figure 4a, b). But then, differences were not expected in the CCI estimates of con-
trol plants measured early during growth and later before termination of the experiment, 
since the plants were adequately watered. Therefore, as expected the chlorophyll degra-
dation was not induced on control plants as a result of water stress. As the differences in 
the chlorophyll content and degradation were observed in water stressed plants, these 
findings were in line with Dhanda et al. [33] and Benjamin and Nielsen [34]‘s reports on 
the effects of drought on plant metabolism. As indicated on Section 2, to examine and con-
firm the degradation of chlorophyll and its subsequent effects on photosynthetic activity, 
starch analysis was performed. Leaves detached from randomly selected soybean plants 

Figure 3. Dermal tissue of the leaf of a typical soybean plant. (a) Soybean plant at R4 stage. (b) Field of epidermal cells of 
a soybean plant. (c) Light micrograph of slightly higher magnification of stomatal complexes on a soybean leaf. (d) Light 
micrograph in the epidermis showing epidermal hairs.
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serving as primary support for photosynthetic metabolism. According to Kwon and Woo [24] 
drought reduce photosynthesis by limiting stomatal operations. In line with this report, the soy-
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spiration, hence trying to preserve water. The stomatal micrograph in Figure 3 illustrates closed 
stomatal apertures (c, d) prepared from leaves collected during the day. The closure of stomata 
in turn reduces the concentration of CO2 required in the mesophyll for carboxylation process 
during the manufacturing of photosynthates. This phenomenon was also reported by Dekov 
et al. [31], Evert and Eichhorn [18], Lopez-Carbonell et al. [30] and Taiz et al. [17]. Additionally, 
there were significant variations in stomatal density exhibited by the different genotypes.

Water stressed soybean cultivar TGx 1740-2F and LS 677 exhibited low density of stomata 
with an average of 154 and 106 in WT 1 and WT 2 respectively, among all the cultivars used 
(Table 1). Furthermore, the two TGx cultivars (TGx 1740-2F and TGx 1835-10E) did not show 
extensive variations in the stomata among all water stressed plants, including the control. The 
mean leaf areas of the water stressed plants were also significantly lower compared to the con-
trol. The decrease in the leaf area of the plants posed negative effects on the rate of photosyn-
thesis by reducing the leaf surface area in which light is captured. Anatomically, water stress 
also had an effect on leaf mesophyll thickness which also had an impact on photosynthesis. 
Cramer and Browman [32] attributed this to the changes in the rate of cellular expansion, 
which was observed in the maize mesophyll tissues when cell division and differentiation 
appeared affected by drought stress. However, plants growing in soil grounds of very lower 
water potential possess poor cell formation and expansion. Schuppler et al. [6] also reported 
this when assessing the effects of water stress on rate of cell division or mitotic activity on 
wheat leaf tissues. The report indicated that generally, leaf tissue expansion rate is reduced to 
more than 50% when plants are subjected to drought stress. In terms of physiological response 
to water stress, the reduction in chlorophyll content index (CCI) in water stressed plants was 
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recorded, and the decreases in chlorophyll contents varied according to imposed water stress 
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CCI (Figure 4d) than WT 1 plants (Figure 4b).

Control plants did not exhibit significant reduction in CCI nor variation in all cultivars’ 
CCI measurements even before when water treatments were imposed on water stressed 
plants (Figure 4a, b). But then, differences were not expected in the CCI estimates of con-
trol plants measured early during growth and later before termination of the experiment, 
since the plants were adequately watered. Therefore, as expected the chlorophyll degra-
dation was not induced on control plants as a result of water stress. As the differences in 
the chlorophyll content and degradation were observed in water stressed plants, these 
findings were in line with Dhanda et al. [33] and Benjamin and Nielsen [34]‘s reports on 
the effects of drought on plant metabolism. As indicated on Section 2, to examine and con-
firm the degradation of chlorophyll and its subsequent effects on photosynthetic activity, 
starch analysis was performed. Leaves detached from randomly selected soybean plants 
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were obtained and taken to the laboratory for starch analysis. The leaves were bleached 
in boiling 90% ethanol and incubated in dilute iodine (0.5 M) solution (2:1) for 3 minutes 
and then rinsed with distilled water. Rinsing is necessary to remove excess iodine solution 

Figure 4. Effect of water deficit stress on photosynthetic pigment (chlorophyll) content of soybean plants expressed to 
CCI. (a) Chlorophyll content of control plants during early growth stages (V3). (b) Leaf chlorophyll content of the control 
during early reproductive stages. (c) Amount of chlorophyll content in WT 1 plants. (d) Leaf chlorophyll content in WT 
2. Data represent CCI means and the different letters denote significant differences of the means at p < 0.05.

Figure 5. Iodine test on ethanol bleached leaves. After bleaching and staining with iodine: (a) Show traces of starch on 
leaflet taken from water stress plants (WT 1). (b) Absence of or minor starch traces on severely water stressed leaflet (WT 2).  
(c) Starch content (blue black colour) on leaflet taken from the control plants.
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on the leaves while a colour change occurs. The iodine stained leaves (Figure 5a–c) were 
then visualised under a ZIESS Discovery V12 stereo microscope mounted with an ICc5 
Axio-Camera. The presence of high starch content was observed in the control (Figure 5c); 
whereby starch contents in WT 1 (Figure 5a) and WT 2 (Figure 5b) were very drastically 
reduced because of poor photosynthetic activity. Intense blue-black colour on the leaves 
of control plants indicate the presence of starch, generated from the photosynthesised car-
bohydrates. Only minor traces of starch were observed from WT 1 and WT 2 leaves due to 
water stress.

5. Nodulation

The formation of cell protuberance containing nitrogen-fixing Gram-negative bacteria in the 
roots of legumes plays an important role in improving plant growth characteristics, crop 
productivity and maintaining soil fertility. This establishment of lumps on roots of plants 
(known as nodulation) guarantees the supply of fixed atmospheric N2 for use in the synthesis 
of proteins, nucleic acids and other necessary nitrogen-containing compounds required for 
plant, animal and human growth and development. However, various reports have indicated 
that, water stress induces low frequencies of nodulation in many legumes, including soybean. 
Miao et al. [35] provided evidence that verifies sensitivity of soybean nodulating root cells 
and Rhizobium to water stress. In 2003, Ramos et al. [36] also indicated that, water stress 
affect nodulation in other legume species like Phaseolus vulgaris L. Failure for soybean roots to 
produce effective nodulations affect the metabolism of nitrogenous and carbonic compounds 
in the plant. The changes resulting into decreased nodulation could cause reduction in vari-
ous aspects of plant growth (stem height, stem wood diameter and root dry weight) due to 
drought as reported by Shetta [37]. Additionally, Shetta indicated that the initiated nodules 
can become thickened and more resistant to infection by Rhizobium as a result of this stress. 
Poor nodulation can be induced by poor plant nutrition, seed filling, or abiotic stress factors. 
In WT 2 plants, where irrigation was withheld for 15 days, nodulation was severely affected 
(Figure 6f). It was found that nodules stopped fixing nitrogen and then started decomposing. 
Nodulation and nitrogen fixation in the WT 1 also decreased following imposed water deficit 
stress. The nodules turned green (Figure 6e) and this predominant green colour indicated 
inefficient fixation by Rhizobium strain in contrast to highly efficient red-pinkish nodules 
in the control (Figure 6d). This inefficiency may have been caused by the poor amounts of 
assimilates that are exchanged from soybeans to the bacteria due to reduced rates of photo-
synthesis in the leaves. Plants do not get fixed nitrogen from Rhizobium for free. For plants 
to receive fixed atmospheric nitrogen, in a form that is directly available for growth (nitrates–
NO3¯ and ammonium–NH4

+), plants must give bacteria sugars. This symbiotic relationship 
was reported by Dupont et al. [38], Serraj et al. [39] and Stajkovic et al. [40] as the major 
stimulant of increased plant biomass, stabilising atmospheric CO2 by stabilising C–N ratio. 
The symbiosis establishment is playing a very critical role in ecological and agronomic supply 
of N2, estimated to account for a total of about 65% of the nitrogen fixed in legumes used for 
agriculture globally.
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on the leaves while a colour change occurs. The iodine stained leaves (Figure 5a–c) were 
then visualised under a ZIESS Discovery V12 stereo microscope mounted with an ICc5 
Axio-Camera. The presence of high starch content was observed in the control (Figure 5c); 
whereby starch contents in WT 1 (Figure 5a) and WT 2 (Figure 5b) were very drastically 
reduced because of poor photosynthetic activity. Intense blue-black colour on the leaves 
of control plants indicate the presence of starch, generated from the photosynthesised car-
bohydrates. Only minor traces of starch were observed from WT 1 and WT 2 leaves due to 
water stress.

5. Nodulation

The formation of cell protuberance containing nitrogen-fixing Gram-negative bacteria in the 
roots of legumes plays an important role in improving plant growth characteristics, crop 
productivity and maintaining soil fertility. This establishment of lumps on roots of plants 
(known as nodulation) guarantees the supply of fixed atmospheric N2 for use in the synthesis 
of proteins, nucleic acids and other necessary nitrogen-containing compounds required for 
plant, animal and human growth and development. However, various reports have indicated 
that, water stress induces low frequencies of nodulation in many legumes, including soybean. 
Miao et al. [35] provided evidence that verifies sensitivity of soybean nodulating root cells 
and Rhizobium to water stress. In 2003, Ramos et al. [36] also indicated that, water stress 
affect nodulation in other legume species like Phaseolus vulgaris L. Failure for soybean roots to 
produce effective nodulations affect the metabolism of nitrogenous and carbonic compounds 
in the plant. The changes resulting into decreased nodulation could cause reduction in vari-
ous aspects of plant growth (stem height, stem wood diameter and root dry weight) due to 
drought as reported by Shetta [37]. Additionally, Shetta indicated that the initiated nodules 
can become thickened and more resistant to infection by Rhizobium as a result of this stress. 
Poor nodulation can be induced by poor plant nutrition, seed filling, or abiotic stress factors. 
In WT 2 plants, where irrigation was withheld for 15 days, nodulation was severely affected 
(Figure 6f). It was found that nodules stopped fixing nitrogen and then started decomposing. 
Nodulation and nitrogen fixation in the WT 1 also decreased following imposed water deficit 
stress. The nodules turned green (Figure 6e) and this predominant green colour indicated 
inefficient fixation by Rhizobium strain in contrast to highly efficient red-pinkish nodules 
in the control (Figure 6d). This inefficiency may have been caused by the poor amounts of 
assimilates that are exchanged from soybeans to the bacteria due to reduced rates of photo-
synthesis in the leaves. Plants do not get fixed nitrogen from Rhizobium for free. For plants 
to receive fixed atmospheric nitrogen, in a form that is directly available for growth (nitrates–
NO3¯ and ammonium–NH4

+), plants must give bacteria sugars. This symbiotic relationship 
was reported by Dupont et al. [38], Serraj et al. [39] and Stajkovic et al. [40] as the major 
stimulant of increased plant biomass, stabilising atmospheric CO2 by stabilising C–N ratio. 
The symbiosis establishment is playing a very critical role in ecological and agronomic supply 
of N2, estimated to account for a total of about 65% of the nitrogen fixed in legumes used for 
agriculture globally.
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6. Impact of water deficit on flowering and fruiting

The soybean genotypes showed great differences in the percentage flowering, pod formation 
and other yield related components. Water stressed plants produced less than 2% yield, in 
the two soybean cultivars (LS 677 and Peking) that survived induced water stress. A few WT 
1 plants subjected to water stress continued their growth until flowering and pod formation 
stages. However, flower and fruit pod abortions were simultaneously observed leading to 
7.0 and 3.0 mean pod number observed in the few plants that had survived (Table 3). These 
numbers were not comparable with the yield component data recorded for these cultivars in 
the control. Soriano et al. [41] determined a positive relationship between yield quantity by 
estimating grain number and weight in early planted sunflower by timing induction of envi-
ronment stress. In line with this report, positive yield characteristics that include; total percent-
age of flowering plants, mean number of pods and average pod length, pod weight and seed 
weight (per 100 seeds) were observed in all of the cultivars in the control. In contrast, as a result 
of water stress, a significant number of flower abortions (10–15%) were observed in cultivar 
Dundee, LS 677, TGx 1740-2F and TGx 1835-10E which showed the least survival rate at 0%.

The variation observed in control plants however, did not seem to affect pod development and 
maturation, thus, could be attributed to the genotype performance than the environmental 

Figure 6. Soybean plants with nodulated roots. (a) Healthy nodules on soybean control plants. (b) Roots of WT 1 with 
numerous mature nodule structures. (c) WT 2 stressed plant root showing poor nodulation. (d) Nitrogen (N) fixing 
nodules with Rhizobia as observed in the control. (e) Less effective nodules from WT 1 roots. (f) Decomposing root 
nodule of WT 2 plants.
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growth conditions (Table 3). In the control, a single genotypic setback was observed in culti-
var TGx 1740-2F and TGx 1835-10E, which were the only ones producing the lowest number 
of pods, respectively. The effect of water stress in other oilseed grains such as sunflower, 
common bean, wheat, barley and maize were reported [41–43]. According to Jaleel et al. [19] 
the changes in the photosynthetic pigments and the decrease in metabolic functioning of the 
plant lead to decreased yield productivity. Seed yield and seed’s morphological characters 
can also be affected by drought [44]. In cultivar Peking, the interaction between water deficit 
stress and seed appearance resulting from the genotype was not severely pronounced. The 
seeds appeared intensely shrinked and decreased in seed size due to loss of seed moisture, 
immediately after harvesting. This response was observed in another study assessing seed 
longevity in soybean seeds (data not published), clearly suggesting this as a dormancy or 
viability mechanism compared to other genotypes. In general, significant differences were 
observed during flowering, pod formation and seed maturation/ filling, as well as in the seed 
phenotypic characteristics among all cultivars in the control. Many water stressed plants 
(WT 1 and WT 2) did not survive to reach flowering as observed in the normally irrigated 
plants of the control (Tables 2 and 3).

Soybean genotypes Mean plant 
height (cm)

Mean no. of 
branches

No. of flowering 
plants (%)

Mean no. of pods 
produced

Survival 
frequency (%)

Dundee 31.0a 6.0a 80.0a 21.0a 80.0a

LS 678 41.0b 5.0b 95.0b 32.0b 95.0b

LS 677 49.1c 6.0a 100.0c 36.0c 100.0c

Peking 51.0d 6.0a 100.0c 29.0d 100.0c

TGx 1740-2F 47.1e 5.0b 95.0b 19.0e 95.0b

TGx 1835-10E 49.5c 6.0a 100.0c 21.0a 100.0c

Additional data on yield and yield components of untreated soybean plants

Ave. pod 
length (cm)

Ave. pod 
weight (g)

Seed weight/100 
seeds (g)

Dundee 4.06a 0.44a 18.53a

LS 678 3.38b 0.49b 14.06b

LS 677 5.23c 0.50c 14.02b

Peking 3.96d 0.38d 9.54c

TGx 1740-2F 3.40b 0.51c 12.03d

TGx 1835-10E 3.94d 0.49b 12.87e

Plant watering was carried out depending on the moisture availability in the soil. Data on yield components was 
recorded on the day that the experiment was terminated.
The mean number of pods produced was determined 2 weeks after the pods were successfully produced in order to 
avoid counting fruit pods that will eventually not produce seeds. Data represent the means and values followed by 
different letters are significantly different (in columns) (at p ≤ 0.05) by ANOVA.

Table 3. Vegetative growth and flowering response of soybean plants subjected to normal water conditions.
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6. Impact of water deficit on flowering and fruiting

The soybean genotypes showed great differences in the percentage flowering, pod formation 
and other yield related components. Water stressed plants produced less than 2% yield, in 
the two soybean cultivars (LS 677 and Peking) that survived induced water stress. A few WT 
1 plants subjected to water stress continued their growth until flowering and pod formation 
stages. However, flower and fruit pod abortions were simultaneously observed leading to 
7.0 and 3.0 mean pod number observed in the few plants that had survived (Table 3). These 
numbers were not comparable with the yield component data recorded for these cultivars in 
the control. Soriano et al. [41] determined a positive relationship between yield quantity by 
estimating grain number and weight in early planted sunflower by timing induction of envi-
ronment stress. In line with this report, positive yield characteristics that include; total percent-
age of flowering plants, mean number of pods and average pod length, pod weight and seed 
weight (per 100 seeds) were observed in all of the cultivars in the control. In contrast, as a result 
of water stress, a significant number of flower abortions (10–15%) were observed in cultivar 
Dundee, LS 677, TGx 1740-2F and TGx 1835-10E which showed the least survival rate at 0%.

The variation observed in control plants however, did not seem to affect pod development and 
maturation, thus, could be attributed to the genotype performance than the environmental 

Figure 6. Soybean plants with nodulated roots. (a) Healthy nodules on soybean control plants. (b) Roots of WT 1 with 
numerous mature nodule structures. (c) WT 2 stressed plant root showing poor nodulation. (d) Nitrogen (N) fixing 
nodules with Rhizobia as observed in the control. (e) Less effective nodules from WT 1 roots. (f) Decomposing root 
nodule of WT 2 plants.
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growth conditions (Table 3). In the control, a single genotypic setback was observed in culti-
var TGx 1740-2F and TGx 1835-10E, which were the only ones producing the lowest number 
of pods, respectively. The effect of water stress in other oilseed grains such as sunflower, 
common bean, wheat, barley and maize were reported [41–43]. According to Jaleel et al. [19] 
the changes in the photosynthetic pigments and the decrease in metabolic functioning of the 
plant lead to decreased yield productivity. Seed yield and seed’s morphological characters 
can also be affected by drought [44]. In cultivar Peking, the interaction between water deficit 
stress and seed appearance resulting from the genotype was not severely pronounced. The 
seeds appeared intensely shrinked and decreased in seed size due to loss of seed moisture, 
immediately after harvesting. This response was observed in another study assessing seed 
longevity in soybean seeds (data not published), clearly suggesting this as a dormancy or 
viability mechanism compared to other genotypes. In general, significant differences were 
observed during flowering, pod formation and seed maturation/ filling, as well as in the seed 
phenotypic characteristics among all cultivars in the control. Many water stressed plants 
(WT 1 and WT 2) did not survive to reach flowering as observed in the normally irrigated 
plants of the control (Tables 2 and 3).

Soybean genotypes Mean plant 
height (cm)

Mean no. of 
branches

No. of flowering 
plants (%)

Mean no. of pods 
produced

Survival 
frequency (%)

Dundee 31.0a 6.0a 80.0a 21.0a 80.0a

LS 678 41.0b 5.0b 95.0b 32.0b 95.0b

LS 677 49.1c 6.0a 100.0c 36.0c 100.0c

Peking 51.0d 6.0a 100.0c 29.0d 100.0c

TGx 1740-2F 47.1e 5.0b 95.0b 19.0e 95.0b

TGx 1835-10E 49.5c 6.0a 100.0c 21.0a 100.0c

Additional data on yield and yield components of untreated soybean plants

Ave. pod 
length (cm)

Ave. pod 
weight (g)

Seed weight/100 
seeds (g)

Dundee 4.06a 0.44a 18.53a

LS 678 3.38b 0.49b 14.06b

LS 677 5.23c 0.50c 14.02b

Peking 3.96d 0.38d 9.54c

TGx 1740-2F 3.40b 0.51c 12.03d

TGx 1835-10E 3.94d 0.49b 12.87e

Plant watering was carried out depending on the moisture availability in the soil. Data on yield components was 
recorded on the day that the experiment was terminated.
The mean number of pods produced was determined 2 weeks after the pods were successfully produced in order to 
avoid counting fruit pods that will eventually not produce seeds. Data represent the means and values followed by 
different letters are significantly different (in columns) (at p ≤ 0.05) by ANOVA.

Table 3. Vegetative growth and flowering response of soybean plants subjected to normal water conditions.
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7. Other biotic and abiotic stress effects

Plants are normally adapted to grow in complex and diverse environments. The success in 
growth establishment, reproduction and productivity of plant species rely upon a set of envi-
ronmental conditions, natural resources and the interactions (beneficial or harmful) that exist 
among plants and other organisms. However, certain types of interactions, especially those 
including biological factors such as insects, parasites, viruses and bacterial pathogens have 
detrimental effects on plants. In addition, the non-living physical or chemical factors such 
as light, temperature, salinity, water, nutrient and other variables that can be found in the 
aquatic or terrestrial ecosystem also have major impacts on plant life. All above-mentioned 
factors may induce plant stress, defined by Taiz et al. [17] as a condition that prevent a given 
plant from achieving its maximum growth and reproductive potential as measured by veg-
etative growth, flowering, seed formation and yield quantity. Gerhardson [45] gave further 
information by providing more insights on disease symptoms caused by pathogenic strains 
of Fusarium, Cylindrocarpon, Phoma and Pythium mostly on legume crops. Strains of the genera 
Pythium have also been found to cause seedling mortality in cowpea [46]. These soil-borne 
legume pathogens, including other wide spread disease causing fungi; induce root, stem 
and leaf rots in pea, beans and alfalfa [45]. Abiotic environmental stress dramatically affects 
growth and productivity of many cereals, oilseeds, vegetables and fruit crops.

Oilseeds such as soybeans have suffered major losses from the short and prolonged occur-
rence of abiotic stress, especially drought, extreme temperatures, flooding and waterlogging 
[47]. Plants experiencing drought stress may also endure other stress effects simultaneously, 
like salinity and heat stress. Multiple stress effects and symptoms may be concomitantly 
induced by the occurrence of a single stress as described by Miransari [48] leading to combi-
national abiotic stress. In soybean, drought stress has many negative consequences ranging 
from reduced production of signalling and communication metabolites, decreased photo-
synthetic assimilates, nutrient deficiency, accumulation of reactive oxygen species (ROS) and 
reduction in nitrogen (N) fixation by affecting symbiotic relationship with Rhizobium species 
[49–52]. Soybean is an important crop for the production of oils and proteins used for feed 
and human consumption. It is a potential source for biodiesel and has been used to manufac-
ture a number of pharmaceutical products [53]. But, the high sensitivity to water deficit stress 
shown in this study by this crop encourage the development of stress tolerant soybean vari-
eties. Drought and other growth constraints are inevitable consequences of climate change. 
Therefore, investigation on the physiological, anatomical and morphological response of  
soybean to these biotic and abiotic constraints is highly recommended.

8. Water stress management and crop improvement

As previously discussed, drought stress is the most widely known and devastating stress fac-
tor that limit plant growth, development and productivity. Khaine and Woo [54] reported 
that, frequent drought effects recently and currently experienced, are largely induced by the 
changes in climatic conditions. The continuously fluctuating meteorological conditions in 
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many regions worldwide have led to tremendous adversities on agriculture, biodiversity, 
wildlife and subsequently, the well-beings of many people. Plants normally evolve in order to 
adapt and adjust to the low water conditions or any other biotic and abiotic constraint. These 
adaptive measures are an important event of evolution in the history of life, with far reaching 
consequences as described by Kenrick and Crane [55]. However, this is a very slow process 
in nature, even if it may result in greater diversity of plants, making changes in plants at their 
physiological, biochemical and molecular levels. These changes show a wide range of adapta-
tions, at different levels in which plants attempt to deal with drought stress [56]. Plants manage 
water stress in various ways. They regulate stomatal closure to reduce water loss, especially 
through transpiration. The stomatal opening and closing is very essential for gaseous exchange 
as reported by Osakabe et al. [57]. They are controlled by complex regulatory events mediated 
by abscisic acid (ABA) signalling and ion transport induced by abiotic stress. Nonetheless, 
stomata closure negatively affects the rates of photosynthetic metabolism by lowering the 
amount of CO2. Plants also alter metabolic functions in order to inhibit the production of reac-
tive oxygen species (ROS) such as superoxide (O2¯), and H2O2 [52, 58]. Other changes involve 
development of strategies to fix CO2 with minimum loss of water. For example; many C3 plants 
do not have photosynthetic adaptations to reduce the loss of CO2 molecules by separating 
photorespiration from the Calvin cycle. However, some succulent plants use Crassulaceae acid 
metabolism (CAM) to salvage CO2 minimising photorespiration thus, saving water.

In monocots such as maize and wheat, CO2 is fixed in the mesophyll spongy cells (a light-
dependent process) and in the specialised cell around the leaf veins called the bundle sheath 
(light-independent). These monocotyledonous plants are referred to as C4 plants and they 
produce oxaloacetate which is converted into malate, transported into the bundle sheath for 
use in Calvin cycle [17, 59, 60]. Both C4 and CAM plants are well adapted to hot, dry envi-
ronments than the C3 plants like peanut (Arachis hypogaea), potato (Solanum tuberosum) and 
soybean (Glycine max L.). These C3 plants lack strategies to efficiently and effectively manage 
water use. In addition to all of the metabolic strategies mentioned above, modern genetic 
engineering technology can be used. This technology is focused on breeding biotic/ abiotic 
stress tolerant plants. The biotechnological approaches such as Agrobacterium-mediated 
genetic transformation allow manipulation of the host plant’s genome for the expression of 
foreign genes required in the plant stress response. This technique was initially used to isolate 
genes used for stress tolerance in Arabidopsis. This plant was only used as a model plant and 
has played an important role in elucidating the basic processes constituting the expression of 
regulatory genes for stress tolerance [61]. The insights from research on Arabidopsis have been 
used in attempts of unravelling biotic/ abiotic stress effects in plants, subsequently result-
ing in the development of transgenic plants tolerant to drought, salinity and chilling stress. 
Montero-Tavera et al. [62] reported upregulation of a number of genes in two common bean 
varieties with different susceptibility to drought stress. Variety Pinto Villa was relatively sus-
ceptible than cultivar Carioca. The reports indicated that drought tolerant variety displayed 
a more developed root vascular tissue system under stress conditions, when compared to 
the other non-transgenic cultivars. Differential root phenotype showing variations in root 
lengths, surface area and fineness of the root system was also reported by Abenavoli et al. 
[63]. In soybean, stress tolerant genes were introduced and DREB or ARED genes expressed 
to show improved tolerance to water stress under greenhouse conditions [11, 64]. The genetic 
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7. Other biotic and abiotic stress effects

Plants are normally adapted to grow in complex and diverse environments. The success in 
growth establishment, reproduction and productivity of plant species rely upon a set of envi-
ronmental conditions, natural resources and the interactions (beneficial or harmful) that exist 
among plants and other organisms. However, certain types of interactions, especially those 
including biological factors such as insects, parasites, viruses and bacterial pathogens have 
detrimental effects on plants. In addition, the non-living physical or chemical factors such 
as light, temperature, salinity, water, nutrient and other variables that can be found in the 
aquatic or terrestrial ecosystem also have major impacts on plant life. All above-mentioned 
factors may induce plant stress, defined by Taiz et al. [17] as a condition that prevent a given 
plant from achieving its maximum growth and reproductive potential as measured by veg-
etative growth, flowering, seed formation and yield quantity. Gerhardson [45] gave further 
information by providing more insights on disease symptoms caused by pathogenic strains 
of Fusarium, Cylindrocarpon, Phoma and Pythium mostly on legume crops. Strains of the genera 
Pythium have also been found to cause seedling mortality in cowpea [46]. These soil-borne 
legume pathogens, including other wide spread disease causing fungi; induce root, stem 
and leaf rots in pea, beans and alfalfa [45]. Abiotic environmental stress dramatically affects 
growth and productivity of many cereals, oilseeds, vegetables and fruit crops.

Oilseeds such as soybeans have suffered major losses from the short and prolonged occur-
rence of abiotic stress, especially drought, extreme temperatures, flooding and waterlogging 
[47]. Plants experiencing drought stress may also endure other stress effects simultaneously, 
like salinity and heat stress. Multiple stress effects and symptoms may be concomitantly 
induced by the occurrence of a single stress as described by Miransari [48] leading to combi-
national abiotic stress. In soybean, drought stress has many negative consequences ranging 
from reduced production of signalling and communication metabolites, decreased photo-
synthetic assimilates, nutrient deficiency, accumulation of reactive oxygen species (ROS) and 
reduction in nitrogen (N) fixation by affecting symbiotic relationship with Rhizobium species 
[49–52]. Soybean is an important crop for the production of oils and proteins used for feed 
and human consumption. It is a potential source for biodiesel and has been used to manufac-
ture a number of pharmaceutical products [53]. But, the high sensitivity to water deficit stress 
shown in this study by this crop encourage the development of stress tolerant soybean vari-
eties. Drought and other growth constraints are inevitable consequences of climate change. 
Therefore, investigation on the physiological, anatomical and morphological response of  
soybean to these biotic and abiotic constraints is highly recommended.

8. Water stress management and crop improvement

As previously discussed, drought stress is the most widely known and devastating stress fac-
tor that limit plant growth, development and productivity. Khaine and Woo [54] reported 
that, frequent drought effects recently and currently experienced, are largely induced by the 
changes in climatic conditions. The continuously fluctuating meteorological conditions in 
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many regions worldwide have led to tremendous adversities on agriculture, biodiversity, 
wildlife and subsequently, the well-beings of many people. Plants normally evolve in order to 
adapt and adjust to the low water conditions or any other biotic and abiotic constraint. These 
adaptive measures are an important event of evolution in the history of life, with far reaching 
consequences as described by Kenrick and Crane [55]. However, this is a very slow process 
in nature, even if it may result in greater diversity of plants, making changes in plants at their 
physiological, biochemical and molecular levels. These changes show a wide range of adapta-
tions, at different levels in which plants attempt to deal with drought stress [56]. Plants manage 
water stress in various ways. They regulate stomatal closure to reduce water loss, especially 
through transpiration. The stomatal opening and closing is very essential for gaseous exchange 
as reported by Osakabe et al. [57]. They are controlled by complex regulatory events mediated 
by abscisic acid (ABA) signalling and ion transport induced by abiotic stress. Nonetheless, 
stomata closure negatively affects the rates of photosynthetic metabolism by lowering the 
amount of CO2. Plants also alter metabolic functions in order to inhibit the production of reac-
tive oxygen species (ROS) such as superoxide (O2¯), and H2O2 [52, 58]. Other changes involve 
development of strategies to fix CO2 with minimum loss of water. For example; many C3 plants 
do not have photosynthetic adaptations to reduce the loss of CO2 molecules by separating 
photorespiration from the Calvin cycle. However, some succulent plants use Crassulaceae acid 
metabolism (CAM) to salvage CO2 minimising photorespiration thus, saving water.

In monocots such as maize and wheat, CO2 is fixed in the mesophyll spongy cells (a light-
dependent process) and in the specialised cell around the leaf veins called the bundle sheath 
(light-independent). These monocotyledonous plants are referred to as C4 plants and they 
produce oxaloacetate which is converted into malate, transported into the bundle sheath for 
use in Calvin cycle [17, 59, 60]. Both C4 and CAM plants are well adapted to hot, dry envi-
ronments than the C3 plants like peanut (Arachis hypogaea), potato (Solanum tuberosum) and 
soybean (Glycine max L.). These C3 plants lack strategies to efficiently and effectively manage 
water use. In addition to all of the metabolic strategies mentioned above, modern genetic 
engineering technology can be used. This technology is focused on breeding biotic/ abiotic 
stress tolerant plants. The biotechnological approaches such as Agrobacterium-mediated 
genetic transformation allow manipulation of the host plant’s genome for the expression of 
foreign genes required in the plant stress response. This technique was initially used to isolate 
genes used for stress tolerance in Arabidopsis. This plant was only used as a model plant and 
has played an important role in elucidating the basic processes constituting the expression of 
regulatory genes for stress tolerance [61]. The insights from research on Arabidopsis have been 
used in attempts of unravelling biotic/ abiotic stress effects in plants, subsequently result-
ing in the development of transgenic plants tolerant to drought, salinity and chilling stress. 
Montero-Tavera et al. [62] reported upregulation of a number of genes in two common bean 
varieties with different susceptibility to drought stress. Variety Pinto Villa was relatively sus-
ceptible than cultivar Carioca. The reports indicated that drought tolerant variety displayed 
a more developed root vascular tissue system under stress conditions, when compared to 
the other non-transgenic cultivars. Differential root phenotype showing variations in root 
lengths, surface area and fineness of the root system was also reported by Abenavoli et al. 
[63]. In soybean, stress tolerant genes were introduced and DREB or ARED genes expressed 
to show improved tolerance to water stress under greenhouse conditions [11, 64]. The genetic 
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transformation of many crops, including soybean via in vitro or in vivo transformation tech-
niques is still very difficult to achieve, despite the aforementioned successes. Several drought 
tolerant cultivars have been reported in rice (Oryza sativa), maize (Zea mays L.) and kidney 
bean (Phaseolus vulgaris L.) by Liu et al. [65], Saijo et al. [66] and Shou et al. [67]. The methods 
used for genetic transformation of these crops are continuously optimised to establish effi-
cient and reproducible protocols using Agrobacterium tumefaciens. Lastly, agronomic practices 
such as reduction of water loss from irrigation systems, minimising water inputs and increas-
ing crop water use efficiency can also be employed to manage water stress [68].

9. Conclusions and perspectives

This study revealed that soybeans are primarily affected by water deficit. Cultivars highly 
susceptible to water stress were easily distinguishable from those showing mild stress effects 
on the basis of the morphological and anatomical characters in stems, leaves and roots. 
Morphological architecture, anatomical features and chloroplastidic pigments were sig-
nificantly affected by the induced water stress. This comprehensive insights regarding the 
internal and external growth characteristics including, aspects that involve the physiological 
processes is crucial for the pursuit of genetically modified plants. Soybean remains one of 
the most important oilseeds that are commercially and subsistently cultivated worldwide. 
The crop contains higher amounts of proteins, oils, fibre and minerals required for poultry 
feedstocks and human consumption. As a result of this, the elite superior genotypes of this 
crop still need to be investigated in order to identify the cultivars that would serve as genetic 
resource for breeding or genetic engineering, ultimately providing cultivars to be used for 
agricultural purposes showing high tolerance to abiotic stress, especially drought.
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transformation of many crops, including soybean via in vitro or in vivo transformation tech-
niques is still very difficult to achieve, despite the aforementioned successes. Several drought 
tolerant cultivars have been reported in rice (Oryza sativa), maize (Zea mays L.) and kidney 
bean (Phaseolus vulgaris L.) by Liu et al. [65], Saijo et al. [66] and Shou et al. [67]. The methods 
used for genetic transformation of these crops are continuously optimised to establish effi-
cient and reproducible protocols using Agrobacterium tumefaciens. Lastly, agronomic practices 
such as reduction of water loss from irrigation systems, minimising water inputs and increas-
ing crop water use efficiency can also be employed to manage water stress [68].

9. Conclusions and perspectives

This study revealed that soybeans are primarily affected by water deficit. Cultivars highly 
susceptible to water stress were easily distinguishable from those showing mild stress effects 
on the basis of the morphological and anatomical characters in stems, leaves and roots. 
Morphological architecture, anatomical features and chloroplastidic pigments were sig-
nificantly affected by the induced water stress. This comprehensive insights regarding the 
internal and external growth characteristics including, aspects that involve the physiological 
processes is crucial for the pursuit of genetically modified plants. Soybean remains one of 
the most important oilseeds that are commercially and subsistently cultivated worldwide. 
The crop contains higher amounts of proteins, oils, fibre and minerals required for poultry 
feedstocks and human consumption. As a result of this, the elite superior genotypes of this 
crop still need to be investigated in order to identify the cultivars that would serve as genetic 
resource for breeding or genetic engineering, ultimately providing cultivars to be used for 
agricultural purposes showing high tolerance to abiotic stress, especially drought.
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Abstract

Soybean (Glycine max L.) is the most important legume and oilseed crop. As a leguminous 
crop, it plays an irreplaceable role towards the sustainable agricultural system with bio-
logical nitrogen fixation. However, its production can be dramatically decreased by the 
occurrence of water stress. Water stress including drought and flooding induces the mor-
pho-physiological and biochemical changes at different growth stages, which negatively 
affects the adaptability and yield of soybean. Genetic diversity that ensures productivity 
in challenging environment exists within germplasm, their wild relatives and species that 
are adapted to the water stress. The discovery of gene mapping, QTLs associated with 
root traits, slow canopy wilting, nitrogen fixation and flooding tolerance have accom-
plished significant progress in breeding programs. Identification of drought-responsive 
genes and transcription factors such as WRKY, DREBs, ERFs, ZIP, ZFP, MYB and NAC 
are valuable to ameliorate the water stress in soybean. Understanding the genetic mecha-
nism using transcriptomic and proteomic approaches would be the ultimate choice for 
mitigating the water stress. Integration of well-designed soybean breeding program 
coupled with omic techniques would pave the way for developing drought and flooding 
resilient soybean cultivars.

Keywords: soybean, drought, flooding, stress tolerance, quantitative trait locus, 
genomics, genetic diversity

1. Introduction

Soybean is an important leguminous crop in the world, providing an essential source of pro-
tein to human diet, feed for live-stock and as bio-diesel for industry [1, 2]. Soybean seeds con-
sist of 40% protein, 20% oil, 35% carbohydrate and ~5% ash [3]. As compared to other oilseed 
crops, soybean collectively occupies around 6% of the world’s land under cultivation [4]. 
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Due to the rapid rise in the commercial value of soybean in an international market, the total 
area under soybean cultivation has been increasing from last three decades. Soybean is an 
important cash crop with a total production of over 313.05 million metric tons in 2015–2016 
(USDA data). During this year, the USA has been the world’s leading producer of soybean 
representing 35% of the world production, followed by Brazil with 31%, Argentina with 17%, 
China with 4%, India with 3%, Paraguay with 3% and Canada with 2% (USDA data).

Water stress including drought and flooding is considered as a major threat, limiting growth 
and yield of plants [5, 6]. Drought is caused by insufficient rainfall or irrigation which results 
in soil drying, whereas, in flooding, water exists in soil solution causing water logging and 
submergence. In response to drought and flooding stress, 40–60% yield losses have been 
reported in soybean [7, 8]. High temperature, low humidity in atmosphere and water defi-
ciency are the main causes of drought [9, 10]. Drought stress affects germination rate and 
early seedling growth of the plant [11, 12]. Under water deficit conditions, a significant reduc-
tion in germination, hypocotyl length, root and shoot fresh and dry weight were observed 
whereas the root length is increased [13]. It also affects the carbon assimilation and phenology 
of the plant [10]. Prolonged drought stress at different growth stages has profound effect on 
soybean growth and yield [14].

To counteract the adverse effects of drought, the soybean plant adopts three mechanisms i.e. 
escape, tolerance, and avoidance [15]. In the escape mechanism, the plant completes its life 
cycle before the onset of drought. Normally, the plants complete their life cycle very quickly 
and produce few seeds. For instance, early planting of soybean helps to avoid drought, and 
is largely practiced in the USA—planting in March to April affords escape from water stress 
[16, 17]. Drought avoidance is performed by maintaining high water potential, grow deeper 
in soil, stomatal control of transpiration rate, and by reduction of water loss from tissues. 
The tolerance mechanism includes low tissue water potential, maintenance of turgor through 
osmotic adjustments [18, 19].

Flooding ranks second after drought, causing yield reduction in soybean [20, 21]. Flooding 
stress can be categorized as waterlogging or submergence. In waterlogging stress, root goes 
under water while shoots remains above ground, whereas, during submergence, plant is com-
pletely immersed in water saturated soil. As plants are aerobic, hypoxia (insufficient oxygen) 
or anoxia (complete absence of oxygen) causes losses in crop production. Soybean is more sen-
sitive to flooding stress resulting in yield decline by reducing photosynthesis nitrogen fixation 
and biomass accumulation. Flooding stress can happen during any growing stage, especially 
in the seed germination and vegetative stages leads to substantial decrease of soybean grain 
yield [22] (Table 1). In addition, flooding stress hampers yield production during vegetative 
(17–43%) and reproductive stage (50–56%) [41].

For mitigating the negative impact of flooding stress, plants use a number of strategies for their 
survival, mainly escape and quiescence strategies [42, 43]. In escape strategy, morphological 
(aerenchyma development, shoot elongation and adventitious root formation) and anatomi-
cal alterations allow the plant to exchange gas between cells and atmosphere. The Quiescence 
strategy suppresses morphological changes to save energy and resources and retard plant 
growth. This strategy depends on anaerobic energy production [42, 44].
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Understanding the genetic base for water stress tolerance in diverse soybean is a fundamental 
issue that contributes for the genetic improvement. This chapter will present the research prog-
ress about the situation of soybean tolerance to water stress at germination, seedling and adult 
plant stages. It also includes the current knowledge about QTL mapping, gene discovery and 
‘omic’ technologies relevant to drought and flooding tolerance that will be helpful to understand 
drought and flooding-tolerance mechanisms in soybean.

Growth stage Experimental material Indicator Ref.

Under drought stress

Germination 4 Bulgarian lines & one USA 
variety

Germination, shoot and root length, fresh and dry 
weight

[23]

Germination L17, M9, Clark, M7, Hobbit and 
Williams

Root and shoot length, germination rate and 
percentage of germination

[24]

Second trifoliate 
leaves

Jindou 21 (C12), Mengjin 1 
(W05) and Union (C08)

Gas exchange, water relation parameters, total 
chlorophyll, proline contents of leaves, root xylem 
pH, plant growth and root traits

[25]

Third trifoliate 
leaf (V3)

A5409RG, Jackson and Prima 
2000

Root architecture, shoot parameters [26]

Flowering and 
pod-filling stage

Habit, L17 and M17 Leaf relative water content, chemical osmolytes and 
chlorophyll content

[27]

V4, R1 and R3 
growth stages.

Eight soybean cultivars Highest number of node/plant, number of pod/main 
stem, pod/sub stem and pod/plant

[28]

Reproductive 
stage (R6–R7)

41 soybean accessions increases in metaxylem number [29, 
30]

Adult PI578477A,PI088444,PI458020 Yield, root architecture [31]

Adult BARI Soybean 5, BARI Soybean 
6, Shohag and BD2331

relative performance (RP), tolerance (TOL), drought 
susceptibility index (DSI)

[32]

Under flooding stress

Seedlings stage Soybean Secondary aerenchyma formation [33]

Seedling stage 11 soybean genotypes Primary/adventitious roots and root nodules, stem 
and leaf biomass

[34] 
[35]

Vegetative and 
flowering stage

Taekwang and Asoaogari Root morphological traits, adventitious roots and 
Photosynthesis

[36]

Cotyledon-stage 
seedlings

92 Soybean Lines Root architecture [37]

Flowering stage Cultivars Fundacep 53 RR and 
BRS Macota

Fermentative metabolism and carbohydrate contents 
in roots and nodules

[38]

Flowering stage Five soybean cultivars Nodule number, nodule dry weight, chlorophyll 
content, carbon exchange rate, dry matter 
accumulation and nitrogen content

[39]

Seedling stage 162 soybean accessions Root development [40]

Table 1. A list of drought- and flooding-related parameters at different growth stages of soybean.
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and biomass accumulation. Flooding stress can happen during any growing stage, especially 
in the seed germination and vegetative stages leads to substantial decrease of soybean grain 
yield [22] (Table 1). In addition, flooding stress hampers yield production during vegetative 
(17–43%) and reproductive stage (50–56%) [41].

For mitigating the negative impact of flooding stress, plants use a number of strategies for their 
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(aerenchyma development, shoot elongation and adventitious root formation) and anatomi-
cal alterations allow the plant to exchange gas between cells and atmosphere. The Quiescence 
strategy suppresses morphological changes to save energy and resources and retard plant 
growth. This strategy depends on anaerobic energy production [42, 44].
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issue that contributes for the genetic improvement. This chapter will present the research prog-
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plant stages. It also includes the current knowledge about QTL mapping, gene discovery and 
‘omic’ technologies relevant to drought and flooding tolerance that will be helpful to understand 
drought and flooding-tolerance mechanisms in soybean.
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2. Genetic diversity of water stress tolerance in soybean

2.1. Different response of soybean to water stress

2.1.1. Morphological performance

Drought induces morphological changes in plants, enabling them to sense and rapidly adapt 
to the stress. Root-related traits are crucial in maintaining crop yield in soybean [45]. Drought 
alters the root system architecture (root depth, root angle and root branching density) [27]. 
For instance, root architecture was characterized in field under normal and water deficit 
conditions using three soybean cultivars (Jackson, Prima 2000 and A5409RG). As a result, 
Prima 2000 (drought-tolerant cultivar) has an intermediate root phenotype with a root angle 
of 40–60°, while a shallow root phenotype along with root angle of <40° has been observed in 
drought-sensitive cultivar A5409RG [27].

Depth of rooting system influenced by the elongation of taproot also plays an important role 
for plant survival under water deficit [27, 46]. An increase in number of root tips, root length, 
root surface area and root volume was observed under water limited conditions. Several 
studies have proposed that roots having large xylem number, diameters, lateral root systems 
with more root hairs are indicators of drought tolerance [31, 47, 48]. Jackson is considered 
as drought escaping cultivar with long and deep roots into the soil permitting better water 
uptake compared with drought-sensitive cultivars [27, 49]. Under water-limited conditions, 
Plant Introduction (PI) 578477A and 088444 exhibited higher yield due to higher lateral root 
number in clay soil [50]. It was reported that deeper region of soil has high root density under 
seasonal drought as compared to dry surface of soil [51]. In addition, total root length/ plant 
weight, dry root weight/plant weight and root volume/plant weight were positively corre-
lated with drought tolerance [52]. Therefore, studying the relationship between root traits and 
drought is helpful to develop drought-resistant cultivar.

Root-to-shoot ratio is also a good indicator to allocate the resources between different plant 
components. The water-limited environment increases the root-to-shoot ratio. For example, in 
soybean, root-to-shoot ratio increased by 13% indicates the flow of biomass towards roots [53]. 
The drought-tolerant soybean genotype (C12) showed a higher root-to-shoot ratio than the 
susceptible genotype (C08) under restricted soil water with application of exogenous ABA. To 
cope with drought stress, leaf morphology also plays an important role. Under water-limited 
conditions, plants reduce their leaf area by closing stomata. Due to water scarcity, reduction in 
soybean plant leaf area has been reported [54]. In contrast, drought-tolerant soybean cultivar 
exhibited a greater leaf area rather than less-tolerant cultivar under hydric stress condition [55].

Aerenchyma formation is a major indicator that facilitates gas exchange between aerial and 
submerged plant parts (shoots and/or roots) to avoid flooding stress [56, 57]. Flooding stress 
induces two kinds of aerenchyma i.e. primary (cortical) [58] and secondary (white and spongy 
tissues) [33]. A number of aquatic plants develop cortical aerenchymatous tissue by cell dis-
integration (lysigenous aerenchyma) and cell separation (schizogenous aerenchyma) [59]. In 
rice, barley, maize and wheat, lysigenous aerenchyma is induced by flooding [60, 61]. In some 
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species, especially in soybean, secondary aerenchyma having a spongy parenchyma cell layer 
develops through cell division of phellogen [44, 62]. Secondary aerenchyma is morphologi-
cally and anatomically different from cortical aerenchyma (lysigenous and schizogenous aer-
enchyma) [33]. Waterlogging stimulated the formation of aerenchyma and adventitious roots 
in soybean plants facilitating transport of oxygen from shoot to root [62–64]. Under waterlog-
ging condition, adventitious roots are formed in several flooded plants including soybean 
[61, 62, 65]. However, adventitious roots are absent in soybean seedlings under complete 
submergence [66]. Under flooding conditions, secondary aerenchyma consisting of white and 
spongy tissues develops within a few weeks in stems, roots and root nodules of soybean 
[33]. Aerenchyma formations initiated by ethylene, Ca2+, and ROS signalling through a pro-
grammed cell death process are involved in aerenchyma development [60, 67].

Rapid shoot elongation is another escape mechanism for adaptation in waterlogging stress [68]. 
It has been reported that lower stem of soybean having hypertrophic lenticels helps oxygen 
entry into the aerenchyma [64]. Flooding also causes a significant reduction in leaf number, leaf 
area, canopy height and dry weight at maturity in soybean crops.

2.1.2. Physiological and biochemical response under drought stress

Stress-responsive mechanisms have been studied at the physiological and biochemical level in 
soybean under drought and flooding stress. To optimize the use of water under water deficit 
conditions, stomatal control is considered as major physiological indicator. For instance, in soy-
bean, stomatal conductance decreased by 42% in drought-stressed leaves rather than normal 
leaves [69]. Owing to dehydration, MG/BR46 (drought tolerant soybean variety) showed faster 
decline in stomatal conductance as compared to BR16 (drought-susceptible variety) (65 versus 
50% reduction) [55]. In same study, prolonged drought stress (45 days) exhibited no profound 
impact on stomatal conductance of BR16 while it had reached 79% in the MG/BR46. Several 
studies have provided strong evidence that drought-tolerant soybean genotypes (C12 and W05) 
exhibited a higher reduction in stomatal conductance rather than the susceptible one (C08) [25]. 
In soybean, ABA is involved in the reduction of stomatal conductance and photosynthesis. For 
instance, after imposition of exogenous application of ABA under soil drying, leaf stomatal con-
ductance of soybean tolerant genotype C12 declined than the susceptible one (C08).

Maintenance of cell turgidity and water-use efficiency are important indicators to cope with 
drought stress [26]. Soybean introduction line PI 416937 is an excellent example of drought tol-
erance by limiting transpiration rate and maintaining a lower osmotic potential. An increase in 
WUE was observed in drought-tolerant genotype (C12) by regulating stomatal closure during 
the entire period of water deficiency [25, 52].The maintenance of cell turgidity under water-
limited conditions may be achieved by adjusting the osmotic potential in response to the accu-
mulation of proline, sucrose, soluble carbohydrates, glycine betaine and other solutes [70].
The accumulation of solutes under water deficit condition is known as osmotic adjustment. 
Some authors have reported higher proline content in drought-tolerant crop species such as 
bean [71]. In soybean, water stress exhibited significant increase in proline contents in drought 
tolerance as well as susceptible genotype, but tolerant genotypes recovered to pre-stress levels 
more quickly after rehydration [25].
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species, especially in soybean, secondary aerenchyma having a spongy parenchyma cell layer 
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grammed cell death process are involved in aerenchyma development [60, 67].

Rapid shoot elongation is another escape mechanism for adaptation in waterlogging stress [68]. 
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bean, stomatal conductance decreased by 42% in drought-stressed leaves rather than normal 
leaves [69]. Owing to dehydration, MG/BR46 (drought tolerant soybean variety) showed faster 
decline in stomatal conductance as compared to BR16 (drought-susceptible variety) (65 versus 
50% reduction) [55]. In same study, prolonged drought stress (45 days) exhibited no profound 
impact on stomatal conductance of BR16 while it had reached 79% in the MG/BR46. Several 
studies have provided strong evidence that drought-tolerant soybean genotypes (C12 and W05) 
exhibited a higher reduction in stomatal conductance rather than the susceptible one (C08) [25]. 
In soybean, ABA is involved in the reduction of stomatal conductance and photosynthesis. For 
instance, after imposition of exogenous application of ABA under soil drying, leaf stomatal con-
ductance of soybean tolerant genotype C12 declined than the susceptible one (C08).

Maintenance of cell turgidity and water-use efficiency are important indicators to cope with 
drought stress [26]. Soybean introduction line PI 416937 is an excellent example of drought tol-
erance by limiting transpiration rate and maintaining a lower osmotic potential. An increase in 
WUE was observed in drought-tolerant genotype (C12) by regulating stomatal closure during 
the entire period of water deficiency [25, 52].The maintenance of cell turgidity under water-
limited conditions may be achieved by adjusting the osmotic potential in response to the accu-
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tolerance as well as susceptible genotype, but tolerant genotypes recovered to pre-stress levels 
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The production of ROS, such as superoxide radical (O2
−), hydroxyl radical (OH˙) and hydro-

gen peroxide (H2O2), is one of the biochemical responses causing damage to DNA, proteins 
and lipids [72] under drought stress. The toxicity of ROS may be limited by antioxidant 
enzymatic (superoxide dismutase, catalase, and glutathione peroxidase) and non-enzymatic 
scavengers [73, 74]. For instance, drought stress increased activities of some antioxidant 
enzymes (catalase, glutathione reductase and superoxide dismutase) in soybean varieties 
which were positively correlated to seed yield [75].

Under flooding stress, plant undergoes different physiological and biochemical adaptations. For 
instance, in soybean, a significant reduction in photosynthetic activity and stomatal conductance 
was observed in Essex and Forrest within 48 h of flooding at vegetative and reproductive growth 
stages. Waterlogging also decreases biological nitrogen fixation, as nodules need adequate oxy-
gen to maintain nitrogenase activity for aerobic respiration and contributing adenosine triphos-
phate [41]. As a consequence of flooding stress, a reduction in root hydraulic conductivity has 
also been reported [76]. Several studies have provided the correlation between stomatal conduc-
tance and carbon fixation. In flooded plants, photosynthetic activities were reduced by restrict-
ing CO2 due to stomatal closure [77, 78]. Furthermore, due to the higher concentration of CO2 
assimilation in flooded soil, biomass and soybean root elongation eventually repressed [79].

Tamang et al. [66] reported that submergence stimulates starch degradation, soluble carbo-
hydrates and ATP in cotyledons and hypocotyls of soybean seedlings. Extensive submergence 
degrades the chlorophyll contents in aerial parts of several terrestrial plants [80, 81]. However, 
under submergence, abundance of chlorophyll a and b remained nearly constant in soybean [66]. 
The decrease in photosynthetic activity with long-term flooding may be triggered by the reduc-
tion in chlorophyll, transpiration and ribulose-1,5-biphosphate (RuBP) carboxylase activity. These 
combined effects against flooding declined the crop growth, net assimilation and leaf expansion 
of plants. Blocking of hypertrophic lenticels  at the base of stem restricted O2 transport into the 
roots resulting in reduction of plant growth under hypoxic conditions [82]. Flooding stress causes 
higher production of ROS resulting in oxidative damage to proteins related to photosynthetic 
apparatus [83]. As a result, the scavenging activity is overpassed under flooding stress.

2.2. Parameters for measuring the tolerance degree of water stress

2.2.1. Parameters related to seed tolerance

Seeds need a suitable condition to have a good germination. The germination rate and per-
centage of different cultivars were affected by levels of drought stress. In soybean, drought 
stress simulated by polyethylene glycol PEG-6000 significantly reduced seed germination per-
centage (Table 1). An increase in the PEG concentration reduced root growth by two to three 
times for different genotypes. Seed weight and seed size, and seed weight distribution are key 
indicators to evaluate the genotypic response to drought stress [84, 85]. A positive correla-
tion between 100-seed weight per plant and seed yield were reported in soybean under water 
limited conditions. For instance, Habit (soybean drought-tolerant cultivar) exhibited higher 
100-seed weight and seed yield under drought stress [29, 86].Water deficit conditions lead to 
a significant reduction in seed weight and seed size. It also had little effect on seed shape as 
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shrunken and wrinkled, and hard seeds were produced in soybean [84, 85, 87]. Same study 
pointed out 30–40% reduction in proportion of seed having diameter > 4.8 mm. In contrast, the 
ratio of seeds of diameter < 3.2 mm was increased by 3–15% [85].

Germination is a complex process that consists of several metabolic events. Numerous studies 
reported that negative correlation exists between germination percentage and flooding stress 
[88, 89]. Seeds are usually germinated under optimum conditions within 1 or 2 days. But, 
seed germination is delayed due to the quick absorption of water, collapse of seed structure, 
and outflow of internal seed contents under flooding stress. When seeds were flooded for 
3 days after imbibition, germination percentage was drastically dropped out and seed injury 
was observed [90]. Flooding causes mechanical damage on the soybean seeds and prohibits 
germination. Seed coat and seed weight are fundamental factors to evaluate a positive effect 
on seed flooding tolerance. For example, germination rate (GR) and normal seedling rate (NS) 
was higher in pigmented varieties as compared to yellow varieties of soybean (Table 1). These 
parameters (GR and NS) were negatively correlated with seed weight (SW) in the combined 
population [91]. Therefore, pigmented seed coat and small seed weight could be key param-
eters in response to seed-flooding tolerance.

2.2.2. Parameters related to vegetative tissues

Root length, shoot length and leaf area are considered as major determinants to evaluate drought 
response during vegetative stage. A positive relationship exists between root traits and resis-
tance to drought [52, 92]. At seedling stage, drought stress affects leaf expansion rate, leaf water 
potential, relative water content of leaves (%RWC) and relative growth. The degradation of chlo-
rophyll contents of soybean leaves was correlated with the different levels of drought stress [75]. 
Water deficit stress also decreased the number of nodes and intermodal length while the reduc-
tion in inter-nodal length depends upon the duration of drought stress. For example, drought 
stress showed no profound impact on number of internodes in drought tolerant soybean cultivar 
(C12), whereas drought-susceptible cultivar (C08) showed higher number of internode [93].

Essential traits, root length and shoot length are also important indicators in response to 
flooding stress. The insufficient allocation of water, minerals, nutrients, and hormones led 
to root and shoot damage [94]. The first symptom usually appears in soybean is wilting of 
leaves in response to flooding. Soybean shoot growth under flooded conditions is signifi-
cantly decreased due to inability of the root system regarding water transport, hormones, 
nutrients and assimilates [95, 96]. Flooding tolerance in soybean is strongly correlated to root 
surface area, root length and dry weight [97]. It has been reported that root tips are extremely 
sensitive to flooding in soybean and pea seedlings [98–100]. Under complete submergence, 
soybean root growth is absolutely repressed due to the death of root tips.

2.2.3. Parameters related to adult plants

In soybean, pod number per plant, seed number per pod and 100-seed weight are major deter-
minants of yield under water stress [101], and these yield components are the important sink 
for assimilates at reproductive stages [102]. Drought stress especially during flowering (R1) 
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The production of ROS, such as superoxide radical (O2
−), hydroxyl radical (OH˙) and hydro-

gen peroxide (H2O2), is one of the biochemical responses causing damage to DNA, proteins 
and lipids [72] under drought stress. The toxicity of ROS may be limited by antioxidant 
enzymatic (superoxide dismutase, catalase, and glutathione peroxidase) and non-enzymatic 
scavengers [73, 74]. For instance, drought stress increased activities of some antioxidant 
enzymes (catalase, glutathione reductase and superoxide dismutase) in soybean varieties 
which were positively correlated to seed yield [75].

Under flooding stress, plant undergoes different physiological and biochemical adaptations. For 
instance, in soybean, a significant reduction in photosynthetic activity and stomatal conductance 
was observed in Essex and Forrest within 48 h of flooding at vegetative and reproductive growth 
stages. Waterlogging also decreases biological nitrogen fixation, as nodules need adequate oxy-
gen to maintain nitrogenase activity for aerobic respiration and contributing adenosine triphos-
phate [41]. As a consequence of flooding stress, a reduction in root hydraulic conductivity has 
also been reported [76]. Several studies have provided the correlation between stomatal conduc-
tance and carbon fixation. In flooded plants, photosynthetic activities were reduced by restrict-
ing CO2 due to stomatal closure [77, 78]. Furthermore, due to the higher concentration of CO2 
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hydrates and ATP in cotyledons and hypocotyls of soybean seedlings. Extensive submergence 
degrades the chlorophyll contents in aerial parts of several terrestrial plants [80, 81]. However, 
under submergence, abundance of chlorophyll a and b remained nearly constant in soybean [66]. 
The decrease in photosynthetic activity with long-term flooding may be triggered by the reduc-
tion in chlorophyll, transpiration and ribulose-1,5-biphosphate (RuBP) carboxylase activity. These 
combined effects against flooding declined the crop growth, net assimilation and leaf expansion 
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roots resulting in reduction of plant growth under hypoxic conditions [82]. Flooding stress causes 
higher production of ROS resulting in oxidative damage to proteins related to photosynthetic 
apparatus [83]. As a result, the scavenging activity is overpassed under flooding stress.

2.2. Parameters for measuring the tolerance degree of water stress

2.2.1. Parameters related to seed tolerance

Seeds need a suitable condition to have a good germination. The germination rate and per-
centage of different cultivars were affected by levels of drought stress. In soybean, drought 
stress simulated by polyethylene glycol PEG-6000 significantly reduced seed germination per-
centage (Table 1). An increase in the PEG concentration reduced root growth by two to three 
times for different genotypes. Seed weight and seed size, and seed weight distribution are key 
indicators to evaluate the genotypic response to drought stress [84, 85]. A positive correla-
tion between 100-seed weight per plant and seed yield were reported in soybean under water 
limited conditions. For instance, Habit (soybean drought-tolerant cultivar) exhibited higher 
100-seed weight and seed yield under drought stress [29, 86].Water deficit conditions lead to 
a significant reduction in seed weight and seed size. It also had little effect on seed shape as 
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shrunken and wrinkled, and hard seeds were produced in soybean [84, 85, 87]. Same study 
pointed out 30–40% reduction in proportion of seed having diameter > 4.8 mm. In contrast, the 
ratio of seeds of diameter < 3.2 mm was increased by 3–15% [85].

Germination is a complex process that consists of several metabolic events. Numerous studies 
reported that negative correlation exists between germination percentage and flooding stress 
[88, 89]. Seeds are usually germinated under optimum conditions within 1 or 2 days. But, 
seed germination is delayed due to the quick absorption of water, collapse of seed structure, 
and outflow of internal seed contents under flooding stress. When seeds were flooded for 
3 days after imbibition, germination percentage was drastically dropped out and seed injury 
was observed [90]. Flooding causes mechanical damage on the soybean seeds and prohibits 
germination. Seed coat and seed weight are fundamental factors to evaluate a positive effect 
on seed flooding tolerance. For example, germination rate (GR) and normal seedling rate (NS) 
was higher in pigmented varieties as compared to yellow varieties of soybean (Table 1). These 
parameters (GR and NS) were negatively correlated with seed weight (SW) in the combined 
population [91]. Therefore, pigmented seed coat and small seed weight could be key param-
eters in response to seed-flooding tolerance.

2.2.2. Parameters related to vegetative tissues

Root length, shoot length and leaf area are considered as major determinants to evaluate drought 
response during vegetative stage. A positive relationship exists between root traits and resis-
tance to drought [52, 92]. At seedling stage, drought stress affects leaf expansion rate, leaf water 
potential, relative water content of leaves (%RWC) and relative growth. The degradation of chlo-
rophyll contents of soybean leaves was correlated with the different levels of drought stress [75]. 
Water deficit stress also decreased the number of nodes and intermodal length while the reduc-
tion in inter-nodal length depends upon the duration of drought stress. For example, drought 
stress showed no profound impact on number of internodes in drought tolerant soybean cultivar 
(C12), whereas drought-susceptible cultivar (C08) showed higher number of internode [93].

Essential traits, root length and shoot length are also important indicators in response to 
flooding stress. The insufficient allocation of water, minerals, nutrients, and hormones led 
to root and shoot damage [94]. The first symptom usually appears in soybean is wilting of 
leaves in response to flooding. Soybean shoot growth under flooded conditions is signifi-
cantly decreased due to inability of the root system regarding water transport, hormones, 
nutrients and assimilates [95, 96]. Flooding tolerance in soybean is strongly correlated to root 
surface area, root length and dry weight [97]. It has been reported that root tips are extremely 
sensitive to flooding in soybean and pea seedlings [98–100]. Under complete submergence, 
soybean root growth is absolutely repressed due to the death of root tips.

2.2.3. Parameters related to adult plants

In soybean, pod number per plant, seed number per pod and 100-seed weight are major deter-
minants of yield under water stress [101], and these yield components are the important sink 
for assimilates at reproductive stages [102]. Drought stress especially during flowering (R1) 
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and pod-filling stages reduces soybean yield [30] (Table 1). Under water deficit conditions, 
an increase in rate of abortion has been reported during early pod-filling stage in soybean 
[54, 103]. Soybean yield is also affected by the occurrence of drought stress during seed filling 
(R6) period [93]. Water stress at flowering stage decreased the pod number and seed num-
ber resulting in yield loss [104]. Kobraei et al. [29] conducted experiment on eight soybean 
cultivars to asses yield under normal and drought conditions. This study pointed out that 
drought reduced the yield components resulting in yield loss. In addition, more yield loss was 
observed during R1 stage as compared to R6 stage [104].

One of the major traits conferring tolerance to waterlogging is yield and production of good 
quality seeds [105]. A significant decline in pod number, pods per node, branch number, and 
seed size was observed following 7 days of flooding at different vegetative and regenerative 
development stages [106]. Sullivan et al. [107] confirmed reduction in pod number and plant 
height at early vegetative growth stages. Soybean crops flooded with excessive water at early 
flowering stage showed severe chlorosis and stunting growth [108]. Schöffel et al. [109] showed 
a decreased number of pods per plant at the reproductive stage (R4) in pot trails. A field experi-
ment was conducted in flooded soil and obtained yield reduction from 20–39% in the different 
soybean cultivars when subjected during the R5 stage. During flooding, a significant reduction 
in soybean yield was observed at R5 stage as compared to the R2 stage [110].

2.3. Genetic variation of tolerance to water stress

2.3.1. Cultivated soybean

Considerable genetic variation in seed yield was observed in soybean genotypes under drought 
stress. A total of 50 soybean genotypes were screened under rain-fed condition in Bangladesh. 
Among them, genotypes BARI Soybean 5, BARI Soybean 6, Shohag and BD2331 were identi-
fied as drought-tolerant genotypes [32]. In another study, response of eight cultivars of soy-
bean (Clark, Hobbit, Pershing, Williams, Hood, DPX, M7 and M9) was investigated in Iran. 
Williams cultivar was predicted as drought-tolerant, having highest number of nodes and 
pods/plant in normal and water deficit conditions [29]. Genetically and geographically, diverse 
soybean germplasm lines i.e. from Korea (PI085355, PI339984, PI407778A, PI407973A, PI423841, 
PI424460, PI424608A, PI603170, PI458020), China (PI088444, PI567398, PI567561, PI594410, 
PI578477A), Japan (PI243548, PI417092, PI507066) were screened to examine root response 
under water deficit condition in clay and sandy soil. Plant Introduction PI578477A, PI088444 
(high lateral root number in clay soil) and PI458020 (thick lateral roots in sandy soil) were found 
to have higher yield under water-limited conditions [50]. Brazilian cultivars BR-4 and Ocepar 
4 were considered as drought-tolerant [111]. Several cultivated germplasm lines (Glycine max) 
including Williams, Jackson, Prima 2000, Jindou 21(C12), PI416937, PI 427136, PI 408105A, PI 
471938, PI 424088, PI 081041, N04-9646, DT51 and R02-1325 have promising performance under 
water deficit conditions and can be used in breeding program [25, 27, 112, 113].

Genetic variation in soybean germplasm was observed in response to flooding tolerance to 
overcome yield loss. Elite lines conserve genomic regions that can inhibit extensive yield 
losses during flooding stress. An experiment was conducted to determine genetic variations 
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using 21 soybean varieties for flooding tolerance in both screen-house and field tests. Three 
soybean germplasm, Nam Vang from Cambodia, VND2 from China and ATF15-1 from 
Australia were identified as most flood-tolerant varieties which survived better, grew taller, 
produced more pods/plants and heavier seed weight as compared to sensitive varieties 
[114]. A total of 192 soybean germplasm lines were screened for flooding tolerance at seed-
ling stage. Among them, Jangbaegkong, Danbaegkong, Sowonkongkong, Socheong2 and 
Suwon269 were identified as donor line for flooding tolerance, whereas Shillog, T201, T181, 
NTS1116 and HP-963 exposed flooding sensitivity [115]. Several cultivated germplasm lines 
(Glycine max) including PI 408105A, PI 561271, PI 567343, PI 407184, PI603910C, PI 567394B, 
PI 567651, Archer and Misuzudaiz have been identified as a source of potential source for 
flooding tolerance [112].

2.3.2. Wild soybean

Wild soybean (Glycine soja), is a valuable genetic resource for the tolerance to water stress by rein-
troducing alleles. Wild soybean PI 483463 (G. soja) had favourable donor alleles for root angle, 
while PI 468917 predicted to contribute to slow wilting. Hence, it can be used for development 
of drought-resistant soybean cultivars [112, 116]. In another study, the wild parent, PI 407162 
had favourable alleles for fibrous roots, thus enhancing the soybean ability to survive under 
drought stress. These studies suggested that it is possible to enhance genetic variation in culti-
vated soybean by introducing alleles from wild soybeans [117]. For flooding, different wild soy-
bean accessions, PI 467162, PI 479751, PI 407229, PI 597459C, PI 424082, PI 378699A, PI 424107A, 
PI 366124, PI 378699A were identified, which showed tremendous waterlogging tolerance than 
G. max [112]. Therefore, wild populations can offer useful in breeding program for improving 
drought and flooding resistance of soybean.

3. Genetic regulation mechanisms for tolerance to water stress

3.1. Drought tolerance

3.1.1. Genetic and QTL structure of morpho-physiological performance

The application of QTL helps in identification of chromosomal regions, detecting phenotypic 
variation associated with drought-resistance traits and to determine the desirable alleles 
at these QLs for marker-assisted breeding. Progress towards the identification of drought-
related QTLs is needed [118], only a few QTLs have been reported for drought (Table 2). Du 
et al. [128] identified 19 QTLs associated with seed yield under normal and water-limited 
conditions and 10 QTLs associated with drought susceptibility index (DSI) in soybean. To 
develop drought-tolerant varieties, the role of secondary traits associated with yield stability 
has been accelerated. In crops, under water deficit condition, several secondary traits i.e. early 
seedling vigor [129], canopy wilting [119, 130], root system architecture (RSA) [117, 131, 132], 
canopy temperature depression [133], carbon isotope discrimination [134, 135], alterations in 
photosynthesis [136, 137], and nitrogen fixation [138–141] have been reported.
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and pod-filling stages reduces soybean yield [30] (Table 1). Under water deficit conditions, 
an increase in rate of abortion has been reported during early pod-filling stage in soybean 
[54, 103]. Soybean yield is also affected by the occurrence of drought stress during seed filling 
(R6) period [93]. Water stress at flowering stage decreased the pod number and seed num-
ber resulting in yield loss [104]. Kobraei et al. [29] conducted experiment on eight soybean 
cultivars to asses yield under normal and drought conditions. This study pointed out that 
drought reduced the yield components resulting in yield loss. In addition, more yield loss was 
observed during R1 stage as compared to R6 stage [104].

One of the major traits conferring tolerance to waterlogging is yield and production of good 
quality seeds [105]. A significant decline in pod number, pods per node, branch number, and 
seed size was observed following 7 days of flooding at different vegetative and regenerative 
development stages [106]. Sullivan et al. [107] confirmed reduction in pod number and plant 
height at early vegetative growth stages. Soybean crops flooded with excessive water at early 
flowering stage showed severe chlorosis and stunting growth [108]. Schöffel et al. [109] showed 
a decreased number of pods per plant at the reproductive stage (R4) in pot trails. A field experi-
ment was conducted in flooded soil and obtained yield reduction from 20–39% in the different 
soybean cultivars when subjected during the R5 stage. During flooding, a significant reduction 
in soybean yield was observed at R5 stage as compared to the R2 stage [110].

2.3. Genetic variation of tolerance to water stress

2.3.1. Cultivated soybean

Considerable genetic variation in seed yield was observed in soybean genotypes under drought 
stress. A total of 50 soybean genotypes were screened under rain-fed condition in Bangladesh. 
Among them, genotypes BARI Soybean 5, BARI Soybean 6, Shohag and BD2331 were identi-
fied as drought-tolerant genotypes [32]. In another study, response of eight cultivars of soy-
bean (Clark, Hobbit, Pershing, Williams, Hood, DPX, M7 and M9) was investigated in Iran. 
Williams cultivar was predicted as drought-tolerant, having highest number of nodes and 
pods/plant in normal and water deficit conditions [29]. Genetically and geographically, diverse 
soybean germplasm lines i.e. from Korea (PI085355, PI339984, PI407778A, PI407973A, PI423841, 
PI424460, PI424608A, PI603170, PI458020), China (PI088444, PI567398, PI567561, PI594410, 
PI578477A), Japan (PI243548, PI417092, PI507066) were screened to examine root response 
under water deficit condition in clay and sandy soil. Plant Introduction PI578477A, PI088444 
(high lateral root number in clay soil) and PI458020 (thick lateral roots in sandy soil) were found 
to have higher yield under water-limited conditions [50]. Brazilian cultivars BR-4 and Ocepar 
4 were considered as drought-tolerant [111]. Several cultivated germplasm lines (Glycine max) 
including Williams, Jackson, Prima 2000, Jindou 21(C12), PI416937, PI 427136, PI 408105A, PI 
471938, PI 424088, PI 081041, N04-9646, DT51 and R02-1325 have promising performance under 
water deficit conditions and can be used in breeding program [25, 27, 112, 113].

Genetic variation in soybean germplasm was observed in response to flooding tolerance to 
overcome yield loss. Elite lines conserve genomic regions that can inhibit extensive yield 
losses during flooding stress. An experiment was conducted to determine genetic variations 
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using 21 soybean varieties for flooding tolerance in both screen-house and field tests. Three 
soybean germplasm, Nam Vang from Cambodia, VND2 from China and ATF15-1 from 
Australia were identified as most flood-tolerant varieties which survived better, grew taller, 
produced more pods/plants and heavier seed weight as compared to sensitive varieties 
[114]. A total of 192 soybean germplasm lines were screened for flooding tolerance at seed-
ling stage. Among them, Jangbaegkong, Danbaegkong, Sowonkongkong, Socheong2 and 
Suwon269 were identified as donor line for flooding tolerance, whereas Shillog, T201, T181, 
NTS1116 and HP-963 exposed flooding sensitivity [115]. Several cultivated germplasm lines 
(Glycine max) including PI 408105A, PI 561271, PI 567343, PI 407184, PI603910C, PI 567394B, 
PI 567651, Archer and Misuzudaiz have been identified as a source of potential source for 
flooding tolerance [112].

2.3.2. Wild soybean

Wild soybean (Glycine soja), is a valuable genetic resource for the tolerance to water stress by rein-
troducing alleles. Wild soybean PI 483463 (G. soja) had favourable donor alleles for root angle, 
while PI 468917 predicted to contribute to slow wilting. Hence, it can be used for development 
of drought-resistant soybean cultivars [112, 116]. In another study, the wild parent, PI 407162 
had favourable alleles for fibrous roots, thus enhancing the soybean ability to survive under 
drought stress. These studies suggested that it is possible to enhance genetic variation in culti-
vated soybean by introducing alleles from wild soybeans [117]. For flooding, different wild soy-
bean accessions, PI 467162, PI 479751, PI 407229, PI 597459C, PI 424082, PI 378699A, PI 424107A, 
PI 366124, PI 378699A were identified, which showed tremendous waterlogging tolerance than 
G. max [112]. Therefore, wild populations can offer useful in breeding program for improving 
drought and flooding resistance of soybean.

3. Genetic regulation mechanisms for tolerance to water stress

3.1. Drought tolerance

3.1.1. Genetic and QTL structure of morpho-physiological performance

The application of QTL helps in identification of chromosomal regions, detecting phenotypic 
variation associated with drought-resistance traits and to determine the desirable alleles 
at these QLs for marker-assisted breeding. Progress towards the identification of drought-
related QTLs is needed [118], only a few QTLs have been reported for drought (Table 2). Du 
et al. [128] identified 19 QTLs associated with seed yield under normal and water-limited 
conditions and 10 QTLs associated with drought susceptibility index (DSI) in soybean. To 
develop drought-tolerant varieties, the role of secondary traits associated with yield stability 
has been accelerated. In crops, under water deficit condition, several secondary traits i.e. early 
seedling vigor [129], canopy wilting [119, 130], root system architecture (RSA) [117, 131, 132], 
canopy temperature depression [133], carbon isotope discrimination [134, 135], alterations in 
photosynthesis [136, 137], and nitrogen fixation [138–141] have been reported.
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In soybean, RSAs, slow canopy wilting and biological nitrogen fixation are promising second-
ary traits under drought [112]. Under water deficit conditions, a simulation analysis model 
depicted that slow wilting can improve soybean yield >75% while nitrogen fixation up to 
85% [142]. In soybean, less information is available on QTL mapping of drought-associated 
traits and yield [128, 143], fibrous roots [144] and water-use efficiency (WUE) [123, 125, 126] 
under water-limited conditions. Several studies have been conducted on QTL mapping for 
RSA traits in major cereals crops with little information in leguminous crops, especially soy-
bean [145–147]. Five QTLs were identified on chromosomes 1, 3, 4, 8, and 20 related with 
fibrous rooting systems in RIL population of soybean derived from a cross between Benning 
(low fibrous root) and PI 416937 (extensive fibrous root) [144]. These QTLs were detected by 
using 240 F6 derived recombinant inbred lines (RILs) under rain-fed conditions for 2 years 
(2001 and 2009). The parent PI 416937 (extensive fibrous root system) contributed favourable 
alleles for four QTLs, while one QTL had donor alleles from Benning. Moreover, a total of 
four QTLs related with root surface area and distribution (based on root length and thickness) 
were identified in an inter-specific mapping population (Glycine max × Glycine soja). Two QTLs 
on Chr 6 had favourable donor alleles from the wild parent, PI 407162 (G. soja) with R2 value 
of >10%. As a result, plants enhanced their ability to form fibrous roots. Manavalan et al. [148] 
identified one QTL cluster associated with root length and lateral root number in 251 BC2F5 
backcross inbred lines through linkage mapping with favourable alleles from Dunbar (Table 2).

Slow canopy wilting is a key factor to screen soybean germplasm under water-limited condi-
tions [121]. A total of 13 QTLs associated with slow wilting were detected using five bi-paren-
tal populations under water-limited conditions, with phenotypic variation (R2 0.04–0.29). 
Eleven out of 13 QTLs had favourable alleles from PI 416937 and Jackson [119–121]. The major 
QTL associated with slow wilting was mapped on LG K with 17% phenotypic variation [122]. 
To validate QTL data from different mapping population on same linkage map, ‘Meta-QTL 
analysis’ has been proposed [149, 150]. In soybean, Meta-QTL analysis was used to refine 
the confidence interval of eight QTLs using mapping results from five bi-parental popula-
tion However, these QTLs are complex, unstable and quantitative nature, so breeders find 
difficulties to utilize them [151]. Considering this problem, confirmation of QTL should be 
performed by using more advanced progeny or near isogenic lines (BCnF2).

Studies on QTL mapping associated with biological-nitrogen fixation are very few in plants 
including soybean. Three QTLs for nodule number (LGs B1, E) were identified using the 
composite interval mapping and explained 13% phenotypic variation [152]. Two QTLs for 
shoot ureide were detected on Chrs. 9 and 19, and two QTLs associated with shoot nitrogen 
concentration were mapped on Chrs. 13 and 17 under water stress. These QTLs explained 
phenotypic variation ranging from 0.11 to 0.31 (Table 2) [127]. Jackson contributed favour-
able alleles for shoot ureide concentration on Gm 19 and Gm 13 while other two on Gm 09 
and Gm17 have favourable alleles from KS4895. Under well-watered conditions, a number 
of QTLs associated with shoot ureide and nitrogen concentrations were reported. However, 
not a single QTL was detected under both conditions (stress and control) illustrating that 
soybean shows diverse mechanisms for regulation of N2-fixation under well-watered and 
drought conditions [127].
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Trait QTL Chro. Marker R2 Population Ref.

Canopy wilting Gm02-1 2 ss107913715 0.06–0.12 KJ, BP [119]

Gm02-2 2 ss107912946/satt296 0.06–0.18 AP [119, 120]

Gm02-3 2 Satt296 0.06–0.19 BP, AP [119]

qSW-Gm04 4 Satt646 0.09 BP [120]

Gm05 5 ss107913925/satt276 0.04–0.16 KJ [119, 120]

Gm08 8 Satt177 0.05–0.15 KJ, KN [119, 121]

Leaf wilting Gm09 9 Sat044 0.17 Jackson ×KS4895 [122]

Canopy wilting Gm11 11 ss107913507 0.14–0.39 KJ, KP, AP [119]

qSW-Gm12 12 Satt302 0.27 BP [120]

Gm13 13 Satt362 0.16 KJ [121]

Gm14 14 ss107913401 0.08–0.12 KJ,AP [119, 121]

qSW-Gm17/
Gm17–1

17 ss107929993 0.06–0.22 KJ,AP, BP [119–121]

Gm17-2 17 ss107913610 0.09–0.10 KJ, KP [119]

qSW-Gm19 19 ss107924069 0.11–0.29 KJ, KP, BP [119]

Yield Gm06 6 Satt205-satt489 0.7 Minsoy ×Noir 1 [123]

Yield and wilting Gm13 13 Sat_375 – Hutcheson × 
PI471938,

[124]

Gm13-1 13 Sat_074 –

Gm17 17 Satt226 –

Water use 
efficiency

Gm19 19 A489H 0.14 S-100 × Tokyo [125]

– – A063-1 0.8

Gm18 18 B031-1 8.5 Young ×PI416937 [126]

Gm12 12 A089-1 8.7

Gm16 16 cr497-1 13.2

Gm16 16 K375-1 7.5

Gm4 4 A063-1 5

Nitrogen fixation 
(shoot ureide)

Gm09 9 BARC-060299-16,598 0.16 KS4895 × Jackson [127]

Gm19 19 Satt561 0.18

Gm13 13 BARC-014657-01608 0.24

Gm17 17 BARC-057467-14,765 0.12

KJ = KS4895 × Jackson; BP = Benning × PI 416937; AP = A5959 × PI 416937; KP = KS4895 × PI 424140; 
KN = Kefeng1 × Nannong1138-2.

Table 2. A list of reported QTLs in soybean associated with drought tolerance.
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In soybean, RSAs, slow canopy wilting and biological nitrogen fixation are promising second-
ary traits under drought [112]. Under water deficit conditions, a simulation analysis model 
depicted that slow wilting can improve soybean yield >75% while nitrogen fixation up to 
85% [142]. In soybean, less information is available on QTL mapping of drought-associated 
traits and yield [128, 143], fibrous roots [144] and water-use efficiency (WUE) [123, 125, 126] 
under water-limited conditions. Several studies have been conducted on QTL mapping for 
RSA traits in major cereals crops with little information in leguminous crops, especially soy-
bean [145–147]. Five QTLs were identified on chromosomes 1, 3, 4, 8, and 20 related with 
fibrous rooting systems in RIL population of soybean derived from a cross between Benning 
(low fibrous root) and PI 416937 (extensive fibrous root) [144]. These QTLs were detected by 
using 240 F6 derived recombinant inbred lines (RILs) under rain-fed conditions for 2 years 
(2001 and 2009). The parent PI 416937 (extensive fibrous root system) contributed favourable 
alleles for four QTLs, while one QTL had donor alleles from Benning. Moreover, a total of 
four QTLs related with root surface area and distribution (based on root length and thickness) 
were identified in an inter-specific mapping population (Glycine max × Glycine soja). Two QTLs 
on Chr 6 had favourable donor alleles from the wild parent, PI 407162 (G. soja) with R2 value 
of >10%. As a result, plants enhanced their ability to form fibrous roots. Manavalan et al. [148] 
identified one QTL cluster associated with root length and lateral root number in 251 BC2F5 
backcross inbred lines through linkage mapping with favourable alleles from Dunbar (Table 2).

Slow canopy wilting is a key factor to screen soybean germplasm under water-limited condi-
tions [121]. A total of 13 QTLs associated with slow wilting were detected using five bi-paren-
tal populations under water-limited conditions, with phenotypic variation (R2 0.04–0.29). 
Eleven out of 13 QTLs had favourable alleles from PI 416937 and Jackson [119–121]. The major 
QTL associated with slow wilting was mapped on LG K with 17% phenotypic variation [122]. 
To validate QTL data from different mapping population on same linkage map, ‘Meta-QTL 
analysis’ has been proposed [149, 150]. In soybean, Meta-QTL analysis was used to refine 
the confidence interval of eight QTLs using mapping results from five bi-parental popula-
tion However, these QTLs are complex, unstable and quantitative nature, so breeders find 
difficulties to utilize them [151]. Considering this problem, confirmation of QTL should be 
performed by using more advanced progeny or near isogenic lines (BCnF2).

Studies on QTL mapping associated with biological-nitrogen fixation are very few in plants 
including soybean. Three QTLs for nodule number (LGs B1, E) were identified using the 
composite interval mapping and explained 13% phenotypic variation [152]. Two QTLs for 
shoot ureide were detected on Chrs. 9 and 19, and two QTLs associated with shoot nitrogen 
concentration were mapped on Chrs. 13 and 17 under water stress. These QTLs explained 
phenotypic variation ranging from 0.11 to 0.31 (Table 2) [127]. Jackson contributed favour-
able alleles for shoot ureide concentration on Gm 19 and Gm 13 while other two on Gm 09 
and Gm17 have favourable alleles from KS4895. Under well-watered conditions, a number 
of QTLs associated with shoot ureide and nitrogen concentrations were reported. However, 
not a single QTL was detected under both conditions (stress and control) illustrating that 
soybean shows diverse mechanisms for regulation of N2-fixation under well-watered and 
drought conditions [127].
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Trait QTL Chro. Marker R2 Population Ref.

Canopy wilting Gm02-1 2 ss107913715 0.06–0.12 KJ, BP [119]

Gm02-2 2 ss107912946/satt296 0.06–0.18 AP [119, 120]

Gm02-3 2 Satt296 0.06–0.19 BP, AP [119]

qSW-Gm04 4 Satt646 0.09 BP [120]

Gm05 5 ss107913925/satt276 0.04–0.16 KJ [119, 120]

Gm08 8 Satt177 0.05–0.15 KJ, KN [119, 121]

Leaf wilting Gm09 9 Sat044 0.17 Jackson ×KS4895 [122]

Canopy wilting Gm11 11 ss107913507 0.14–0.39 KJ, KP, AP [119]

qSW-Gm12 12 Satt302 0.27 BP [120]

Gm13 13 Satt362 0.16 KJ [121]

Gm14 14 ss107913401 0.08–0.12 KJ,AP [119, 121]

qSW-Gm17/
Gm17–1

17 ss107929993 0.06–0.22 KJ,AP, BP [119–121]

Gm17-2 17 ss107913610 0.09–0.10 KJ, KP [119]

qSW-Gm19 19 ss107924069 0.11–0.29 KJ, KP, BP [119]

Yield Gm06 6 Satt205-satt489 0.7 Minsoy ×Noir 1 [123]

Yield and wilting Gm13 13 Sat_375 – Hutcheson × 
PI471938,

[124]

Gm13-1 13 Sat_074 –

Gm17 17 Satt226 –

Water use 
efficiency

Gm19 19 A489H 0.14 S-100 × Tokyo [125]

– – A063-1 0.8

Gm18 18 B031-1 8.5 Young ×PI416937 [126]

Gm12 12 A089-1 8.7

Gm16 16 cr497-1 13.2

Gm16 16 K375-1 7.5

Gm4 4 A063-1 5

Nitrogen fixation 
(shoot ureide)

Gm09 9 BARC-060299-16,598 0.16 KS4895 × Jackson [127]

Gm19 19 Satt561 0.18

Gm13 13 BARC-014657-01608 0.24

Gm17 17 BARC-057467-14,765 0.12

KJ = KS4895 × Jackson; BP = Benning × PI 416937; AP = A5959 × PI 416937; KP = KS4895 × PI 424140; 
KN = Kefeng1 × Nannong1138-2.

Table 2. A list of reported QTLs in soybean associated with drought tolerance.
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3.1.2. Identification of important genes for drought tolerance

Drought stress-responsive genes are categorized as effectors and regulatory genes [153]. Effectors 
include gene encoding protein such as LEA proteins, osmolyte biosynthesis (osmotin), aquapo-
rins, chaperons, antioxidants and enzymes involved in different metabolic pathway. Regulatory 
genes encoding product such as receptors, calmodulin-binding proteins, kinases, phosphatases 
and transcription factors are involved in signal transduction and gene expression [153]. A number 
of plant TFs such as ethylene-responsive factor, WRKY, MYB, basic leucine zipper domain (bZIP) 
and NAC are involved in ABA signalling under drought stress, while dehydration responsible 
element binding (DREB) protein, are involved in ABA-independent pathway [154–156]. Major 
families of TF genes expressed in response to drought stress in plants are summarized in Table 3.

In the soybean genome, 5035 TFs models were identified based on in-silico annotation [170]. 
Among all TFs, the WRKY transcription factor is the largest family in plants. A total of 233 
WRKY members have been identified in soybean (http://planttfdb.cbi.pku.edu.cn/family.php? 
fam=WRKY) [171]. Identification of two WRKY genes (GmWRKY21 and GmWRKY54) and 
their role in enhancing tolerance to drought, salt and cold has been studied in Arabidopsis [156]. 
Moreover, the involvement of GmWRKY27 has been characterized under drought and salt stress. 
Overexpression of GmWRKY27 RNAi and GmWRKY27 in soybeans results in increased toler-
ance and hypersensitivity to drought and salt stress, respectively. In the same study, the associa-
tion of GmWRKY27 with GmMYB174 was observed, which binds to neighbouring cis-elements 

Gene family Gene Studied plant Ref.

R2R3-MYB transcription factor GmMYB84 Soybean [157]

GmMYBJ1 Arabidopsis [158]

bZIP transcription factor GmFDL19 Soybean [159]

GmbZIP1 Arabidopsis [160]

DREB transcription factor GmDREB2 Tobacco [161]

AP2/ERF transcription factor GmDREB2A;2 Soybean [162]

AP2/ERF transcription factor GmERF3 Tobacco [163]

AP2/ERF transcription factor GmERF4 Tobacco [164]

WRKY family GmWRKY54 Arabidopsis [156]

WRKY family GsWRKY20 Arabidopsis [165]

NAC family GmNAC20 Soybean [166]

Homeodomainleucine zipper (HD-Zip) proteins Multiple HD-Zip genes Soybean [167]

C2H2-type Zinc finger protein GmZFP3 Arabidopsis [168]

Trihelix transcription factors GmGT-2B b Arabidopsis [169]

GmGT-2A Arabidopsis

Table 3. Major families of TF genes expressed in response to drought stress in plants.
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in GmNAC29 promoter and suppressed gene expression of GmNAC29 led to increased toler-
ance to abiotic stress [172]. In soybean, novel candidates of WRKY genes were detected, which 
provided the unique function of WRKY transcription factors under water deficit conditions [173].

Another gene family, Homeodomain-leucine zipper (HD-Zip) comprised of 140 HD-Zip genes 
(http://planttfdb.cbi.pku.edu.cn/family.php?fam=HD-ZIP) were detected under drought and salt 
stress. Out of 140, 59 are coding genes while 20 paralogous genes exhibited differential expres-
sion under drought and saline environment [174]. In soybean, overexpression of GmDREB3 also 
enhances tolerance drought tolerance in response to accumulation of proline [175].

3.2. Flooding tolerance

3.2.1. QTL mapping

In recent years, the advent of molecular marker technologies has opened up new opportu-
nities for QTL analyses, fine mapping and cloning of genes for water stress tolerance. The 
genetic basis of drought and flooding tolerance has been studied by evaluating different com-
ponent traits in drought and flood-tolerant soybean. Both drought and flooding tolerance are 
quantitatively inherited and controlled by several genetic loci. Consequently, a large number 
of QTLs related to flooding tolerance are summarized in Table 4.

The analysis of quantitative trait loci (QTLs) for water-logging tolerance in soybean is usually 
challenging. However, several studies have been done on QTLs associated to flooding toler-
ance, focused on injury score and tolerance index in soybean [91, 176–179, 182]. For instance, a 
single QTL located on Chr. 18 (Sat_064) was identified using 208 lines of two recombinant inbred 
(RI) populations, for soybean growth and grain yields under water-logging conditions [176]. 

Trait QTL Chro. Marker Population Ref.

Grain yield Gm18 18 Sat_064 Archer × Minsoy, Archer × Noir I [176]

Injury score, tolerance index Gm5, Gm13 5, 13 Satt385, Satt269 A5403 × Archer, P9641 × Archer [177]

Flooding tolerance ft1 6 Satt100 Misuzudaizu × Gong 503 [178]

Seed germination Sft1, Sft2 12, 8 Sat_175, Satt 187 Peking × Tamahomare [91]

Sft3, Sft4 4, 2 Satt 338, Sat_279

Flooding toleranceand/or 
resistance to P. sojae

FTS-13 13 Sct_033, BARC-
024569-4982

PI 408105A × S99-2281 [179]

FTS-11 11 BARC-016279-
02316

Joint waterlogging tolerance 
index

Wt1,wt2 19 Satt229-Satt527 
Satt527-Sat_286

Su88-M21 × Xinyixiaoheidou [180]

Root length development/
Root surface area

Qhti-12-1 12 Satt052-Satt302 Iyodaizu × Tachinagaha [181]

Table 4. A summary of QTL mapping studies for flood tolerance traits in soybean.
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3.1.2. Identification of important genes for drought tolerance

Drought stress-responsive genes are categorized as effectors and regulatory genes [153]. Effectors 
include gene encoding protein such as LEA proteins, osmolyte biosynthesis (osmotin), aquapo-
rins, chaperons, antioxidants and enzymes involved in different metabolic pathway. Regulatory 
genes encoding product such as receptors, calmodulin-binding proteins, kinases, phosphatases 
and transcription factors are involved in signal transduction and gene expression [153]. A number 
of plant TFs such as ethylene-responsive factor, WRKY, MYB, basic leucine zipper domain (bZIP) 
and NAC are involved in ABA signalling under drought stress, while dehydration responsible 
element binding (DREB) protein, are involved in ABA-independent pathway [154–156]. Major 
families of TF genes expressed in response to drought stress in plants are summarized in Table 3.

In the soybean genome, 5035 TFs models were identified based on in-silico annotation [170]. 
Among all TFs, the WRKY transcription factor is the largest family in plants. A total of 233 
WRKY members have been identified in soybean (http://planttfdb.cbi.pku.edu.cn/family.php? 
fam=WRKY) [171]. Identification of two WRKY genes (GmWRKY21 and GmWRKY54) and 
their role in enhancing tolerance to drought, salt and cold has been studied in Arabidopsis [156]. 
Moreover, the involvement of GmWRKY27 has been characterized under drought and salt stress. 
Overexpression of GmWRKY27 RNAi and GmWRKY27 in soybeans results in increased toler-
ance and hypersensitivity to drought and salt stress, respectively. In the same study, the associa-
tion of GmWRKY27 with GmMYB174 was observed, which binds to neighbouring cis-elements 

Gene family Gene Studied plant Ref.

R2R3-MYB transcription factor GmMYB84 Soybean [157]

GmMYBJ1 Arabidopsis [158]

bZIP transcription factor GmFDL19 Soybean [159]

GmbZIP1 Arabidopsis [160]

DREB transcription factor GmDREB2 Tobacco [161]

AP2/ERF transcription factor GmDREB2A;2 Soybean [162]

AP2/ERF transcription factor GmERF3 Tobacco [163]

AP2/ERF transcription factor GmERF4 Tobacco [164]

WRKY family GmWRKY54 Arabidopsis [156]

WRKY family GsWRKY20 Arabidopsis [165]

NAC family GmNAC20 Soybean [166]

Homeodomainleucine zipper (HD-Zip) proteins Multiple HD-Zip genes Soybean [167]

C2H2-type Zinc finger protein GmZFP3 Arabidopsis [168]

Trihelix transcription factors GmGT-2B b Arabidopsis [169]

GmGT-2A Arabidopsis

Table 3. Major families of TF genes expressed in response to drought stress in plants.
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in GmNAC29 promoter and suppressed gene expression of GmNAC29 led to increased toler-
ance to abiotic stress [172]. In soybean, novel candidates of WRKY genes were detected, which 
provided the unique function of WRKY transcription factors under water deficit conditions [173].

Another gene family, Homeodomain-leucine zipper (HD-Zip) comprised of 140 HD-Zip genes 
(http://planttfdb.cbi.pku.edu.cn/family.php?fam=HD-ZIP) were detected under drought and salt 
stress. Out of 140, 59 are coding genes while 20 paralogous genes exhibited differential expres-
sion under drought and saline environment [174]. In soybean, overexpression of GmDREB3 also 
enhances tolerance drought tolerance in response to accumulation of proline [175].

3.2. Flooding tolerance

3.2.1. QTL mapping

In recent years, the advent of molecular marker technologies has opened up new opportu-
nities for QTL analyses, fine mapping and cloning of genes for water stress tolerance. The 
genetic basis of drought and flooding tolerance has been studied by evaluating different com-
ponent traits in drought and flood-tolerant soybean. Both drought and flooding tolerance are 
quantitatively inherited and controlled by several genetic loci. Consequently, a large number 
of QTLs related to flooding tolerance are summarized in Table 4.

The analysis of quantitative trait loci (QTLs) for water-logging tolerance in soybean is usually 
challenging. However, several studies have been done on QTLs associated to flooding toler-
ance, focused on injury score and tolerance index in soybean [91, 176–179, 182]. For instance, a 
single QTL located on Chr. 18 (Sat_064) was identified using 208 lines of two recombinant inbred 
(RI) populations, for soybean growth and grain yields under water-logging conditions [176]. 

Trait QTL Chro. Marker Population Ref.

Grain yield Gm18 18 Sat_064 Archer × Minsoy, Archer × Noir I [176]

Injury score, tolerance index Gm5, Gm13 5, 13 Satt385, Satt269 A5403 × Archer, P9641 × Archer [177]

Flooding tolerance ft1 6 Satt100 Misuzudaizu × Gong 503 [178]

Seed germination Sft1, Sft2 12, 8 Sat_175, Satt 187 Peking × Tamahomare [91]

Sft3, Sft4 4, 2 Satt 338, Sat_279

Flooding toleranceand/or 
resistance to P. sojae

FTS-13 13 Sct_033, BARC-
024569-4982

PI 408105A × S99-2281 [179]

FTS-11 11 BARC-016279-
02316

Joint waterlogging tolerance 
index

Wt1,wt2 19 Satt229-Satt527 
Satt527-Sat_286

Su88-M21 × Xinyixiaoheidou [180]

Root length development/
Root surface area

Qhti-12-1 12 Satt052-Satt302 Iyodaizu × Tachinagaha [181]

Table 4. A summary of QTL mapping studies for flood tolerance traits in soybean.
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The results indicated that the Sat_064 QTL is unique in response to flooding. The Sat_064 QTL 
was further confirmed in a southern cultivar Archer using near-isogenic lines (NILs) [183]. In 
addition, two flooding-tolerance QTLs on Chr. 5 (Satt385) and Chr.13 (Satt269) were identified 
associated with water-logging tolerance through partial linkage mapping and bulk-segregation 
analysis using two populations [177]. Seven loci were detected associated with yield in response 
to flooding in a mapping population between Misuzudaizu and Moshidou Gong 503. Among 
them, only a large and stable QTL, ft1 tightly linked with flowering was reproducible with high 
LOD score in 2 years, 2012 and 2013 (15.41 and 7.57) [178].

In another experiment, four QTLs, Sft1, Sft2, Sft3 and Sft4 associated with seed-flooding tolerance, 
during geminating stage, were detected using population derived from cross between a toler-
ant ‘Peking’ (black seed coat) × susceptible cultivar ‘Tamahomare’ (yellow seed coat). Among 
these QTLs, Sft1 located on Chr.12 had great effect on germination rate, whereas sft2 mapped 
on Chr. 8 had contribution in seed coat pigmentation [91]. Two QTLs, FTS-11 and FTS-13 were 
mapped on Chr. 11 and Chr.13, respectively, using F7 recombinant inbred lines (RILs) at an early 
reproductive stage. These QTLs were also related with flooding yield index and flooding injury 
score. The major QTL FTS-13, with phenotypic variation 18.3% was detected in multiple loca-
tions and years [179]. Recently, QTLs for root surface area development (RSAD) and root length 
development (RLD) on Chr. 12 (between markers Satt052 and Satt302) were identified in relation 
to hypoxia tolerance using F8:9 RILs derived from a cross between Iyodaizu and Tachinagaha 
in soybean. For the validation of these major and stable QTLs, NILs with the QTL region were 
developed derived from Iyodaizu [181].

3.2.2. Transcriptome analysis of soybean under water stress

Transcript abundance analysis is vital functional genomics tools to examine flooding respon-
sive mechanisms and identify genes responsible for flooding tolerance. Recently, genome-wide 
changes associated with gene-expression are investigated through microarray chip analysis, 
RNA-seq approach and high-coverage gene expression profiling analysis for better understand-
ing the transcriptional response in relation to flooding stress in soybean (Table 5). Transcripts 
were examined in the root tip, including the hypocotyl of soybean, using high-coverage gene 
expression profiling analysis; 5831 out of 29,388 were significantly altered under water stress. 
Genes relevant to ethylene biosynthesis, alcoholic fermentation and cell wall relaxation are 
promptly up-regulated in response to flooding. Defence-related genes, haemoglobin, and 
Kunitz trypsin protease inhibitor and acid phosphatase are responsible for flooding [184].

In another study, soybean microarray chip-based transcriptomics technique was used to com-
prehend the molecular response under flooding. In soybean roots including hypocotyl, more 
than 6000 flooding-responsive genes were identified. The results revealed that genes associated 
with glycolysis, photosynthesis, amino acid synthesis (Ser-Gly-Cys group), transcriptional 
regulation of transcription, degradation of ubiquitin-mediated protein, and cell death were 
expressively up-regulated, whereas genes relevant to cell organization, secondary metabolism, 
cell wall synthesis, transport of metabolite and chromatin structure were considerably down-
regulated. Furthermore, up-regulation of flooding-responsive genes encoding small proteins 
plays key roles in acclimation to flooding [185]. It has been reported that a total of 2724 and 
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3498 genes were differentially expressed in response to drought and flooding stress, respec-
tively, which contain 289 TFs demonstrating ethylene response factors (ERFs), basic helix-loop 
helix (bHLH), WRKY amino acid motif (WRKY), myeloblastosis (MYB) and no apical meri-
stem (NAC) are involved in stress tolerance mechanism [186].

RNA-seq based transcriptomic analysis resulted in detection of 729 and 255 genes in the flood-
ing-tolerant line and ABA-treated soybean, respectively, which were significantly changed 
under stress condition. Transcript profiles also revealed that a total of 31 genes included 12 
genes involved in the regulation of RNA and protein metabolism were commonly altered 
between the flooding-tolerant line and ABA-treated soybean under flooding stress [187]. On 
the basis of the above findings, it can be concluded that transcript profiles can be helpful as an 
adaptive mechanism for soybean survival under water stress.

3.2.3. Proteomics techniques for identification of water stress-responsive mechanisms

Different proteomics techniques i.e. mass spectroscopy (MS)-based (for identification of a num-
ber of environmental stress-responsive proteins), two-dimensional (2D) gel-based (for visual 
illustration of the proteins) and SDS gel or gel free-based (for detection of the largest number of 
proteins) are extensively used under water stress (Table 5). The available genomic information 
in soybean genome database helps to identify water stress-responsive mechanism. Distinct 

Stress Tissues Platform DEG*/proteins characterized Ref

Flooding Root and hypocotyl High coverage expression 
profiling

97 genes and 34 proteins [184]

Flooding Roots including 
hypocotyl

Soybean microarray chip More than 6000 genes [185]

Drought & 
flooding

Leaf tissue Illumina Genome Analyzer 
(San Die go, CA) platform

2724 genes for drought and 3498 
genes for flooding, 289 Transcription 
Factors

[186]

Flooding 
stress

Root tips, root with 
hypocotyl and 
cotyledons

RNA sequencing-based 
transcriptomic analysis

31 genes [187]

Drought & 
flooding

Leaf, hypocotyl, and 
root

Gel-free/label-free 
proteomic technique

17 proteins [188]

Drought & 
flooding

Roots Gel-free proteomic 
technique

97 proteins in response to flooding 
and 48 proteins for drought

[189]

Drought & 
flooding

Root tip Gel-free/label-free 
proteomic analysis

Three S-adenosylmethionine 
synthetases (SAMs) proteins

[190]

Flooding Root and cotyledon Nano spray LTQ 
XL Orbitrap mass 
spectrometry (MS)

146 proteins [191]

Flooding & 
drought

Roots Gel-free proteomic 
technique

97 proteins to flooding, 48 for drought [189]

*Differentially Expressed Gene.

Table 5. Soybean transcriptome and proteome studies under flooding and drought stress.
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The results indicated that the Sat_064 QTL is unique in response to flooding. The Sat_064 QTL 
was further confirmed in a southern cultivar Archer using near-isogenic lines (NILs) [183]. In 
addition, two flooding-tolerance QTLs on Chr. 5 (Satt385) and Chr.13 (Satt269) were identified 
associated with water-logging tolerance through partial linkage mapping and bulk-segregation 
analysis using two populations [177]. Seven loci were detected associated with yield in response 
to flooding in a mapping population between Misuzudaizu and Moshidou Gong 503. Among 
them, only a large and stable QTL, ft1 tightly linked with flowering was reproducible with high 
LOD score in 2 years, 2012 and 2013 (15.41 and 7.57) [178].

In another experiment, four QTLs, Sft1, Sft2, Sft3 and Sft4 associated with seed-flooding tolerance, 
during geminating stage, were detected using population derived from cross between a toler-
ant ‘Peking’ (black seed coat) × susceptible cultivar ‘Tamahomare’ (yellow seed coat). Among 
these QTLs, Sft1 located on Chr.12 had great effect on germination rate, whereas sft2 mapped 
on Chr. 8 had contribution in seed coat pigmentation [91]. Two QTLs, FTS-11 and FTS-13 were 
mapped on Chr. 11 and Chr.13, respectively, using F7 recombinant inbred lines (RILs) at an early 
reproductive stage. These QTLs were also related with flooding yield index and flooding injury 
score. The major QTL FTS-13, with phenotypic variation 18.3% was detected in multiple loca-
tions and years [179]. Recently, QTLs for root surface area development (RSAD) and root length 
development (RLD) on Chr. 12 (between markers Satt052 and Satt302) were identified in relation 
to hypoxia tolerance using F8:9 RILs derived from a cross between Iyodaizu and Tachinagaha 
in soybean. For the validation of these major and stable QTLs, NILs with the QTL region were 
developed derived from Iyodaizu [181].

3.2.2. Transcriptome analysis of soybean under water stress

Transcript abundance analysis is vital functional genomics tools to examine flooding respon-
sive mechanisms and identify genes responsible for flooding tolerance. Recently, genome-wide 
changes associated with gene-expression are investigated through microarray chip analysis, 
RNA-seq approach and high-coverage gene expression profiling analysis for better understand-
ing the transcriptional response in relation to flooding stress in soybean (Table 5). Transcripts 
were examined in the root tip, including the hypocotyl of soybean, using high-coverage gene 
expression profiling analysis; 5831 out of 29,388 were significantly altered under water stress. 
Genes relevant to ethylene biosynthesis, alcoholic fermentation and cell wall relaxation are 
promptly up-regulated in response to flooding. Defence-related genes, haemoglobin, and 
Kunitz trypsin protease inhibitor and acid phosphatase are responsible for flooding [184].

In another study, soybean microarray chip-based transcriptomics technique was used to com-
prehend the molecular response under flooding. In soybean roots including hypocotyl, more 
than 6000 flooding-responsive genes were identified. The results revealed that genes associated 
with glycolysis, photosynthesis, amino acid synthesis (Ser-Gly-Cys group), transcriptional 
regulation of transcription, degradation of ubiquitin-mediated protein, and cell death were 
expressively up-regulated, whereas genes relevant to cell organization, secondary metabolism, 
cell wall synthesis, transport of metabolite and chromatin structure were considerably down-
regulated. Furthermore, up-regulation of flooding-responsive genes encoding small proteins 
plays key roles in acclimation to flooding [185]. It has been reported that a total of 2724 and 
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3498 genes were differentially expressed in response to drought and flooding stress, respec-
tively, which contain 289 TFs demonstrating ethylene response factors (ERFs), basic helix-loop 
helix (bHLH), WRKY amino acid motif (WRKY), myeloblastosis (MYB) and no apical meri-
stem (NAC) are involved in stress tolerance mechanism [186].

RNA-seq based transcriptomic analysis resulted in detection of 729 and 255 genes in the flood-
ing-tolerant line and ABA-treated soybean, respectively, which were significantly changed 
under stress condition. Transcript profiles also revealed that a total of 31 genes included 12 
genes involved in the regulation of RNA and protein metabolism were commonly altered 
between the flooding-tolerant line and ABA-treated soybean under flooding stress [187]. On 
the basis of the above findings, it can be concluded that transcript profiles can be helpful as an 
adaptive mechanism for soybean survival under water stress.

3.2.3. Proteomics techniques for identification of water stress-responsive mechanisms

Different proteomics techniques i.e. mass spectroscopy (MS)-based (for identification of a num-
ber of environmental stress-responsive proteins), two-dimensional (2D) gel-based (for visual 
illustration of the proteins) and SDS gel or gel free-based (for detection of the largest number of 
proteins) are extensively used under water stress (Table 5). The available genomic information 
in soybean genome database helps to identify water stress-responsive mechanism. Distinct 

Stress Tissues Platform DEG*/proteins characterized Ref

Flooding Root and hypocotyl High coverage expression 
profiling

97 genes and 34 proteins [184]

Flooding Roots including 
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Leaf, hypocotyl, and 
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[190]

Flooding Root and cotyledon Nano spray LTQ 
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Roots Gel-free proteomic 
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97 proteins to flooding, 48 for drought [189]

*Differentially Expressed Gene.

Table 5. Soybean transcriptome and proteome studies under flooding and drought stress.

Adaptation to Water Stress in Soybean: Morphology to Genetics
http://dx.doi.org/10.5772/intechopen.72229

47



changes in the soybean proteome during water stress lead to different defence mechanisms. 
Several studies evidently revealed that some proteins regulating sucrose accumulation, glu-
cose degradation, cell wall relaxing, signal transduction and alcohol fermentation were altered 
under flooding stress [192, 193]. Flooding stress reduced the differential regulation of proteins 
involved in maintaining the structure of cell and protein folding [99]. Moreover, the applica-
tion of exogenous calcium on flooded soybeans up-regulated the lipid metabolism, signalling-
related proteins, glycolysis-related proteins and fermentation in roots [189]. A reduction in 
calcium oxalate crystals was found in cotyledon under flooding [188].

Wang et al. identified three S-adenosylmethionine synthetases (SAMs) proteins using gel-free 
proteomic analysis under water stress in soybean. The SAMs action declined at early-stage 
flooding but increased in hypocotyls and roots under water deficit. The results recommended 
that SAMs were involved in response to water stress and it might affect ethylene biosynthesis 
in soybean. The action of SAMs was different in hypocotyls, root tips and roots under water 
stress. The down-regulation of SAMs 1 and SAMs 2 were observed in roots under drought and 
flooding. Moreover, up-regulation of ACC synthase was examined under drought, whereas 
the expression was down-regulated in root tips under flooding. However, ACC oxidase was 
increased under both stresses. These findings indicate that SAMs have key role in ethylene bio-
synthesis in soybean [194]. A quantitative proteomics study has been conducted for the better 
understanding of flooding responsive mechanisms using flooding-tolerant mutant and abscisic 
acid (ABA)-treated soybean. A total of 146 proteins were usually altered at the early stage of 
flooding. Proteins related to protein synthesis such as nascent polypeptide-related complex and 
chaperonin 20, and RNA regulation-associated proteins were up-regulated both at protein and 
mRNA expression. However, these identified proteins at early stage of flooding were not mean-
ingfully altered. This study suggested that proteins associated with protein synthesis and RNA 
regulation can influence in triggering tolerance to flooding stress [195]. Therefore, proteomic 
approaches can be used to understand the response mechanism to drought and flooding stress 
at the initial stage of soybean growth.

4. Improvement of soybean tolerance to drought and flooding stress

4.1. Breeding objectives and progress of conventional breeding

The objective of soybean breeding programs is to develop cultivars with enhanced yield (more 
pods/plant, more seeds/pod, 100-seed weight), seed composition (high protein and oil contents), 
shattering resistance and tolerance to abiotic and biotic stress. Many important agronomic traits 
(qualitative or simply inherited) are incorporated into commercial cultivar through conven-
tional breeding. As drought and flooding are complex quantitative traits, breeders face difficul-
ties to improve these traits through conventional breeding. Moreover, conventional breeding is 
tedious, labour extensive, requires a considerable time (8–9 years) and a large amount of space 
for evaluation. For example, in China, Jindou 21 is an excellent example of drought-tolerant 
cultivar developed through selective breeding. Initially, Lin Xian White (higher drought toler-
ance, low yield soybean cultivar) was crossed with Jindou 2 (drought tolerant and high yield). 
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After six generations, the resulting drought line was selected and further crossed with jindou14. 
Finally, Jindou 21 was developed after 7 years of selection in arid region of western Shanxi and 
depicted increased yield under water stress [196]. Xu et al. also identified 463 Chinese strains 
having high level of drought tolerance through breeding. These strains could be used as a poten-
tial source for enhancing drought resistance in soybean [197]. Development of RILs population 
for flooding tolerance is a long and tedious process. For example, in soybean, to develop F7 pop-
ulation by crossing S992281 X PI4081051 (high yield, flooding tolerant) via single-seed descent 
method requires 7 years. Hence, conventional breeding approach is less useful [179].

4.2. QTL mapping and marker-assisted selection

To deal with complex nature of drought and flooding, marker-assisted selection to identify 
QTL can be used as a promising approach. Time consuming phenotypic characterization of 
large population to get an effective QTL is a major challenge to improve agronomic traits asso-
ciated with drought and flooding tolerance. If molecular markers are closely linked to the 
target QTL, it would be possible to transfer character into commercial cultivar through marker-
assisted breeding. Marker-assisted selection can be effectively used in soybean having high 
linkage disequilibrium (low recombinant frequency) [198]. For example, four QTLs associated 
with root morphology were detected by using 629 SSR markers, indicating that fibrous roots 
QTL may be related with drought tolerance and seed yield in soybean [144]. In another study, 
three QTLs for flooding tolerance were detected using 360 SSR markers in soybean. Among 
three QTLs, one major QTL exhibited large impact on flooding tolerance environments [178].

4.3. Genetic engineering

Genetic engineering in the twenty-first century is a perquisite tool in cell and molecular biol-
ogy that will provide additional approaches for genetic modification by overexpression or gene 
silencing, protein sub-cellular localization, transposon mutagenesis and promoter characteriza-
tion for permitting the development of novel and genetically diverse genotypes. These techniques 
have become profound strategies in soybean breeding which provide unique chances to modify 
the genetic makeup of soybean. Recent advancement in genetic mapping and the identification 
of new drought and flooding stress-responsive genes from various organisms allow researchers 
to modify plants using several genetic strategies. Genetic transformation in soybean was first 
reported in 1988 [199, 200], but the stable transformation of soybeans is still a challenging task. 
Several studies reported on soybean transformation by Agrobacterium-mediated transformation 
and particle bombardment methods [201, 202]. Both approaches have been used successfully for 
genetic transformation of soybean. The success is mainly dependent on the efficient delivery of 
transforming DNA and the recovery of transgenic lines from a transformed cell. Transgenic soy-
bean expressing GMFDL19 gene enhanced tolerance towards drought stress [159] .

4.4. Other new breeding techniques

Over the past 20 years, several new breeding techniques have been developed and are being 
implemented to facilitate breeding for the crop improvement. New breeding techniques 
(NBTs) give the ability to accurately modify DNA by editing DNA and genes on or off. Gene 
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(qualitative or simply inherited) are incorporated into commercial cultivar through conven-
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target QTL, it would be possible to transfer character into commercial cultivar through marker-
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with root morphology were detected by using 629 SSR markers, indicating that fibrous roots 
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ogy that will provide additional approaches for genetic modification by overexpression or gene 
silencing, protein sub-cellular localization, transposon mutagenesis and promoter characteriza-
tion for permitting the development of novel and genetically diverse genotypes. These techniques 
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to modify plants using several genetic strategies. Genetic transformation in soybean was first 
reported in 1988 [199, 200], but the stable transformation of soybeans is still a challenging task. 
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and particle bombardment methods [201, 202]. Both approaches have been used successfully for 
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or genome editing including CRISPR/Cas9 is a broad category that offers an inexpensive, 
quick and easy technique to manipulate DNA and lessen the time and effort as compared to 
traditional breeding. Now-a-days, researchers are working on CRISPR/Cas9-edited versions 
to improve the different crops such as soybeans, rice, corn, canola and wheat with new traits 
like drought and flooding resistance and higher yields. Recently, various new plant breed-
ing techniques such as zinc finger nuclease (ZFN) technology, acetate-mediated approach, 
oligonucleotide-directed mutagenesis (ODM), RNA-dependent DNA methylation (RdDM), 
cisgenesis, intragenesis, grafting (on GM rootstock) and reverse breeding allow the faster and 
more efficient improvement of crop varieties.

4.5. Agronomic practices to mitigate the effects of water stress

Agronomic practices can be mitigated the adverse effects of drought and flooding stresses 
by adopting various strategies. Seed priming is an effective and pragmatic technique to miti-
gate drought in which seeds are moderately hydrated. In this technique, germination rate, 
germination percentage and germination uniformity of primed seed increased [11, 203]. This 
approach has been useful to counteract the effects of drought stress in a range of crop spe-
cies. Foliar application of plant growth regulators is another technique for improving growth 
against drought stress. Exogenously applied abscisic acid, uniconazole and brassinolide 
increased yields both under well-watered and drought conditions in soybean. Plant growth 
regulator treatments meaningfully increased water potential and chlorophyll contents under 
water stress conditions [204]. Traditional irrigation system causes >50% loss of irrigated water 
because of uncovered and unlined ditches. Therefore, a well-managed pipe system is required 
to avoid losses from traditional irrigation system as it can enhance the conveyance efficiency 
>90% [205]. Mulching involving covering of soil by using straw or plastic sheets, is another 
best strategy to retain moisture in soil. For instance, in China, soybean yield increased up to 
23.4 and 50.6% by using mulching along with hole sowing and row sowing, respectively [206].

Several management practices have been tried to overcome completely or partially flood-
ing injuries. Flooding induces nitrogen deficiencies resulting in a significant decrease in the 
uptake of nitrogen. As a result, yellowing of leaves occurred following 2–3 days of flooding. It 
has been reported that the application of nitrogen fertilizer i.e. polymer-coated urea (PCU) is 
effective to reduce nitrogen loss and recover flood damage in corn. It also helps to overcome 
oxygen deficiency in response to flooding stress preferentially [207]. Hypoxia also reduces 
the capacity of plant to absorb potassium (K). K plays a vital role in alleviating both biotic 
and abiotic stresses [208]. Indeed, K+ ions are involved in detoxification of ammonium and 
ammonia [209], promoting photosynthesis which helps plant recovery and nutrient uptake. 
Foliar and soil applications oxygen-containing fertilizers lessen the drastic effects of flooding 
stress [210]. For example, under flooding, oxygen-containing fertilizers considerably retained 
chlorophyll content and biomass in Italian basil [211].

Under flooding stress, 1-aminocyclopropane-1-carboxylate (ACC) synthase enzyme along 
with several stress proteins were synthesized [212].The stressed plant consequently produces 
more ACC in their roots. In roots, ACC cannot be converted into ethylene due to insufficient 
oxygen. This ACC transferred from roots to shoots converting ACC to ethylene (sufficient 
oxygen environment) in shoots [213]. In soybean, phytohormone indole acetic acid (IAA) 
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prompts the production of ethylene which prevents the inhibitory effects of high IAA on root 
growth [214]. Elevation in ethylene production by waterlogged plants results in wilting, necro-
sis, chlorosis and reduced biomass yield. The application of ACC deaminase-producing plant 
growth-promoting rhizobacteria (PGPR) can protect plants from these damages [215, 216]. 
PGPR produce ACC deaminase, which converts ACC into α-ketobutyrate and ammonia, thus 
reducing the levels of ethylene under water stress conditions. A combination of PGPRs, along 
with arbuscular mycorrhizal (AM) fungi, including ACC deaminase-producing bacteria, 
Pseudomonas, Azospirillum, Rhizobium and Bradyrhizobium, could be a novel step in the allevia-
tion of flooding-impacted plants.

5. Conclusions

Water stress has become major abiotic limitation factor on soybean production under warming 
climate. To combat drought and flooding stress, there is need to explore the resilient genetic 
resources and their utilization in breeding program. With the advancement in transcriptomics, 
proteomics, metabolomics, structural genomics and epigenetics, the production of soybean 
can be enhanced under water stress by integrating all disciplines. Recent advances in breed-
ing system and agronomic practices will offer an opportunity for significant and predictable 
incremental improvements in soybean under water stress.
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like drought and flooding resistance and higher yields. Recently, various new plant breed-
ing techniques such as zinc finger nuclease (ZFN) technology, acetate-mediated approach, 
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germination percentage and germination uniformity of primed seed increased [11, 203]. This 
approach has been useful to counteract the effects of drought stress in a range of crop spe-
cies. Foliar application of plant growth regulators is another technique for improving growth 
against drought stress. Exogenously applied abscisic acid, uniconazole and brassinolide 
increased yields both under well-watered and drought conditions in soybean. Plant growth 
regulator treatments meaningfully increased water potential and chlorophyll contents under 
water stress conditions [204]. Traditional irrigation system causes >50% loss of irrigated water 
because of uncovered and unlined ditches. Therefore, a well-managed pipe system is required 
to avoid losses from traditional irrigation system as it can enhance the conveyance efficiency 
>90% [205]. Mulching involving covering of soil by using straw or plastic sheets, is another 
best strategy to retain moisture in soil. For instance, in China, soybean yield increased up to 
23.4 and 50.6% by using mulching along with hole sowing and row sowing, respectively [206].

Several management practices have been tried to overcome completely or partially flood-
ing injuries. Flooding induces nitrogen deficiencies resulting in a significant decrease in the 
uptake of nitrogen. As a result, yellowing of leaves occurred following 2–3 days of flooding. It 
has been reported that the application of nitrogen fertilizer i.e. polymer-coated urea (PCU) is 
effective to reduce nitrogen loss and recover flood damage in corn. It also helps to overcome 
oxygen deficiency in response to flooding stress preferentially [207]. Hypoxia also reduces 
the capacity of plant to absorb potassium (K). K plays a vital role in alleviating both biotic 
and abiotic stresses [208]. Indeed, K+ ions are involved in detoxification of ammonium and 
ammonia [209], promoting photosynthesis which helps plant recovery and nutrient uptake. 
Foliar and soil applications oxygen-containing fertilizers lessen the drastic effects of flooding 
stress [210]. For example, under flooding, oxygen-containing fertilizers considerably retained 
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Under flooding stress, 1-aminocyclopropane-1-carboxylate (ACC) synthase enzyme along 
with several stress proteins were synthesized [212].The stressed plant consequently produces 
more ACC in their roots. In roots, ACC cannot be converted into ethylene due to insufficient 
oxygen. This ACC transferred from roots to shoots converting ACC to ethylene (sufficient 
oxygen environment) in shoots [213]. In soybean, phytohormone indole acetic acid (IAA) 
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prompts the production of ethylene which prevents the inhibitory effects of high IAA on root 
growth [214]. Elevation in ethylene production by waterlogged plants results in wilting, necro-
sis, chlorosis and reduced biomass yield. The application of ACC deaminase-producing plant 
growth-promoting rhizobacteria (PGPR) can protect plants from these damages [215, 216]. 
PGPR produce ACC deaminase, which converts ACC into α-ketobutyrate and ammonia, thus 
reducing the levels of ethylene under water stress conditions. A combination of PGPRs, along 
with arbuscular mycorrhizal (AM) fungi, including ACC deaminase-producing bacteria, 
Pseudomonas, Azospirillum, Rhizobium and Bradyrhizobium, could be a novel step in the allevia-
tion of flooding-impacted plants.

5. Conclusions

Water stress has become major abiotic limitation factor on soybean production under warming 
climate. To combat drought and flooding stress, there is need to explore the resilient genetic 
resources and their utilization in breeding program. With the advancement in transcriptomics, 
proteomics, metabolomics, structural genomics and epigenetics, the production of soybean 
can be enhanced under water stress by integrating all disciplines. Recent advances in breed-
ing system and agronomic practices will offer an opportunity for significant and predictable 
incremental improvements in soybean under water stress.
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Abstract

Drought often reduces sugar beet yield in the Balkan agroecological region. Climate 
forecasts indicate that this negative trend of drought periods will continue. Tolerance 
to drought is a complex trait, which comprises involvement of both physiological and 
molecular mechanisms in plants. This research was conducted on 11 sugar beet geno-
types, which showed different tolerance to drought in the field. Experiment had three 
parts: water deficiency caused by cessation of watering conducted in the greenhouse, 
water deficiency imposed by different concentrations of polyethylene glycol on plants 
grown in tissue culture, and analysis of alterations in gene expression under drought. 
Plants exposed to stress in greenhouse had on average three leaves less, 4% lower water 
content, and seven-fold higher proline content. Classification of genotypes with respect 
to the level of tolerance to water deficiency on the basis of concentration of free proline, 
assessed in the experiment in vitro, corresponded to the result of the observation test in 
the field. Changes in the expression of candidate genes under drought suggest that one 
of them might be used for further development as a DNA-based marker. These results 
can be applied in sugar beet breeding aimed at increasing tolerance to water deficiency.

Keywords: water deficiency, Beta vulgaris, drought tolerance, polyethylene glycol, 
chloroplast pigments, chlorophyll fluorescence, free proline, green house, tissue culture, 
candidate genes

1. Introduction

1.1. Amount and distribution of precipitation required for sugar beet development

Required amount of precipitation for successful production of sugar beet is 600 mm per 
year [1]. Furthermore, during the winter period, sugar beet requires around 230 mm and 
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forecasts indicate that this negative trend of drought periods will continue. Tolerance 
to drought is a complex trait, which comprises involvement of both physiological and 
molecular mechanisms in plants. This research was conducted on 11 sugar beet geno-
types, which showed different tolerance to drought in the field. Experiment had three 
parts: water deficiency caused by cessation of watering conducted in the greenhouse, 
water deficiency imposed by different concentrations of polyethylene glycol on plants 
grown in tissue culture, and analysis of alterations in gene expression under drought. 
Plants exposed to stress in greenhouse had on average three leaves less, 4% lower water 
content, and seven-fold higher proline content. Classification of genotypes with respect 
to the level of tolerance to water deficiency on the basis of concentration of free proline, 
assessed in the experiment in vitro, corresponded to the result of the observation test in 
the field. Changes in the expression of candidate genes under drought suggest that one 
of them might be used for further development as a DNA-based marker. These results 
can be applied in sugar beet breeding aimed at increasing tolerance to water deficiency.

Keywords: water deficiency, Beta vulgaris, drought tolerance, polyethylene glycol, 
chloroplast pigments, chlorophyll fluorescence, free proline, green house, tissue culture, 
candidate genes

1. Introduction

1.1. Amount and distribution of precipitation required for sugar beet development

Required amount of precipitation for successful production of sugar beet is 600 mm per 
year [1]. Furthermore, during the winter period, sugar beet requires around 230 mm and 
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during the period of vegetation (from April to October) approximately 370 mm of precipi-
tate. However, based on perennial average yield data, sugar beet production may achieve 
high outcome even in the presence of lower (500 mm per year) or higher (1000 mm per 
year) amount of rain. Water requirement of plant, during the period of vegetation, depends 
on precipitation. The water loss due to evaporation is most intensive from June to August 
when the temperatures are high and the air is dry. The average potential evapotranspira-
tion (ET) for period of 30 years in case of sugar beet is 576 mm, but it may vary between 528 
and 625 mm due to weather conditions. Approximately 10–20% of total water requirement 
of sugar beet is fulfilled from the soil water reserves and the rest is obtained by precipita-
tion and irrigation. The amount of water lost by transpiration is 392 mm in average, and it 
varies from 198 mm during dry years to 542 mm during rainy years. The average precipita-
tion during vegetation (April–September) is 359 mm and it varies from 138 to 521 mm in 
certain years [2].

Having in mind the above-mentioned facts, amount and distribution of precipitation, in 
combination with the light and amount of heat, mostly determine quality and yield of sugar 
beet. On the territory of Serbia, it is common that the lack of soil water, typical for summer 
months, sometimes occurs during moderately rained years. Lack of soil moisture outcomes 
100–200 mm per year, but rarely exceeds 300 mm per year. Currently, less than 1% of irriga-
tion-suitable agricultural land in Serbia is intensively irrigated.

Climate of Serbia is continental or moderate continental. The most important sugar beet produc-
tion area is Vojvodina region situated in the north of the country. Climate of Vojvodina is mod-
erated continental, determined by the presence of Alps on western border of Pannonian basin, 
Carpathian Mountains, the Dinarides, and the Balkan Mountains [3]. Precipitation regime is 
continental, typical for Danube region, with precipitation maximum in summer (June) and mini-
mum in winter. According to the Köppen classification [4], for the period of 1961–1990, domi-
nant climate type in Vojvodina is Cfwbx″ [C = mild temperate climate; f = significant precipitation 
during all seasons; w = dry winters; b = warmest month averaging below 22°C (but with at least 
4 months averaging above 10°C) and x″ = second precipitation maximum occurs in autumn] [5].

Brief analysis of current and expected precipitation distribution during winter, spring, and sugar 
beet growing season in Vojvodina is made using the data from two meteorological stations 
located in southern and northwestern part of the Vojvodina region, Novi Sad (Rimski Sancevi) 
and Sombor, respectively. Climatological data for 1971–2000 refers to the climatological peri-
ods derived from the database of the Republic Hydrometeorological Service of Serbia (RHMSS). 
Future climatic conditions were obtained from the Eta Belgrade University (EBU)—Princeton 
Ocean Model (POM) model for the A1B scenario for 2001–2030 and A2 for 2071–2100 integration 
periods [6]. Obtained results lead to expected shift in climate types from Cfwbx to “Cfwax” in the 
prevailing part of the country indicating temperature of the warmest month above 22°C (letter a 
in the Köppen formula) [5].

Overview of the average precipitation for the selected past climatological period indicates that 
during winter time of 1971–2000 reference period, the amount of precipitation is twice less 
than optimum ones, while growing period of precipitation was slightly below optimal values.
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According to climate model simulations for 2001–2030 integration periods, expected aver-
age annual precipitation during first decades of the twentieth century, at selected loca-
tions, will not vary significantly in relation to the 1971–2000 precipitation records (Table 1). 
Inspection of the precipitation amounts for 2001–2014 period (Table 2) witnesses in favor to 
this expectation, with 699.8 mm in Novi Sad and 668.0 mm in Sombor in comparison with 
the expected 2001–2030 average (Table 1). However, it is important to notice significant 
variability of precipitation in this period which is in accordance with climate simulations 
for 2001–2030 [3]. In regards to winter and spring precipitations, for all integration periods, 
climate model simulates slightly higher average precipitation in comparison to reference 
climatology. Less optimistic is the expectation that growing period precipitation supposed 
to decrease towards end of the century, with particularly vulnerable summer period and 
increasing variability.

1.2. The impact of water deficiency on sugar beet production

Water shortage during vegetation is a frequent and a significant issue in agricultural produc-
tion. Possible solution to this problem is selection of genotypes, which do not show decreased 
yield under economically acceptable level, in the presence of water shortage. Great challenge 
in the process of genotype selection is to choose the convenient plant idiotype for the pres-
ent agroecological conditions. Water deficiency has complex impact on plant physiology. 
First indicators of water deficiency in plants are the loss of turgor pressure and stomatal clo-
sure [7]. Photosynthesis is also highly dependable on the plant’s water supply. Many studies 
showed that disruption of water flow causes decrease in water content in assimilation tissue, 
which leads to photosynthetic depression [8]. Based on this, soil moisture, as well as relative 
air humidity, determines photosynthetic intensity. A decrease in chloroplast size, an increase 

Climatol. 
period

Annual Winter (DJF) Spring (MAM) Growing season

Precipitation 
(mm)

Precipitation 
(mm)

Variability 
coeff. (%)

Precipitation 
(mm)

Variability 
coeff. (%)

Precipitation 
(mm)

Variability 
coeff. (%)

Novi Sad (Rimski Sancevi)

1971–2000 604.1 108.1 46.2 146.6 33.3 359.2 28.8

2001–2030 641.8 131.3 56.1 159.7 34.7 369.2 26.1

2071–2100 560.5 131.0 54.5 147.4 37.0 282.2 32.0

Sombor

1971–2000 580.3 107.6 41.9 133.3 29.6 339.4 22.7

2001–2030 629.4 127.3 56.7 144.6 37.2 356.5 29.0

2071–2100 565.8 127.2 53.6 148.1 41.3 277.8 31.9

Table 1. Past (1971–2000) and future (2001–2030 and 2071–2100) climate precipitation data for Novi Sad and Sombor 
locations in Serbia.
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in stomatal density, and disruption of thylakoid membrane structure were reported as conse-
quences of water deficit [9]. Besides decrease in tissue water content, water shortage may cause 
synthesis of specific compounds in the roots, during the early growth phase. According to this, 
roots are very significant sensors of soil changes (not only in terms of water, but also texture 
changes), which alert the aboveground tissues by “chemical drought signals” which are trans-
ported to leaves. These signals mostly refer to plant hormones such as abscisic acid (ABA) [10].

1.3. Sugar beet tolerance to water deficiency

Adaptation of plant metabolism on stress conditions is species specific and was the subject of 
numerous studies [11]. Plants more tolerant to drought have longer root system with bigger 
absorptive area, better developed photosynthetic parenchyma, thicker cuticle, smaller leaf 
area (LA) and number of stomata per leaf area, and higher density of conductive elements 
[12]. They also possess highly expandable protoplasm, higher content of bound water and 
osmolytes, enhanced accumulation of ABA, free proline, and alanine. The following indica-
tors point out to higher phenotypic tolerance of sugar beet to water shortage: more shiny 
leaves, higher turgor pressure of petiole, and more sensitive leaves to expansion [12]. Even 
though there is genotypic variability with respect to response to drought in sugar beet (i.e., 
[13]), structural and morphological mechanisms still remain unclear.

Year Novi Sad (Rimski Sancevi) Sombor

2000 252 231

2001 929 749

2002 412 448

2003 491 434

2004 797 816

2005 726 753

2006 640 585

2007 754 683

2008 539 598

2009 617 615

2010 1035 994

2011 382 401

2012 480 446

2013 723 692

2014 989 932

Average 679.8 653.3

Table 2. Annual amount of precipitation for 2001–2014 in Novi Sad (Rimski Sancevi) and Sombor locations.
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Stress occurrence during early stages of growth and development may adversely affect sugar 
beet root growth, which may result in yield loss by 46% [14]. In addition, later stress occur-
rence may cause decreased leaf area and also number of leaves and by that, the efficiency 
in light usage becomes decreased [15]. Water deficiency significantly increases concentra-
tions of potassium and sodium, which disturb sugar extraction from roots. Plant response 
to water stress can partially be explained by disorders in mineral nutrition. Water deficiency 
actually may retard or even stop ion assimilation, which results in perturbation in ion ratios 
in specific tissues. This trend is manifested through ion deficiency symptoms in plants. The 
adverse effect of water stress in later phenophases is less pronounced, since plants already 
developed root system and canopy which completely covers the soil. Well-developed root 
system increases efficiency in water extraction and usage, which results in higher tolerance to 
water deficiency [16]. However, first signs of water stress are usually seen on leaves. Minor 
drop in leaf water potential may cause significant decrease of total leaf area, and the low 
water potential enhances emergence of new leaves and accelerates senescence of old leaves. 
Drought stress results in stomatal closure, limits the transpiration which increases leaf tem-
perature [15]. Both, lower stomatal density and heat stress decrease photosynthetic outcome 
[17]. Sugar beet leaves have higher number of smaller stomata on their abaxial side. Higher 
density and smaller size of stomata is a form of adaptation to drought, because it allows plants 
to be more efficient in regulation of water transport and transpiration [18]. Varieties more 
efficient in tolerating lack of water are proven to have decreased stomatal density (70–150  
stomata/mm2) [19]. During drought, when negative turgor pressure in guard cells generates, 
small epidermal cells with tightened cell walls increase plant resistance towards water stress 
[20]. Response of sugar beet genotypes to drought may also be affected by percentage of 
adaxial and abaxial epidermis and palisade tissue thickness [21].

1.4. Chemical response of sugar beet to drought stress

Plants also osmotically adapt to drought [22]. Exposure to water deficiency results in accumu-
lation of osmolytes, such as betaine, proline, and fructans. These substances often accumulate 
in the form of compatible solutes in plants (compounds which do not take part in chemi-
cal reactions in plants, but affect cell water potential), which generate expression of genes 
encoding relevant enzymes. Osmolyte production, as well as change in osmotic pressure, may 
increase sugar beet tolerance to abiotic stress. Proline and glycine betaine help in the preserva-
tion of cell [23], which makes them suitable for further investigation with purpose of increase 
stress tolerance of many species including sugar beet [24, 25]. They are not only involved in 
maintenance of cell turgor and osmotic balance but also in protection of cell structure from 
stress [26]. However, it still remains unclear whether the plants, which accumulate osmolytes, 
better tolerate lack of water or not [27].

1.5. Proline accumulation

Free proline is a key metabolite which accumulates in sugar beet exposed to drought [28]. 
Change of the free proline concentrations in tissues is an indicator of other kinds of stress, such as 
temperature, environmental pollution, and misbalanced nutrition. The same factors may affect 
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glucose accumulation and yield. In some cases, stress conditions may increase sugar beet root 
quality and potential of recovery if plants were not highly damaged by water deficiency [29].

Higher nitrogen supply increases proline content and may also increase leaf area index (LAI) 
and drought stress impact. Positive and significant correlation among proline and glucose con-
tent in sugar beet root indicates the relationship between the response to stress, carbohydrates, 
and proline and glucose accumulation ratio. This is supported by the effect of treatment with 
di-1-p-mentene (anti-transpirant) and DMDP (2,5-dihydroxymetil-3,4-dihydroxypyrolidine, 
glycosidase inhibitor), which decreased proline content in roots of irrigated sugar beet [29]. 
Presence of compounds such as proline and glucose adversely affect sugar crystallization and 
lead to the formation of colored components, thus reducing industrial quality of beet roots [30].

Proline accumulated in sugar beet root, as a nitrogen compound, reduces the quality of roots. 
Both, the stress and an excess of nitrogen lead to the mobilization of accumulated carbo-
hydrates, which are the source of energy essential for adaptation to the stress conditions. 
Moreover, chemicals containing nitrogen (e.g., proline) reduce the yield of sucrose and the 
quality of the roots [29]. The importance of the accumulation of proline in osmotic adjustment 
is still debatable and varies from species to species [31]. The highest proline accumulation 
was observed at the end of beet root growth [29]. Correlation between drought and proline 
content suggests, however, that alteration in proline concentration is useful stress indicator 
in sugar beet [28]. Proline may act as a signal molecule which alters mitochondrial function, 
affects cell division and gene expression. This role of proline may be very significant for plant 
recovery when favorable conditions are regained [32].

1.6. The use of plant biotechnology to increase tolerance to water deficiency

Basic need for sustainable food production directed research programs towards improving 
traits of crops despite the size and complexity of their genome [33]. Plant biotechnology is a 
process in which the use of molecular and cytological techniques help to increase the produc-
tivity of the plants, to improve the quality of plant products, to prevent the damage caused 
under the influence of various biotic and abiotic stresses. Plant breeding reliving on the 
employment of molecular markers [Marker Assisted Selection (MAS)] is one of the promising 
techniques to improve crop resilience. A prerequisite for the success of MAS is defining the 
genes which regulate traits of interest and to test relationships between potential markers and 
those traits. Only when this link is defined, i.e., when the marker is physically located in the 
vicinity of or even within the gene of interest, it is possible to use it efficiently in breeding [34].

In sugar beet, development of breeding programs aimed to increase drought tolerance is fur-
ther complicated by the fact that several types of abiotic stresses often occur at the same time 
during the growing season, and approach which involves a manipulation of a group of genes 
for tolerance to drought seems necessary to solve this complex problem [35].

In an era of rapid progress in the identification and characterization of complete segments of 
plant genome, proteins, transcripts, metabolites, as well as their interactions in a biological 
system, new discoveries will lead to better understanding and possibly to manipulation of 
physiological responses to water deficit [36]. Evaluation of the relative contribution of genes 
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conferring tolerance to the dehydration and elimination of those which do not affect the toler-
ance to stress is a major challenge.

Although the yield is the basic goal of the breeders, it is very difficult to accurately predict the pos-
sibility of water utilization and identify candidate genes for further cloning [37]. Several studies 
have identified quantitative trait loci (QTLs) associated with a specific component of the response 
to drought. Although the development of molecular markers and genome sequencing should 
expedite positional cloning [38], genome areas associated with individual QTLs are still very 
large and usually not suitable for testing in the breeding program. With the rapid development of 
genomic technology and the suitable statistical methods, there is an increased interest in the use 
of mapping strategies for the identification of genes encoding quantitative traits which have agri-
cultural or evolutionary significance [11]. Another major challenge is how to apply knowledge to 
improve crop tolerance to stress conditions. There is a problem between high yield and tolerance 
to stress since very often genotypes with higher stress tolerance have lower yield under optimal 
conditions. One of the strategies for sugar beet phenotyping was proposed by Ries et al. [39].

On the cellular level plant adaptation to stress includes regulation of the beginning of protein 
synthesis (e.g., H+ pumps and Na+/H+ antiporter), an increase in antioxidant level, transient 
increase of the concentrations of ABA, the reduction of the energy consumption ways, as 
well as accumulation of the solution, and protective protein [40]. All of these changes at the 
cellular level are of great importance for the maintenance of homeostasis after ion imbalance 
caused by abiotic stress [26]. The deficit of water causes the synthesis and accumulation of 
ABA in plant cells and the genes corresponding to this has been defined. Most of these genes 
contain conserved cis-activating promoter elements, called Abre (ABA-responsive element, 
PyACGTGG/TC) [41]. Great progress to clarify the response of plants to abiotic stress has 
been made in the last decade [11].

In order to achieve a combination of high yield and tolerance to stress in one variety, it is 
necessary to establish a connection of development of individual characteristics and mutual 
reactions, which can be achieved only through co-operation among molecular biologists, 
physiologists, and breeders [11, 42]. It is necessary to assess the relationship between differ-
ent morphological, anatomical, physiological, and biochemical traits of sugar beet tissues in 
different phases of their growth and development during different periods of water shortage, 
in order to categorize genotypes with respect to their tolerance to drought which was in the 
focus of our previous [21] and present study.

2. Material and methods

2.1. Plant material

The study involved 11 genotypes (marked from 1 to 11) of sugar beet (Beta vulgaris ssp. vulgaris, 
L.) differing in levels of drought tolerance, according to observation test conducted in the field. 
According to this test, genotypes were divided into three groups: (1) sensitive genotypes: 2, 5, 6,  
and 8; (2) moderately tolerant: 3, 7, 9, and 11; and (3) tolerant: 1, 4, and 10.
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glucose accumulation and yield. In some cases, stress conditions may increase sugar beet root 
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conferring tolerance to the dehydration and elimination of those which do not affect the toler-
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in order to categorize genotypes with respect to their tolerance to drought which was in the 
focus of our previous [21] and present study.
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Experiment was conducted in three stages:

1. Under semi-controlled conditions in greenhouse.

2. In in vitro conditions of tissue culture.

3. Gene expression analyses of water regime responsible genes in leaves (plants from the 
greenhouse experiment).

2.1.1. Experiment under semi-controlled conditions in greenhouse

Sugar beet seeds were sown in growth substrate Potgrond H (Klasmann), mixed with river 
sand (17.5:1) in plastic pots (31 × 37 × 13 cm). A single pot contained 12 plants. During 90-day 
period, soil moisture was kept at 80% field capacity. Plant watering was conducted on the 
basis of evapotranspiration. When the plants were at the 6–12 leaves stage, they were exposed 
to water deficit by cessation of watering, while control plants were watered. Five days later, 
molecular and physiological analyses were done.

After drying plant material on 105–130°C to its constant mass, % of dry matter was determined. 
Activity of photosynthetic apparatus was assessed by monitoring of F0(initial), Fm(maximal), Fv(variable), 
Fv/Fm, and t1/2 using plant stress meter (PSM, BioMonitor S.C.I. AB). Free proline concentration 
was measured in the both in vitro and in vivo conditions [43]. Concentration of chloroplast 
pigments was determined spectrophotometrically [44, 45]. Leaf area (LA) was measured by 
automatic leaf area meter LI-3000 (LI-COR, USA).

2.1.2. Experiment in tissue culture

In this experiment, MS basic substrate was used [46] with 0.3 mg/l BA (benzyldenine) and 
0.01 mg/l GA3 (gibberellic acid). In order to obtain sufficient number of axillary shoots (64), 
equal in size, subcultivation was done every 3 weeks. Lack of water was caused by addition of 
polyethylene glycol to the substrate. Obtained shoots were set on a substrate for micropropa-
gation with 0, 3, and 5% of polyethylene glycol (PEG 6000, Duchefa, Netherlands). Plants were 
cultivated on this substrate for 4 weeks and afterwards fresh weight of shoots, as well as dry 
matter and free proline content were determined. The temperature during the experiment in 
air conditioning chamber was 21–23°C, with a photoperiod of 16 h of light and 8 h of dark.

2.1.3. Gene expression analyses of water regime responsible genes in leaves (plants grew in the 
first experiment)

The changes in gene expression were analyzed in the leaves of the sugar beet plants grown in the 
greenhouse experiment. Candidate genes were selected from the previous studies [47–50]. For 
13 candidate genes which are, considered to be, involved in osmotic and salt stress responses, 
primers were constructed and used to screen for polymorphisms at the DNA and gene expres-
sion levels. Ten selected candidate genes were homologous probes (BI543470, BI096135, 
AW697770, BI543640, BG932913, BI096146, BQ060651, BF011094, BI096078, and BF011254), and 
heterologous probes from maize (X15290), alfalfa (BI543243), and carrot (BI073246). Samples 
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for DNA/RNA analysis (leaves) were taken 5 days after the last watering (experiment 1) and 
used for DNA/mRNA extractions. mRNA was used to synthesize cDNA, and this cDNA was 
template in further PCR reactions [42].

2.2. Statistical analyses

Statistical analyses of data were performed by different statistical methods. ANOVA was 
applied, to photosynthetic pigments (MCMCglmm Methods, [51]), using Package R (http://
www.jstatsoft.org/v33/i02/). Logarithmic and Jonson’s transformations (Minitab) were per-
formed for parameters with large data variability, in order to normalize their distribution. 
Confidence intervals for fitted mean responses were calculated as quantiles of simulated dis-
tributions of the expected response values. Analyses were done with the R environment [52] 
and the contributed packages lme4 [53] and ggplot2 [54].

3. Results and discussion

As previously indicated (Tables 1 and 2), climatic conditions in our region suggest the need for 
research, which has the potential to enhance selection of genotypes more tolerant to drought.

3.1. Experiment under semi-controlled conditions in greenhouse

3.1.1. Sugar beet genotype classification based on physiological tests in semi-controlled 
conditions

Sugar beet genotypes in semi-controlled conditions showed different reactions to 5-day water 
deficiency. As expected, decline in turgor was observed in all genotypes. Number of leaves 
was significantly different between treatments and respective controls. Concentrations of 
photosynthetic pigments and leaf area varied between genotypes and standard normal distri-
bution was not observed here. Therefore, the data were subjected to Johnson’s data transfor-
mation which proved to be very effective [55]. This procedure allowed assessing differences in 
concentrations of photosynthetic pigments between different genotypes (Figure 1).

Secession in water supply caused water loss from plant tissues within both sensitive and tol-
erant genotypes. Due to this fact, sugar beet genotypes may be divided on the basis of tested 
parameters and following treatments (Figure 2).

The results obtained in semi-controlled conditions (experiment 1) were compared to previous 
field observations (Figure 3). Proline concentration increased in all genotypes after exposure 
to water deficit as well as % of DM (except for genotypes 9 and 11). Changes within treatments 
with respect to control, referring to dry weight were less pronounced than changes referring 
to % of DM and RWC of root, stem, and leaf. Plants subjected to stress conditions had in aver-
age three leaves less, 4% higher % of DM, and seven times higher proline content.

The relationships between two effects on measured traits were assessed by mixed model 
(Figure 4). Crossed pink lines in diagrams represent average impact on genotypes in control 
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(x axis) and stress effect (y axis). There is a nearly perfect negative correlation between the 
unstressed value and the response to stress for root DM and a similar, but weaker one, for 
leaf number. Genotypes showing positive scores for the slope effect (y axis) are less affected 
than the average by (more tolerant to) water stress for the involved trait, and vice-versa. 
Genotypes showing positive scores for both effects are both higher scoring in absence of 
stress and less affected than the average by (more tolerant to) stress for the involved trait, 
and vice-versa.

Conventionally, results of chlorophyll fluorescence indicate a high sensitivity to influence 
of ecological factors. Therefore, it is often used as an indicator of functioning of photosys-
tem II.

According to Fv/Fm, sugar beet genotypes were compared on the basis of photosynthetic 
characteristics. Water deficit did not cause significant variations in fluorescence indicators 
(Figure 5).

Figure 1. Genotype separation on the basis of pigment concentration and leaf area for variables normalized according 
to Johnson’s data transformation (jlarea—leaf area; jcar—carotenoids; jca—chlorophyll a; jcb—chlorophyll b; jcab—
chlorophyll a + b).
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Effects of drought were observed in case of Fv and Fm, but not for Fv/Fm ratio, where the 
largest differences between genotypes were obtained. In addition, overlap of intervals of 
interaction between stress and genotype indicates stress, which caused differences, similar 
for all genotypes. The influence of water deficiency on fluorescence may be related to plant 
tolerance towards water deficit in field conditions (Figure 5).

Plant development may be inhibited in different ways in field conditions. It may be affected 
by interactions among drought and other ecological stresses, precipitation, and temperature 
availability as well as interactions with different micro-organisms [36]. On the contrary, semi-
controlled conditions may only eliminate interference of other factors with plant develop-
ment. Therefore, it is necessary to compare results obtained in the greenhouse with those 
obtained in the field.

3.2. Experiment in tissue culture (in vitro)

Increased PEG concentration decreased growth of axillary buds with respect to control 
(Figure 6).

Figure 2. The separation of the sugar beet genotypes based on experiments in greenhouse with a highlighting treatment 
(control, drought) for a variable normalized by Johnson’s transformation (jrwc—relative water content; jpcdw—dry 
weight; jdwproli—free proline; jpcdwleaf—leaf dry matter; jpcdwstem—stem dry matter; jpcdwroot—root dry matter).
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Number of axillary shoots may be indicator of the influence of different PEG concentrations, 
which cause water deficit, on micropropagation potential of genotypes. Average number of 
axillary shoots of 11 subjected genotypes showed 2.2 times decreased number of shoots in the 
presence of 3% PEG and 2.7 times in the presence of 5% of PEG.

The degree of tolerance to drought observed in the field corresponded to tolerance recorded 
in the experiments performed in the greenhouse and in tissue culture (Figure 6). The most 
prominent criterion for estimation of genotype tolerance to drought was found to be concen-
tration of free proline [28]. Proline concentration was significantly increased in leaves exposed 
to drought and axillary buds and it was positively correlated with PEG concentration, which 
is in accordance with the results of other researches [56].

PEG treatment decreased total dry weight and number of axillary shoots by more than twice, 
while presence of 3% PEG in the substrate increased total fresh weight. Furthermore, PEG 
caused decrease in water content in tissues and decreased number of buds, but increased bud 
weight and % of DM. The highest values were recorded in control (0% PEG) for total fresh 
weight, in the presence of 3% PEG for proline concentration and fresh weight of axillary buds 
and in presence of 5% PEG for % of DM. Fresh weight of plants grown in presence of 3 and 5% 
PEG decreased (Figure 6). Average dry weight of the plants was the highest in the presence of 
3% PEG. However, in the presence of 5% PEG, it was almost in line with the control. Higher 

Figure 3. Effects of drought stress on growth traits and proline production of greenhouse grown plants of sugar beet 
genotypes (1–11) from three classes of visually field-assessed drought tolerance (DT). Observed values of three replicates 
(circles, 10 plants each), average genotype positions (numbered gray lines), and class means with 95% confidence 
intervals (crossbars). The drought stress was induced by suspension of watering to test plots after 3 months of culture 
and observations were made after 5 more days [28].
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variability in dry weight was recorded in the group of drought sensitive group (according 
to field observations), but the same trend as in the other two groups of genotypes remained. 
Tissue water content linearly decreased following the increase in PEG concentration, the aver-
age drop in presence of 5% PEG was 6%, and was followed by the low average difference 
among groups of different tolerance and higher difference among genotypes of one group 
(Figure 6).

Proline accumulation under stress conditions increased under treatments in both experi-
ments. In tissue culture, it was 6 times increased and in greenhouse 16 times with respect to 
corresponding controls.

If taking into account the genotypes tolerance in the field, in relation to the parameters 
obtained from the analysis of plants in tissue culture and in experiment in the greenhouse, 
dry matter, in relation to the water content and the concentration of proline is not significantly 
different among groups of the tolerance (Figure 7).

Recorded differences between genotypes show that there are two approaches for the separa-
tion of sugar beet genotypes in relation to response to water stress, which cannot substitute 
each other. On one hand, proline content in plants grown in tissue culture enabled to match 
their grouping with respect to observations in the field. On the other hand, experiment in 
greenhouse was less efficient in that sense (Figure 3). The main cause of this may be the fact 
that stress in the field was not continuous as it was in the greenhouse.

Figure 4. Genotype effects from mixed model analyses for traits of greenhouse experiment (deviations for values 
in unstressed condition on the x axis, deviations for stress effects on the y axis. Genotypes are identified by the 
numbers).
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Figure 6. PEG effect on growth traits and free proline concentration of plants cultivated in tissue culture [28].

Figure 5. Maximal (Fm) and variable (Fv) chlorophyll fluorescence and their ratio (Fv/Fm) in sugar beet genotypes grouped 
according to their field-assessed drought tolerance (ctrl—control; drought; DT—drought tolerance).
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3.3. Analyses of changes in expression of genes involved in reactions to water stress 
(plants from greenhouse experiment)

Changes in the expression of 13 candidate genes in 11 different sugar beet genotypes were 
followed in leaves of plants grown in the greenhouse. Expression pattern corresponding to 
BI543243 differed in plants exposed to drought in comparison with corresponding controls in 
genotypes 1, 10, and 11 (Figure 8). Therefore, it may serve to develop molecular marker useful 
to differentiate genotypes with respect to drought.

4. Conclusion

Tolerance to drought is very complex. Experiments in three different environments (tissue 
culture, greenhouse, and field) with 11 genotypes, where many different parameters were 
followed, revealed that it is not easy to find single criteria for classification with respect 
to drought tolerance. However, the results suggest that free proline accumulation may be 
used as a reliable parameter. The classification based on changes in concentration of free 
proline in plants exposed to drought in greenhouse and tissue culture corresponded to 
classification made on the bases on field observations. Therefore, similar fast tests, con-
ducted with young plants and possibly aided by the use of molecular markers, can be use-
ful for estimation of breeding material with respect to tolerance to water deficiency, which 
will significantly enhance sugar beet breeding for expected future changes in climate.

Figure 7. Water deficit effect on dry weight, water content, and free proline concentration in greenhouse and in tissue 
culture experiment [28].

˗˗˗ 1000 bp

˗˗˗ 500 bp

│c d g │c d g│ c d g │c d g │c d g│c d g│M
1      2      3        4        5        6 

│c d  g │ c  d  g │ c  d  g │ c  d g │c d g│M│
7           8          9       10          11            

Figure 8. Expression pattern of gene corresponding to BI543243 in sugar beet leaves (c—template cDNA deriving from 
control plants; d—template cDNA deriving from plants exposed to drought). Amplification on genomic DNA served as 
additional control (g). M—100 bp DNA ladder size marker.

Sugar Beet Tolerance to Drought: Physiological and Molecular Aspects
http://dx.doi.org/10.5772/intechopen.72253

83



Figure 6. PEG effect on growth traits and free proline concentration of plants cultivated in tissue culture [28].
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according to their field-assessed drought tolerance (ctrl—control; drought; DT—drought tolerance).
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1. Introduction

Climate change alters environmental conditions and therefore has direct and biophysical effects 
on agricultural production. The biophysical and direct effects of climate change induce alterations 
on the prices and production of agriculture. Such changes are reflected on the economic system as 
farmers and other market participants make adjustments autonomously. They are both compelled 
to modify their crop combinations, use of supplies, level of production, and food demand, con-
sumption and trade. Climate change causes a changes in rainfall regimes which have direct effects 
on crop yields as well as indirect effects through changes in the availability of water irrigation [1].

Sugarcane (Saccharum officinarum L.) is a monocotyledonous perennial plant belonging to the 
gramineous family Saccharum officinarum L. [2]. Sugarcane is a commercial crop in tropical 
and subtropical regions. According to FAOSTAT [3], sugarcane is cultivated in 26.1 million 
hectares producing 1.83 trillion canes. Sugarcane is a multi-purpose industrial cash crop and 
the main source of raw material for sugar production. It is responsible for almost 70% of 
world-produced centrifugal sugar [4]. Some mitigation and adaptation strategies for climate 
change in sugarcane production are the use of biotechnological techniques such as transcrip-
tome, genetic transformation and in vitro micropropagation. In this chapter, we will talk about 
water stress in sugarcane caused by the climatic change and the biotechnological alternatives 
such as transcriptome, genetic transformation and micropropagation which are currently 
being carried out in our laboratory to counteract this problem.

2. Climate change, water stress and its effect in sugarcane

A large scale of plant production grown under different agricultural production systems is 
lost under the effects of abiotic stresses, which may result in a 70% reduction of the potential 
yields of crop plants [5]. During growth and developmental periods, crops suffer seasonal 
floods and droughts, extreme temperatures or salinity all year round. Globally, about 22% 
of global agricultural land is saline, and the increased damage caused by drought has been 
reported to limit plant growth and development followed by a loss of productivity, especially 
in crop species [6, 7]. Thus, drought stresses are one of the most serious kind of abiotic stresses 
that implies a threat on crop productivity worldwide.

Sugarcane, an important source of sugar and ethanol, is a relatively high water-demanding 
crop and its growth is highly sensitive to water deficit [8]. It is estimated that sugarcane pro-
duces 8–12 ton cane per ML of water irrigation [9], and water deficit can lead to productivity 
losses of up to 60% [10–13]. For this reason, production areas are concentrated in regions with 
favorable rain regime to sugarcane growth and development [14], while in other areas crop 
production requires supplemental or full irrigation [15].

According to various studies, water stress triggers many physiological, biochemical, and 
molecular responses that influence various cellular processes in plants and this impacts on 
its productivity [16, 17].

Severe water stress such as drought affects the entire plant. Morphological and physiologi-
cal responses in sugarcane plants vary according to its genotype, duration (rapid or gradual) 
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and intensity (severe or mild) of stress and also the type of affected tissue [18–21]. Water 
stress also affects both cane and sugar yield substantially. The most common water stress 
responses in sugarcane are leaf rolling, stomatal closure, inhibition of stalk and leaf growth, 
leaf senescence and reduced leaf area [12, 22]. Moreover, under water stress, both cell division 
and cell elongation are interrupted [23] and stem and leaf elongation are the most severely 
affected growth processes [24, 25]. Root development is also influenced by water deficit [19, 
26] but its overall biomass is relatively less than the above-ground biomass. Sugarcane is a 
tropical crop with C4 photosynthetic metabolism. A moderate water stress causes a stoma-
tal limitation, which triggers a decrease in stomatal conductance (gs), transpiration rate (E), 
internal CO2 concentration (Ci), and photosynthetic rate [26–30]. Under water stress, a decline 
in photosynthetic rate is mainly caused by a decrease in phosphoenolpyruvate carboxylase 
(PEPcase) and ribulose-1,5-biphosphate carboxylase (Rubisco) activity [26, 27, 31]. It is worth 
to note that photosynthesis rate is also impacted by sugar accumulation in leaves [32]. Under 
non-stressed condition low leaf sugar content is conducive to photosynthesis, while high 
sugar content moderates carbon fixation [33]. Interestingly, increased levels of some sugars, 
such as trehalose, can help plants to cope with water deficit, reducing the damage on cell 
membrane [34]. The capacity to accumulate trehalose was demonstrated in sugarcane roots 
under drought conditions. Sales et al. [35] reported an increase in starch hydrolysis, leading 
to higher levels of soluble sugars that helped sustain carbon supply even in a reduced CO2 
fixation condition, facilitating growth recovery after stress.

3. Sugarcane and biotechnology

Sugarcane crop productivity has progressively increased to remarkable levels worldwide in 
the last century [36]. This increase in productivity has been ascribed to the development and 
widespread use of improved cultivars with increased resistance to diseases and pests, better 
management of water, nutrients and other resources, and the availability of relatively cheap 
chemical fertilizers and pesticides. Sustaining this pace of improvement in crop productivity 
by innovative and intensive agriculture, whilst ensuring minimal environmental impact, will 
be one of the major challenges to maintain a profitable sugar industry in the future.

Biotechnology offers excellent opportunities for sugarcane crop improvement. Commercial 
sugarcane, mainly the interspecific hybrids of S. officinarum and S. spontaneum [37], would 
greatly benefit from biotechnological improvements due to its complex polyploid-aneuploid 
genome, narrow genetic base, poor fertility, susceptibility to various diseases and pests, and 
the long duration (12–15 years) required to breed elite cultivars. More importantly, there is 
an ongoing need to provide durable disease and pest resistance commercial clones in com-
bination with superior agronomic performance. This led to considerable research in differ-
ent areas of biotechnology pertinent to sugarcane breeding and disease control. Despite the 
availability of molecular tools and strategies and advancements in our understanding of 
stress responses, engineering crops for drought tolerance remains a major challenge. This is 
not only due to the complexity of the plant responses to water deficit but also due to the dif-
ficulty of identifying and exploiting of large effect genes and alleles and the associated selec-
tion traits for developing drought tolerant varieties suitable for commercial crop production 
conditions [38].
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4. Micropropagation an alternative to develop plants tolerant to 
water stress “hyperhydricity”

Various micropropagation systems such as liquid cultures and automation have proven the 
potential to resolve manual handling of in vitro cultures at various stages and decrease produc-
tion cost. However, hyperhydricity is a major problem during in vitro culture of many crops in 
liquid culture systems. Hyperhydricity (also known as “vitrification”) is a physiological disorder 
occurring in plant material of tissue culture, which causes a reduction of propagation and death 
of tissues when transferred to ex vitro conditions [39–41]. The environment inside culture vessels 
normally used for plant micropropagation is characterized by high humidity, limited gaseous 
exchange between the internal atmosphere of the culture vessel and its surrounding environ-
ment, and the accumulation of ethylene; conditions that may induce physiological disorders [42]. 
The development of hyperhydric deformities represents a disadvantage for plant micropropaga-
tion and a barrier for the exploitation of bioreactor technologies to scale-up its production [41]. 
The concept of stress in relation to hyperhydricity is not completely established. Therefore, it 
remains difficult to assume when hyperhydric tissues are stressed. Previous studies argued that 
abnormal morphology observed in hyperhydricity could be attributed to changes occurring at 
cellular level due to the modifications of membrane composition or DNA content [42]. However, 
Rojas-Martínez and coworkers [41] considered this disorder as the result of the stressful condi-
tions brought out by waterlogging of the apoplast. This causes hypoxia and thereby leads to 
severe oxidative stress. They concluded that hyperhydric features like vitreous appearance and 
wrinkled leaves are secondary events resulting from waterlogging of the apoplast.

The temporary immersion system (TIS) consists on the use of bioreactors with automated 
devices that control features such as gas exchange, liquid medium culture and lighting, 
required for the growth, development and survival of plants. TIS mainly consist of three 
phases: multiplication, elongation and rooting phase. Plantlets propagated in TIS have bet-
ter performance than those propagated by conventional methods of micropropagation. TIS 
provides a rapid and efficient plant propagation system for many agricultural and forestry 
species, it utilizes liquid media avoiding intensive manual handling [43].

With the objective of evaluating the stress caused by hyperhydricity in the in vitro culture of 
sugarcane var. MEX69290, three types of culture were analyzed: Semisolid (Magenta) was 
used as control; Continuous immersion (250 ml Flask); and Temporary Immersion (BioMINT 
II Bioreactor). Multiplication, maturation, and ex vitro adaptation phases of sugarcane under 
these three types of culture were evaluated.

The obtained results in the adaptation of in vitro plants of S. officinarum at three different types of 
culture in the multiplication phase were surprising, as it is observed in Figure 1, where a noto-
rious formation of shoots occurs in continuous immersion medium. Plants of var. MEX69290 
obtained a much higher average shoot formation at the temporary immersion bioreactors than 
those observed in semi-solid medium. It was observed that invariable of the inoculum density 
applied (5, 10, 15 plants per bottle) was higher in continuous immersion. Similarly, growth 
index factor was higher in this culture system than that obtained in semi-solid medium or 
temporary immersion bioreactors (Figure 1). We can observe comparing our results with other 
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works that the treatment response depends on the type of explant and variety of sugarcane. 
Several studies have reported that the rate of shoot formation is higher in temporary immer-
sion bioreactors than in semi-solid cultures. It is important to mention that none of the previ-
ous works reported any problem with the hyperhydricity in the obtained in vitro plants. Only, 
Snyman [44] reports this condition on the induction and germination of somatic sugarcane 
embryos. Tesfa and coworkers [45], didn’t report problems of hyperhydricity or a decrease 
in field survival rate out of in vitro plants after using a liquid culture medium with agitation 

Figure 1. Average of shoots at different densities of inoculum. T5-T20: 5 inoculum plants were used in semi-solid and 
continuous immersion medium, 20 plants in temporary immersion; T10-T40: 10 inoculum plants were used in semi-solid 
and continuous immersion medium, and 40 plants in temporary immersion; T15-T60: 15 inoculum plants were used 
in semi-solid and continuous immersion medium, and 60 plants in temporary immersion; semisolid (red rectangle), 
continue immersion (orange rectangle) and temporary immersion (green rectangle). At the bottom of the figure, the 
calculated growth index factor is reported using the obtained fresh weight under the same inoculum density conditions; 
T5-T20 (red rectangle), T10-T40 (orange rectangle) and T15-T60 (green rectangle). Five replicates were carried out for 
each treatment.
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(80 rpm) in which they obtained an average shoot emission of 6.95 and 6.30 in the two cultivars 
used. The shoot emissions and growing index of the sugarcane variety MEX69290 was not 
affected when cultivated in a stationary liquid medium for 28 days (Figure 1).

The variety MEX69290 clones’ response at the maturation phase showed the same behavior 
as that observed at the multiplication phase, with the average shoot emission and the growth 
index being higher in the liquid culture than the one obtained in half semi-solid or in the tem-
porary immersion bioreactor culture (Figure 2).

Figure 2. Mean of shoots using 10 in vitro plants in semi-solid and continuous immersion cultures and 60 plants in 
temporary immersion bioreactors. At the bottom of the figure the calculated growth index factor is reported using the 
obtained fresh weight under the same inoculum density conditions. Five replicates were carried out for each treatment. 
Semisolid (red rectangle), continue immersion (orange rectangle) and temporary immersion (green rectangle).
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After 28 days in maturation phase, 120 plants from semi-solid culture, 120 plants under con-
tinuous immersion, and 75 from BIOMINT were adapted. In Figure 3, we can observe the 
quality of the plants from the same clone at the three different cultivation systems.

Plants underwent a 28 days preadaptation period, and afterward were planted and placed in 
greenhouse conditions. Once plants where transferred into the greenhouse, their survival rate was 
evaluated, being 100% in all cases (Figure 4). Plants from the temporary immersion bioreactors 
were taller and with longer leaves, but those from semi-solid medium and continuous immersion 
continued to emit shoots during the following 4 months evaluation at the greenhouse. The results 
obtained in this phase are very similar to those reported by Arencibia et al. [46], Bernal et al. [47], 
and Silva et al. [48], who reported survival rates higher than 96% in the different cultivars using 
a temporary immersion bioreactor, and our result is much higher than the studies reported by 
Snyman et al. [44], with only 34% of survival rate from sugarcane grown in the RITA system.

Figure 3. Phase adaptation of in vitro plants of S. officinarum var. MEX69290, seeded in a germination mixture 
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Figure 2. Mean of shoots using 10 in vitro plants in semi-solid and continuous immersion cultures and 60 plants in 
temporary immersion bioreactors. At the bottom of the figure the calculated growth index factor is reported using the 
obtained fresh weight under the same inoculum density conditions. Five replicates were carried out for each treatment. 
Semisolid (red rectangle), continue immersion (orange rectangle) and temporary immersion (green rectangle).
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The best results out of the measured parameters were obtained from the continuous immer-
sion propagation system. It was concluded the reason for this may reside in the elimination 
of gelling agent, which additionally lowers production costs in the process of delivering this 
sugarcane’s variety to the field. Plants obtained under this system achieved normal develop-
ment, they developed shoots and roots cyclically and no vitrification was detected in any 
of the evaluated micropropagation phases. This suggests that the clone obtained from the 
MEX69290 variety is tolerant to liquid culture conditions. Apparently this system does not 
generate an abiotic stress, stationing it as a prospective medium to perform genetic transfor-
mation processes and to study its gene expression pattern that could further make enhanced 
tolerant clones.

5. Transcriptomic analysis of an elite Mexican sugarcane cultivar 
(‘Mex 69-290’) in response to osmotic stress. Identification of genes 
with biotechnological potential

Modern sugarcane cultivars have been obtained by inter-specific hybridizations between 
the high-sucrose-yielding of S. officinarum (2n = 8x = 80) and the stress-tolerant S. spontaneum 
(2n = 40–128). As a consequence, sugarcane cultivars present large (10 Gb) and poly-aneu-
ploid genomes with numerous gene alleles and repetitive sequences. Such genome complex-
ity has made it difficult to obtain a complete sequenced reference genome that could aid in 
the identification of novel genes with biotechnological potential for the improvement of this 
important C4 crop. Alternatively, de novo transcriptome assembly of reads produced by high-
throughput sequencing technologies (also referred to as Next Generation Sequencing (NGS)) 
offers a mean to unravel global gene expression changes in response to various conditions in 

Figure 4. Greenhouse adaptation of in vitro plants of S. officinarum var. MEX69290, from culture: (A) semi-solid; (B) 
continuous immersion; (C) temporary immersion. Substrate consisted on a 3: 1 mixture of sunshine: soil. All plantlets 
survived 100% after 30 days in the greenhouse.
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sugarcane. For example, some recent works have employed High-throughput sequencing to 
identify sugarcane genes involved in leaf abscission [49], biomass content and composition 
[50], and abiotic stress [51]. Li and cols. [49] performed a transcriptome analysis to identify 
genes associated with leaf abscission in sugarcane. They employed the Illumina HiSeq 2000 
platform (2x90pb) to analyze six cDNA libraries from parents and their F1 offspring, which 
present different leaf abscission behaviors. After a total assembly, they found 275,018 tran-
scripts corresponding to 164,803 genes. Then, to identify genes related to leaf abscission in sug-
arcane [49], analyzed a core set of 1, 202 transcripts which were up-regulated in leaf abscission 
sugarcane plants (LASP) in comparison to leaf packaging sugarcane plants (LPSP). They found 
that some of these genes were associated with plant-pathogen interaction, response to stress, 
and ABA-associated pathways. On the other hand [50], performed an extensive transcriptome 
analysis to identify genes associated with biomass content. They employed the Illumina HiSeq 
4000 platform to analyze cDNA libraries from 20 internodal samples of 10 different sugarcane 
genotypes, which were divided in low and high fiber containing groups. They found 5601 and 
4659 unique expressed transcripts in High and Low fiber containing genotypes; and 83,421 
shared expressed transcripts between both groups. Furthermore, they found 555 differentially 
expressed transcripts between low and high fiber containing genotypes. Of these, 151 and 23 
transcripts corresponded to sugar and fiber accumulation, respectively. Some of these genes 
were involved in Carbohydrate metabolism, Photosynthesis, Cell-wall metabolism and Lignin 
Pathway; DIR proteins were also represented [50].

Regarding abiotic stress, Belesini and cols. [51] analyzed the transcriptomic profile of the 
drought-tolerant ‘SP81-3250’ and the drought-sensitive ‘RB855453’ sugarcane cultivars under 
drought stress conditions for 30, 60, and 90 days. They analyzed a total of 54 cDNA libraries 
by Illumina HiScanSQ System and HiSeq 2500 platforms. Among the genes that were induced 
in the drought-tolerant cultivar, they found an ascorbate peroxidase, a MYB TF, an E3 SUMO-
protein ligase SIZ2, a coenzyme A ligase (a key enzyme for the biosynthesis of flavonoids), 
and an aquaporin, among others. These types of genes are well known to play a role in abi-
otic stress tolerance. In the drought-sensitive cultivar they found several kinases that were 
induced upon stress like Receptor like protein kinases (RLK), which might play a role in stress 
stimulus perception; bHLH transcription factors; ACC oxidase from the ethylene biosynthetic 
pathway; and many undescribed genes. More recently (2017), in our laboratory Pereira-
Santana and cols. [52] analyzed the transcriptomic profile of the 2nd most important sugar-
cane cultivar in Mexico, ‘Mex 69-290’, in response to osmotic stress. In such study, authors 
employed the High-throughput sequencing system HiSeq-Illumina (2x100bp) to analyze 16 
cDNA libraries representing leaves and roots of in vitro-grown plantlets exposed to PEG-8000 
during 0, 24, 48, and 72 hours. After assembly of a total of 140, 339 unigenes, Pereira-Santana 
and cols. Found core sets of 536 and 750 up-regulated genes in response to osmotic stress in 
roots and leaves, respectively; and core sets of 1093 and 531 down-regulated genes in roots 
and leaves, respectively. After gene annotation, the authors found that sugarcane ‘MEX69290’ 
responds to osmotic stress by increasing the expression of genes involved in transcription 
regulation, oxide-reduction, carbohydrate catabolism, and flavonoid and other secondary 
metabolites biosynthesis. Genes responsive to ABA, water deprivation, and heat stress were 
also up-regulated. On the other hand, this sugarcane cultivar responds to osmotic stress by 
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[50], and abiotic stress [51]. Li and cols. [49] performed a transcriptome analysis to identify 
genes associated with leaf abscission in sugarcane. They employed the Illumina HiSeq 2000 
platform (2x90pb) to analyze six cDNA libraries from parents and their F1 offspring, which 
present different leaf abscission behaviors. After a total assembly, they found 275,018 tran-
scripts corresponding to 164,803 genes. Then, to identify genes related to leaf abscission in sug-
arcane [49], analyzed a core set of 1, 202 transcripts which were up-regulated in leaf abscission 
sugarcane plants (LASP) in comparison to leaf packaging sugarcane plants (LPSP). They found 
that some of these genes were associated with plant-pathogen interaction, response to stress, 
and ABA-associated pathways. On the other hand [50], performed an extensive transcriptome 
analysis to identify genes associated with biomass content. They employed the Illumina HiSeq 
4000 platform to analyze cDNA libraries from 20 internodal samples of 10 different sugarcane 
genotypes, which were divided in low and high fiber containing groups. They found 5601 and 
4659 unique expressed transcripts in High and Low fiber containing genotypes; and 83,421 
shared expressed transcripts between both groups. Furthermore, they found 555 differentially 
expressed transcripts between low and high fiber containing genotypes. Of these, 151 and 23 
transcripts corresponded to sugar and fiber accumulation, respectively. Some of these genes 
were involved in Carbohydrate metabolism, Photosynthesis, Cell-wall metabolism and Lignin 
Pathway; DIR proteins were also represented [50].

Regarding abiotic stress, Belesini and cols. [51] analyzed the transcriptomic profile of the 
drought-tolerant ‘SP81-3250’ and the drought-sensitive ‘RB855453’ sugarcane cultivars under 
drought stress conditions for 30, 60, and 90 days. They analyzed a total of 54 cDNA libraries 
by Illumina HiScanSQ System and HiSeq 2500 platforms. Among the genes that were induced 
in the drought-tolerant cultivar, they found an ascorbate peroxidase, a MYB TF, an E3 SUMO-
protein ligase SIZ2, a coenzyme A ligase (a key enzyme for the biosynthesis of flavonoids), 
and an aquaporin, among others. These types of genes are well known to play a role in abi-
otic stress tolerance. In the drought-sensitive cultivar they found several kinases that were 
induced upon stress like Receptor like protein kinases (RLK), which might play a role in stress 
stimulus perception; bHLH transcription factors; ACC oxidase from the ethylene biosynthetic 
pathway; and many undescribed genes. More recently (2017), in our laboratory Pereira-
Santana and cols. [52] analyzed the transcriptomic profile of the 2nd most important sugar-
cane cultivar in Mexico, ‘Mex 69-290’, in response to osmotic stress. In such study, authors 
employed the High-throughput sequencing system HiSeq-Illumina (2x100bp) to analyze 16 
cDNA libraries representing leaves and roots of in vitro-grown plantlets exposed to PEG-8000 
during 0, 24, 48, and 72 hours. After assembly of a total of 140, 339 unigenes, Pereira-Santana 
and cols. Found core sets of 536 and 750 up-regulated genes in response to osmotic stress in 
roots and leaves, respectively; and core sets of 1093 and 531 down-regulated genes in roots 
and leaves, respectively. After gene annotation, the authors found that sugarcane ‘MEX69290’ 
responds to osmotic stress by increasing the expression of genes involved in transcription 
regulation, oxide-reduction, carbohydrate catabolism, and flavonoid and other secondary 
metabolites biosynthesis. Genes responsive to ABA, water deprivation, and heat stress were 
also up-regulated. On the other hand, this sugarcane cultivar responds to osmotic stress by 
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decreasing the expression of genes involved in sucrose and starch metabolic processes, cell 
wall biogenesis, cellulose biosynthesis, anion transport, and light response. A handful of the 
genes found by Pereria-Santana and cols. Are presented along with their expression profiles 
in the heat map of Figure 5A. Because of the well-defined expression pattern of some of these 
genes, they could prove to be useful as expression markers in the response of ‘MEX69290’ 
to osmotic stress. For example, ABA 8-hydroxylase 3, Isoflavone 2-hydroxylase, LEA 14A, 
and NAC TF 25 showed clear patterns of up-regulation. In fact, in our laboratory further 
expression and functional analyses are currently being carried out regarding this NAC TF25 
gene. Conversely, Bidirectional sugar transporter SWEET11, Cellulose synthase E6, and Sugar 
transporter ERD6 16 showed clear patterns of down-regulation. These down-regulated genes 
are also interesting, not just because of their responsiveness to osmotic stress but also due to 
their involvement in sucrose metabolism. The engineering of these genes might increase bio-
mass production in sugarcane and tolerance to osmotic stress simultaneously. Furthermore, 
many TFs known to play important roles in the stress responses of plants, i.e. HSF, ZN, bZIP, 
WRKY, NAC, and MYB, were found in abundance in the total assembly of the ‘MEX69290’ 
transcriptome (Figure 5B). Even when some of these TF families seemed underrepresented 
(like NAC and MYC), they still provide a useful benchmark to conduct phylogenetic, expres-
sion, and functional analysis.

Figure 5. Selected DEGs in response to osmotic stress and abundance of major TF families and Dirigent protein family 
in sugarcane ‘MEX69290’ transcriptome. (A) Expression profile of 20 selected DEGs in leaves and roots of sugarcane 
‘MEX69290’ plantlets submitted to PEG-8000 treatment during 0, 24, 48, and 72 hours. Data was obtained from the work 
of Pereira-Santana and cols [52]. The heat map was generated with the ComplexHeatmappackage v1.14.0 [52] in R v3.4.1 
[53]. (B) Abundance of major stress-related TF families and Dirigent protein family in arabidopsis, rice, sorghum, and 
sugarcane. The results were obtained by means of HMM searches using the profiles of the HSF (PF00447), ZF (PF00096), 
bZIP (PF00170), WRKY (PF03106), NAC (PF02365), MYB (PF00249), and Dirigent (PF03018) proteins obtained from 
the Pfam database (http://pfam.xfam.org) [54]. For this analysis the complete predicted proteomes (primary transcripts 
only) of arabidopsis, rice, and sorghum were obtained from Phytozome v. 12 [55]. Sugarcane predicted protein dataset 
was obtained from the transcriptome assembly of Pereira-Santana and cols [52] HMM searches were performed using 
HMMER3 v3.1b2 (http://hmmer.org/) and set to a cut-off e-value of 1e-05 and a score above the inclusion threshold of 
each HMM profile.
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In addition to the insights about the global gene expression dynamics of ‘Mex 69-290’ in 
response to osmotic stress and the identification of novel TFs, the work of Pereira-Santana 
and cols. Provides a useful benchmark for the study of other specific gene families of biotech-
nological significance for sugarcane engineering, for example the DIR protein family. Plant 
DIR proteins are believed to be involved in lignin biosynthesis, defense [56, 57], and abiotic 
stress responses such as dehydration [58], and salinity and oxidative stress [59]. In a recent 
study, 5 available sequence databases for sugarcane were surveyed, a total of 120 DIR pro-
teins were identified [60]. Phylogenetic analysis showed that these DIR proteins are divided 
in 64 groups and 7 major clades: Dir-a, Dir-b/d, Dir-c, Dir-e, Dir-g, Dir-h, and Dir-i [60]. In the 
sugarcane transcriptome assembly of ‘sugarcane Mex 69-290’ performed in our laboratory by 
Pereira-Santana and cols, a total of 48 predicted proteins with DIR-like domains were identi-
fied. These DIR proteins were clustered in 7 groups according to their expression patterns 
(Figure 6). DIR42 protein from cluster 1 was significantly up-regulated in all time points of 
osmotic stress in root tissues. Conversely, DIR40 protein from cluster 7 was significantly 
down-regulated in all time points of osmotic stress in leaf tissues. In general, DIR genes from 
cluster 4 seem to possess a relative high expression in roots under control conditions, and 
those from cluster 7 seem to possess a relative high expression in leaves under control condi-
tions. DIR genes from both clusters are down-regulated in response to osmotic stress. On the 
other hand, we also recovered a homolog of the ScDir gene (GenBank: JQ622282.1) from the 
sugarcane variety FN39 (DIR38 in cluster 5). The expression of ScDir from FN39 has been 

Figure 6. Differential expression in response to osmotic stress of 48 Dirigent proteins found in sugarcane ‘MEX69290’ 
transcriptome. The 48 Dirigent sequences from sugarcane were grouped according to their expression profiles in 7 
clusters (1–7). Data was obtained from Pereira-Santana and cols [52]. Heat map and sequence clustering were generated 
with ComplexHeatmap v1.14.0 [53] in R v3.4.1 [54] using the “euclidean” distance method and “complete” clustering 
method.

Transcriptome, Genetic Transformation and Micropropagation: Some Biotechnology…
http://dx.doi.org/10.5772/intechopen.72438

99



decreasing the expression of genes involved in sucrose and starch metabolic processes, cell 
wall biogenesis, cellulose biosynthesis, anion transport, and light response. A handful of the 
genes found by Pereria-Santana and cols. Are presented along with their expression profiles 
in the heat map of Figure 5A. Because of the well-defined expression pattern of some of these 
genes, they could prove to be useful as expression markers in the response of ‘MEX69290’ 
to osmotic stress. For example, ABA 8-hydroxylase 3, Isoflavone 2-hydroxylase, LEA 14A, 
and NAC TF 25 showed clear patterns of up-regulation. In fact, in our laboratory further 
expression and functional analyses are currently being carried out regarding this NAC TF25 
gene. Conversely, Bidirectional sugar transporter SWEET11, Cellulose synthase E6, and Sugar 
transporter ERD6 16 showed clear patterns of down-regulation. These down-regulated genes 
are also interesting, not just because of their responsiveness to osmotic stress but also due to 
their involvement in sucrose metabolism. The engineering of these genes might increase bio-
mass production in sugarcane and tolerance to osmotic stress simultaneously. Furthermore, 
many TFs known to play important roles in the stress responses of plants, i.e. HSF, ZN, bZIP, 
WRKY, NAC, and MYB, were found in abundance in the total assembly of the ‘MEX69290’ 
transcriptome (Figure 5B). Even when some of these TF families seemed underrepresented 
(like NAC and MYC), they still provide a useful benchmark to conduct phylogenetic, expres-
sion, and functional analysis.

Figure 5. Selected DEGs in response to osmotic stress and abundance of major TF families and Dirigent protein family 
in sugarcane ‘MEX69290’ transcriptome. (A) Expression profile of 20 selected DEGs in leaves and roots of sugarcane 
‘MEX69290’ plantlets submitted to PEG-8000 treatment during 0, 24, 48, and 72 hours. Data was obtained from the work 
of Pereira-Santana and cols [52]. The heat map was generated with the ComplexHeatmappackage v1.14.0 [52] in R v3.4.1 
[53]. (B) Abundance of major stress-related TF families and Dirigent protein family in arabidopsis, rice, sorghum, and 
sugarcane. The results were obtained by means of HMM searches using the profiles of the HSF (PF00447), ZF (PF00096), 
bZIP (PF00170), WRKY (PF03106), NAC (PF02365), MYB (PF00249), and Dirigent (PF03018) proteins obtained from 
the Pfam database (http://pfam.xfam.org) [54]. For this analysis the complete predicted proteomes (primary transcripts 
only) of arabidopsis, rice, and sorghum were obtained from Phytozome v. 12 [55]. Sugarcane predicted protein dataset 
was obtained from the transcriptome assembly of Pereira-Santana and cols [52] HMM searches were performed using 
HMMER3 v3.1b2 (http://hmmer.org/) and set to a cut-off e-value of 1e-05 and a score above the inclusion threshold of 
each HMM profile.

Plant, Abiotic Stress and Responses to Climate Change98

In addition to the insights about the global gene expression dynamics of ‘Mex 69-290’ in 
response to osmotic stress and the identification of novel TFs, the work of Pereira-Santana 
and cols. Provides a useful benchmark for the study of other specific gene families of biotech-
nological significance for sugarcane engineering, for example the DIR protein family. Plant 
DIR proteins are believed to be involved in lignin biosynthesis, defense [56, 57], and abiotic 
stress responses such as dehydration [58], and salinity and oxidative stress [59]. In a recent 
study, 5 available sequence databases for sugarcane were surveyed, a total of 120 DIR pro-
teins were identified [60]. Phylogenetic analysis showed that these DIR proteins are divided 
in 64 groups and 7 major clades: Dir-a, Dir-b/d, Dir-c, Dir-e, Dir-g, Dir-h, and Dir-i [60]. In the 
sugarcane transcriptome assembly of ‘sugarcane Mex 69-290’ performed in our laboratory by 
Pereira-Santana and cols, a total of 48 predicted proteins with DIR-like domains were identi-
fied. These DIR proteins were clustered in 7 groups according to their expression patterns 
(Figure 6). DIR42 protein from cluster 1 was significantly up-regulated in all time points of 
osmotic stress in root tissues. Conversely, DIR40 protein from cluster 7 was significantly 
down-regulated in all time points of osmotic stress in leaf tissues. In general, DIR genes from 
cluster 4 seem to possess a relative high expression in roots under control conditions, and 
those from cluster 7 seem to possess a relative high expression in leaves under control condi-
tions. DIR genes from both clusters are down-regulated in response to osmotic stress. On the 
other hand, we also recovered a homolog of the ScDir gene (GenBank: JQ622282.1) from the 
sugarcane variety FN39 (DIR38 in cluster 5). The expression of ScDir from FN39 has been 

Figure 6. Differential expression in response to osmotic stress of 48 Dirigent proteins found in sugarcane ‘MEX69290’ 
transcriptome. The 48 Dirigent sequences from sugarcane were grouped according to their expression profiles in 7 
clusters (1–7). Data was obtained from Pereira-Santana and cols [52]. Heat map and sequence clustering were generated 
with ComplexHeatmap v1.14.0 [53] in R v3.4.1 [54] using the “euclidean” distance method and “complete” clustering 
method.

Transcriptome, Genetic Transformation and Micropropagation: Some Biotechnology…
http://dx.doi.org/10.5772/intechopen.72438

99



reported to be up-regulated in response to H2O2, NaCl, and PEG treatment [59]. Furthermore, 
its heterologous expression in Escherichia coli increases the bacterial host’s tolerance to NaCl 
and PEG [59]. The homolog of this gene in ‘Mex 69-290’ was slightly up-regulated in leaves, 
but down-regulated in roots (Figure 6, cluster 5). All of these mentioned DIR genes from 
sugarcane ‘MEX69290’ are interesting because they show differential expression patterns in 
leaves and roots in response to osmotic stress. However, their functional roles in osmotic 
stress tolerance and biomass accumulation still need to be experimentally analyzed. In 
summary, in the absence of a complete sequenced genome for sugarcane, high-throughput 
sequencing technologies applied to the elucidation of elite cultivars’ transcriptome profile 
are one of the most valuable resources for the identification of genes involved in both stress 
tolerance and biomass accumulation, which are important agronomic traits to face global 
climate change.

6. Genetic transformation of cane, a very powerful biotechnological 
tool to generate tolerant plants to water stress

According to the International Service for the Acquisition of Agri-biotech Applications 
(ISAAA), the worldwide distribution of genetically modified crops involves a total of 26 devel-
oping countries and 7 industrialized countries, headed by USA, Brazil, Argentina, Canada, 
India, China and South Africa. There is a current approval on the use of two commercial 
varieties of genetically modified cane in Brazil and Indonesia. On the former, plants contain-
ing the Cry1Ab gene, which produces an insecticidal toxin capable of killing the Diatraea 
caterpillar, are being cultivated. In Indonesia plants transformed with the EcBetA gene are 
resistant to drought.

Scientific research in genetic transformation have focused on resistance to biotic and abiotic 
factors such as weed control, production of renewable primary products, energy crops and 
production of pharmaceutically active substances.

Some of the methods in genetic transformation of plants are by Agrobacterium or biolistic 
which are time consuming, laborious and have low transformation efficiency. Thus we have 
attempted different options to optimize genetic transformation in sugar cane. An option for 
efficient transformation is by using different types of vectors, for example Anderson & Birch 
[61] used Binary super vectors in addition of different types of promoters (constitutive and 
inducible). Niu et al. [62] is other case who used the SoCINI inducible promoters and the 
ScMybRI constitutive promoters respectively [62, 63].

On the other hand, different in vitro culture protocols have been tried for decades to opti-
mize the efficiency (time and management of the explant) as well as the number of trans-
genic plants. Yogesh and collaborators transformed cane leaves by Biolistic [64], regenerating 
seedlings via direct (ED) and indirect (EI) embryogenesis [65]. Arencibia and Carmona [66] 
reported genetic transformation by Agrobacterium tumefaciens and via indirect morphogenesis 
resulting in regenerated seedlings. Manickavasagam et al. reported regenerated seedlings 
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after A. tumefaciens transformation via axillary shoots [67]. These latter two protocols require 
a time lapse between 3 and 6 months to generate seedlings.

In contrast, a genetic transformation protocol using A. tumefaciens has been developed in 
our laboratory (in the process of obtaining patent) where in vitro basal micro-shoots of 
MEX69290 cultivars underwent the insertion of the CpRap2.4b gene from the AP2/ERF 
transcription factor family, and out of cDNA of papaya stressed at 40°C. This genetic trans-
formation protocol requires only 20 minutes and has a contamination rate of 0%, as well as 
a 21-day seedling regeneration rate. Our results showed a 70% survival in the first subcul-
ture and 100% in the second subculture with Kanamycin; similar results were reported by 
Manickavasagam regenerating transgenic seedlings using micro axillary outbreaks out of 
field plants [67], with a very laborious genetic transformation system and with 50% survival 
in the first crop. In addition, this work would be the second in sugarcane to report a gene 
of the AP2/ERF family of transcription factors inserted in sugar cane, the other work is the 
one reported by Reis et al. where they over expressed AtDREB2A CA (constitutive activ-
ity) in sugar cane [68]. In the transformed sugarcane seedlings generated by the genetic 
transformation protocol that was developed in our laboratory, the presence of the GFP was 
observed at the fluorescent emission of 395–475 nm, which indicates that the seedlings are 
transformed (Figure 7).

It should be clarified that the functionality of the CpRap2.4b gene belonging to the (AP2/
ERF) transcription factors family was tested in tobacco plants, which were segregated to 
obtain F2 plants and were then subjected to water stress (drought) conditions to evaluate 
their function.

Figure 7. GFP fluorescence of different plant leaves of sugar cane var. MEX69290. (A) Segment of wild leaf in visible 
light. (B) Wild leaf segment with emission at 509 nm. (C, E and G) Transgenic plants 1, 2 and 3 in visible light. (D, F and 
H) Transgenic plants 1, 2 and 3 with emission at 509 nm.
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reported to be up-regulated in response to H2O2, NaCl, and PEG treatment [59]. Furthermore, 
its heterologous expression in Escherichia coli increases the bacterial host’s tolerance to NaCl 
and PEG [59]. The homolog of this gene in ‘Mex 69-290’ was slightly up-regulated in leaves, 
but down-regulated in roots (Figure 6, cluster 5). All of these mentioned DIR genes from 
sugarcane ‘MEX69290’ are interesting because they show differential expression patterns in 
leaves and roots in response to osmotic stress. However, their functional roles in osmotic 
stress tolerance and biomass accumulation still need to be experimentally analyzed. In 
summary, in the absence of a complete sequenced genome for sugarcane, high-throughput 
sequencing technologies applied to the elucidation of elite cultivars’ transcriptome profile 
are one of the most valuable resources for the identification of genes involved in both stress 
tolerance and biomass accumulation, which are important agronomic traits to face global 
climate change.

6. Genetic transformation of cane, a very powerful biotechnological 
tool to generate tolerant plants to water stress

According to the International Service for the Acquisition of Agri-biotech Applications 
(ISAAA), the worldwide distribution of genetically modified crops involves a total of 26 devel-
oping countries and 7 industrialized countries, headed by USA, Brazil, Argentina, Canada, 
India, China and South Africa. There is a current approval on the use of two commercial 
varieties of genetically modified cane in Brazil and Indonesia. On the former, plants contain-
ing the Cry1Ab gene, which produces an insecticidal toxin capable of killing the Diatraea 
caterpillar, are being cultivated. In Indonesia plants transformed with the EcBetA gene are 
resistant to drought.

Scientific research in genetic transformation have focused on resistance to biotic and abiotic 
factors such as weed control, production of renewable primary products, energy crops and 
production of pharmaceutically active substances.

Some of the methods in genetic transformation of plants are by Agrobacterium or biolistic 
which are time consuming, laborious and have low transformation efficiency. Thus we have 
attempted different options to optimize genetic transformation in sugar cane. An option for 
efficient transformation is by using different types of vectors, for example Anderson & Birch 
[61] used Binary super vectors in addition of different types of promoters (constitutive and 
inducible). Niu et al. [62] is other case who used the SoCINI inducible promoters and the 
ScMybRI constitutive promoters respectively [62, 63].

On the other hand, different in vitro culture protocols have been tried for decades to opti-
mize the efficiency (time and management of the explant) as well as the number of trans-
genic plants. Yogesh and collaborators transformed cane leaves by Biolistic [64], regenerating 
seedlings via direct (ED) and indirect (EI) embryogenesis [65]. Arencibia and Carmona [66] 
reported genetic transformation by Agrobacterium tumefaciens and via indirect morphogenesis 
resulting in regenerated seedlings. Manickavasagam et al. reported regenerated seedlings 
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after A. tumefaciens transformation via axillary shoots [67]. These latter two protocols require 
a time lapse between 3 and 6 months to generate seedlings.

In contrast, a genetic transformation protocol using A. tumefaciens has been developed in 
our laboratory (in the process of obtaining patent) where in vitro basal micro-shoots of 
MEX69290 cultivars underwent the insertion of the CpRap2.4b gene from the AP2/ERF 
transcription factor family, and out of cDNA of papaya stressed at 40°C. This genetic trans-
formation protocol requires only 20 minutes and has a contamination rate of 0%, as well as 
a 21-day seedling regeneration rate. Our results showed a 70% survival in the first subcul-
ture and 100% in the second subculture with Kanamycin; similar results were reported by 
Manickavasagam regenerating transgenic seedlings using micro axillary outbreaks out of 
field plants [67], with a very laborious genetic transformation system and with 50% survival 
in the first crop. In addition, this work would be the second in sugarcane to report a gene 
of the AP2/ERF family of transcription factors inserted in sugar cane, the other work is the 
one reported by Reis et al. where they over expressed AtDREB2A CA (constitutive activ-
ity) in sugar cane [68]. In the transformed sugarcane seedlings generated by the genetic 
transformation protocol that was developed in our laboratory, the presence of the GFP was 
observed at the fluorescent emission of 395–475 nm, which indicates that the seedlings are 
transformed (Figure 7).

It should be clarified that the functionality of the CpRap2.4b gene belonging to the (AP2/
ERF) transcription factors family was tested in tobacco plants, which were segregated to 
obtain F2 plants and were then subjected to water stress (drought) conditions to evaluate 
their function.

Figure 7. GFP fluorescence of different plant leaves of sugar cane var. MEX69290. (A) Segment of wild leaf in visible 
light. (B) Wild leaf segment with emission at 509 nm. (C, E and G) Transgenic plants 1, 2 and 3 in visible light. (D, F and 
H) Transgenic plants 1, 2 and 3 with emission at 509 nm.
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7. Conclusions

Climate change affects farmers economically, causing drought floods, which affect the pro-
ductivity of the plant. Biotechnology is an alternative to reduce the impact of climate change 
on plants. In recent years there has been a continuing need to provide commercial clones of 
resistance to pests and long-lasting diseases in combination with superior agronomic perfor-
mance. This led to considerable research in different areas of biotechnology including: micro-
propagation, transcriptomics and genetic transformation.

These areas of biotechnology together are a key tool in the pursuit of genetically enhanced 
plants that resist climate change.
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Abstract

Climate change constitutes a real threat to the global landscape. Current climate models 
predict an increased occurrence of coastal floods associated to sea level rise and long-
term droughts associated to changes in the intra- and inter-year rainfall variability. Under 
natural environmental conditions, plants are routinely exposed to abiotic stresses, and 
must develop different strategies to cope with this multitude of climate change factors. 
Mass spectrometry (MS)-based plant metabolomics approaches are finding an increasing 
number of applications to investigate the molecular and biochemical mechanisms that 
underlie plant responses to changing environments. These studies provide a promising 
basis for facilitating our understanding of the plant’s flexibility to reconfigure central 
metabolic pathways (i.e., carbon, nitrogen and energy metabolism) as well as the degree 
by which plants tolerate and/or are susceptible to a climate change scenario. In this chap-
ter, we will provide an update on the recent MS-based metabolomics strategies to study 
plant responses to drought, salt and heat stress as well as combinations thereof. We will 
describe how these stresses activate and coordinate several different signalling pathways, 
for example, through the synthesis of osmolytes.

Keywords: plant metabolomics, drought stress, salinity stress, heat stress, stress 
combination, climate change, mass spectrometry

1. Introduction

Climate change can be defined as a statistically significant variation in the weather pattern or 
in its variability during a long-term period [1]. The causes of climate change have been mainly 
associated to (i) internal environmental processes and (ii) anthropogenic activities that lead 
to changes in the chemical composition of the atmosphere [1]. Natural climate variability 
itself is not enough to explain the unforeseen weather changes in the last decades. In fact, 
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since the industrial revolution that human-kind activities (e.g., fossil fuel burning) have also 
contributed to the release of significant amounts of greenhouse gases (GHGs) namely CO2, 
CH4, N2O as well as fluorinated gases to the atmosphere [1]. Indeed, climate change assess-
ments have reported that the global atmospheric CO2 concentration has increased from 270 to 
401 μL L−1 since the industrial revolution, and consequently, the average global temperatures 
to rise by 0.85°C. Moreover, global warming has been reported to be highly correlated with 
ocean thermal expansion and loss of glacier mass, which ultimately reflected the observed 
global mean sea level rise of 0.19 ± 0.02 m over the period 1901–2010 [2]. By the end of the 
twenty-first century, unmatched climate changes are envisaged with CO2 concentrations of 
at least 700 μL L−1 and global temperatures are expected to rise at least 4°C. Consequently, 
higher surface temperatures, longer and frequent heat waves and intense extreme precipita-
tion events are very likely to occur in many regions around the globe. The consequences from 
climate change cannot be totally avoided, but without additional mitigation efforts beyond 
those already in place today, warming by the end of the twenty-first century will lead to very 
high risk of severe and irreversible impacts globally [2].

Extreme climate change events expose plants to stressful environmental conditions that are 
outside of their physiological limits, and beyond the range by which they are already adapted 
[3]. Studies aiming at assessing the impact of climate change in plant ecosystems revealed that 
plant community responses occur at three sequential levels in which (i) climate change immedi-
ately impacts plant individuals at the morpho-physiological level, (ii) the community response 
is affected because of demographic changes in species abundances and (iii) the mortality or loss 
of species leads to their replacement by novel species within the community [4–6]. Although 
some studies have contributed to a better understanding of plant ecosystem responses to cli-
mate change, this research field is still emerging. A comprehensive discussion on this topic 
falls outside the scope of this chapter, and detailed information can be found elsewhere [4–13].

Responses by individual plant species to climate change have been indirectly studied through 
the assessment of the strategies and mechanisms by which they cope with adverse environ-
mental conditions, that is, abiotic stresses. Abiotic stresses in plants comprise a multitude of 
environmental factors such as water (drought, flooding and submergence), temperature (high 
and low), light (high and low), radiation (UV-B and UV-A), salinity and nutrients, heavy metals, 
among others. These environmental (stress)factors negatively affect plant growth and develop-
ment, and trigger a series of high-complex adaptive responses initiated by stress perception, 
signal transduction and the activation of many stress-related genes and metabolites [14, 15]. 
However, under natural environmental conditions, plants are routinely exposed to a combina-
tion of different abiotic stresses, and therefore, must develop different strategies to cope with a 
multitude of environmental factors. The latter gains more relevance under climate change sce-
narios, and therefore, there has been an increasing interest in understanding the molecular and 
biochemical mechanisms that underlie plant responses to abiotic stress combinations [16, 17].

Many studies, at both physiological and biochemical levels, have been performed to study 
plant responses to different stress combinations namely drought, salt, extreme temperatures 
and biotic stresses. Interestingly, these studies demonstrated that a plant response to a com-
bined stress is unique, and should not be regarded as the sum of the responses from each 
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applied stress alone. Additionally, when different stresses are combined, they might require 
synergistic or antagonistic responses that are largely controlled by, sometimes, opposing sig-
nalling pathways [16, 17]. In this chapter, we will provide an update on recent studies of plant 
responses to drought, salt and heat stress as well as combinations thereof. We will describe 
how these abiotic stress combinations activate and coordinate several different signalling 
pathways, for example, through the synthesis of osmolytes, in order to ensure plant survival.

2. Metabolomics—a key omics tool to study plant responses to 
abiotic stress

Over the past decade, plant metabolomics has undoubtedly become a powerful research 
tool to study the biochemical mechanisms underlying plant growth and development in the 
context of plant metabolite responses to abiotic stress, particularly drought, flooding, salin-
ity and extreme temperatures (heat and cold). In fact, metabolomics itself, together with the 
other omics technologies (genomics, transcriptomics and proteomics) has accelerated our 
understanding of the complex molecular interactions in biological systems [18–24] (Figure 1).  
Moreover, unlike other omics tools, metabolomics has the advantage of not being depen-
dent on the availability of organism-specific genome information for data analysis [25–27]. 
The main goal of plant metabolomics is to provide a non-biased characterisation of the total 
metabolite pool of a plant tissue in response to its environment. This metabolite pool includes 
a wide range of metabolites with diverse physical properties, from ionic inorganic compounds 
to biochemically derived hydrophilic carbohydrates, organic and amino acids, and a range of 
hydrophobic lipid-related compounds. Indeed, it is estimated that more than 200,000 different 
primary and secondary metabolites exist in the plant kingdom over a large dynamic range in 
concentrations that can vary from femtomolar to millimolar [28]. While, primary metabolites 
are fundamental for plant growth and development, being highly conserved in their molecular 
structures and abundances throughout the plant kingdom, secondary metabolites help plants 
communicating with the environment and widely differ across species. Due to such metabolite 
diversity, current plant metabolomics studies often combine multiple analytical tools in an 
effort to acquire more comprehensive metabolite coverage from a complex biological plant 
sample. One powerful analytical tool is nuclear magnetic resonance (NMR); however, due 
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some studies have contributed to a better understanding of plant ecosystem responses to cli-
mate change, this research field is still emerging. A comprehensive discussion on this topic 
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However, under natural environmental conditions, plants are routinely exposed to a combina-
tion of different abiotic stresses, and therefore, must develop different strategies to cope with a 
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Plant, Abiotic Stress and Responses to Climate Change112

applied stress alone. Additionally, when different stresses are combined, they might require 
synergistic or antagonistic responses that are largely controlled by, sometimes, opposing sig-
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hydrophobic lipid-related compounds. Indeed, it is estimated that more than 200,000 different 
primary and secondary metabolites exist in the plant kingdom over a large dynamic range in 
concentrations that can vary from femtomolar to millimolar [28]. While, primary metabolites 
are fundamental for plant growth and development, being highly conserved in their molecular 
structures and abundances throughout the plant kingdom, secondary metabolites help plants 
communicating with the environment and widely differ across species. Due to such metabolite 
diversity, current plant metabolomics studies often combine multiple analytical tools in an 
effort to acquire more comprehensive metabolite coverage from a complex biological plant 
sample. One powerful analytical tool is nuclear magnetic resonance (NMR); however, due 
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to its poor sensitivity and poor dynamic range relative to mass spectrometry (MS) [29, 30], 
MS-based analytical tools are the most widely used in plant metabolomics. Among them, pow-
erful chromatographic techniques such as liquid chromatography-mass spectrometry (LC-MS) 
and gas chromatography-mass spectrometry (GC-MS) have been extensively used to obtain 
comprehensive information of the plant metabolome in a wide range of plant species [24, 31]. 
Regardless the analytical platform of choice, great attention must be paid to the experimen-
tal design. In plant metabolomics, an adequate and well-studied experimental design should 
address different environmental and experimental variables such as (i) plant tissue harvest, (ii) 
metabolic quenching and (iii) metabolite extraction methods. In addition, randomisation pro-
cedures throughout all the experimental workflow should be taken into account to minimise 
potential sources of experimental errors [32, 33]. A detailed discussion of sample preparation 
workflows and MS-based analytical platforms typically used in plant metabolomics experi-
ments can be found elsewhere [24, 34].

3. Plant metabolite responses to individual abiotic stresses

Metabolite responses to individual abiotic stresses such as drought, salinity or heat have been 
widely studied, and comprehensive reviews on this topic can be found in the literature [24, 
31]. In this section, we describe recent applications of MS-based metabolomics approaches 
to study plant responses to individual abiotic stresses, namely drought, salt and heat stress, 
highlighting the identification of stress-responsive metabolites that ultimately contribute for 
the development of plants with enhanced abiotic stress-tolerance.

3.1. Metabolite responses to drought stress

Drought is a well-studied abiotic stress, and one major limiting factor in agriculture worldwide 
[35–37]. This stress condition leads to huge reductions in crop yields mainly derived from a series 
of morpho-physiological changes such as reduction in shoot growth [38], decreases in photo-
synthesis and transpiration rates as a direct consequence of abscisic acid (ABA)-mediated leaf 
stomata closure [36, 37] as well as changes in signalling pathways [36] and transcriptional and 
posttranscriptional regulation of several stress-related genes [39, 40]. In addition, plant metabo-
lism is also readjusted under drought stress conditions through the accumulation of osmolytes or 
compatible solutes [41, 42]. These small molecules can accumulate at high concentrations in the 
cell without inhibiting cellular metabolism, and comprise, for example, soluble sugars and sugar 
alcohols such as glucose, sucrose and mannitol; the raffinose family oligosaccharides (RFOs) such 
as raffinose, stachyose and verbascose, amino acids and polyamines. Because of this osmolyte 
accumulation, a decrease in the osmotic potential of the cell is observed and the turgor pressure 
is maintained as the cell uptakes water, thereby help in stabilising membranes, enzymes and pro-
teins, or maintaining cell turgor by osmotic adjustment. In addition, osmolyte accumulation also 
confers protection against oxidative damage by decreasing the levels of reactive oxygen species 
(ROS), which in turn, helps re-establish cellular redox balance. Consequently, osmotic adjustment 
is commonly recognised as an effective factor of drought tolerance in several plants to enable 
water uptake and the maintenance of plant metabolic activity, hence, growth and productivity 
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as the water potential decreases [36, 37]. Drought stress has been widely reported to increase the 
production of ROS in different cellular compartments (i.e., oxidative stress) [43]. However, this 
oxidative stress has shown to lead to the formation of specific peptides that might counterbal-
ance the accumulation of ROS upon abiotic stress conditions [44]. Nevertheless, ROS species are 
known to interact with proteins, lipids and DNA during abiotic stress episodes, and thus impair 
the normal function of cells [45–47].

Comprehensive omics studies have been reported to investigate plant responses to drought 
stress [42, 48–50]. An interesting study developed by Gechev and collaborators [51] addressed 
the molecular mechanisms of desiccation in Haberlea rhodopensis through transcriptomics 
and metabolomics approaches. The complementary use of GC-TOF-MS and LC-MS metabo-
lite analyses revealed significant accumulation in the levels of the soluble sugars sucrose 
and maltose as wells as of the RFOs stachyose and verbascose in H. rhodopensis plants upon 
dehydration. Furthermore, and together with transcriptomics, these results were associated 
to H. rhodopensis ability to survive under dehydration conditions [51].

A similar comprehensive metabolomics approach was applied to study the resurrection plant 
Selaginella lepidophylla [52]. Metabolite profiles from ultra-high-performance liquid chroma-
tography-tandem mass spectrometry (UHPLC-MS/MS) and GC-MS analysis revealed an 
accumulation of metabolites involved in the glycolytic pathway (glucose-6-phosphate, fruc-
tose-6-phosphate and pyruvate) as well as in the TCA cycle (2-oxoglutarate, succinate, fuma-
rate and oxaloacetate) in hydrated S. lepidophylla plants. In parallel, the accumulation of the 
sugar alcohols sorbitol, myo-inositol and mannitol was related to the desiccation mechanisms 
developed by resurrection plants, which involve water uptake or loss during the rehydration/
dehydration cycle [52].The moderate long-term drought stress effects was investigated in 21 
rice cultivars (Oryza sativa L. ssp. indica and japonica) through physiological, gene expres-
sion and GC-TOF-MS metabolite profiling analysis [53]. Overall, this comprehensive study 
revealed that in rice, drought conditions induce an accumulation of spermine, thereby lead-
ing to a coordinated adjustment of polyamine metabolism which is in agreement with an 
osmoprotectant role of this metabolite under drought stress [53].

Meyer and co-workers [54] analysed at transcriptional, physiological and metabolite levels 
the responses to soil drying of the perennial C4 grass and biofuel crop, Panicum virgatum L. 
(switchgrass). In this study, genes associated with C4 photosynthesis were down-regulated 
during drought, while C4 metabolic intermediates have shown to accumulate. GC-TOF-MS 
data revealed that the abundance of 13 primary metabolites was significantly affected by the 
drought treatment and that most of these compounds also accumulated amino acids (>32-
fold), monosaccharides (>14-fold) and organic acids (>four-fold) [54]).

GC-TOF-MS metabolite profiling in the leaves and roots of two barley (Hordeum vulgare L.) 
genotypes, with contrasting drought tolerance, revealed approximately 100 drought stress-
responsive metabolites with amino acids being the most affected metabolite class. Together 
with proteomics data, this study indicated that the proteins and metabolites that have shown 
to accumulate in the susceptible variety also revealed elevated constitutive accumulation lev-
els in the drought-resistant line. Moreover, the accumulation of several carbohydrates was 
affected in tissues of both genotypes subjected to drought [55].
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to study plant responses to individual abiotic stresses, namely drought, salt and heat stress, 
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Drought is a well-studied abiotic stress, and one major limiting factor in agriculture worldwide 
[35–37]. This stress condition leads to huge reductions in crop yields mainly derived from a series 
of morpho-physiological changes such as reduction in shoot growth [38], decreases in photo-
synthesis and transpiration rates as a direct consequence of abscisic acid (ABA)-mediated leaf 
stomata closure [36, 37] as well as changes in signalling pathways [36] and transcriptional and 
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teins, or maintaining cell turgor by osmotic adjustment. In addition, osmolyte accumulation also 
confers protection against oxidative damage by decreasing the levels of reactive oxygen species 
(ROS), which in turn, helps re-establish cellular redox balance. Consequently, osmotic adjustment 
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as the water potential decreases [36, 37]. Drought stress has been widely reported to increase the 
production of ROS in different cellular compartments (i.e., oxidative stress) [43]. However, this 
oxidative stress has shown to lead to the formation of specific peptides that might counterbal-
ance the accumulation of ROS upon abiotic stress conditions [44]. Nevertheless, ROS species are 
known to interact with proteins, lipids and DNA during abiotic stress episodes, and thus impair 
the normal function of cells [45–47].

Comprehensive omics studies have been reported to investigate plant responses to drought 
stress [42, 48–50]. An interesting study developed by Gechev and collaborators [51] addressed 
the molecular mechanisms of desiccation in Haberlea rhodopensis through transcriptomics 
and metabolomics approaches. The complementary use of GC-TOF-MS and LC-MS metabo-
lite analyses revealed significant accumulation in the levels of the soluble sugars sucrose 
and maltose as wells as of the RFOs stachyose and verbascose in H. rhodopensis plants upon 
dehydration. Furthermore, and together with transcriptomics, these results were associated 
to H. rhodopensis ability to survive under dehydration conditions [51].

A similar comprehensive metabolomics approach was applied to study the resurrection plant 
Selaginella lepidophylla [52]. Metabolite profiles from ultra-high-performance liquid chroma-
tography-tandem mass spectrometry (UHPLC-MS/MS) and GC-MS analysis revealed an 
accumulation of metabolites involved in the glycolytic pathway (glucose-6-phosphate, fruc-
tose-6-phosphate and pyruvate) as well as in the TCA cycle (2-oxoglutarate, succinate, fuma-
rate and oxaloacetate) in hydrated S. lepidophylla plants. In parallel, the accumulation of the 
sugar alcohols sorbitol, myo-inositol and mannitol was related to the desiccation mechanisms 
developed by resurrection plants, which involve water uptake or loss during the rehydration/
dehydration cycle [52].The moderate long-term drought stress effects was investigated in 21 
rice cultivars (Oryza sativa L. ssp. indica and japonica) through physiological, gene expres-
sion and GC-TOF-MS metabolite profiling analysis [53]. Overall, this comprehensive study 
revealed that in rice, drought conditions induce an accumulation of spermine, thereby lead-
ing to a coordinated adjustment of polyamine metabolism which is in agreement with an 
osmoprotectant role of this metabolite under drought stress [53].

Meyer and co-workers [54] analysed at transcriptional, physiological and metabolite levels 
the responses to soil drying of the perennial C4 grass and biofuel crop, Panicum virgatum L. 
(switchgrass). In this study, genes associated with C4 photosynthesis were down-regulated 
during drought, while C4 metabolic intermediates have shown to accumulate. GC-TOF-MS 
data revealed that the abundance of 13 primary metabolites was significantly affected by the 
drought treatment and that most of these compounds also accumulated amino acids (>32-
fold), monosaccharides (>14-fold) and organic acids (>four-fold) [54]).

GC-TOF-MS metabolite profiling in the leaves and roots of two barley (Hordeum vulgare L.) 
genotypes, with contrasting drought tolerance, revealed approximately 100 drought stress-
responsive metabolites with amino acids being the most affected metabolite class. Together 
with proteomics data, this study indicated that the proteins and metabolites that have shown 
to accumulate in the susceptible variety also revealed elevated constitutive accumulation lev-
els in the drought-resistant line. Moreover, the accumulation of several carbohydrates was 
affected in tissues of both genotypes subjected to drought [55].

Plant Metabolomics in a Changing World: Metabolite Responses to Abiotic Stress Combinations
http://dx.doi.org/10.5772/intechopen.71769

115



In sunflower (Helianthus annuus L.), molecular mechanisms to drought tolerance were recently 
addressed through the characterisation and integration of transcriptional and metabolic data. 
GC-TOF-MS analysis allowed detecting 54 primary metabolites, including different amino 
acids, organic acids, sugars and sugar alcohols. This analysis revealed that most of the amino 
acids showed lower levels under drought with exception to proline, tyramine, glycine, mal-
onate and γ-aminobutyrate (GABA), which accumulated upon drought conditions. On the 
other hand, glycolysis and tricarboxylic acid cycle (TCA) metabolites as well as all the detected 
carbohydrates showed higher levels under drought conditions. Overall, these results indi-
cated the putative role of these metabolites during stress response in sunflower [56].

Another interesting study investigated osmoadaptation to drought stress in leaves and roots of 
cowpea (Vigna unguiculata L. Walp.) through analysis of photosynthetic traits, water homoeo-
stasis, inorganic ions and primary and secondary metabolites. In this study, physiological 
and metabolite changes were shown to develop in parallel while drought/recovery responses 
revealed a progressive acclimation of the cowpea plant to stress. GC-TOF-MS analysis and 
subsequent multifactorial analyses indicated allocation of high quantities of amino acids, sug-
ars and proanthocyanidins into roots, which were linked to their role in growth and initial 
stress perception. From the 88 metabolites detected, proline, galactinol and a quercetin deriva-
tive, were those that most responded to drought. In addition, these metabolites accumulated 
differently in roots, but similarly in leaves, suggesting a more conservative strategy to cope 
with drought in the aerial parts of cowpea plants [57].

3.2. Metabolite responses to salt stress

Soil salinity significantly reduces crop yields, being considered a global problem that affects 
approximately 20% of irrigated land [58]. The effects of salt stress in plants occur in two dif-
ferent sequential stages. In a first stage, the plant perceives osmotic stress, which reduces the 
plant’s ability to uptake water, decreases cell turgor and leads to the accumulation of ROS 
in the cells. Subsequently, a second stage is initiated by an over accumulation of Na+ and Cl− 
ions that severely affect key plant physiological processes including photosynthesis, plasma 
membrane stability and cellular metabolism [59]. Consequently, plant growth and fertility 
are reduced, and premature senescence occurs [59, 60]. Plant susceptibility or tolerance to salt 
stress strongly depends on the mechanisms used by the plant to detoxify ROS species within 
the cells and exclude Na+ ions from the roots or to compartmentalise these ions in the vacu-
oles [59, 61]. To cope with salt stress, plants adjust their metabolic status, and although this 
metabolic adjustment widely differs among salt-tolerant species, several common salt-stress 
metabolite responses are found within the plant kingdom [62, 63].

According to their salt tolerance, plants are usually divided in glycophytes (salt-sensitive) and 
halophytes (salt-tolerant). For glycophytic plants, there is an increasing evidence that amino 
acids, sugars, sugar alcohols and tricarboxylic acid (TCA)-cycle intermediates, form the core 
of metabolite adjustments to salinity stress [24, 31, 62]. On the other hand, for halophytic 
or extremophile plants, the pre-accumulation and differential response of osmoprotectant 
metabolites varies among plant species. Interestingly, a comparative study using both salt-
sensitive and salt-tolerant Lotus species has demonstrated that around 50% of all metabolites 
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have a comparable response to salinity [64]. A similar scenario was observed for Arabidopsis 
thaliana (salt-sensitive) and its distant relative Thellungiella halophila (salt-tolerant), both accu-
mulating proline and soluble sugars (fructose, glucose, sucrose and raffinose) [65].

Among crops, an interesting study on barley (Hordeum vulgare L.) cultivars that differed in 
salt-stress tolerance were analysed for their metabolite response to long-term salt stress [66]. 
While the most tolerant cultivar Sahara showed elevated levels of hexose phosphates and TCA 
cycle intermediates, the levels of these metabolites remained unaffected during salinity stress 
in the less-tolerant cultivar Clipper [66]. In another study, wild barley showed to be more salt-
tolerant than cultivated barley by accumulating more carbohydrates (sucrose, trehalose and 
raffinose) and proline in its roots than its cultivated counterpart, therefore demonstrating an 
improved ability to regulate osmotic stress [67]. Rice represents one of the most-sensitive cereal 
crops; however, a GC-TOF-MS analysis revealed lower levels of TCA cycle intermediates and 
other organic acids in the roots of more-tolerant rice cultivars than in those more sensitive. On 
the other hand, accumulation of amino acids was detected in the salt-tolerant rice cultivars [68].

A modern metabolomics approach based on two complementary highly sensitive approaches, 
namely GC- and LC-coupled to a triple quadrupole mass spectrometer (GC-QqQ-MS and 
LC-QqQ-MS), was applied for the quantitative profiling of a wide range of metabolites from 
two chickpea (Cicer arietinum L.) cultivars with contrasting responses to salt stress. While 
the GC-QqQ-MS metabolite profiling approach allowed to quantitatively analyse 48 primary 
metabolites, ranging from sugars and sugar phosphates to organic acids, the LC-QqQ-MS 
approach allowed to quantitatively measure 28 biogenic amines and amino acids. Furthermore, 
this complementary approach indicated that the metabolic differences between the two con-
trasting cultivars relied on metabolites involved in carbon metabolism, TCA cycle as well as 
amino acid metabolism [69]. A better elucidation of the physiological and biochemical pro-
cesses of a salt-resistant maize (Zea mays L.) hybrid was achieved with GC-TOF-MS metabo-
lite profiling analysis. By comparing a salt-sensitive and a salt-resistant maize hybrid, Richter 
and co-workers [70] could observe the accumulation of neutral sugars (glucose, fructose and 
sucrose) in the leaves of the salt-sensitive hybrid and regard these metabolites accumulation 
as a salt-resistance adaptation. In addition, both hybrids showed a strong decrease in the lev-
els of TCA cycle intermediates [70].

Actinorhizal plants are a group of perennial dicotyledonous angiosperms. These plants are 
not only of economic importance (production of wood and derivatives), but are also highly 
resilient to extreme environments. Casuarina glauca, the model actinorhizal plant, is character-
ised by its ability to establish symbiosis with nitrogen-fixing Frankia bacteria and can thrive 
under extreme salinity conditions [71, 72]. However, until now, only few reports investigat-
ing the mechanisms underlying salt stress tolerance in actinorhizal plants are available, and 
most of these studies are not broad enough to grasp the complexity of the response. To better 
understand C. glauca ability to tolerate high levels of salinity, Jorge and collaborators [74] have 
pioneered a metabolomics study to investigate the impact of salt stress in C. glauca nodulated 
(NOD+) and non-nodulated (KNO3+) plants subjected to different salinity levels (0 control, 
200, 400 and 600 mM [NaCl]) [73]. GC-TOF-MS metabolite profiling data revealed major 
metabolite divergences in amino acid metabolism in both plant groups (NOD+ and KNO3+). 
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acids, organic acids, sugars and sugar alcohols. This analysis revealed that most of the amino 
acids showed lower levels under drought with exception to proline, tyramine, glycine, mal-
onate and γ-aminobutyrate (GABA), which accumulated upon drought conditions. On the 
other hand, glycolysis and tricarboxylic acid cycle (TCA) metabolites as well as all the detected 
carbohydrates showed higher levels under drought conditions. Overall, these results indi-
cated the putative role of these metabolites during stress response in sunflower [56].

Another interesting study investigated osmoadaptation to drought stress in leaves and roots of 
cowpea (Vigna unguiculata L. Walp.) through analysis of photosynthetic traits, water homoeo-
stasis, inorganic ions and primary and secondary metabolites. In this study, physiological 
and metabolite changes were shown to develop in parallel while drought/recovery responses 
revealed a progressive acclimation of the cowpea plant to stress. GC-TOF-MS analysis and 
subsequent multifactorial analyses indicated allocation of high quantities of amino acids, sug-
ars and proanthocyanidins into roots, which were linked to their role in growth and initial 
stress perception. From the 88 metabolites detected, proline, galactinol and a quercetin deriva-
tive, were those that most responded to drought. In addition, these metabolites accumulated 
differently in roots, but similarly in leaves, suggesting a more conservative strategy to cope 
with drought in the aerial parts of cowpea plants [57].

3.2. Metabolite responses to salt stress

Soil salinity significantly reduces crop yields, being considered a global problem that affects 
approximately 20% of irrigated land [58]. The effects of salt stress in plants occur in two dif-
ferent sequential stages. In a first stage, the plant perceives osmotic stress, which reduces the 
plant’s ability to uptake water, decreases cell turgor and leads to the accumulation of ROS 
in the cells. Subsequently, a second stage is initiated by an over accumulation of Na+ and Cl− 
ions that severely affect key plant physiological processes including photosynthesis, plasma 
membrane stability and cellular metabolism [59]. Consequently, plant growth and fertility 
are reduced, and premature senescence occurs [59, 60]. Plant susceptibility or tolerance to salt 
stress strongly depends on the mechanisms used by the plant to detoxify ROS species within 
the cells and exclude Na+ ions from the roots or to compartmentalise these ions in the vacu-
oles [59, 61]. To cope with salt stress, plants adjust their metabolic status, and although this 
metabolic adjustment widely differs among salt-tolerant species, several common salt-stress 
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According to their salt tolerance, plants are usually divided in glycophytes (salt-sensitive) and 
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metabolites varies among plant species. Interestingly, a comparative study using both salt-
sensitive and salt-tolerant Lotus species has demonstrated that around 50% of all metabolites 
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have a comparable response to salinity [64]. A similar scenario was observed for Arabidopsis 
thaliana (salt-sensitive) and its distant relative Thellungiella halophila (salt-tolerant), both accu-
mulating proline and soluble sugars (fructose, glucose, sucrose and raffinose) [65].

Among crops, an interesting study on barley (Hordeum vulgare L.) cultivars that differed in 
salt-stress tolerance were analysed for their metabolite response to long-term salt stress [66]. 
While the most tolerant cultivar Sahara showed elevated levels of hexose phosphates and TCA 
cycle intermediates, the levels of these metabolites remained unaffected during salinity stress 
in the less-tolerant cultivar Clipper [66]. In another study, wild barley showed to be more salt-
tolerant than cultivated barley by accumulating more carbohydrates (sucrose, trehalose and 
raffinose) and proline in its roots than its cultivated counterpart, therefore demonstrating an 
improved ability to regulate osmotic stress [67]. Rice represents one of the most-sensitive cereal 
crops; however, a GC-TOF-MS analysis revealed lower levels of TCA cycle intermediates and 
other organic acids in the roots of more-tolerant rice cultivars than in those more sensitive. On 
the other hand, accumulation of amino acids was detected in the salt-tolerant rice cultivars [68].

A modern metabolomics approach based on two complementary highly sensitive approaches, 
namely GC- and LC-coupled to a triple quadrupole mass spectrometer (GC-QqQ-MS and 
LC-QqQ-MS), was applied for the quantitative profiling of a wide range of metabolites from 
two chickpea (Cicer arietinum L.) cultivars with contrasting responses to salt stress. While 
the GC-QqQ-MS metabolite profiling approach allowed to quantitatively analyse 48 primary 
metabolites, ranging from sugars and sugar phosphates to organic acids, the LC-QqQ-MS 
approach allowed to quantitatively measure 28 biogenic amines and amino acids. Furthermore, 
this complementary approach indicated that the metabolic differences between the two con-
trasting cultivars relied on metabolites involved in carbon metabolism, TCA cycle as well as 
amino acid metabolism [69]. A better elucidation of the physiological and biochemical pro-
cesses of a salt-resistant maize (Zea mays L.) hybrid was achieved with GC-TOF-MS metabo-
lite profiling analysis. By comparing a salt-sensitive and a salt-resistant maize hybrid, Richter 
and co-workers [70] could observe the accumulation of neutral sugars (glucose, fructose and 
sucrose) in the leaves of the salt-sensitive hybrid and regard these metabolites accumulation 
as a salt-resistance adaptation. In addition, both hybrids showed a strong decrease in the lev-
els of TCA cycle intermediates [70].

Actinorhizal plants are a group of perennial dicotyledonous angiosperms. These plants are 
not only of economic importance (production of wood and derivatives), but are also highly 
resilient to extreme environments. Casuarina glauca, the model actinorhizal plant, is character-
ised by its ability to establish symbiosis with nitrogen-fixing Frankia bacteria and can thrive 
under extreme salinity conditions [71, 72]. However, until now, only few reports investigat-
ing the mechanisms underlying salt stress tolerance in actinorhizal plants are available, and 
most of these studies are not broad enough to grasp the complexity of the response. To better 
understand C. glauca ability to tolerate high levels of salinity, Jorge and collaborators [74] have 
pioneered a metabolomics study to investigate the impact of salt stress in C. glauca nodulated 
(NOD+) and non-nodulated (KNO3+) plants subjected to different salinity levels (0 control, 
200, 400 and 600 mM [NaCl]) [73]. GC-TOF-MS metabolite profiling data revealed major 
metabolite divergences in amino acid metabolism in both plant groups (NOD+ and KNO3+). 
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Subsequent multivariate statistical analysis allowed concluding that modifications in the 
metabolite levels of neutral sugars, proline and ornithine revealed to be central in conferring 
tolerance to high levels of salinity in C. glauca. Furthermore, the same study also concluded 
that the main differences observed in the metabolite pool between NOD+ and KNO3+ plants 
not only rely on the impact of the salt stress itself [73], but also on the disruption of the sym-
biotic activity of C. glauca NOD+ plants at early salt stress exposure (i.e., 200 mM [NaCl]) [74].

3.3. Metabolite responses to heat stress

Heat stress is often defined as the rise in temperature beyond a threshold level (usually 
10–15°C) above ambient temperature, for an enough period of time, to cause irreversible dam-
age to plant growth and development. The impact of heat stress depends not only on the 
temperature intensity but also on its duration and rate of increase [75, 76].

When a plant perceives exposure to heat stress, a series of cellular and molecular responses 
are known to be initiated, such as increased fluidity of lipid membranes, inactivation of key 
enzymes in some organelles (chloroplasts and mitochondria) and protein denaturation and 
aggregation. The ability of some plants to grow, develop and give profit under these cir-
cumstances is defined as heat tolerance. In plants, the heat stress response (HSR) pathway 
has been extensively studied [77–79]; however, a more comprehensive understanding of this 
pathway remains unclear [76].

Heat tolerance has been widely reported in the literature as being mediated by the synthesis 
of stress-related proteins, also known as heat shock proteins (HSPs) [77, 80]. This class of 
proteins has shown to confer heat tolerance by reducing the impact of high temperatures in 
photosynthesis, in carbon assimilate partitioning, in water and nutrient use efficiency as well 
as in keeping membrane stability [81–83]. General plant cellular and molecular responses to 
heat stress have been thoroughly reviewed elsewhere [75, 76, 79, 84, 85].

Metabolomics studies on plants subjected to heat stress have reported the accumulation of 
osmolytes, namely soluble sugars, glycine-betaine and proline [86]. In addition, high tem-
peratures have been reported to disrupt sugar metabolism and proline transport during male 
reproductive development in tomato (Solanum lycopersicum L.) [87].

Du and co-workers [88] applied a GC-MS metabolite profiling approach to identify metabo-
lites associated with differential heat tolerance between two grass species, namely C4 ber-
mudagrass and C3 Kentucky bluegrass [88]. In both grass species, 36 heat stress-responsive 
metabolites were identified, ranging from organic and amino acids to sugars and sugar alco-
hols. However, most of these metabolites showed higher accumulation in bermudagrass 
when compared with Kentucky bluegrass. Among the differentially accumulated metabolites, 
this study reported seven sugars (sucrose, fructose, galactose, floridoside, melibiose, maltose 
and xylose), a sugar alcohol (inositol), six organic acids (malic acid, citric acid, threonic acid, 
galacturonic acid, isocitric acid and methyl malonic acid) and nine amino acids (asparagine, 
alanine, valine, threonine, GABA, isoleucine, glycine, lysine and methionine) [88].

Using a similar GC-MS metabolic profiling approach, Li and co-workers [89] investigated 
whether increased GABA levels could improve heat tolerance in cool-season creeping bentgrass 
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(Agrostis Stolonifera L.) [89]. Upon exogenous application of GABA, metabolite profiling data 
revealed an accumulation in the levels of six amino acids (glutamic acid, aspartic acid, alanine, 
threonine, serine and valine), five organic acids (aconitic acid, malic acid, succinic acid, oxalic 
acid and threonic acid), five sugars (sucrose, fructose, glucose, galactose and maltose) and two 
sugar alcohols (mannitol and myo-inositol). Together with physiological measurements, this 
study suggested that the GABA-induced heat tolerance in creeping bentgrass might result from 
three main factors (i) balance of photosynthesis and transpiration, (ii) improvement of the ascor-
bate-glutathione cycle and (ii) maintenance of osmotic adjustment. Furthermore, an increase in 
the levels of metabolites involved in the GABA shunt (glutamic acid, GABA and alanine) was 
suggested to act as an intermediate supplier to feed the TCA cycle during a long-term heat stress, 
thereby maintaining metabolic homeostasis [89].

4. Plant metabolite responses to abiotic stress combinations

Plant abiotic stress studies typically deal with the comparison of a few genotypes (tolerant ver-
sus sensitive species) grown under controlled conditions, followed by the analysis and iden-
tification of differential responses to the imposed stress. Yet, these conditions are unlikely to 
reproduce field conditions in which a range of abiotic stresses is likely to occur simultaneously. 
Abiotic stress combinations, such as those involving drought and salinity, salinity and heat 
as well as drought and extreme temperature or high light intensity are the most commonly 
reported stress combinations in field conditions [17, 90]. Pioneering abiotic stress combination 
studies, that involved drought and heat stress, were performed in tobacco (Nicotiana tabacum L.) 
and in the model plant A. thaliana. These studies revealed that the molecular responses to this 
stress combination are unique and should not be regarded as the sum of the responses from each 
individually applied stress [17, 91, 92]. Afterwards, significant studies have been performed 
to elucidate the plant molecular responses to several abiotic stress combinations that include 
drought, salt, extreme temperatures, heavy metals, UV-B, high light, ozone, CO2, soil compac-
tion and biotic stresses (e.g., pathogen attack) [17, 93]. Likewise, these studies also reported 
that each stress combination requires specific plant molecular responses. Among them, specific 
physiological responses as well as specific regulatory transcripts, proteins and metabolites were 
found for each stress combination under study. Having said this, plant responses to combined 
stresses require an orchestration of specific metabolic and signalling responses such as antioxi-
dant mechanisms or the synthesis of osmolytes [90, 92, 94–98].

In 2006, Mittler [16] developed an intuitive diagram denominated “Stress Matrix” in which the 
result of a positive and/or negative interaction between two different stress combinations on 
plant growth, yield and physiological traits can be easily described [16]. Since then, this matrix 
has been updated several times [17, 93, 99] (Figure 2). According to Figure 2, most abiotic stress 
combination studies include drought or salinity as one of the main stress conditions. Stress com-
binations between drought and heat, salinity and heat, ozone and salinity, ozone and heat, nutri-
ent stress and drought, nutrient stress and salinity (to name a few) were reported to have a higher 
negative impact on plant development than when each different stress component is applied 
individually. On the other hand, combinations of drought and ozone, high CO2 with ozone, salt 
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Subsequent multivariate statistical analysis allowed concluding that modifications in the 
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that the main differences observed in the metabolite pool between NOD+ and KNO3+ plants 
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10–15°C) above ambient temperature, for an enough period of time, to cause irreversible dam-
age to plant growth and development. The impact of heat stress depends not only on the 
temperature intensity but also on its duration and rate of increase [75, 76].
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enzymes in some organelles (chloroplasts and mitochondria) and protein denaturation and 
aggregation. The ability of some plants to grow, develop and give profit under these cir-
cumstances is defined as heat tolerance. In plants, the heat stress response (HSR) pathway 
has been extensively studied [77–79]; however, a more comprehensive understanding of this 
pathway remains unclear [76].

Heat tolerance has been widely reported in the literature as being mediated by the synthesis 
of stress-related proteins, also known as heat shock proteins (HSPs) [77, 80]. This class of 
proteins has shown to confer heat tolerance by reducing the impact of high temperatures in 
photosynthesis, in carbon assimilate partitioning, in water and nutrient use efficiency as well 
as in keeping membrane stability [81–83]. General plant cellular and molecular responses to 
heat stress have been thoroughly reviewed elsewhere [75, 76, 79, 84, 85].

Metabolomics studies on plants subjected to heat stress have reported the accumulation of 
osmolytes, namely soluble sugars, glycine-betaine and proline [86]. In addition, high tem-
peratures have been reported to disrupt sugar metabolism and proline transport during male 
reproductive development in tomato (Solanum lycopersicum L.) [87].

Du and co-workers [88] applied a GC-MS metabolite profiling approach to identify metabo-
lites associated with differential heat tolerance between two grass species, namely C4 ber-
mudagrass and C3 Kentucky bluegrass [88]. In both grass species, 36 heat stress-responsive 
metabolites were identified, ranging from organic and amino acids to sugars and sugar alco-
hols. However, most of these metabolites showed higher accumulation in bermudagrass 
when compared with Kentucky bluegrass. Among the differentially accumulated metabolites, 
this study reported seven sugars (sucrose, fructose, galactose, floridoside, melibiose, maltose 
and xylose), a sugar alcohol (inositol), six organic acids (malic acid, citric acid, threonic acid, 
galacturonic acid, isocitric acid and methyl malonic acid) and nine amino acids (asparagine, 
alanine, valine, threonine, GABA, isoleucine, glycine, lysine and methionine) [88].

Using a similar GC-MS metabolic profiling approach, Li and co-workers [89] investigated 
whether increased GABA levels could improve heat tolerance in cool-season creeping bentgrass 
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(Agrostis Stolonifera L.) [89]. Upon exogenous application of GABA, metabolite profiling data 
revealed an accumulation in the levels of six amino acids (glutamic acid, aspartic acid, alanine, 
threonine, serine and valine), five organic acids (aconitic acid, malic acid, succinic acid, oxalic 
acid and threonic acid), five sugars (sucrose, fructose, glucose, galactose and maltose) and two 
sugar alcohols (mannitol and myo-inositol). Together with physiological measurements, this 
study suggested that the GABA-induced heat tolerance in creeping bentgrass might result from 
three main factors (i) balance of photosynthesis and transpiration, (ii) improvement of the ascor-
bate-glutathione cycle and (ii) maintenance of osmotic adjustment. Furthermore, an increase in 
the levels of metabolites involved in the GABA shunt (glutamic acid, GABA and alanine) was 
suggested to act as an intermediate supplier to feed the TCA cycle during a long-term heat stress, 
thereby maintaining metabolic homeostasis [89].

4. Plant metabolite responses to abiotic stress combinations

Plant abiotic stress studies typically deal with the comparison of a few genotypes (tolerant ver-
sus sensitive species) grown under controlled conditions, followed by the analysis and iden-
tification of differential responses to the imposed stress. Yet, these conditions are unlikely to 
reproduce field conditions in which a range of abiotic stresses is likely to occur simultaneously. 
Abiotic stress combinations, such as those involving drought and salinity, salinity and heat 
as well as drought and extreme temperature or high light intensity are the most commonly 
reported stress combinations in field conditions [17, 90]. Pioneering abiotic stress combination 
studies, that involved drought and heat stress, were performed in tobacco (Nicotiana tabacum L.) 
and in the model plant A. thaliana. These studies revealed that the molecular responses to this 
stress combination are unique and should not be regarded as the sum of the responses from each 
individually applied stress [17, 91, 92]. Afterwards, significant studies have been performed 
to elucidate the plant molecular responses to several abiotic stress combinations that include 
drought, salt, extreme temperatures, heavy metals, UV-B, high light, ozone, CO2, soil compac-
tion and biotic stresses (e.g., pathogen attack) [17, 93]. Likewise, these studies also reported 
that each stress combination requires specific plant molecular responses. Among them, specific 
physiological responses as well as specific regulatory transcripts, proteins and metabolites were 
found for each stress combination under study. Having said this, plant responses to combined 
stresses require an orchestration of specific metabolic and signalling responses such as antioxi-
dant mechanisms or the synthesis of osmolytes [90, 92, 94–98].

In 2006, Mittler [16] developed an intuitive diagram denominated “Stress Matrix” in which the 
result of a positive and/or negative interaction between two different stress combinations on 
plant growth, yield and physiological traits can be easily described [16]. Since then, this matrix 
has been updated several times [17, 93, 99] (Figure 2). According to Figure 2, most abiotic stress 
combination studies include drought or salinity as one of the main stress conditions. Stress com-
binations between drought and heat, salinity and heat, ozone and salinity, ozone and heat, nutri-
ent stress and drought, nutrient stress and salinity (to name a few) were reported to have a higher 
negative impact on plant development than when each different stress component is applied 
individually. On the other hand, combinations of drought and ozone, high CO2 with ozone, salt 
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or high light were shown to have a favourable effect on plants as compared to when each differ-
ent stress component is applied individually [17, 99]. Interestingly, the combination of salinity 
and heat stress has shown to provide both positive and negative interactions. These conflicting 
results suggest that the positive or negative effects of a stress combination could be dependent 
on the plant genotype, species and/or timing and intensity of the different stresses involved. 
Considering the increased number of heat waves and rising seawater levels expected for the next 
decades [2], the study of plant metabolite responses to salt and heat stress in a wide range of spe-
cies is therefore predicted to become increasingly relevant in the current climate change context.

4.1. Metabolite responses to combined drought and heat stress

The effect of drought and heat stress on plant growth and development is currently the most well-
studied abiotic stress combination [16, 17, 90], mainly because these two environmental-stress  

Figure 2. Intuitive “Stress Matrix” showing the result of a positive (light grey) and/or negative (dark grey) interaction 
between two different stress combinations on plant growth, yield and physiological traits. Striped-pattern square indicates 
a not well-studied species specific-interaction (might be positive and/or negative) (adapted from [16, 17, 97, 103]).
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factors are the most representative in the field. In addition, they are the primary environmen-
tal stresses that determine the distribution and productivity of plants [91, 100]. Following the 
pioneering studies of the effects of combined drought and heat stress in tobacco and A. thaliana 
[91], many similar studies have been carried out in several other plant species and crops [16, 
17, 90, 93, 101]. One interesting study is that of Obata and collaborators [102] who aimed at 
dissecting the metabolite responses induced by drought, heat and the combination of both 
stresses in 10 tropical maize hybrids. Through the integration of physiological and metabolo-
mics data, this study identified promising metabolite marker candidates [102]. Under drought 
stress, GC-TOF-MS analysis of maize leaves revealed the accumulation of several amino acids 
(isoleucine, valine, threonine, 4-aminobutanoate, glycine and serine) as well as the accumula-
tion of the sugar alcohol myo-inositol. On the other hand, when both drought and heat stress 
were combined, metabolite responses could be predicted from the sum of individual stresses 
as only a few specific responses could be observed [102].

Metabolite changes under this stress combination were also assessed in the fleshy herbaceous 
plant Purslane (Portulaca oleracea L.) [103]. In total, GC-TOF-MS analysis allowed detecting 37 pri-
mary metabolites. Of these, fructose, galactose and xylitol were only detected in control plants; 
alanine, sorbose, glucose and heptulose were only detected in drought stress-treated plants; gly-
cine, threonine and asparagine were only detected in heat stress-treated plants, while isoleucine 
and phenylalanine were only found in combined stress-treated plants. On the other hand, pro-
pionic acid, gluconic acid, mannose and urea were detected in both individual and combined 
stress-treated plants. Overall, this study allowed to conclude that the main strategies adopted by 
purslane to survive drought, heat, and combined drought and heat stress, involves the accumu-
lation of osmoprotectant metabolites and an increase in the antioxidative system [103].

The impact of combined drought and heat stress has also been evaluated in the crop plant soybean 
(Glycine max L.) through a comprehensive MS-based metabolomics approach comprising LC- and 
GC⁻MS analysis [104]. This approach allowed identifying 266 putative metabolites, including pri-
mary and secondary metabolites. Subsequent statistical analysis revealed that combined drought 
and heat stress induced a differentially accumulation of several metabolites in soybean leaves, such 
as sugars, amino acids and lipids. Moreover, individual stresses (i.e., drought or heat) affected key 
metabolites involved in different pathways such as glycolysis, TCA cycle, the pentose phosphate 
pathway and starch biosynthesis. That said, this study demonstrated that sugar and nitrogen 
metabolism are essential in soybean to cope with drought and heat stress conditions [104].

4.2. Metabolite responses to combined drought and salt stress

With increasing earth surface temperatures, it is very likely that regions of high surface salin-
ity, where evaporation dominates, will become more saline [2]. Therefore, it is of great interest 
to study plant’s physiological and metabolite responses to harsh environments where drought 
and salt stress are occurring simultaneously. However, only a few studies under this context 
have been performed [105–108]. Among them, only one study addressed maize metabolite 
responses induced by a combination of drought and salt stress [107]. Indeed, under its natu-
ral habitat of irrigated and dry land agricultural lands, maize is exposed to the combined 
stresses of water deficiency and soil salinity [107]. 1H NMR-based metabolomics analysis of 
maize leaves revealed that metabolite responses of drought and salt stress differed from those 

Plant Metabolomics in a Changing World: Metabolite Responses to Abiotic Stress Combinations
http://dx.doi.org/10.5772/intechopen.71769

121



or high light were shown to have a favourable effect on plants as compared to when each differ-
ent stress component is applied individually [17, 99]. Interestingly, the combination of salinity 
and heat stress has shown to provide both positive and negative interactions. These conflicting 
results suggest that the positive or negative effects of a stress combination could be dependent 
on the plant genotype, species and/or timing and intensity of the different stresses involved. 
Considering the increased number of heat waves and rising seawater levels expected for the next 
decades [2], the study of plant metabolite responses to salt and heat stress in a wide range of spe-
cies is therefore predicted to become increasingly relevant in the current climate change context.

4.1. Metabolite responses to combined drought and heat stress

The effect of drought and heat stress on plant growth and development is currently the most well-
studied abiotic stress combination [16, 17, 90], mainly because these two environmental-stress  

Figure 2. Intuitive “Stress Matrix” showing the result of a positive (light grey) and/or negative (dark grey) interaction 
between two different stress combinations on plant growth, yield and physiological traits. Striped-pattern square indicates 
a not well-studied species specific-interaction (might be positive and/or negative) (adapted from [16, 17, 97, 103]).

Plant, Abiotic Stress and Responses to Climate Change120

factors are the most representative in the field. In addition, they are the primary environmen-
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mics data, this study identified promising metabolite marker candidates [102]. Under drought 
stress, GC-TOF-MS analysis of maize leaves revealed the accumulation of several amino acids 
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tion of the sugar alcohol myo-inositol. On the other hand, when both drought and heat stress 
were combined, metabolite responses could be predicted from the sum of individual stresses 
as only a few specific responses could be observed [102].

Metabolite changes under this stress combination were also assessed in the fleshy herbaceous 
plant Purslane (Portulaca oleracea L.) [103]. In total, GC-TOF-MS analysis allowed detecting 37 pri-
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cine, threonine and asparagine were only detected in heat stress-treated plants, while isoleucine 
and phenylalanine were only found in combined stress-treated plants. On the other hand, pro-
pionic acid, gluconic acid, mannose and urea were detected in both individual and combined 
stress-treated plants. Overall, this study allowed to conclude that the main strategies adopted by 
purslane to survive drought, heat, and combined drought and heat stress, involves the accumu-
lation of osmoprotectant metabolites and an increase in the antioxidative system [103].

The impact of combined drought and heat stress has also been evaluated in the crop plant soybean 
(Glycine max L.) through a comprehensive MS-based metabolomics approach comprising LC- and 
GC⁻MS analysis [104]. This approach allowed identifying 266 putative metabolites, including pri-
mary and secondary metabolites. Subsequent statistical analysis revealed that combined drought 
and heat stress induced a differentially accumulation of several metabolites in soybean leaves, such 
as sugars, amino acids and lipids. Moreover, individual stresses (i.e., drought or heat) affected key 
metabolites involved in different pathways such as glycolysis, TCA cycle, the pentose phosphate 
pathway and starch biosynthesis. That said, this study demonstrated that sugar and nitrogen 
metabolism are essential in soybean to cope with drought and heat stress conditions [104].

4.2. Metabolite responses to combined drought and salt stress

With increasing earth surface temperatures, it is very likely that regions of high surface salin-
ity, where evaporation dominates, will become more saline [2]. Therefore, it is of great interest 
to study plant’s physiological and metabolite responses to harsh environments where drought 
and salt stress are occurring simultaneously. However, only a few studies under this context 
have been performed [105–108]. Among them, only one study addressed maize metabolite 
responses induced by a combination of drought and salt stress [107]. Indeed, under its natu-
ral habitat of irrigated and dry land agricultural lands, maize is exposed to the combined 
stresses of water deficiency and soil salinity [107]. 1H NMR-based metabolomics analysis of 
maize leaves revealed that metabolite responses of drought and salt stress differed from those 
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caused by drought and salt stress applied individually. Additionally, subsequent multivari-
ate statistical analysis allowed identifying those metabolites that specifically responded to 
the combined stress, namely two TCA cycle intermediates (citrate and fumarate) and four 
amino acids (the branched chain amino acids—valine, leucine and isoleucine, and the aro-
matic amino acid—phenylalanine) [107].

4.3. Metabolite responses to combined salt and heat stress

Up to date, studies on the combined effects of salt and heat stress in plants have revealed both 
positive and negative interactions on plant growth, yield and physiological traits (Figure 2). 
In wheat, the combination of salt and heat stress enhanced the transpiration rate, which in 
turn, was already induced by heat stress itself. On the other hand, this stress combination also 
promoted a higher uptake of Na+ ions by the plant [109, 110].

The effects of the combination of salt and heat stress were evaluated in tomato plants (Solanum 
lycopersicum cv. Optima) [111]. This stress combination was observed to induce a specific 
response by the plants through the accumulation in the levels of glycine betaine and treha-
lose, both well-known for their osmoprotectant roles. The accumulation of glycine betaine 
and trehalose was associated to the maintenance of a lower Na+:K+ ratio, thereby leading to 
a better performance of the cell water status and photosynthesis when compared to the salt 
stress alone [111].

To the best of our knowledge, metabolomics studies aiming at dissecting metabolite responses 
induced by salt and heat stress are scarce, highlighting the need for further research in this 
area.

5. Concluding remarks

Climate change disturbs a number of variables that determine how much plants can grow and 
develop. Extreme temperatures, elevated CO2 together with a decrease in water availability 
and changes to soil conditions will essentially make it more challenging for plants to thrive. 
Overall, climate change is expected to decline the growth and development of plants, particu-
larly with reference to agricultural systems. Declining plant growth also dramatically changes 
the habitats that are necessary for many species to survive. Undoubtedly, under the current 
threat of climate change, it is urgent to address the molecular and biochemical mechanisms 
that underlie plant responses to several abiotic stresses and combinations thereof. However, 
a complete understanding of plant responses to climate change is best obtained if data is inte-
grated at several levels, including morpho-physiological and developmental studies as well 
as molecular studies that comprise the so-called omics technologies. Up to now, metabolo-
mics studies have already provided a promising basis for facilitating our understanding of the 
plant’s flexibility to reconfigure central metabolic pathways (i.e., carbon, nitrogen and energy 
metabolism) as well as the degree by which plants tolerate and/or are susceptible to a climate 
change scenario. Nevertheless, more research efforts are crucial for a more comprehensive 
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analysis of the impact of combined stresses in plants. Researchers must regard simultaneous 
multiple climate change factors, which sum will play a key negative influence on global agri-
culture, as a new state of stress in which the exposed plant might require differential responses 
from those induced by a stress alone. Further research in this area is therefore critical.
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caused by drought and salt stress applied individually. Additionally, subsequent multivari-
ate statistical analysis allowed identifying those metabolites that specifically responded to 
the combined stress, namely two TCA cycle intermediates (citrate and fumarate) and four 
amino acids (the branched chain amino acids—valine, leucine and isoleucine, and the aro-
matic amino acid—phenylalanine) [107].

4.3. Metabolite responses to combined salt and heat stress

Up to date, studies on the combined effects of salt and heat stress in plants have revealed both 
positive and negative interactions on plant growth, yield and physiological traits (Figure 2). 
In wheat, the combination of salt and heat stress enhanced the transpiration rate, which in 
turn, was already induced by heat stress itself. On the other hand, this stress combination also 
promoted a higher uptake of Na+ ions by the plant [109, 110].

The effects of the combination of salt and heat stress were evaluated in tomato plants (Solanum 
lycopersicum cv. Optima) [111]. This stress combination was observed to induce a specific 
response by the plants through the accumulation in the levels of glycine betaine and treha-
lose, both well-known for their osmoprotectant roles. The accumulation of glycine betaine 
and trehalose was associated to the maintenance of a lower Na+:K+ ratio, thereby leading to 
a better performance of the cell water status and photosynthesis when compared to the salt 
stress alone [111].

To the best of our knowledge, metabolomics studies aiming at dissecting metabolite responses 
induced by salt and heat stress are scarce, highlighting the need for further research in this 
area.

5. Concluding remarks

Climate change disturbs a number of variables that determine how much plants can grow and 
develop. Extreme temperatures, elevated CO2 together with a decrease in water availability 
and changes to soil conditions will essentially make it more challenging for plants to thrive. 
Overall, climate change is expected to decline the growth and development of plants, particu-
larly with reference to agricultural systems. Declining plant growth also dramatically changes 
the habitats that are necessary for many species to survive. Undoubtedly, under the current 
threat of climate change, it is urgent to address the molecular and biochemical mechanisms 
that underlie plant responses to several abiotic stresses and combinations thereof. However, 
a complete understanding of plant responses to climate change is best obtained if data is inte-
grated at several levels, including morpho-physiological and developmental studies as well 
as molecular studies that comprise the so-called omics technologies. Up to now, metabolo-
mics studies have already provided a promising basis for facilitating our understanding of the 
plant’s flexibility to reconfigure central metabolic pathways (i.e., carbon, nitrogen and energy 
metabolism) as well as the degree by which plants tolerate and/or are susceptible to a climate 
change scenario. Nevertheless, more research efforts are crucial for a more comprehensive 
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analysis of the impact of combined stresses in plants. Researchers must regard simultaneous 
multiple climate change factors, which sum will play a key negative influence on global agri-
culture, as a new state of stress in which the exposed plant might require differential responses 
from those induced by a stress alone. Further research in this area is therefore critical.
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Abstract

Given the high sensitivity of plants to environmental stress, the extreme environmental 
conditions derived from global climate change are now leading to a risk of decreases in 
crop production. The use of biostimulants, which enhance stress tolerance in plants, in 
combination with more traditional countermeasures, such as fertilizer application and 
irrigation, has significant potential to overcome stress-derived impacts on crops. In this 
review, the reasons for the inherent sensitivity of plants to environmental stress and the 
effects of biostimulants on enhancing stress tolerance are introduced. The availability of 
methods of integrated chemical control for improving crop production in the context of 
environmental stress is also discussed.
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1. Introduction

Global climate change means that extreme environmental conditions are now being experi-
enced more frequently. The Intergovernmental Panel on Climate Change [1] has suggested 
that global warming increases the incidence of various natural disasters, such as extreme 
temperatures, flood, and drought; agriculture is particularly susceptible to the influence of 
such events, because plants are organisms that show great sensitivity to changes in their 
environment.

As sessile organisms, plants are constantly exposed to widely varying and unfavorable envi-
ronmental conditions, such as drought and extreme temperatures, which are major limit-
ing factors in crop production [2]. Plants therefore have an inherently complicated response 
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mechanism against environmental stresses, including developmental, physiological, and bio-
chemical changes that are regulated by abiotic-related gene expression. In this response pro-
cess, environmental physical stimuli are perceived and transduced to biochemical processes, 
resulting in the induction of a series of abiotic stress-related gene expressions. The involve-
ment of chemicals such as phytohormones, abscisic acid (ABA), salicylic acid (SA), jasmonic 
acid (JA), and ethylene has been shown to be important in the stress signaling process [3]. In 
addition, recent research suggests that a central role in the various causes of environmental 
stress is played by oxidized chemicals, which are produced in response to oxidative stress, an 
unavoidable stress for plants.

Stress-related disturbance of the metabolic balance in oxidative organelles often results in the 
enhanced production of reactive oxygen species (ROS) [4]. The sensitivity of plants to envi-
ronmental stress partly arises because the cause of the damage derived from almost all abiotic 
stressors is related to photosynthesis. In terms of plant energy metabolism, photosynthesis is the 
process that is most sensitive in the presence of abiotic stress, because any imbalance between 
energy production in photochemical reactions and energy consumption in the Calvin-Benson 
cycle is often a result. As shown in Figure 1, the rate of photochemical reactions is almost depen-
dent on a linear function with light intensity, because the photochemical reactions are mirrored 

Figure 1. Chloroplasts comprise the most sensitive site in plants in responding to various environmental stresses. (A) 
Photosynthesis comprises two distinct processes: the photochemical reaction mediated by the photosystem, and CO2 
assimilation mediated by the Calvin-Benson cycle. Under environmental stresses such as high light levels, drought and 
temperature stresses, the NADPH and ATP supplied by photosystem and their consumption in the Calvin-Benson cycle 
become imbalanced [4]. (B) The energy gap between the photosystem and Calvin-Benson cycle is normally eliminated 
by thermal dissipation, but the energy imbalance occurred under environmental stresses enlarges the energy gap, often 
exceeding the dissipation capacity.
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by physicochemical reactions. On the other hand, the Calvin-Benson cycle is a complex process 
comprising various enzymes; its rate is therefore restricted by enzymatic properties, such as the 
maximal velocity (Vmax) value of each enzyme and the rate-limiting steps, and eventually reaches 
a plateau. Under balanced conditions such as low and moderate light intensity conditions, the 
quantity of NADPH and ATP supplied via the photosystem is almost equal to the NADP+ and 
ADP returned from the Calvin-Benson cycle; this is not, however, the case under conditions 
of high light intensity, such as sunny weather. High light levels enhance photochemical reac-
tions in the photosystem; in contrast, the Calvin-Benson cycle is inhibited by CO2 deficiency 
under drought stress conditions, and its enzyme activity reduces under heat or cold conditions. 
When facing these stresses, the NADPH and ATP supplied by photosystem and their consump-
tion in the Calvin-Benson cycle become imbalanced. This “energy gap,” that is, the difference 
between energy supply and consumption, is usually eliminated by thermal energy dissipation. 
However, CO2 deficiency due to stomatal closure under conditions of drought or high salinity, 
as well as enzyme inactivation during heat or cold stress, causes the rate of the Calvin-Benson 
cycle to lower, thereby increasing the energy gap. When this gap exceeds the capacity required 
for thermal energy to dissipate, the excess energy causes the production of ROS, potentially 
damaging many bioprocesses.

Consequently, disturbance of the photochemical reaction leads to the production of ROS, an 
effect that is further enhanced by conditions limiting CO2 fixation, such as drought, salinity, 
heat and cold stress, and a combination of these conditions with high light intensity [4, 5]. ROS 
are primarily toxic compounds that damage cellular components because of their high reactiv-
ity, resulting in a decrease in plant production. Under oxidative stress conditions, ROS attack 
polyunsaturated fatty acids (PUFAs) in the thylakoid membrane; PUFAs are easily oxidized 
by ROS, releasing various degraded products. Malondialdehyde, which is representative of 
these degraded products and is easily produced by the oxidation of PUFAs [6], chemically 
modifies proteins, especially in conditions of high light intensity and heat stress [7]. Decreases 
in photosynthetic activity are partly due to the modification of malondialdehyde by reaction 
center proteins in photosystem II [8]. On the other hand, ROS [9], ROS-related chemicals such 
as carotenoid oxidation products [10], and lipophilic reactive electrophilic species [11] are 
recognized as important signal chemicals involved in the responses to environmental stress.

2. Potential chemicals involved in abiotic stress responses and their 
use as biostimulants

2.1. Reactive short-chain leaf volatiles as potential signaling chemicals

As described above, chloroplasts are the organelles that are most susceptible to damage under 
conditions of oxidative stress. Therefore, chloroplasts are also potential sensors of environ-
mental stress, assimilating environmental changes, and transmitting information about the 
changes to other organelles using infochemicals. Recently, we have found evidence to sup-
port the premise that chloroplasts produce signal chemicals that induce gene expression and 
enhance stress tolerance.
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Reactive short-chain leaf volatiles (RSLVs) are a group of C4–C9 straight chain carbonyls 
characterized by an α,β-unsaturated carbonyl bond (Figure 2). They are oxylipins and 
are derived from PUFAs in the thylakoid membrane. Biologically, plants treated with 
vaporized RSLVs show an enhanced expression of genes involved in responding to envi-
ronmental stresses, such as high temperatures and oxidative stress [12]. As this response 
resembles the acquired thermotolerance inherent in plants as a response mechanism 
for surviving stress caused by elevated temperatures, plants treated with RSLVs show 
enhanced thermotolerance. As described later, the discovery of this bioactivity has opened 
the possibility of the chemical control of plants by volatiles to induce heat stress tolerance.

2.2. Improving crop production by enhancing environmental stress tolerance

In nature, crop yield is usually reduced by stress related to both biotic and abiotic causes; 
surprisingly, abiotic stress is the major inhibiting constraint, by up to 70% of potential 
production, in contrast to 10% for biotic stress (Figure 3, reconstituted from [13]). This 
indicates that crop production is on average only producing 20% of potential yield. Thus, 
if crop plants were liberated from abiotic stresses, by even only 10% of potential yield, 
then net crop production would increase by an average of 50%. Achieving this would be 
dependent on fertilizer-independent crop improvements, based on agriculturally benefi-
cial biostimulants.

Figure 2. Reactive short-chain leaf volatiles (RSLVs) are signaling chemicals involved in the response to heat and 
oxidative stresses [12]. They are produced from oxidized polyunsaturated fatty acids, such as linolenic and linoleic 
acid, in thylakoid membranes through both enzymatic and nonenzymatic mechanisms. The essential chemical structure 
revealing signal activity is a straight chain carbonyl between C4 and C9, which has an α,β-unsaturated carbonyl bond 
(indicated by dotted circles). Of these, 2-hexenal is an RSLV produced enzymatically that is also known as a green leaf 
volatile.

Plant, Abiotic Stress and Responses to Climate Change136

2.3. Use of biostimulants in enhancing tolerance to environmental stress

Crop yield has traditionally been improved by the application of fertilizers, pesticides, and 
irrigation to agricultural fields. Biostimulants are also products that have positive effects on 
yield by increasing stress tolerance and repairing damage already caused by unfavorable 
conditions [14, 15]. They can be either natural or synthetic in origin and usually consist of 
various organic and inorganic components. Naturally derived biostimulants include prepara-
tions based on free amino acids, seaweed and fruit extracts, effective microorganisms, humic 
substances, and chitosan [14, 15]. Synthetic biostimulants include plant growth regulators, 
phenolic compounds, inorganic salts, essential elements, and other substances with plant-
stimulating properties. Hereafter, in this chapter, some major biostimulants, in particular 
chemical biostimulants with the potential to mitigate the effects of environmental stresses, 
are introduced.

2.4. Use of Pyrabactin as an ABA derivative for controlling water use

Under drought-stress conditions, plants often produce elevated levels of ABA to reduce 
transpiration by closing the guard cell aperture, resulting in a reduction in water loss. In 
order to control water use by plants, ABA derivatives have therefore been developed to 
activate the ABA receptors. Pyrabactin is representative of these synthetic ABA deriva-
tives that mimic ABA; it activates the ABA receptors needed for improving drought 
tolerance [16]. Unlike natural ABA, Pyrabactin is not sensitive to light, is easy to syn-
thesize, and relatively inexpensive, and its manufacture for agricultural use is therefore 
practical.

Figure 3. Concept of increase in crop production by using biostimulants. A comparison between the maximum yield 
recorded in 1975 (potential productivity) and average yield over a period of 50 years (1939–1978, actual productivity) 
shows that a large proportion of crop production is lost due to abiotic (up to 70%) and biotic (10%) stress (adapted from 
Table 1 in [13]). As shown in the right panel, if biostimulant treatment were to remove only 10% of the damage due to 
abiotic stress, net production would increase 1.5-fold when compared to no treatment being applied.
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2.5. Acetic acid

The external application of acetate enhances drought tolerance in various plant species, such 
as Arabidopsis, maize, rapeseed, rice, and wheat [17]. This effect is related to a novel drought 
tolerance mechanism in plants involving the acetate-jasmonate signaling pathway, which is 
regulated epigenetically and conserved in plants. In Arabidopsis, exogenous acetic acid pro-
motes JA synthesis and enriches histone H4 acetylation using ON/OFF switching, which is 
dependent on histone deacetylase HDA6, influencing the priming of the JA signaling pathway 
for plant drought tolerance. Thus, the external application of acetate to crops is potentially a 
useful, simple, and low-cost method of enhancing drought tolerance in various plant species.

2.6. Nonprotein amino acids and derivatives

The nonprotein amino acid β-aminobutyric acid (BABA), a potent inducer of resistance to 
infection by various pathogens [18], exerts its functions via priming of the SA-dependent 
defense mechanisms in Arabidopsis [19]. In other cases, BABA acts through potentiation of 
the ABA-dependent signaling pathways [20]. As both pathways can contribute to water stress 
tolerance, BABA is also able to protect Arabidopsis against abiotic stress, such as drought and 
high salinity [21], although BABA is a rare amino acid in plants [18]. This result suggests that 
BABA can be used as a biostimulant to protect plants from drought and salinity stress when 
it is based on ABA-dependent but not on SA-dependent defense mechanisms.

Glycine betaine is a major organic osmolyte that accumulates in various plant species in 
response to stresses such as drought and salinity [22]. It is an endogenous osmolyte produced 
by two enzymes: choline monooxygenase converts choline to betaine aldehyde, which is then 
catalyzed by betaine aldehyde dehydrogenase to form glycine betaine. As an osmolyte, gly-
cine betaine is considered to have positive effects on the enzyme and membrane integrity in 
plants growing under stressful conditions; its role as a biostimulant has been subjected to field 
tests, and it is already being produced commercially. However, although many plant species 
show a significant increase in growth and final crop yield under conditions of environmen-
tal stress when treated with glycine betaine, others do not. Thus, the most useful and eco-
nomic application of these compounds requires further investigations in order to determine 
the most effective concentrations and number of applications, as well as the most responsive 
growth stage(s) of the plant.

2.7. Controlling cold tolerance by modifying membrane fluidity

There is a close correlation between the chilling sensitivity of plants and the level of unsatu-
rated fatty acids in the phosphatidylglycerol (PG), a phospholipid found in the thylakoid 
membranes of the chloroplasts [23]. When glycerol-3-phosphate acyltransferase, a key 
enzyme in determining the extent of unsaturated fatty acids in PG, is overexpressed, then 
increases in the relative levels of saturated and monounsaturated fatty acids in PG have been 
shown to increase the sensitivity of tobacco plants to low temperatures during the growth of 
young seedlings and maturation of reproductive organs [24]. As increases in the unsaturation 
of fatty acids result in decreases in biomembrane rigidification, then chemicals that enhance 
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membrane rigidification can be used to promote tolerance against cold-induced stress. Furuya 
et al. [25] suggest that a treatment of dimethyl sulfoxide, which is a membrane rigidifier, 
enhanced the cold acclimation of Arabidopsis by activating the MEKK1-MKK2-MPK4 cascade. 
These results indicate that chemicals modifying lipid fluidity are a possible means of cold 
adaptation in plants.

2.8. Nitrophenolates

Nitrophenolates are biostimulants and are already being manufactured commercially in 
Japan under the name Atonik, a synthetic product composed of three phenolic compounds: 
sodium p-nitrophenolate (0.3%), sodium o-nitrophenolate (0.2%), and sodium 5-nitroguaiaco-
late (0.1%), together with water. Atonik has been used successfully for many years in the cul-
tivation of most globally important crops. Its mode of action is still not understood but might 
be involved in hormone regulation, nutrient uptake, and nitrogen metabolism [26]. Atonik 
therefore stimulates plant growth and development and contributes to enhancing biomass 
accumulation, increasing water uptake, protecting against drought, and mitigating stress due 
to noble metals.

2.9. Use of RSLVs as biostimulants

As described in Section 2.1, RSLVs potentially act as signaling chemicals involved in heat and 
oxidative responses. A representative RSLV, 2-hexenal, is a green leaf volatile that induces 
gene expression in response to heat and oxidative stresses [12] and thus enhances thermo-
tolerance in plants. Terada et al. suggest that this effect is partly explained by transpiration 
being sustained at higher temperatures [27]. The field use of 2-hexenal is being progressed 
commercially in Japan. 2-hexenal is a volatile; its vaporization from a tablet form by sublima-
tion has enabled the effective concentrations for use in closed greenhouses to be determined. 
A preliminary examination showed that its application in greenhouses improved the produc-
tion of crops such as tomato, strawberry, and cucumber in the summer (unpublished data), 
suggesting that its use as a biostimulant is effective in overcoming heat stress.

3. Perspective: toward an integrated chemical control against 
environmental stress

Historically, the use of pesticides, irrigation, and fertilizers, especially chemical fertilizers, 
has proven highly successful in increasing crop yields and thus in meeting the demands of 
increasing population levels. However, recent climate change is having an adverse impact 
on crop production, and therefore, more efficient methods of crop production need to be 
established. The use of genetically modified organisms (GMOs) is undoubtedly a solution to 
combat losses in plant production caused by global environmental changes. However, GMO 
is limited to major crops, and its use is also either strictly restricted or not even permitted 
legally in several countries. Therefore, chemical control of abiotic stress tolerance is required 
as an alternative solution for ensuring unrestricted agricultural production.
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As introduced in this chapter, the use of biostimulants has potential as a powerful coun-
termeasure for improving crop production under conditions of environmental stress. 
Traditional methods for enhancing yield, such as fertilizer and irrigation support, enable a 
basal level of production to be maintained (Figure 4). However, when crops are subject to 
unusual abiotic and/or biotic stresses, the transient use of adequate biostimulant(s) helps 
to overcome these stresses, sustaining production to at least the basal level, and sometimes 
bringing about an increase in crop production, as explained in Figure 3. Some biostimu-
lants are already commercially available, and their use will become increasingly popular. 
However, there is still a lack of technical information for each biostimulant, such as the 
application period, concentration, and target plant species; these points must be established 
if biostimulant application is to become a reliable technique. Moreover, the combined use of 
biostimulants and traditional pesticides must be examined in order to realize the integrated 
chemical control of abiotic/biotic stress tolerance. In addition to the chemical biostimulants 
that are the focus of this chapter, other types of biostimulants that are derived from natural 
materials, such as microorganisms and algae, are also useful in reducing damage caused by 
abiotic stress [14, 15]. While the mode of action in chemical biostimulants can be explained 
scientifically, this is not the case for natural biostimulants. Therefore, more details on scien-
tific analyses of the mechanisms used by biostimulants are necessary to support their avail-
ability for widespread use in the field.
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Figure 4. Integrated chemical control of abiotic stress tolerance using biostimulants. Traditional countermeasures, such 
as irrigation and fertilizers, contribute to improving the basal level of crop production. On the other hand, unusual 
losses in crop yield caused by biotic and abiotic stress can be mitigated by pesticides and biostimulants, respectively. In 
this figure, unusual adverse events and biostimulants are boxed and underlined, respectively. The stresses targeted by 
traditional countermeasures and biostimulants are indicated by white and black arrows, respectively.
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1. Introduction

Climate change is a reality that we must address using technology, scientific knowledge, and 
economic and social policies that modify the relationship between human society and its envi-
ronment. Climate change already represents a multifaceted challenge for the sustainable pro-
duction of food, for health, and in general for the culture and current patterns of level and 
quality of life of humans [1]. In the particular case of food production through field crops 
(cereals, oilseeds, vegetables, etc.), the expected scenarios indicate the increasingly frequent 
occurrence of unfavorable climatic events to agricultural production. This non-benign scenario 
forces the agricultural production processes to be modified and adjusted to a new reality [2].

Different techniques of agricultural production, such as the use of protected spaces (green-
houses, shade cloth, tunnels, and mulching) [3], modern genetic modification techniques [4], 
the implementation of translational processes based on systems biology [5], and the large-
scale implementation of vertical farms and plant factories [6] can provide some of the food 
needed for the growing human population. However, at this time getting the calories, min-
erals and fiber necessary for the feeding of humans and their domestic animals are still an 
enterprise carried out almost entirely on soils in the open field [3].

The shift to a system where 100% of the food for the population is produced on vertical farms 
and plant factories implies a profound change in the culture and food processes, such as 
reducing or eliminating meat consumption and food waste, among others [3]. Considering 
the above, it seems that crop production will still occur mostly using soils in open field pro-
duction systems, so the expected greater magnitude of the stress associated with climate 
change does not seem to have a solution that depends entirely on the crop under protected 
conditions.

In any case, even with the expectation of having robotic systems, automation and abundant 
sources of energy, whether food production is carried out in the field, in a laboratory, or on a 
vertical farm or plant factory, in all the mentioned situations should be applied the concepts 
of sustainable production, care of natural resources, mitigation of environmental impact and 
pollution, since by definition any industrial process will have an impact on the environment 
[7]. On the other hand, even advanced industrial systems for food production such as vertical 
farms and plant factories depend on supplies such as water of a certain quality, high humidity 
in the air and an adequate range of temperatures for their cost-effective management, whose 
availability most likely will be dependent on processes associated with climate change and 
the modification of environmental services.

On the other hand, under climatic change, the adjustments in the traditional patterns of dis-
tribution of precipitation, temperature, and atmospheric humidity, among others, are inevi-
table. It is possible that a modification in the form of new climatic conditions will be reached 
at a global level, which will inevitably prevail over a period that may be extensive on a human 
scale, but fleet at the scale of the climatic processes of the terrestrial system. Such an adjust-
ment surely involves winners and losers as to the circumstances of food production in some 
regions [2].
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With the climate change process, adverse scenarios for agriculture and in general for the 
production of foods, fibers, and other plant-derived raw materials are seen more compli-
cated by the greater intensity of stress-inducing events, their increasingly unpredictable 
nature, and the correlation with biotic-type stresses [8]. This manuscript describes a set of 
agronomic practices and tolerance induction techniques aimed at improving productiv-
ity, yield, and crop quality within an integrated soil-plant management strategy that takes 
into account both the highest intensity as well as the greater variety of environmental 
stresses.

2. Responses to multiple stresses

In plants for cultivation, stress always occurs in a combined form, that is to say, there is not a 
single type of stress in isolation [9, 10]. It is known that in the scope of the description of the 
transcriptome, proteome, and metabolome, the combination of different stresses gives rise to 
different response profiles to those observed in the case of individual stress [8, 11]. That is, 
from a molecular point of view, the combination of two or more stresses generates a unique 
expression profile, which has made difficult the progress in obtaining transgenic crops with 
tolerance to multiple stresses [12].

However, when moving from the molecular scale to the areas of cellular and physiological-
morphological description, biochemical and process-modulated responses to multiple abiotic 
stresses present typical responses to different stresses and their combinations. Among these 
are the induction of antioxidants, signaling molecules, chelating agents, compatible solutes, 
or osmolytes, specific hormone balances, chaperone proteins, regulation of the amount of N 
and foliar chlorophyll, control of stomatal opening and photosynthetic activity, induction of 
energy dissipation activities such as photorespiration and xanthophyll cycle and changes in 
growth rate and root/shoot ratios, among others [13, 14].

The induction of responses to one or more stresses activates a series of defense responses 
that have been described in the molecular, cellular or physiological-morphological domain. 
When a seed, seedling or plant is subjected to a stress stimulus with a degree of intensity that 
does not cause extensive damage in individuals, or when the concentration of one or more of 
the metabolites involved in responses to stress (antioxidants, osmolytes, etc.) is increased by 
means of exogenous applications or genetic manipulation, a phenomenon of partial activa-
tion of plant defenses occurs known as hardening, which allows that a post-stress exposure to 
cause minor damage to plants. When hardening occurs by prior exposure to a different type 
of stress, it is referred to as cross-resistance. The hardening technique has been widely reported 
as a mechanism of induction of stress tolerance.

It is likely that the defense responses, which initially manifest at the level subcellular, and 
organelles, but with a later impact on the physiological-morphological domain of the whole 
organism, depend on changes in cellular redox balance, which are the result of oxidative 
damage and disorganization of the energy transfer and information network which obeys 
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the structure of the membranes, their integral proteins and their interaction with the cyto-
skeleton [15]. In other organizational scopes, such as ecosystems, similar phenomena have 
been described where disruption in some system components (by example, a decline in bio-
diversity) has a negative impact on energy efficiency [16, 17].

The proper use of energy by a system is probably the primary process affected during a stress-
ful situation. It is desirable and possible to moderate the damage caused by energy imbal-
ance, not only at the molecular level but also in the description scope of cells, organisms, and 
ecosystems. At each level, appropriate measures would be applied, depending on the proper-
ties that can be manipulated in each scope. Each of the actions in the different fields would 
synergistically contribute to the mitigation of crop stress. These multiple approaches, which 
should ideally be comprehensive, contemplate different levels of description and response 
of the productive system and are expected to improve the ability to adapt and produce food 
under the climate change scenarios [18].

Pre-sowing Sowing or 
transplanting

Crop growth Post-harvest Stress factor in which 
tolerance is induced

Soil management:

• Organic and mineral 
amendments

• Cover crops

• Low tillage

• Crop rotation

• Zeolites, nanofertilizers

Soil management:

• Organic and mineral 
amendments

• Low tillage

• Nanofertilizers

High irradiance

Water stress

High temperature

Salinity

Use of soil microorganisms:

• Arbuscular mycorrhizal fungi and rhizobacteria

Water stress

High temperature

Salinity

Mineral deficiency

Use of genetically improved plants:

• Hybrid seeds (traditional breeding)

• Transgenic crops

• Genetic modification (non-transgenic)

High irradiance

Water stress

High and low 
temperature

Salinity

Mineral deficiency

Tolerance inductors and elicitors:

• Organic compounds

• Beneficial elements

• Nanocompounds and nanofertilizers

High irradiance

Water stress

High and low 
temperature

Salinity

Mineral deficiency

Table 1. Use of management strategies in different stages of cultivation for abiotic stress mitigation in plants.
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When stress is caused by multiple factors, it has been observed that the simultaneous applica-
tion of several different mitigation measures results in a positive synergistic response of the 
plant [19]. Considering this, the application of agronomic practices aimed at the mitigation 
of the primary stresses for field crops can be carried out in two phases: the first one starting 
from the common component of stress due to excess PAR, the second considering the current 
knowledge about responses to stress in plants at the cellular and physiological level. The first 
phase refers to the management of the soil capacity to store water, to contribute CO2 in a sus-
tained way to the canopy of plants, and to maintain an abundant and biodiverse microbiome. 
The second phase refers to the potentially synergistic use of fertilizers, regulators, elicitors, 
and other chemicals to mitigate oxidative damage, in conjunction with tolerant varieties or 
landraces, irrigation systems, and tillage processes with less impact on the soil (Table 1). In 
an ideal situation, the practices mentioned for each phase should be applied simultaneously, 
although situations are also possible where only one part is applied, and positive results are 
obtained.

In this chapter, we present the measures that we propose to apply to the interaction domain 
of crop plants, soil, and atmosphere, that is, on the scale of an agricultural ecosystem. At this 
level (particularly in C3 species) the environmental factor irradiance seems to be a common 
confluence point for stress caused by multiple factors [20, 21]. As a consequence, mitigating 
the stress resulting from high levels of PAR in crop fields could reduce the impact of other 
stress-inducing environmental factors such as water deficit, salinity, and heat.

3. High irradiance stress

The management of the stress condition due to high irradiance, which is very common in C3 
crops, depends on two main factors: the capacity of the edaphic system to contribute CO2 and 
water in the time of maximum irradiance, as well as the efficiency of the photochemical and 
biochemical dissipation processes that produce thermal energy and ROS, in addition to the 
plant ability to reduce the impact of the products of dissipative processes on the biochemi-
cal and physiological processes that determine growth and reproduction. For the first factor, 
the key to management is the soil condition, especially the content of organic matter and 
the promotion of the microbiome of plants. Also, other measures can be applied such as the 
reduction of tillage, the use of high-efficiency irrigation systems and the use of hydrophilic 
polymers. For the second factor, the ability (intrinsic, improved, or genetically modified) to 
tolerate the stress of each species or variety is considered, as well as the use of various sub-
stances or mineral elements that function as tolerance inducers (such as Si, Se, and various 
nanomaterials of Fe, Zn, etc.), antioxidants, and substances or materials that modify foliar 
reflectance or the use of radiation (Figure 1).

3.1. Irradiance and CO2 availability

Solar radiation is the primary source of energy for the photosynthetic process. With the cur-
rent condition of atmospheric CO2 concentration (400 μL L−1), a significant part of the CO2 used 
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of the productive system and are expected to improve the ability to adapt and produce food 
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3.1. Irradiance and CO2 availability

Solar radiation is the primary source of energy for the photosynthetic process. With the cur-
rent condition of atmospheric CO2 concentration (400 μL L−1), a significant part of the CO2 used 
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as a carbon source during photosynthesis comes from soil respiration, and in many cases, CO2 
deficiency is found in the canopy of plants during the hours when values of  photosynthetic 
irradiance (PPFD) from 1800 to 2000 μmol m−2 s−1 are reached [22]. In this regard [23], mention 
that a PPFD of 600–800 μmol m−2 s−1 allow the adequate photosynthetic activity.

As PPFD values increase beyond 800 μmol m−2 s−1, in combination with a low CO2 content in 
the canopy, an increasing share of the energy captured by the leaves is not used for the photo-
chemical reactions that produce ATP and NADPH2 in the photosystems, but the excess energy 
is drifted toward the activation of O2 by the triplet chlorophyll of the antennas or reaction 
centers to produce singlet oxygen (1O2), or is dissipated in processes of non-photochemical 
quenching that produce thermal radiation, fluorescence, or formation of free radicals. Singlet 
oxygen and other radicals such as superoxide (O2

−) produced by photochemical systems can 
interact with membranes, proteins, and other biomolecules causing oxidative damage, which 
requires a high metabolic expenditure in the form of antioxidants for their control [23, 24]. 
On the other hand, the production of thermal energy increases the leaf temperature which 
promotes the loss of water by transpiration, increases the respiratory rate and decreases the 
volume of stored carbon available for growth [25]. This decline in leaf carbohydrates can have 
a profound impact on the nocturnal growth of the plant and the export of photosynthates to 
grains, fruits, and tubers.

The combination of high irradiance and low CO2 concentration in the canopy results in the 
induction of photo-oxidative damage and higher foliar temperature, which, if not adequately 

Figure 1. Oxidative components of high irradiance damage (left), and the factors for crop mitigation.

Plant, Abiotic Stress and Responses to Climate Change150

controlled, cause a decrease in CO2 assimilation capacity, a response associated with the 
increase in the stomatal resistance derived from the high transpiration rate, the decline in 
chlorophyll concentration, the reduction in RUBISCO activity and in the quantum yield of 
photosystems [23]. In conjunction with increased metabolic expenditure and higher respira-
tory rate, the result is less availability of photosynthates for growth and defense, which in 
turn decreases the ability to tolerate other abiotic or biotic stresses [26]. In turn, the drop in 
the number of photosynthates has an adverse impact on the capacity of the plant to assimilate 
N, since under sufficient conditions much of the N absorbed is used to be incorporated into 
amino acids and proteins, where RUBISCO one of the most abundant [27]. This adverse effect 
on N assimilation subsequently decreases the uptake and assimilation of other nutrients such 
as K, S, and P, causing nutritional imbalances in the plant [28].

As mentioned above, it is possible to alleviate stress induced by high PPDF if the irradiance is 
reduced or if the concentration of CO2 in the canopy is increased and an adequate supply of 
water is ensured during the hours of greatest demand. In the photosynthetic process the CO2 
is used as the sink of the reducing potential produced by the photochemical reactions, so the 
way to channel more energy toward the photochemical reactions, decreasing the counterpart 
of non-photochemical quenching, is to increase the availability of CO2 in the mesophyll of the 
leaf. Under conditions of high irradiance, the only way to achieve this result is by increasing 
the concentration of CO2 in the canopy [14].

The reduction of PPDF is possible in some crops using neutral or colored shade cloths that 
decrease PPFD in different percentages [29], usually 15, 20, or 30%. However, the large-scale 
use of shade cloths to reduce photosynthetic irradiance in species cultivated in extensive sur-
faces such as cereals seems unlikely, so a more feasible measure is the management of the 
soil carbon pool contained in organic matter, which through its transformation by edaphic 
microbiome is a major source of CO2 for plants [30].

The soil organic matter results from the transformation of the organic remains of living 
beings, being an important part the root remains and its exudates. A part of this organic 
matter is available to be metabolized by soil microorganisms, which produce CO2 as a 
by-product. As a consequence, the concentration of CO2 in the soil pores is very high 
(1500–6500 μL L−1) and moves through diffusion from the soil to the atmosphere and the 
canopy of the plants [30]. However, the CO2 flow rate depends on the organic matter con-
centration of the soil, which should be managed in the crop fields to values around 5% or 
more. The use of cover crops and the use of composites, biosolids or biochar incorporated 
into the soil are ways to increase soil organic matter [31]. Additionally, more organic mat-
ter in soil dilute the salts applied with the water and the fertilizers, mitigating the saliniza-
tion of the soil.

In soils with organic matter at low levels, the process of reaching the adequate concentration 
of this component of the soil can take years. However, it is possible to achieve the contribution 
of CO2 through the soil with the use of humic substances added to the soil. These complex 
organic compounds provide other advantages such as increasing the availability of  minerals 
to plants, promoting the microbiome of crops and reducing the susceptibility of plants to 
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as K, S, and P, causing nutritional imbalances in the plant [28].

As mentioned above, it is possible to alleviate stress induced by high PPDF if the irradiance is 
reduced or if the concentration of CO2 in the canopy is increased and an adequate supply of 
water is ensured during the hours of greatest demand. In the photosynthetic process the CO2 
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faces such as cereals seems unlikely, so a more feasible measure is the management of the 
soil carbon pool contained in organic matter, which through its transformation by edaphic 
microbiome is a major source of CO2 for plants [30].

The soil organic matter results from the transformation of the organic remains of living 
beings, being an important part the root remains and its exudates. A part of this organic 
matter is available to be metabolized by soil microorganisms, which produce CO2 as a 
by-product. As a consequence, the concentration of CO2 in the soil pores is very high 
(1500–6500 μL L−1) and moves through diffusion from the soil to the atmosphere and the 
canopy of the plants [30]. However, the CO2 flow rate depends on the organic matter con-
centration of the soil, which should be managed in the crop fields to values around 5% or 
more. The use of cover crops and the use of composites, biosolids or biochar incorporated 
into the soil are ways to increase soil organic matter [31]. Additionally, more organic mat-
ter in soil dilute the salts applied with the water and the fertilizers, mitigating the saliniza-
tion of the soil.

In soils with organic matter at low levels, the process of reaching the adequate concentration 
of this component of the soil can take years. However, it is possible to achieve the contribution 
of CO2 through the soil with the use of humic substances added to the soil. These complex 
organic compounds provide other advantages such as increasing the availability of  minerals 
to plants, promoting the microbiome of crops and reducing the susceptibility of plants to 
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 certain pathogens [31]. The amounts of humic acids used are 5–15 kg ha−1, up to 50–300 kg ha−1 
[32]; the application can be done using the irrigation system or mixed with fertilizers applied 
to the soil. In the case of soils with high amounts of calcium carbonate and high pH, the use of 
strong acids such as H2SO4 and HNO3 (15 L ha−1 week−1) produces good results, since decreases 
soil pH and the reaction of acids with carbonates produces CO2. In addition to strong acids, 
citric acid (10−4 M in nutrient solution or 30–90 kg ha−1) has also been used as well as humic 
substances [33].

Efficient use of the constant flow of CO2 from the soil by plants is achieved by using high-
density plantings or, in the case of lower density planting, the use of dry straw coverings or 
other plant debris and the use of plastic mulching that concentrate the flow of the soil CO2 in 
the canopy. Maintaining an adequate concentration of CO2 in the vegetable canopy improves 
stress tolerance caused by high irradiance [34].

Among the additional advantages of having an adequate amount of organic matter in soil 
are that it increases the water storage capacity of the soil, increases the availability of min-
eral elements such as P, S, and Fe, enhances the connectivity between different volumes of 
the soil which improves the mobility of dissolved minerals [35], a more abundant and more 
biodiverse microbiome is developed that, among other effects, decreases the susceptibility 
and the opportunity of invasion by phytopathogenic microorganisms, increases the availabil-
ity of mineral nutrients of the plants through the association with symbionts and improves 
plant tolerance to stress through the production of growth regulators, and soluble or volatile 
metabolites [36].

Soils that have a suitable store of organic matter have the characteristic of behaving like a 
carbon sink, that is, part of their microbiome can induce the fixation of CO2 using different 
metabolic processes. This process seems to establish a balance with the constant loss of CO2 by 
microbial respiration [37]. The stability of the soil organic matter store appears to be a charac-
teristic of the ecosystem rather than a chemical characteristic of soil carbon compounds [31], 
which also points to the importance of maintaining the abundance and biodiversity of the 
edaphic microbiome, as well as to promote the rotation of crops and the biological diversity 
of vegetal components in the agricultural ecosystems. Among the processes that have a nega-
tive impact on the soil carbon store are photo-oxidation and oxidation induced by excessive 
tillage, which should be avoided as much as possible. Another factor that negatively affects 
soil organic matter is a high microbial respiratory rate caused by high diurnal and nocturnal 
temperatures or by the excessive application of fertilizers with N [38].

3.2. Efficiency of the energy dissipation and redox balance processes

It was explained earlier that when a condition of high irradiance and low availability of CO2 
in the canopy prevails, a considerable part of the solar energy absorbed by the leaf is dis-
sipated by photochemical systems in the form of thermal radiation and free radicals. Energy 
dissipation products disrupt cellular processes, causing the already mentioned adverse 
effects such as the decrease in the photosynthetic rate and the oxidative damage of cellular 
components.
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The excess of PAR causes excessive production of reducing potential that is signaled by the 
redox state of plastoquinone, thioredoxin, and by the generation of ROS, H2O2 and 1O2. The 
perception of these compounds or the byproducts of the interaction of the ROS with mem-
branes and biomolecules, causes modifications in the programs of development directed to 
the defense against stress causing the synthesis of compounds and antioxidant proteins such 
as ascorbate, superoxide dismutase, and ascorbate peroxidase, osmolytes, chaperone proteins 
and in general chemical compounds that signal and combat the resulting oxidative damages 
such as salicylic acid, ABA, and glutathione [39]. An accumulation of anthocyanins and fla-
vonoids is also present in the vacuole, which can absorb and dissipate excess PAR [40]. The 
activation of these responses to stress decreases the photosynthetic rate since it reduces the 
synthesis of proteins related to ATP synthesis and the PSII complex [41].

Different techniques have been proposed for the management of damage caused by high irradi-
ance, among which are the use of genetically modified plants [12], the application of antioxidant 
compounds, tolerance inducers such as proline and salicylic acid or its derivatives [42], the appli-
cation of silicon or selenium to the soil or by foliar spraying [43, 44], the maintenance of adequate 
levels of foliar calcium [45], the use of diverse nanomaterials that besides serving as a nutrient for 
the plant induce stress tolerance [46], the use of beneficial microorganisms [36], the application 
of particle-films such as kaolinite which increase foliar reflectance [47, 48] or plant varieties with 
epidermis with high reflectance such as glossy sorghum [49]. As far as it is known, there are no 
techniques available to induce hardening in plants against high irradiance stress [10].

Regarding the need to have a greater volume of water in the soil, in order to counteract the 
higher rate of leaf transpiration resulting from the increase in leaf temperature, it was already 
mentioned that organic matter in the soil increases its storage and water retention capacity, 
but hydrophilic synthetic materials such as polyacrylamide (20–50 kg ha−1) or polyacrylamide 
combined with biochar are also available which significantly increase water storage capacity 
in soil or substrates [50].

Proper plant nutrition is a key factor for plants to have the resources for signaling and defense 
against stress induced by high irradiance. Adequate nutrition considers, on the one hand, 
the necessary amounts of nutrients in such a way as to cause excesses or deficiencies and, 
on the other hand, adequate nutrient balances in such a way that no induced deficiencies are 
generated. Taking into account that most of the indispensable mineral elements are directly 
involved in photosynthesis (Mn, Ca, Cl, Fe, Mg) and biochemical reactions (C, N, S, P, K, 
Ca, Zn, Mg) a key factor in stress management by high irradiance is based on adequate crop 
nutrition. When high-efficiency irrigation systems are available in soil-less systems, nutrient 
management can be carried out very precisely, but when the plants are grown in soil, soil 
characteristics, especially the amount of organic matter and the associated microbiome, regu-
late the availability of the mineral elements. In the latter case, management of plant nutrition 
through the management of soil organic matter would promote a resilient edaphic system 
that allows the mineral elements necessary for plants to be available.

All of the aforementioned techniques have proven useful in mitigating damage caused by 
high irradiance in plants, but it should not be overlooked that the use of them is directed at the 
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treatment of symptoms, while the primary reason (the combination of high irradiance with 
little CO2 in the canopy) is the one that should receive more attention.

On the other hand, it is important to consider that stress due to high irradiance is a character-
istic intrinsic to current atmospheric conditions. When the first terrestrial plants made their 
appearance during the Ordovician, the sun brightness was lower than in the present time, and 
the CO2 concentration in the air was 14–22 times greater than the current one [51]. That means 
that existing plants, with virtually the same photosynthetic systems that originated in bacteria 
billions of years ago and reconfigured to the present form hundreds of millions of years ago, 
face a condition where it is practically impossible to avoid saturation by light. However, cre-
ating plants that have a better adaptation and response to environmental stressors is not an 
impossibility [52], but will require a great investment of time, human and material resources, 
with the support of data science, systems biology, synthetic biology, ecology and soil science, 
among others.

4. High temperature stress

Currently temperate and subtropical agricultural areas can withstand substantial losses in 
crop yield due to extreme temperature events [53]. Due to global climate change, a high tem-
perature is projected to be a very relevant abiotic stress factor since it adversely affects plant 
growth and hence crop yields [54]. Although plants may be more or less resistant to high 
temperatures depending on the adaptations of each species and geographic location, almost 
all show a reduction in their growth as a result of unexpected extreme temperature fluctua-
tions [55].

As with high irradiance, stress caused by high temperature can be described at the molecular 
level or in the cellular or physiological-morphological ambits. In this case, the primary induc-
ing factor is the impact of temperature at the molecular level, which is transferred to other 
scopes of description such as physiological-morphological interactions between the biomol-
ecules that give rise to different metabolic pathways and activities of cellular metabolism 
such as energy metabolism and the transport of ions and metabolites. This fact results in the 
hardening or cross-resistance process being difficult to achieve for stress induced by high 
temperatures [10].

4.1. Responses at molecular level

From a physical point of view, the temperature is an indicator of the average speed (kinetic 
energy) of translation or vibration of the molecules that make up the matter. To operate the 
biochemical reactions biomolecules require a certain temperature to ensure contact with the 
substrates or receptors with which they interact. This reaction capacity occurs at a very low 
rate when the temperature falls below a certain threshold (usually 10°C) or occurs at high or 
excessive rates with temperatures >35°C.
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On the other hand, at the molecular level, all the membranes, biomolecules and water asso-
ciated with these structures have a particular temperature spectrum where the tertiary and 
quaternary structure of proteins, nucleic acids, and membranes is maintained optimally, as 
well as the cohesion between biomolecules in multiprotein complexes and protein-nucleic 
acid complexes. Particularly for the membranes temperature determines an important char-
acteristic known as fluidity, on which the interaction of the integral proteins depends, many 
of them are sensors or participants in the energy metabolism. However, when it occurs that 
the thermal vibration exceeds the forces of interaction and cohesion, the result is that the 
functionality of the biomolecules or their complexes is compromised, initially diminishing 
their catalytic or functional capacity until they reach inactivation or denaturation when it is 
exceeded a certain threshold. Similarly, the proteins that are synthesized during the high-
temperature period can suffer from misfolding, which makes them non-functional [56]. For 
terrestrial plants, the threshold where the temperature begins to negatively affect the biomol-
ecules and the processes of interaction between them, is between 35 and 45°C, depending on 
the specific metabolic activity and the adaptation of each species to a particular environment. 
For most C3 plants the threshold is at 35°C, whereas C4 species have a response threshold 
around 40°C. Much of this difference between the two physiological groups is that the solubil-
ity of CO2 declines faster than that of O2 as the temperature rises, and that RUBISCO shows 
higher affinity for O2 at high temperatures [23].

When the temperature exceeds the threshold mentioned above, changes in membrane fluid-
ity, or the lower effectiveness or inactivation of biomolecules associated with electron trans-
port in energy and biosynthetic metabolism, causes the production of ROS in large quantities, 
leading to oxidative stress. Along with changes in membrane fluidity, ROS production is 
one of the factors perceived at the molecular level that triggers defense responses against 
high temperature. It has been observed that acclimatization in plants is possible by exposing 
them to 5–8°C above the optimal temperature for their growth and development, generating 
changes in the gene expression associated with the modification of the composition of the 
membranes, to the production of enzymatic and non-enzymatic antioxidants and osmolytes. 
For this reason, the exogenous application of some osmolytes and growth regulators such as 
proline, glycine betaine, salicylic acid, jasmonic acid, IAA, GA, and ABA or the use of sodium 
selenite is useful in the mitigation of high-temperature stress [57].

Another response at the molecular level triggered by high temperature is the induction of 
the synthesis of proteins called heat shock (HSPs). These constitute a family of low molecu-
lar weight proteins of 15–30 kDa. HSPs accumulate as granular structures in the cytoplasm 
protecting the mechanisms of protein synthesis [58]. HSPs work by allowing the appropriate 
post-transcriptional folding of the new proteins or by maintaining the existing proteins in a 
functional state [56]. Plant cells respond rapidly to high-temperature stress by accumulating 
HSPs which in turn trigger increased expression of additional genes related to stress mitiga-
tion, whose products can act as chaperonins to stabilize proteins by protecting them from 
denaturation [59]. This fact indicates that it is possible to obtain thermotolerance by stimulat-
ing the accumulation of HSPs, either with the use of genetically modified crops or with the 
application of tolerance inducers such as H2O2 and salicylic acid [60].
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little CO2 in the canopy) is the one that should receive more attention.

On the other hand, it is important to consider that stress due to high irradiance is a character-
istic intrinsic to current atmospheric conditions. When the first terrestrial plants made their 
appearance during the Ordovician, the sun brightness was lower than in the present time, and 
the CO2 concentration in the air was 14–22 times greater than the current one [51]. That means 
that existing plants, with virtually the same photosynthetic systems that originated in bacteria 
billions of years ago and reconfigured to the present form hundreds of millions of years ago, 
face a condition where it is practically impossible to avoid saturation by light. However, cre-
ating plants that have a better adaptation and response to environmental stressors is not an 
impossibility [52], but will require a great investment of time, human and material resources, 
with the support of data science, systems biology, synthetic biology, ecology and soil science, 
among others.
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perature is projected to be a very relevant abiotic stress factor since it adversely affects plant 
growth and hence crop yields [54]. Although plants may be more or less resistant to high 
temperatures depending on the adaptations of each species and geographic location, almost 
all show a reduction in their growth as a result of unexpected extreme temperature fluctua-
tions [55].

As with high irradiance, stress caused by high temperature can be described at the molecular 
level or in the cellular or physiological-morphological ambits. In this case, the primary induc-
ing factor is the impact of temperature at the molecular level, which is transferred to other 
scopes of description such as physiological-morphological interactions between the biomol-
ecules that give rise to different metabolic pathways and activities of cellular metabolism 
such as energy metabolism and the transport of ions and metabolites. This fact results in the 
hardening or cross-resistance process being difficult to achieve for stress induced by high 
temperatures [10].

4.1. Responses at molecular level

From a physical point of view, the temperature is an indicator of the average speed (kinetic 
energy) of translation or vibration of the molecules that make up the matter. To operate the 
biochemical reactions biomolecules require a certain temperature to ensure contact with the 
substrates or receptors with which they interact. This reaction capacity occurs at a very low 
rate when the temperature falls below a certain threshold (usually 10°C) or occurs at high or 
excessive rates with temperatures >35°C.
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On the other hand, at the molecular level, all the membranes, biomolecules and water asso-
ciated with these structures have a particular temperature spectrum where the tertiary and 
quaternary structure of proteins, nucleic acids, and membranes is maintained optimally, as 
well as the cohesion between biomolecules in multiprotein complexes and protein-nucleic 
acid complexes. Particularly for the membranes temperature determines an important char-
acteristic known as fluidity, on which the interaction of the integral proteins depends, many 
of them are sensors or participants in the energy metabolism. However, when it occurs that 
the thermal vibration exceeds the forces of interaction and cohesion, the result is that the 
functionality of the biomolecules or their complexes is compromised, initially diminishing 
their catalytic or functional capacity until they reach inactivation or denaturation when it is 
exceeded a certain threshold. Similarly, the proteins that are synthesized during the high-
temperature period can suffer from misfolding, which makes them non-functional [56]. For 
terrestrial plants, the threshold where the temperature begins to negatively affect the biomol-
ecules and the processes of interaction between them, is between 35 and 45°C, depending on 
the specific metabolic activity and the adaptation of each species to a particular environment. 
For most C3 plants the threshold is at 35°C, whereas C4 species have a response threshold 
around 40°C. Much of this difference between the two physiological groups is that the solubil-
ity of CO2 declines faster than that of O2 as the temperature rises, and that RUBISCO shows 
higher affinity for O2 at high temperatures [23].

When the temperature exceeds the threshold mentioned above, changes in membrane fluid-
ity, or the lower effectiveness or inactivation of biomolecules associated with electron trans-
port in energy and biosynthetic metabolism, causes the production of ROS in large quantities, 
leading to oxidative stress. Along with changes in membrane fluidity, ROS production is 
one of the factors perceived at the molecular level that triggers defense responses against 
high temperature. It has been observed that acclimatization in plants is possible by exposing 
them to 5–8°C above the optimal temperature for their growth and development, generating 
changes in the gene expression associated with the modification of the composition of the 
membranes, to the production of enzymatic and non-enzymatic antioxidants and osmolytes. 
For this reason, the exogenous application of some osmolytes and growth regulators such as 
proline, glycine betaine, salicylic acid, jasmonic acid, IAA, GA, and ABA or the use of sodium 
selenite is useful in the mitigation of high-temperature stress [57].

Another response at the molecular level triggered by high temperature is the induction of 
the synthesis of proteins called heat shock (HSPs). These constitute a family of low molecu-
lar weight proteins of 15–30 kDa. HSPs accumulate as granular structures in the cytoplasm 
protecting the mechanisms of protein synthesis [58]. HSPs work by allowing the appropriate 
post-transcriptional folding of the new proteins or by maintaining the existing proteins in a 
functional state [56]. Plant cells respond rapidly to high-temperature stress by accumulating 
HSPs which in turn trigger increased expression of additional genes related to stress mitiga-
tion, whose products can act as chaperonins to stabilize proteins by protecting them from 
denaturation [59]. This fact indicates that it is possible to obtain thermotolerance by stimulat-
ing the accumulation of HSPs, either with the use of genetically modified crops or with the 
application of tolerance inducers such as H2O2 and salicylic acid [60].
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Another alternative for handling high-temperature stress in field crops is the use of chemi-
cal elements in the nanometric form. The application of nTiO2 [61], CeO2 [62], and nSe [63], 
demonstrated effectiveness in inducing protection against stress caused by high temperature. 
Given the complexity of managing this stress and the projection that it will be increasingly 
common, the use of nanomaterials deserves further exploration.

4.2. Responses at the cellular and physiological-morphological level

Metabolic processes such as photosynthesis, respiration, transpiration, absorption, transport 
and assimilation of nutrients, among others, also have temperature spectra for their proper 
functioning. These responses depend in part on the phenomena described for the molecular 
domain, but also on the interactions between the biomolecules and their complexes that form 
the different metabolic pathways, as well as on the interactions between the different meta-
bolic pathways that produce precursor compounds or which are source and information for 
other metabolic pathways.

In the scale of the interaction of the plant structures with the canopy atmosphere, the high 
temperature causes a very high vapor pressure deficit, which results in high foliar transpira-
tion that competes with the flow of water to other organs such as flowers and fruits, especially 
when the high temperature also occurs at night time. When transpiration (cooling) capac-
ity is exceeded by the absorption of solar radiation (heating), a condition that occurs most 
quickly with high irradiance and air temperature >35°C, burns occur on leaves, stems, and 
fruits, senescence and foliar abscission, inhibition of growth and root damage affecting nutri-
ent uptake, resulting in low yield and poor quality [64]. On the other hand, high temperatures 
decrease the viability of pollen [65] and shorten the period in which stigmas in flowers are 
receptive to pollen, reducing the chances of successful fertilization [66].

As mentioned, photosynthesis is more affected in C3 plants than in C4 plants due to the 
high temperature, and again the concentration of CO2 in the canopy is an important factor to 
mitigate the damage caused by high temperatures. The higher concentration of CO2 allows 
to reduce photorespiration and increase the photosynthetic rate, decrease transpiration and 
increase the production of antioxidants in the leaves [67]. The higher concentration of CO2 in 
the canopy of the plants, associated with the maintenance or increase in soil organic matter, 
appears again as a multifunctional tool for the management of stress [68]. For the mitiga-
tion of damages by high temperature, it is also useful to apply hydrophilic polymers, incor-
porating these materials into the soil or substrate increases the water retention and storage 
capacity, decreasing the rate of evaporation loss that accompanies the high temperature. As a 
consequence, more water is available to be absorbed by plants [69].

On the other hand, the presence of microorganisms associated with soil organic matter has 
also been found as a factor promoting tolerance to high-temperature stress in plants [70]. 
Different fungi that form arbuscular mycorrhiza have been shown to be useful in the mitiga-
tion of damages induced by high temperature, both by increasing the production of antioxi-
dant metabolites and the activity of antioxidant enzymes, as well as allowing a better response 
in photosynthesis and water use efficiency in crops [71, 72].
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As we have seen, there is a high amount of work that describes the adjustments made by 
plants against heat, both at the molecular level with studies in the transcriptome and pro-
teome as well as in the metabolic and physiological field with biochemical studies of specific 
metabolic pathways, physiological studies of photosynthesis, respiration and growth [56, 
57]. However, an important aspect to which less attention is given is that in other scopes of 
description, for example in ecosystems the high temperatures also impose modifications in 
the interactions of its components, causing changes in the structure and dynamics, it is still 
poorly understood and difficult to predict [73].

5. Low temperature stress

Low-temperature stress is an environmental factor that greatly affects the growth, develop-
ment, and productivity of plants. This type of environmental stress includes non-freezing 
temperatures (0°C < T < 10°C) as well as freezing temperatures (T < 0°C). Crop plants origi-
nating in the tropics or subtropics die or are severely damaged when exposed to low freezing 
temperatures, even for short periods (24–48 hours), developing symptoms such as chloro-
sis, necrosis or stunting. In contrast, species originated from temperate and subarctic zones 
through an adaptive process that develops during the fall can tolerate freezing temperatures 
[74]. However, although different species of plants may be more or less resistant to low tem-
peratures depending on the adaptations of each species and their origin or geographical loca-
tion, they all show a reduction in growth against unexpected events of low temperature as 
the unexpected nature of the phenomenon does not allow the natural adaptive process to 
begin [15].

The stress caused by low temperature can be described at the molecular level or in the cellu-
lar or physiological-morphological ambits. The primary inducing factor is the impact of low 
temperature on the reduction of the speed of vibration and translation of the molecules (in the 
presence of low temperatures) and the total deficit or absence of water when it becomes ice 
when there are freezing temperatures. Such changes are transferred to other levels of descrip-
tion such as physiological-morphological interactions between biomolecules that give rise to 
different metabolic pathways and cellular activities such as energy metabolism and transport 
of ions and metabolites. This fact results in that the process of hardening or cross-resistance 
(with the exception for the damages caused by the oxidative stress) is difficult to achieve for 
the stress induced by the low temperatures, especially when they cause freezing [15].

5.1. Responses at the molecular level

From a physical point of view the low non-freezing temperature has an impact contrary to 
that described for the high temperature because it decreases the speed of vibration of the 
molecules; in membranes reduces the average distance between molecules and decreases flu-
idity. This change in fluidity considerably modifies the behavior of integral proteins, many of 
which are associated with energy metabolism. The result is the production of ROS and conse-
quent oxidative stress [15]. It has been hypothesized that the decrease in membrane fluidity 
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Another alternative for handling high-temperature stress in field crops is the use of chemi-
cal elements in the nanometric form. The application of nTiO2 [61], CeO2 [62], and nSe [63], 
demonstrated effectiveness in inducing protection against stress caused by high temperature. 
Given the complexity of managing this stress and the projection that it will be increasingly 
common, the use of nanomaterials deserves further exploration.

4.2. Responses at the cellular and physiological-morphological level

Metabolic processes such as photosynthesis, respiration, transpiration, absorption, transport 
and assimilation of nutrients, among others, also have temperature spectra for their proper 
functioning. These responses depend in part on the phenomena described for the molecular 
domain, but also on the interactions between the biomolecules and their complexes that form 
the different metabolic pathways, as well as on the interactions between the different meta-
bolic pathways that produce precursor compounds or which are source and information for 
other metabolic pathways.

In the scale of the interaction of the plant structures with the canopy atmosphere, the high 
temperature causes a very high vapor pressure deficit, which results in high foliar transpira-
tion that competes with the flow of water to other organs such as flowers and fruits, especially 
when the high temperature also occurs at night time. When transpiration (cooling) capac-
ity is exceeded by the absorption of solar radiation (heating), a condition that occurs most 
quickly with high irradiance and air temperature >35°C, burns occur on leaves, stems, and 
fruits, senescence and foliar abscission, inhibition of growth and root damage affecting nutri-
ent uptake, resulting in low yield and poor quality [64]. On the other hand, high temperatures 
decrease the viability of pollen [65] and shorten the period in which stigmas in flowers are 
receptive to pollen, reducing the chances of successful fertilization [66].

As mentioned, photosynthesis is more affected in C3 plants than in C4 plants due to the 
high temperature, and again the concentration of CO2 in the canopy is an important factor to 
mitigate the damage caused by high temperatures. The higher concentration of CO2 allows 
to reduce photorespiration and increase the photosynthetic rate, decrease transpiration and 
increase the production of antioxidants in the leaves [67]. The higher concentration of CO2 in 
the canopy of the plants, associated with the maintenance or increase in soil organic matter, 
appears again as a multifunctional tool for the management of stress [68]. For the mitiga-
tion of damages by high temperature, it is also useful to apply hydrophilic polymers, incor-
porating these materials into the soil or substrate increases the water retention and storage 
capacity, decreasing the rate of evaporation loss that accompanies the high temperature. As a 
consequence, more water is available to be absorbed by plants [69].

On the other hand, the presence of microorganisms associated with soil organic matter has 
also been found as a factor promoting tolerance to high-temperature stress in plants [70]. 
Different fungi that form arbuscular mycorrhiza have been shown to be useful in the mitiga-
tion of damages induced by high temperature, both by increasing the production of antioxi-
dant metabolites and the activity of antioxidant enzymes, as well as allowing a better response 
in photosynthesis and water use efficiency in crops [71, 72].
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metabolic pathways, physiological studies of photosynthesis, respiration and growth [56, 
57]. However, an important aspect to which less attention is given is that in other scopes of 
description, for example in ecosystems the high temperatures also impose modifications in 
the interactions of its components, causing changes in the structure and dynamics, it is still 
poorly understood and difficult to predict [73].

5. Low temperature stress

Low-temperature stress is an environmental factor that greatly affects the growth, develop-
ment, and productivity of plants. This type of environmental stress includes non-freezing 
temperatures (0°C < T < 10°C) as well as freezing temperatures (T < 0°C). Crop plants origi-
nating in the tropics or subtropics die or are severely damaged when exposed to low freezing 
temperatures, even for short periods (24–48 hours), developing symptoms such as chloro-
sis, necrosis or stunting. In contrast, species originated from temperate and subarctic zones 
through an adaptive process that develops during the fall can tolerate freezing temperatures 
[74]. However, although different species of plants may be more or less resistant to low tem-
peratures depending on the adaptations of each species and their origin or geographical loca-
tion, they all show a reduction in growth against unexpected events of low temperature as 
the unexpected nature of the phenomenon does not allow the natural adaptive process to 
begin [15].

The stress caused by low temperature can be described at the molecular level or in the cellu-
lar or physiological-morphological ambits. The primary inducing factor is the impact of low 
temperature on the reduction of the speed of vibration and translation of the molecules (in the 
presence of low temperatures) and the total deficit or absence of water when it becomes ice 
when there are freezing temperatures. Such changes are transferred to other levels of descrip-
tion such as physiological-morphological interactions between biomolecules that give rise to 
different metabolic pathways and cellular activities such as energy metabolism and transport 
of ions and metabolites. This fact results in that the process of hardening or cross-resistance 
(with the exception for the damages caused by the oxidative stress) is difficult to achieve for 
the stress induced by the low temperatures, especially when they cause freezing [15].

5.1. Responses at the molecular level

From a physical point of view the low non-freezing temperature has an impact contrary to 
that described for the high temperature because it decreases the speed of vibration of the 
molecules; in membranes reduces the average distance between molecules and decreases flu-
idity. This change in fluidity considerably modifies the behavior of integral proteins, many of 
which are associated with energy metabolism. The result is the production of ROS and conse-
quent oxidative stress [15]. It has been hypothesized that the decrease in membrane fluidity 
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is the primary site of low-temperature stress perception [75] and it has been found that one of 
the first adaptive responses of cells increases the lipid unsaturation of the membranes, which 
increases their fluidity [76]. After the initial perception of changes in membrane fluidity, Ca2+ 
fuses from the apoplast and vacuole stores are triggered into the cytoplasm [77]. Calcium 
fluxes activate MAPK cascades that result in changes in the activity of transcription factors 
that initiate an extensive network of transcriptional, posttranscriptional, and posttranslational 
responses involving more than 2000 genes associated with low-temperature responses [78]. 
Therefore, maintaining the proper nutritional status of plants, especially concerning calcium 
concentration in different organs, is critical to ensure an adequate response to changes in 
temperature.

In mitochondria, the low temperature causes a slower rate of consumption of the reducing 
potential, which results in the production of ROS and the activation of a specialized enzyme 
called mitochondrial alternative oxidase (chloroplasts also have an alternative oxidase). The 
mitochondrial alternative oxidase is an indicator of the plant response to low temperature, 
allowing the dissipation of reducing potential to transform it into heat and reduce the for-
mation of ROS. The mitochondrial alternative oxidase can be activated through exogenous 
applications of salicylic acid and was demonstrated to work by mitigating oxidative stress in 
mitochondria against other stresses [79].

The low temperature also causes the elevation of the activation energy of the biochemical 
reactions, modifying the interactions between the multitude of enzymes and proteins associ-
ated with cellular energy processes. Each metabolic pathway is affected differently by low 
temperature, but the result is an imbalance in the generation and use of energy, which causes 
oxidative stress and less energy availability for cell growth and maintenance. Among the 
measures used to mitigate the damage of stress by low temperatures is the exogenous appli-
cation of tolerance inducers such as salicylic acid, beneficial elements such as silicon and 
various nanomaterials [79–81], application of osmolytes such as glycine betaine and proline 
[82], or the use of genetically modified crops with a higher synthesis capacity of these com-
pounds [12].

It has also been determined that phytohormones play a major role in the induction of toler-
ance at low temperatures. Hormones create a complex network of interactions that are used 
to integrate external information into endogenous development programs and activate the 
stress response pathways that lead to resistance. The knowledge of hormone regulatory activ-
ities against low temperature is limited, although it is known that they are involved in signal-
ing cascades of other types of biotic and abiotic stress [83].

The stress induced by freezing is different from that caused by low temperature. When freez-
ing of plant tissues occurs, this begins in the apoplast, which is the volume of water that is in 
contact with the external surfaces of leaves, stems, flowers, and fruits. Typically the freezing 
process takes place outside the plant toward the interior of the plant and is accelerated by 
the presence of dust and microorganisms that function as seeds for the formation of the first 
ice crystals. The presence of mechanical damage (hail, wind) or biotic (pests or pathogens) 
increases the possibility of contact between the water from the exterior and the interior of the 
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plant and therefore are factors that facilitate freezing. Once the water from the apoplast begins 
to freeze at some point, the process spreads rapidly to the rest of the plant. The disappear-
ance of water caused by the formation of ice causes a severe water deficit that causes a rapid 
denaturation of cellular components and cell death [84]. The damage caused by freezing is 
very different from that induced by the low temperature and makes it extremely complicated 
regarding its control or genetic improvement of crops.

5.2. Responses at the cellular and physiological-morphological level

The metabolic processes dependent on biochemical reactions are affected by the low tem-
perature more rapidly than the photochemical processes. The presence of PAR aggravates the 
induced damages by low temperature, and the plants are quickly photo-inhibited, the reason 
why some of the measures described to mitigate the damage by high irradiance are appli-
cable for low temperature. It has been found that the photo-inhibition process is also present 
when low temperatures occur at night, this adjustment is thought to be part of the adaptive 
response to low temperature [85]. Photosynthesis is affected to a large extent, the cessation 
of growth reduces the capacity of energy utilization, with the consequent production of ROS 
and oxidative stress [86].

Many antioxidant enzymes are involved in low-temperature response machinery. In addition 
to those associated with the metabolism of osmolytes, detoxification cascades and photosyn-
thesis, the metabolism of lignin (caffeic acid 3-O-methyltransferase), secondary metabolism, 
remodeling of cell wall polysaccharides, metabolism of starch, sterol biosynthesis and the 
oligosaccharide of the raffinose family (myoinositol-phosphate synthase and galactinol syn-
thase) are all participants in the overall response to cold stress [87, 88].

Carbohydrates, mainly sucrose, function as osmolytes and antioxidants to protect cells and 
their components against oxidative damage. A high value of CO2 in the canopy of plants 
is associated with higher amounts of carbohydrates in different plant structures [89]. Soil 
organic matter, as a source of CO2 for plants, and as a factor to increase soil fertility and 
magnitude and diversity of the plant microbiome, may be a factor to mitigate damage against 
cold stress [90, 91]. An additional advantage of organic matter in soil is to increase the water 
storage capacity, as the thermal capability of the water is much greater than that of the air so a 
soil with a substantial volume of water will be able to store heat that will radiate to the plants 
during the night or a low-temperature period or frost event.

6. Water stress

The available water for crop plants is located in two storages: the edaphic and the atmo-
spheric. The atmospheric storage includes water that precipitates as rain, dew, mist, or snow, 
in addition to the water contained in the air in the form of water vapor and, together with 
temperature, determines the vapor pressure deficit (VPD). VPD is strongly associated with 
stomatal responses and therefore has an impact on photosynthesis and productivity [68]. 
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mitochondria against other stresses [79].

The low temperature also causes the elevation of the activation energy of the biochemical 
reactions, modifying the interactions between the multitude of enzymes and proteins associ-
ated with cellular energy processes. Each metabolic pathway is affected differently by low 
temperature, but the result is an imbalance in the generation and use of energy, which causes 
oxidative stress and less energy availability for cell growth and maintenance. Among the 
measures used to mitigate the damage of stress by low temperatures is the exogenous appli-
cation of tolerance inducers such as salicylic acid, beneficial elements such as silicon and 
various nanomaterials [79–81], application of osmolytes such as glycine betaine and proline 
[82], or the use of genetically modified crops with a higher synthesis capacity of these com-
pounds [12].

It has also been determined that phytohormones play a major role in the induction of toler-
ance at low temperatures. Hormones create a complex network of interactions that are used 
to integrate external information into endogenous development programs and activate the 
stress response pathways that lead to resistance. The knowledge of hormone regulatory activ-
ities against low temperature is limited, although it is known that they are involved in signal-
ing cascades of other types of biotic and abiotic stress [83].

The stress induced by freezing is different from that caused by low temperature. When freez-
ing of plant tissues occurs, this begins in the apoplast, which is the volume of water that is in 
contact with the external surfaces of leaves, stems, flowers, and fruits. Typically the freezing 
process takes place outside the plant toward the interior of the plant and is accelerated by 
the presence of dust and microorganisms that function as seeds for the formation of the first 
ice crystals. The presence of mechanical damage (hail, wind) or biotic (pests or pathogens) 
increases the possibility of contact between the water from the exterior and the interior of the 
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plant and therefore are factors that facilitate freezing. Once the water from the apoplast begins 
to freeze at some point, the process spreads rapidly to the rest of the plant. The disappear-
ance of water caused by the formation of ice causes a severe water deficit that causes a rapid 
denaturation of cellular components and cell death [84]. The damage caused by freezing is 
very different from that induced by the low temperature and makes it extremely complicated 
regarding its control or genetic improvement of crops.

5.2. Responses at the cellular and physiological-morphological level

The metabolic processes dependent on biochemical reactions are affected by the low tem-
perature more rapidly than the photochemical processes. The presence of PAR aggravates the 
induced damages by low temperature, and the plants are quickly photo-inhibited, the reason 
why some of the measures described to mitigate the damage by high irradiance are appli-
cable for low temperature. It has been found that the photo-inhibition process is also present 
when low temperatures occur at night, this adjustment is thought to be part of the adaptive 
response to low temperature [85]. Photosynthesis is affected to a large extent, the cessation 
of growth reduces the capacity of energy utilization, with the consequent production of ROS 
and oxidative stress [86].

Many antioxidant enzymes are involved in low-temperature response machinery. In addition 
to those associated with the metabolism of osmolytes, detoxification cascades and photosyn-
thesis, the metabolism of lignin (caffeic acid 3-O-methyltransferase), secondary metabolism, 
remodeling of cell wall polysaccharides, metabolism of starch, sterol biosynthesis and the 
oligosaccharide of the raffinose family (myoinositol-phosphate synthase and galactinol syn-
thase) are all participants in the overall response to cold stress [87, 88].

Carbohydrates, mainly sucrose, function as osmolytes and antioxidants to protect cells and 
their components against oxidative damage. A high value of CO2 in the canopy of plants 
is associated with higher amounts of carbohydrates in different plant structures [89]. Soil 
organic matter, as a source of CO2 for plants, and as a factor to increase soil fertility and 
magnitude and diversity of the plant microbiome, may be a factor to mitigate damage against 
cold stress [90, 91]. An additional advantage of organic matter in soil is to increase the water 
storage capacity, as the thermal capability of the water is much greater than that of the air so a 
soil with a substantial volume of water will be able to store heat that will radiate to the plants 
during the night or a low-temperature period or frost event.

6. Water stress

The available water for crop plants is located in two storages: the edaphic and the atmo-
spheric. The atmospheric storage includes water that precipitates as rain, dew, mist, or snow, 
in addition to the water contained in the air in the form of water vapor and, together with 
temperature, determines the vapor pressure deficit (VPD). VPD is strongly associated with 
stomatal responses and therefore has an impact on photosynthesis and productivity [68]. 
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VPD and water in the atmosphere are difficult to control in open field since they depend on 
the weather stations, prevailing winds, topography, surrounding vegetation, the presence of 
nearby bodies of water, etc. On the other hand, according to the models of climate change, the 
forecast of the availability of atmospheric water will be more and more complicated, and it is 
expected that the crops in the open field are exposed with increasing frequency and intensity 
to periods of shortage of atmospheric water [92], this projection is, however, subject to discus-
sion because of the opposite effect that could exert the increase in atmospheric CO2 on carbon 
transpiration and metabolism in forest species [93].

The structure and functionality of biomolecules, membranes, and cytoskeleton, the avail-
ability of electrons and protons during photosynthesis, the solubility of gases such as CO2 
and mineral ions depend on water [94]. The plants perceive the water deficit through stimuli 
related to the different functions the water carries out. These include: (a) stabilization of the 
functional form of proteins, nucleic acids, lipids of membranes, and in general of the different 
biomolecules and ions with which metabolism occurs; (b) water is a biochemical and electro-
chemical source for organisms, contributing H+ and e− which are used in energy metabolism, 
as well as in antioxidant metabolism related to productivity, adaptation to the environment 
and in the development and differentiation; (c) the provision of mechanical support for stems, 
leaves, flowers, and fruits; (d) the transpiration process for the maintenance of temperature 
during the absorption of electromagnetic radiation [14].

6.1. Responses at the molecular level

As with high-temperature stress, the water deficit causes the loss of structure and functional-
ity of the biomolecules, creating a general imbalance in the energy metabolism that results in 
the formation of ROS and oxidative damage to the cellular structures. These oxidative dam-
ages are increased in the presence of high irradiance and high temperature, a combination of 
stresses that is expected to become increasingly common [10].

At the molecular level the response of the plant to this type of stress comes in three forms: 
the first is to induce the synthesis of antioxidants and chaperone proteins to eliminate ROS 
and preserve the structure of other biomolecules; the second is the synthesis of osmolytes that 
function as antioxidants as well as differential exclusion agents that stabilize membranes, pro-
teins, and nucleic acids under water deficit conditions. The same osmolytes serve as a source 
of N and C to recover cell growth when the stress condition decreases; the third is to increase 
the rate of degradation of proteins that have undergone oxidative damage or that have aber-
rant folds, the latter is a response that eliminates non-functional biomolecules and in addition, 
allows to recover amino acids that can be used for synthesis of other proteins or as a source of 
C y N in other metabolic pathways [95, 96].

The set of cellular metabolic processes are related to each other through energy signals that 
constitute redox balance, as well as exchanges of molecules that are products of a particu-
lar metabolic pathway, and in others function as regulators or effectors. For this reason, all 
metabolic processes are sensitive to water deficit, although the level of sensitivity is variable 
among them [95]. As explained in the Introduction, many of the responses to stress have a 
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direct impact on energy metabolism because it depends on many integral membrane enzymes 
that are particularly susceptible to loss of functionality due to lack of water or changes in the 
temperature. Therefore, many of the studies on the induction of tolerance to water deficit refer 
to the energy metabolism, in particular to the oxidative stress resulting from the imbalances 
between the supply of reducing potential and ATP and its use in the processes that function 
as energy sinks.

If it is sought to reduce the damage that occurs in plants against the water deficit, it can be 
achieved by the exogenous application antioxidant compounds, osmolytes, growth regula-
tors such as ABA, IAA, and GA [97, 98], tolerance inducers such as salicylates and other 
organic acids or amino acids [79]. Their use in specific situations will depend on the applica-
tion opportunity, the cost and the application capacities in the particular crop in question. On 
the other hand, for compounds that individually exert a positive effect by increasing toler-
ance to stress, it is also feasible to produce transgenic crops with advantages over their wild 
counterparts [12].

With this information, it can be concluded that, at the biochemical and metabolic level, the 
opportunities to mitigate the damage to plants against the water deficit are broad, but again 
they should be framed in a comprehensive effort that considers soil, irrigation management, 
and planting systems, among others.

6.2. Responses at the cellular and physiological-morphological level

Transpiration is the most important component of water use by plants regarding volume. A 
typical wheat or corn crop requires 453 and 423 mm per season in the absence of water stress. 
Of this amount of water, 70% corresponds to transpiration [99]. Unless the temperature or 
the irradiance is reduced, the light interception is reduced, or the leaf albedo is increased, it 
is challenging to decrease the transpiration rate since the heat dissipation obtained through 
the transpiration avoids damages by high temperature in foliar metabolic components, espe-
cially those involved in photosynthesis, while on the other hand the decrease in stomatal 
conductance required to reduce transpiration would lead to a lower photosynthetic rate [68]. 
It was already mentioned in the subchapter dedicated to high irradiance stress the use of tech-
niques such as increasing soil organic matter to release more CO2 in the canopy, thus increas-
ing water use efficiency, use of kaolinite as an anti-transpirant and reflector for increase leaf 
albedo, genetic selection of glossy varieties or to obtain plants with higher density of tri-
chomes and a consequent greater leaf albedo. These same techniques are used to mitigate the 
water deficit in crops.

On the other hand water acts as a medium that provides mechanical support to herbaceous 
plants and photosynthetic and reproductive organs of shrub and tree plants, this is achieved 
by transporting water to the cells and apoplast to maintain cellular turgor. The water deficit 
causes loss of turgor that is perceived through mechanoreceptors that trigger part of the 
stress signaling pathways and ultimately cause the loss of green tissues [100]. The higher 
tolerance to turgidity loss is associated with changes in the composition and structure of the 
polymers of the cell wall, or due to the particular composition of the cell walls, as well as the 
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VPD and water in the atmosphere are difficult to control in open field since they depend on 
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during the absorption of electromagnetic radiation [14].
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ity of the biomolecules, creating a general imbalance in the energy metabolism that results in 
the formation of ROS and oxidative damage to the cellular structures. These oxidative dam-
ages are increased in the presence of high irradiance and high temperature, a combination of 
stresses that is expected to become increasingly common [10].

At the molecular level the response of the plant to this type of stress comes in three forms: 
the first is to induce the synthesis of antioxidants and chaperone proteins to eliminate ROS 
and preserve the structure of other biomolecules; the second is the synthesis of osmolytes that 
function as antioxidants as well as differential exclusion agents that stabilize membranes, pro-
teins, and nucleic acids under water deficit conditions. The same osmolytes serve as a source 
of N and C to recover cell growth when the stress condition decreases; the third is to increase 
the rate of degradation of proteins that have undergone oxidative damage or that have aber-
rant folds, the latter is a response that eliminates non-functional biomolecules and in addition, 
allows to recover amino acids that can be used for synthesis of other proteins or as a source of 
C y N in other metabolic pathways [95, 96].

The set of cellular metabolic processes are related to each other through energy signals that 
constitute redox balance, as well as exchanges of molecules that are products of a particu-
lar metabolic pathway, and in others function as regulators or effectors. For this reason, all 
metabolic processes are sensitive to water deficit, although the level of sensitivity is variable 
among them [95]. As explained in the Introduction, many of the responses to stress have a 
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the other hand, for compounds that individually exert a positive effect by increasing toler-
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counterparts [12].

With this information, it can be concluded that, at the biochemical and metabolic level, the 
opportunities to mitigate the damage to plants against the water deficit are broad, but again 
they should be framed in a comprehensive effort that considers soil, irrigation management, 
and planting systems, among others.

6.2. Responses at the cellular and physiological-morphological level

Transpiration is the most important component of water use by plants regarding volume. A 
typical wheat or corn crop requires 453 and 423 mm per season in the absence of water stress. 
Of this amount of water, 70% corresponds to transpiration [99]. Unless the temperature or 
the irradiance is reduced, the light interception is reduced, or the leaf albedo is increased, it 
is challenging to decrease the transpiration rate since the heat dissipation obtained through 
the transpiration avoids damages by high temperature in foliar metabolic components, espe-
cially those involved in photosynthesis, while on the other hand the decrease in stomatal 
conductance required to reduce transpiration would lead to a lower photosynthetic rate [68]. 
It was already mentioned in the subchapter dedicated to high irradiance stress the use of tech-
niques such as increasing soil organic matter to release more CO2 in the canopy, thus increas-
ing water use efficiency, use of kaolinite as an anti-transpirant and reflector for increase leaf 
albedo, genetic selection of glossy varieties or to obtain plants with higher density of tri-
chomes and a consequent greater leaf albedo. These same techniques are used to mitigate the 
water deficit in crops.

On the other hand water acts as a medium that provides mechanical support to herbaceous 
plants and photosynthetic and reproductive organs of shrub and tree plants, this is achieved 
by transporting water to the cells and apoplast to maintain cellular turgor. The water deficit 
causes loss of turgor that is perceived through mechanoreceptors that trigger part of the 
stress signaling pathways and ultimately cause the loss of green tissues [100]. The higher 
tolerance to turgidity loss is associated with changes in the composition and structure of the 
polymers of the cell wall, or due to the particular composition of the cell walls, as well as the 
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ability to retain water in the vacuole and in the apoplast against the low water potential in 
the apoplast by modifying aquaporin density and activity [101]. In this sense, this character-
istic of turgor retention is complex from the genomic, biochemical, metabolic, and structural 
perspective; is different between ecotypes or varieties of the same species, obtaining the 
differences through natural selection or genetic selection. Therefore its manipulation cor-
responds to techniques of plant genetics and transgenic crops [12]. During the induction of 
water stress, this process of turgor loss and loss of photosynthetic tissues is the last to occur, 
since it is preceded by the responses associated with the decrease in productive metabolism 
and growth.

One way to mitigate the adverse effect of a high VPD in a field is to increase the concentration 
of CO2 in the canopy of plants, as more elevated [CO2] results in an increase in photosynthetic 
capacity, including partial closure of the stomata which decreases the water vapor loss of the 
mesophyll [68]. It is known that a greater amount of OM in the soil and the planting of high 
density crops allow higher [CO2] and decrease of evaporation in the soil, in addition to the 
buffer effect on the loss of moisture in the canopy by wind and convective processes caused 
by the proximity of other plants [30, 92].

In practical terms, the edaphic water storage is the one within reach for manipulation and 
control in agricultural production systems. The water absorption and retention capacity of the 
soil depend on the set of forces between the components of the water potential:

  Ψ =  Ψ  g   +  Ψ  p   +  Ψ  o   +  Ψ  m    (1)

The losses due to leaching (Ψg) and evapotranspiration of the soil and plants are in dynamic 
balance with the components that allow the conservation of the water, which are the matric 
or capillary potential (Ψm) and the osmotic potential (Ψo), which refer to the molecular inter-
actions between water and the structural components (such as soil pores), physicochemical 
(inorganic colloids) and biological (organic colloids) of the soil, as well as the ions dissolved 
in the water of the soil pores. These interactions occur at different scales, from nanometric to 
micrometric.

The practical way to maintain or increase ability of the soil to absorb and conserve water in 
the edaphic profile accessible to crop plants (0.1–1.5 m) has been described with different 
techniques of rainwater harvesting [102] and soil conservation, among which we can mention 
low tillage to conserve soil pore structure and the use of cover crops [103], the promotion 
of beneficial microorganisms in the soil [70] and the use of hydrophilic polymers. A rela-
tively simple way to increase the soil ability to provide water to crops at medium and long 
term is to increase the amount of organic matter, which increases the soil matric potential. 
Different reports indicate the direct relationship between a higher concentration of organic 
matter, higher water retention capacity, and plant response in the form of less impact on 
growth when irrigation water or atmospheric precipitation is reduced [104]. In that sense, any 
strategy aimed at raising crop tolerance to water deficits under the current climate change 
scenario must take into account the increase in soil organic matter as well as the counterpart 
of its biological activity [70].
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The use of grafts, although applied almost exclusively to horticultural species, offers good 
results mitigating damage by different stresses, mainly high temperature, salinity, water defi-
cit, and root pathogens [105]. On the other hand, the use of fertilizers with silicon (Na2SiO3 
200–800 kg ha−1 to the soil or 123 mg L−1 in the nutrient solution), selenium (10 g ha−1 to the soil 
or 0.5–3.0 mg L−1 by foliar spraying), or selenium and sulfur (as elemental sulfur S0, apply-
ing 20–80 kg ha−1 to the soil) decreases the negative responses of the plant to the water defi-
cit. Although the mechanisms that explain the benefits of these elements in plants are still 
not well understood, their use has repeatedly been reported obtaining satisfactory results 
[106–108]. Both silicon and selenium, and sulfur can induce hardening in plants again stress 
caused by water deficit.

An effective alternative, although rarely used in field crops because of its high cost, is the 
application in furrows or seed beds, of biodegradable hydrophilic polymers such as single 
polyacrylamide (25–100 kg ha−1) or in combination with biochar [69]. Polyacrylamide has a 
shelf life of 3 years once it is applied to the soil and can absorb 100 or more times its weight in 
water, conserving the water in its molecular structure against leaching and evaporation pro-
cesses. The effectiveness of hydrophilic polymers depends on the salinity of the water, being 
ineffective with electrical conductivities higher than 4000 μS cm−1 or with calcium-rich water 
[109]. Other techniques used in the field such as the use of natural or plastic mulching and 
the application of water using drip irrigation systems are also potentially useful as a means 
of increasing the efficiency of water use [110]. The use of the different techniques mentioned, 
using an integrated approach to improve the absorption and conservation of soil water, is the 
best recommendation.

7. Salinity stress

Until a few decades ago the cultivation in saline soils was not considered as an alterna-
tive for food, fiber, or biomass production. However, the stress induced by the presence 
of large amounts of salts in soils and water has taken on current importance due to the 
progressive salinization of agricultural soils, resulting in the extraction of water from the 
subsoil, the higher evapotranspiration resulting from the increase in temperatures and 
by rainfall regimes, which occur more erratically. Along with the gradual loss of organic 
matter from soils, salinization is considered an increasingly common symptom of soil deg-
radation [111, 112].

The first step to cultivate in saline or salinization soil due to the use of irrigation water in 
combination with high evapotranspiration is to determine whether the crop will be destined 
to produce food, fiber, or biomass. The point is important because it is more feasible to find 
a species with some tolerance to salinity to produce fiber or biomass (which could later be 
transformed into biofuel) than one for the production of food such as corn, wheat, or tomato. 
Part of the strategy to achieve greater agricultural production in saline or salinized soils is per-
haps to correctly select the plant species to be cultivated in such a way that the natural abili-
ties of the different plant species are part of the solution to the growing problem of salinity in 
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ability to retain water in the vacuole and in the apoplast against the low water potential in 
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perspective; is different between ecotypes or varieties of the same species, obtaining the 
differences through natural selection or genetic selection. Therefore its manipulation cor-
responds to techniques of plant genetics and transgenic crops [12]. During the induction of 
water stress, this process of turgor loss and loss of photosynthetic tissues is the last to occur, 
since it is preceded by the responses associated with the decrease in productive metabolism 
and growth.

One way to mitigate the adverse effect of a high VPD in a field is to increase the concentration 
of CO2 in the canopy of plants, as more elevated [CO2] results in an increase in photosynthetic 
capacity, including partial closure of the stomata which decreases the water vapor loss of the 
mesophyll [68]. It is known that a greater amount of OM in the soil and the planting of high 
density crops allow higher [CO2] and decrease of evaporation in the soil, in addition to the 
buffer effect on the loss of moisture in the canopy by wind and convective processes caused 
by the proximity of other plants [30, 92].

In practical terms, the edaphic water storage is the one within reach for manipulation and 
control in agricultural production systems. The water absorption and retention capacity of the 
soil depend on the set of forces between the components of the water potential:

  Ψ =  Ψ  g   +  Ψ  p   +  Ψ  o   +  Ψ  m    (1)

The losses due to leaching (Ψg) and evapotranspiration of the soil and plants are in dynamic 
balance with the components that allow the conservation of the water, which are the matric 
or capillary potential (Ψm) and the osmotic potential (Ψo), which refer to the molecular inter-
actions between water and the structural components (such as soil pores), physicochemical 
(inorganic colloids) and biological (organic colloids) of the soil, as well as the ions dissolved 
in the water of the soil pores. These interactions occur at different scales, from nanometric to 
micrometric.

The practical way to maintain or increase ability of the soil to absorb and conserve water in 
the edaphic profile accessible to crop plants (0.1–1.5 m) has been described with different 
techniques of rainwater harvesting [102] and soil conservation, among which we can mention 
low tillage to conserve soil pore structure and the use of cover crops [103], the promotion 
of beneficial microorganisms in the soil [70] and the use of hydrophilic polymers. A rela-
tively simple way to increase the soil ability to provide water to crops at medium and long 
term is to increase the amount of organic matter, which increases the soil matric potential. 
Different reports indicate the direct relationship between a higher concentration of organic 
matter, higher water retention capacity, and plant response in the form of less impact on 
growth when irrigation water or atmospheric precipitation is reduced [104]. In that sense, any 
strategy aimed at raising crop tolerance to water deficits under the current climate change 
scenario must take into account the increase in soil organic matter as well as the counterpart 
of its biological activity [70].
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of increasing the efficiency of water use [110]. The use of the different techniques mentioned, 
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Until a few decades ago the cultivation in saline soils was not considered as an alterna-
tive for food, fiber, or biomass production. However, the stress induced by the presence 
of large amounts of salts in soils and water has taken on current importance due to the 
progressive salinization of agricultural soils, resulting in the extraction of water from the 
subsoil, the higher evapotranspiration resulting from the increase in temperatures and 
by rainfall regimes, which occur more erratically. Along with the gradual loss of organic 
matter from soils, salinization is considered an increasingly common symptom of soil deg-
radation [111, 112].

The first step to cultivate in saline or salinization soil due to the use of irrigation water in 
combination with high evapotranspiration is to determine whether the crop will be destined 
to produce food, fiber, or biomass. The point is important because it is more feasible to find 
a species with some tolerance to salinity to produce fiber or biomass (which could later be 
transformed into biofuel) than one for the production of food such as corn, wheat, or tomato. 
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agricultural systems. As has been said for other stresses, there is an intrinsic incompatibility 
between high productivity and high yields and stress tolerance, since both processes depend 
on the same budget of photosynthates for successful development. The case of salinity is 
complex regarding its management and the obtaining of improved varieties since it involves 
two stresses in one: osmotic and ionic, affecting many different aspects of the growth, devel-
opment, physiology, and biochemistry of plants (Figure 2).

A relevant part of the solution is to give greater attention to halophytic species, both as a 
source of genetic resources to improve glycophytic crops, and for direct use in the reha-
bilitation processes of salinized soils or for cultivation in saline soils seeking to produce 
fodder, pigments, or biomass for industrial processing, seems to be of increasing impor-
tance [113].

7.1. Responses at the molecular level

Salinity-induced stress occurs in two phases: the first occurs very rapidly (the plant’s per-
ception takes place in in seconds and the signaling and response in minutes or hours) and 
is a result of the decrease in the water potential of soil pore water or nutrient solution by 
the high concentration of dissolved ions present. The low water potential makes it diffi-
cult for water to be absorbed by the roots and a water deficit is induced, with signaling 
and responses as described in the previous Section of Water Stress, including decreased 
growth, ABA synthesis, and stomatal closure [114]. The second phase occurs at a later time 
to the first and is a result of the gradual intoxication of the cells mainly by Na+ and Cl−, 
which interfere with the ionic balance in the cytoplasm that depends mostly on K+, Mg2+ 
and NO3

− [115].

At the molecular level, there are three defense mechanisms of the plant against the high con-
centration of salts in the soil solution or nutrient solution: (i) osmotic tolerance and root exclu-
sion, (ii) osmotic tolerance and foliar exclusion, and (iii) Na+ tolerance. The first mechanism 
depends on the interruption of the production of radical hairs and new leaves, stomatal clo-
sure, and increased root growth toward new soil volumes. Root exclusion depends on the 
control of Na+ and Cl− flux in the endodermis (which depends significantly on the availability 
of silicon). However, as Na+ and Cl− enter the cytoplasm via nonselective channels and trans-
porters, it is inevitable that they will reach the xylem and thence to the rest of the plant [111, 
115, 116]. An important part of the osmotic response in the root is based on the increase in 
aquaporin density in the cells of the epidermis; it is believed that this response improves the 
water status of the root [116].

When the first root exclusion mechanism fails, Na+ and Cl− accumulate in stem and leaf 
apoplast, activating a foliar osmotic tolerance response that depends on the synthesis of 
enzymatic and non-enzymatic antioxidants, to counteract the most of ROS production, and 
synthesis of osmolytes such as proline, polyols, and glycine betaine to preserve the func-
tionality of membranes, proteins, and other biomolecules. On the other hand, Na+ and Cl− of 
the apoplast are transported to the cytoplasm of the cells by means of nonspecific channels 
and the Na+/Ca2+, Na+/K+, Ca2+/Mg2+, and Cl−/NO3

− ionic balance breaks, which interferes with 
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Figure 2. Environmental factors and agronomic management to be used for agricultural production in soils or substrates 
with high amounts of salts.
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agricultural systems. As has been said for other stresses, there is an intrinsic incompatibility 
between high productivity and high yields and stress tolerance, since both processes depend 
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the membrane’s charge balance on which the activity of the integral proteins depends, and 
also competitively inhibits a large number of enzymes which are activated by K+, Mg2+ and 
Ca2+. Plant cells turns on an exclusion process dependent on the pumping of toxic ions to 
mitigate the accumulation of Na+. An example of such mechanisms is the SOS proteins that 
are responsible for transporting the Na+ from the cytoplasm to the vacuole or the apoplast 
and is even associated with long-distance transport of Na+ [112]. These toxic ion-pumping 
systems, however, have a very high-energy expenditure. As salinity significantly interferes 
with metabolic processes, the energy budget is getting lower, and over time the cells abil-
ity to keep toxic ions out of the cytoplasm volume is exceeded. Then the point where the 
concentration of Na+ and Cl− in the cytoplasm grows in such a way that it causes the death 
of the cells.

Crops are not very tolerant to Na+ and Cl−, but this character is variable from one species to 
another. Tolerance capacity can be increased if plants have enough Ca2+, K+, Mg2+, and NO3

− to 
mitigate the imbalances caused by Na+ and Cl−. Also, the use of antioxidants and osmolytes 
such as proline and glycine betaine applied exogenously, or the use of enhanced or geneti-
cally modified varieties may be useful during the osmotic phase of salinity-induced stress 
[111, 114]. However, obtaining crops with high productivity and halophytic character is a 
challenge, since the exclusion, compartmentalization, and extrusion of Na+ and other ions that 
reach toxic concentrations requires a high-energy expenditure and therefore a high percent-
age of the photosynthates produced.

7.2. Responses at the cellular and physiological-morphological level

The osmotic and toxicity effects on the molecular scale are transferred to the upper levels, 
causing a rapid stomatal closure dependent on ABA, decreased photosynthesis and interrup-
tion of growth in young leaves, which is the first symptom observed in the plant. In case the 
adaptive response is successful, the growth can be restarted at a later time, once the adjust-
ments in the cellular development programs that allow the osmotic tolerance and the Na+ 
tolerance occur. If the mechanisms mentioned above of osmotic balance and exclusion are not 
sufficient, the plant will initiate a gradual process of intoxication characterized by the senes-
cence of mature leaves, a result of the accumulation of Na+ and Cl− [111].

7.3. Management of salinity-induced stress

As the primary factor that induces stress is the high concentration of salts in the soil or sub-
strate, stress mitigation is mainly directed to the application of soil management techniques. 
However, the use of tolerance-inducing compounds such as salicylic acid, antioxidants, osmo-
lytes and growth regulators applied by foliar spraying or in seedlings or seeds, are useful for 
improving plant response. Also, the use of genetically improved plants is an alternative that 
can be combined with soil management to obtain better results [112].

From an agronomic perspective, salinity is expressed in terms of electrical conductivity (EC) 
in units of dS m−1 (1 dS m−1 = 1000 μS cm−1) or mmhos cm−1 (equivalent to 1 dS m−1 or 1 mS cm−1) 
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It is usually determined on a saturated past extract soil:water (ECe), in soil taken from the root 
region of the plant and averaged over depth and time. The ECe of a saturation extract for a 
heavy soil or medium texture multiplied by 2 marks the approximate EC for soil solution at 
field capacity. In contrast, for sandy soils, ECe is multiplied by 3. For direct determination in 
field or greenhouse, filtered extracts of soil:water in relation 1:1, 1:2 or 1:5 volume/volume are 
used. EC and osmotic potential are linearly related (1 mS cm−1 = −0.036 Mpa). The productivity 
of salinity-sensitive plants decreases if soil EC exceeds 4 mS cm−1 (4000 μS cm−1) therefore it is 
recommended that irrigation water does not exceed 2 mS cm−1 [13].

There are several physical-chemical techniques for the management of saline soil conditions 
that favor crop yields. When soil salinity is not intrinsic but results from the application of 
fertilizer or irrigation water with high EC, soil management techniques can be used such as 
drainage improvement and leaching practices, with or without gypsum applications, lime-
stone, and sulfuric acid, as well as deep tillage, subsoiling, and inversion of the soil profile. 
Several factors, such as the availability of water, the quality of the water, the access to the 
machinery and the necessary economic resources must be considered before applying the 
methods above mentioned. The application of localized organic matter (used on rows or seed 
beds) or throughout the complete soil profile is also useful as a technique to dilute the concen-
tration of salts in the soil explored by the root. This latter technique is also useful when soils 
are inherently saline [117].

Other methods that mitigate salinity are the incorporation of crop residues, as well as crop 
rotation and the application of biosolids and biochar to dilute ion concentration in soil and 
to promote plant microbiome, the latter has been shown to have a positive effect on plants 
subjected to high salt concentration either by the production of growth hormones, osmolytes 
and other stress relieving compounds, or because the microorganisms themselves capture 
part of the salts present and sequester them in their biomolecules over a period. The greater 
amount of organic matter increases the availability of CO2, which, even under conditions 
of partial closure of the stomata, allows the maintenance of photosynthesis, which in turn 
is associated with greater availability of energy and biomolecules such as antioxidants and 
osmolytes [117, 118].

On the other hand, an adequate regulation of the nutrients in plants can improve the acclima-
tization to the saline environment. Application to the soil of silicon fertilizers has shown to 
be an effective technique to improve tolerance to salinity in plants. The contribution of other 
mineral nutrients such as K and Ca combined with compost or other sources of organic mat-
ter reduces Na+ absorption, increases K+ and improves the K+:Na+ balance, resulting in higher 
plant growth and yield. The use of nanofertilizers, which has been shown to be more efficient 
to feed plants compared to traditional fertilizers [46], could be another alternative to reduce 
the supply of salts to agricultural soils, thus decreasing the process of salinization that every 
day increases the surface of degraded soils. Another suitable alternative to mitigate this type 
of stress is the application of zeolite and humic substances that capture the salts in the soil, 
reducing the EC of the soil solution, increasing the growth of the roots as well as the uptake 
of other mineral elements [119, 120].
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8. Nutrient deficiency stress

In the other types of stress reviewed, high irradiance, extremes of temperature, water defi-
cit, and salinity, it was explained how the proper management and care of the soil consti-
tutes a critical component for its mitigation. In the case of the deficit of mineral nutrients, 
this part is especially relevant since the soil or substrate is the primary source of nutrients. 
Environmental conditions that induce mineral deficiency are manifold, as well as the ability 
of plant species and their microbiome to absorb, transport, assimilate and store nutrients. 
The different combinations of irradiance, temperature, relative humidity, physicochemical 
and biotic characteristics of the soil impose different needs both in quantity and in the molar 
balance of the elements used by the plants for their metabolism. It is known about C/N, N/P, 
K/Ca, Ca/Mg, among other ratios, but it is a complex challenge to have the necessary informa-
tion to appropriately manage the nutrition (time, quantity, chemical form and balance with 
other elements) of crops during their growth, especially in extensive crops and those devel-
oped in the soil.

Different agronomic approaches, such as the 4R and Integrated Nutrient Management (INM), 
are currently being used to increase the ratio between the amount of fertilizer absorbed by 
the plants and the amount of fertilizer applied to the soil, or nutrient use efficiency (NUE). 
The aim is to reduce the ecological and economic costs of agricultural practices, achieving 
a higher return concerning food production without contravening the sustainability of the 
edaphic system [103, 121, 122]. The main characteristic of the 4R and INM approaches is that 
they are integrated processes, not directed to a single practice or a single component of the 
ecosystem (Figure 3).

Almost all of the above practices focus to a greater or lesser extent on soil quality care, quality 
being defined as soil capacity to provide the environmental services associated with the water 
cycle and mineral elements, soil support vegetation, animal life and edaphic microbiome, 
storage of C and other minerals, among others. Soil quality can be monitored in a variety of 
ways, but a very sensitive indicator is the amount of organic matter in the soil, which, when it 
decreases, signals a degradation process [103]. The quality of the soil is closely related to the 
quantity and frequency of tillage applied; the greater the amount of heavy machinery work-
ing in the field the greater is the soil degradation.

Another indicator of soil quality is the ability to maintain the necessary mineral elements 
in a bio-available form for plants. The plants take up through the roots the dissolved ele-
ments in the solution of the soil, in turn, this edaphic component is in a homeostatic pro-
cess of exchange of elements with the mineral and organic components of the soil [124]. The 
edaphic microbiome plays a key role in this dynamic equilibrium by solubilizing, precipitat-
ing and synthesizing new minerals from the available elements. For all the processes before 
mentioned certain conditions of pH, EC, and redox potential are necessary to facilitate the 
interchange of elements between the different phases of the system, the organic matter of the 
soil fulfilling a crucial role in the maintenance of such conditions. Again, as in the stresses 
described in earlier parts of this manuscript, the importance of conserving and managing 
organic matter in agricultural soils arises.
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For most of the mineral elements, high and low-affinity transporters responsible for their 
absorption, transport to the radical cortex and vascular bundles have been described for 
their distribution and assimilation in all organs of the plant [125]. The functionality of these 
transporters depends on the bioavailability of the element in the rhizosphere (the volume of 
soil modified directly by the root surface). This bioavailability depends on physicochemical 
factors, which are significantly buffered by the presence of organic matter [122], and biotic 
factors that encompass the root microbiome and the root activity that modifies the rhizo-
sphere through excretion of organic acids, metabolites, and enzymes, and H+ that solubilize 
minerals [126].

Figure 3. An integrated approach to agronomic practices to mitigate P and Zn deficits in crops. It is an example of the 
integral agronomic management described in the text, aimed at reducing the deficit of two very relevant nutrients from 
a perspective of sustainable agricultural production and from the point of view of human food, for which there are 
restrictions as far as the availability and effectiveness of available fertilizer sources [123].
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Figure 4. Integral application of different technologies for the management of abiotic stress as a tool to improve food 
production in a climate change scenario.

The use of cover crops, the incorporation of organic matter in the form of compost, biochar, 
and biosolids is recommended to increase the bioavailability of mineral elements. In the same 
way the controlled use of organic and inorganic forms of the applied elements, including the 
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use of rock dust, materials obtained as an industrial by-product, and in the form of nanoma-
terials, which raises the possibility that the biotic processes and abiotic systems of the soil sys-
tem  transform these materials into nutrients in available forms. Similarly, the application of 
so-called biological fertilizers or biofertilizers, such as Rhizobiaceae, Azotobacter, Azospirillum, 
vesicular-arbuscular mycorrhizae (VAM), phosphate solubilizing bacteria (PSB), and plant 
growth-promoting rhizobacteria can be used in combination with organic and inorganic fer-
tilizers [127].

The option of using biofertilizers should be emphasized. Some advantages mean that the 
alternative of using biofertilizers can be considered as useful to make food production 
more efficient and sustainable: they are a natural and non-polluting source of fertilizing 
elements for crops; beneficial microorganisms can be isolated and produced locally, with 
techniques and technology available in many parts of the world, which also has a multiplier 
effect of local bio-industries; microorganisms that benefit the plant with a greater bioavail-
ability of mineral elements also increase their productivity and tolerance to abiotic stress 
through the production of growth regulators and metabolites that restrict the growth of 
pathogens [128].

Also, the development of nanofertilizers with a greater efficiency in its absorption and impact 
in the plant is an open subject, but that undoubtedly will contribute of relevant form to the 
improvement of the nutrition of the plants. It has been proven experimentally that all essen-
tial elements for plants are absorbed and used by plants in their nanometric form. However, 
the more diversified and larger application of this technology still requires that the safety 
issues of the use of nanomaterials in crops destined to food production be solved [46].

The combination of technologies in an integral way (Figure 4) can offer many advantages 
against a non-benign climate scenario. The greater or lesser bioavailability of mineral ele-
ments can be modified through soil improvement practices such as the use of organic matter 
and the application of inorganic fertilizers and biofertilizers. Soil management and nutrition 
in combination with the use of crop varieties with greater efficiency in nutrient absorption is 
also advisable. To do this, from the use of traditional selection techniques to the use of geneti-
cally modified varieties or genome-editing are a determining factor in an integrated approach 
to the management of nutrient deficiencies in agriculture. [129, 130].

9. Conclusions

A comprehensive approach to the management of abiotic stress based on soil management 
techniques, the use of currently available technologies for irrigation and plant care, the use of 
materials, nanomaterials, biofertilizers, and growth regulators that can be applied at different 
stages of plant growth. The application of the mentioned techniques in combination with the 
use of improved or genetically modified varieties may allow the addition and synergy of dif-
ferent effects in various levels of description of agricultural systems. This synergy is expected 
to lead to more resilient systems in the face of climate change.
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