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Abstract

Environmental stress has regulated the function, morphology, and diversity of cells,
organs, individuals and plant communities. The interaction of plants with the stress-
inducing environments has produced in the plants a set of adaptive responses that can be
studied in different description scopes: from organelles and subcellular structures to the
level of plant communities. When it occurs for short time or low intensity, environmental
stress can induce hardening, followed by induction of tolerance; on the other hand, when
the plant’s reaction is for a long time or responding to a significant stress intensity, the
response of plants includes decreased growth, depletion of metabolic reserves and loss
of productivity and yield, even reaching the death of plants. Current knowledge about
these crop responses can be translated into agronomic practices aimed at mitigating the
adverse effects of environmental stress. This chapter will present the mechanisms of
response and adaptation of crop plants to the environmental factors that most commonly
cause crop damage or yield loss: high and low temperature, salinity, water deficit and
nutrient deficits. Agronomic practices aimed at modifying or balancing some of the envi-
ronmental factors involved and the use of tolerance induction techniques are described.
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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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Pre-sowing Sowing or Crop growth Post-harvest  Stress factor in which
transplanting tolerance is induced
Soil management: Soil management: High irradiance
¢ Organic and mineral * Organic and mineral Water stress
amendments amendments High temperature
e Cover crops e Low tillage Salinity
e Low tillage * Nanofertilizers

e Crop rotation

e Zeolites, nanofertilizers

Use of soil microorganisms: Water stress
* Arbuscular mycorrhizal fungi and rhizobacteria High temperature
Salinity

Mineral deficiency

Use of genetically improved plants: High irradiance
e Hybrid seeds (traditional breeding) Water stress
e Transgenic crops High and low
* Genetic modification (non-transgenic) temperature
Salinity

Mineral deficiency

Tolerance inductors and elicitors: High irradiance
e Organic compounds Water stress
* Beneficial elements High and low
temperature

e Nanocompounds and nanofertilizers
Salinity

Mineral deficiency

Table 1. Use of management strategies in different stages of cultivation for abiotic stress mitigation in plants.

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].
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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 CO, 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 CO, 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 CO, availability

Solar radiation is the primary source of energy for the photosynthetic process. With the cur-
rent condition of atmospheric CO, concentration (400 uL L™), a significant part of the CO, used
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Figure 1. Oxidative components of high irradiance damage (left), and the factors for crop mitigation.

as a carbon source during photosynthesis comes from soil respiration, and in many cases, CO,
deficiency is found in the canopy of plants during the hours when values of photosynthetic
irradiance (PPFD) from 1800 to 2000 pmol m™ s are reached [22]. In this regard [23], mention
that a PPFD of 600-800 pumol m™ s™ allow the adequate photosynthetic activity.

As PPFD values increase beyond 800 umol m™ s, in combination with a low CO, 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 NADPH, in the photosystems, but the excess energy
is drifted toward the activation of O, by the triplet chlorophyll of the antennas or reaction
centers to produce singlet oxygen ('O,), 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 (O,") 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 CO, concentration in the canopy results in the
induction of photo-oxidative damage and higher foliar temperature, which, if not adequately
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controlled, cause a decrease in CO, 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 CO, in the canopy is increased and an adequate supply of
water is ensured during the hours of greatest demand. In the photosynthetic process the CO,
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 CO, in the mesophyll of the
leaf. Under conditions of high irradiance, the only way to achieve this result is by increasing
the concentration of CO, 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 CO, 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 CO, as a
by-product. As a consequence, the concentration of CO, in the soil pores is very high
(1500-6500 puL L) and moves through diffusion from the soil to the atmosphere and the
canopy of the plants [30]. However, the CO, 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 CO, 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™, up to 50-300 kg ha™
[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 H,5O, and HNO, (15 L ha™ week™) produces good results, since decreases
soil pH and the reaction of acids with carbonates produces CO,. In addition to strong acids,
citric acid (10 M in nutrient solution or 30-90 kg ha™) has also been used as well as humic
substances [33].

Efficient use of the constant flow of CO, 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 CO, in
the canopy. Maintaining an adequate concentration of CO, 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 CO, using different
metabolic processes. This process seems to establish a balance with the constant loss of CO, 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 CO,
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, H,O, and 'O,. 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™) 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 CO, 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 CO, 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 CO, declines faster than that of O, as the temperature rises, and that RUBISCO shows
higher affinity for O, 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 H,O, 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 nTiO, [61], CeO, [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 CO, in the canopy is an important factor to
mitigate the damage caused by high temperatures. The higher concentration of CO, 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 CO, 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 (2448 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, Ca*
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
mitochondprial 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 CO, in the canopy of plants
is associated with higher amounts of carbohydrates in different plant structures [89]. Soil
organic matter, as a source of CO, 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 CO, 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 CO,
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, TAA, 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 CQO, 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 CQO, in the canopy of plants, as more elevated [CO,] 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 [CO,] 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:

\P=\Pg+\yp+\1’0+\lfm (1)

The losses due to leaching (V) 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 (W ) and the osmotic potential (W ), 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 (Na,SiO,
200-800 kg ha™ to the soil or 123 mg L™ in the nutrient solution), selenium (10 g ha™ to the soil
or 0.5-3.0 mg L™ by foliar spraying), or selenium and sulfur (as elemental sulfur SO, apply-
ing 20-80 kg ha™ 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™) 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 uS cm™ 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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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 CI,
which interfere with the ionic balance in the cytoplasm that depends mostly on K*, Mg*
and NO, [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 CI” 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 CI" of
the apoplast are transported to the cytoplasm of the cells by means of nonspecific channels
and the Na*/Ca*, Na'/K*, Ca**/Mg*, and CI'/NQO," ionic balance breaks, which interferes with
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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*, Mg* and
Ca?. 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 CI” in the cytoplasm grows in such a way that it causes the death
of the cells.

Crops are not very tolerant to Na" and CI, but this character is variable from one species to
another. Tolerance capacity can be increased if plants have enough Ca*, K, Mg*, and NO," to
mitigate the imbalances caused by Na* and CI". 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 CI™ [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 dSm™ (1 dSm™=1000 puS cm™) or mmhos cm™ (equivalent to 1 dSm™ or 1 mS cm™)
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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™ =-0.036 Mpa). The productivity
of salinity-sensitive plants decreases if soil EC exceeds 4 mS cm™ (4000 uS cm™) therefore it is
recommended that irrigation water does not exceed 2 mS cm™ [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 CO,, 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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Integrated crop P-Zn nutrition management
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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].

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].
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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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