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Abstract: Plants, due to their sessile nature, face several environmental adversities. Abiotic stresses
such as heat, cold, drought, heavy metals, and salinity are serious threats to plant production and
yield. To cope with these stresses, plants have developed sophisticated mechanisms to avoid or resist
stress conditions. A proper response to abiotic stress depends primarily on how plants perceive
the stress signal, which in turn leads to initiation of signaling cascades and induction of resistance
genes. New biotechnological tools such as RNA-seq and CRISPR-cas9 are quite useful in identifying
target genes on a global scale, manipulating these genes to achieve tolerance, and helping breeders
to develop stress-tolerant cultivars. In this review, we will briefly discuss the adverse effects of
key abiotic stresses such as cold, heat, drought, and salinity. We will also discuss how plants sense
various stresses and the importance of biotechnological tools in the development of stress-tolerant
cultivars.

Keywords: heat stress; cold stress; drought stress; salinity; stress sensors; CRISPR-cas9

1. Abiotic Stress; Problems and Damages

Abiotic stress corresponds to any environmental factor that can limit plant growth and
productivity. Historically, abiotic stress became the focus of plant scientists and agronomists
in the past half-century due to rapid growth in human populations (which threatened
global food security). Increasing food demand made it inevitable to investigate the reasons
for reduced crop production that would often be ignored. It was around this time when
scientists started making estimations concerning the loss of crops caused by environmental
constraints and investigating the reasons behind it. In the early 80s, Boyer [1] estimated that
environmental factors may reduce crop production by as much as 70%. Since then, several
reports have been published mentioning crop loss due to various abiotic stresses [2,3].
Some of these stresses cause irreversible effects to cultivated lands and ultimately affect
crop production and quality. Although it is difficult to estimate the effects of abiotic
stresses on agricultural lands, Cramer, et al. [4] have mentioned a rough calculation based
on FAO reports mentioning that about 96.5% of global rural land is affected by abiotic
stresses. He also mentioned a breakdown of this percentage contributed by each stress [4].
In a persistently changing environment, there are several adverse factors such as heat,
cold, drought, and salinity (among others) that can affect both agricultural land and crop
production. Here, we will take into account some of these major factors and their impact on
plant yield and production. We shall also investigate the response and sensing mechanism
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of plants towards these adversities. Lastly, we will describe the role of new molecular tools
such as RNA-seq and CRISPR in resistance towards stresses.

1.1. Heat Stress

Global warming is becoming one of the most serious concerns for plant scientists
since the gaseous emissions and other related human activities are substantially adding to
greenhouse gasses accumulation. Various global circulation models have predicted that
greenhouse gasses (particularly CO2, methane, nitrous oxide, and chlorofluorocarbons)
will gradually increase the global ambient temperature. The Inter-Governmental Panel on
Climatic Change (IPCC) in their report has mentioned that the global average temperature
will rise at a rate of 0.3 ◦C per decade [5]. At this rate, we will expect about a 1 ◦C increase
in global temperature by 2025 [6] which could be quite serious when we are expected to
have to feed about nine billion people by the year 2050 [7].

Temperature is one of the important factors in the maintenance of cellular metabolism
and its rise above optimum levels is perceived as heat stress by plants. Wahid et al. [6]
defined heat stress as an increase in temperature beyond a certain level for a period
sufficient to cause irreparable damage to plant health. Generally speaking, a transient rise
in temperature (10–15 ◦C) is termed as “heat shock.” However, heat stress is a combination
of complex processes including intensity duration and the rate of increase in temperature
above optimum levels. The magnitude of heat stress in a particular climatic zone depends
on the frequency and period of heat stress during the day and night. Heat can, therefore,
disturb cellular homeostasis, ultimately leading to growth retardation and even death [8]
and is a major threat to crop production worldwide [9]. Rises in temperate may lead
to geographical redistribution and changes in growing seasons for major agriculturally
important crops such as rice, wheat, and corn due to changes in the optimum temperature
for crop maturity, etc., thereby affecting agriculture and livestock directly and humans
indirectly. For example, Porter [10] reported that rising temperatures could extend the
growing season of pasture grasses by allowing the optimum temperatures for starting
growth to be reached sooner. Reports suggested that higher temperatures shorten the life
cycle of most cereals, inducing senescence and reducing the duration of the growing season.
Staple crops (e.g., corn, wheat, and rice) can only tolerate a narrow range of temperature
which, if exceeded during floral transition, can damage seed production, and thus reduce
crops yield.

Table 1 shows various studies mentioning heat, cold, drought, and salinity stress in
several species. However, these are few examples, and the number of studies is growing
owing to the importance of the matter. The PubMed database shows about 6404 articles
that were published related to abiotic stress in plants in 2020 alone, despite the global crises
of COVID19. This shows the urgency of the problem and the interest of plant scientists in
the field.

1.2. Cold Stress

Cold is another environmental factor that limits the growing seasons of many plant
species (Guy, 1990). The implications that cold stress have upon crops are important to
understand., since a majority of the agriculturally important crops that are consumed by
humans such as maize, rice, tomato, and fruits such as banana, mango, and papaya are
from tropical or subtropical regions and are sensitive to chilling [11,12]. Cold stress is
often differentiated into freezing and chilling stresses. The effect of cold stress on plants
depends on the severity of the stress and the exposure time. The seedling stage of the
plant is mostly affected by the cold. Common symptoms include the appearance of the
surface lesion, discoloration, desiccation, induced senescence, reduced shelf life, ethylene
production [11], etc. In addition to profound phenotypic changes, chilling brings drastic
biochemical and physiological changes that have been reviewed in detail [4,13]. Briefly,
these changes include an increase in cellular Ca+ contents, an accumulation of reactive
oxygen species (ROS) [4], a decrease in membrane fluidity due to unsaturation of fatty acid
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in the membrane, and compositional changes in lipids to protein ratio in the membrane [14].
In addition, low temperatures can also cause dehydration, mainly due to an inability to
uptake water. Similarly, freezing can cause membrane damage due to drastic dehydration
accompanied by ice formation. The formation of ice in intracellular spaces can cause a
physical disruption of cells and tissues. Freezing can also cause protein denaturation and
solute precipitation [15]. Like other abiotic stresses, both freezing and chilling induce the
production of ROS, thereby disturbing cellular redox status.

1.3. Drought Stress

Drought is one of the major environmental stresses which causes a severe reduction
in crop yield [16]. Climate changes impacting variability in rainfall in addition to growing
water demand and diminishing water supply may increase water deficit conditions [17]. This
will affect all organisms but will particularly affect plants that do not have mobile structures
allowing them to migrate elsewhere when food and water are limited, thereby impacting crop
production. The severity of the damage caused by drought stress is challenging, since it is
driven by several factors such as rainfall patterns, the water holding capacity of the soil, and
water losses due to evapotranspiration [16]. The impact of drought stress on crop species
associated with growth and physiology has been well-explored [18,19]. A study mentioning
analyses of data published between 1980 and 2015 on a global scale suggested 21% and
40% yield reductions in wheat and maize, respectively, due to drought [18]. Major effects
of drought include poor germination [20,21], reduced seedling growth [22], reduce nutrient
availability, photosynthesis, [23], number of leaves and size of individual leaf size [24], plants’
fresh and dry weight [25], etc. In addition, exposure to drought may result in complete sterility
in pearl millet (Pennisetum glaucum L.), probably due to disturbed assimilate movement to the
developing ear [26]. Similarly, dehydration can reduce the production of coffee by as much
as 80% [27]. A study by Franchini, et al. [28] reported that in the state of Parana, Brazil, in
2008/2009, soybean harvest was reduced by 80% during a 45-day drought in certain areas.
Plants respond to drought through several factors including physiological changes such as
stomatal closure [16], reducing transpiration [29], etc. In addition, plants induce changes in
gene expression to expedite tolerance against drought stress.

1.4. Salinity Stress

Salinity in water or soil is another abiotic factor that can limit crop production specifi-
cally in arid or semi-arid regions [30]. According to an estimate published in 2011, over
800 million hectares of world land are affected by high levels of salinity [31]. Similarly, the
same study reported that about 17 million hectares of agricultural land will be affected
by salinity by 2050. The adverse effects of salinity on plants are associated with the low
osmotic potential of soil, nutritional imbalance, specific ion effect, or a combination of all
these factors [32,33]. These factors have severe effects on plant growth and development at
various levels [34]. General effects include reducing the growth rate, smaller and fewer
leaves, and reduction in root length [35]. The osmotic effect of salinity contributes to
changes in leaf color and developmental aspects such as root/shoot ratio and maturity
rate [36]. As with other abiotic stresses, the effects of salinity on plants and their response
towards it depends on the duration and severity of the stress. Generally, salinity has short
term effects (such as ion-independent growth reduction) that take place within minutes to
hours or days after perception of the stimuli, close stomata and inhibition of cell expansion
which is shoot specific [35,37], and long-term effects which can occur over days or even
weeks (such as building up cytotoxic ion levels, slowing down the metabolic activities
and causing early senescence and ultimately cell death) [38,39]. A plant’s tolerance to
salinity is achieved by a multitude of physio-molecular mechanisms, osmotic and ionic
tolerance, and tissue tolerance [39,40]. Among these, osmotic tolerance is a rapid response
associated with a quick decrease in stomatal conductance to store water which employs
fast signaling mechanisms between roots and shoots [39,41,42]. The ionic tolerance is
achieved by activation of several signaling cascades that restrict net Na+ influx and reduce
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net Na+ translocation [43]. The tissue-specific tolerance is achieved by translocation of
toxic ions to the vacuole to avoid their detrimental effects on cytoplasmic-based metabolic
processes [43]. The salt overly sensitive (SOS) pathway comprising of different SOS genes,
in this case, is the key to direct toxic ions to the vacuole [44].

1.5. Heavy Metal Stress

Heavy metals (HMs) such as Mn, Cu, Ni, Co, Cd, Fe, Zn, and Hg, etc. have been
accumulated in soils due to several anthropogenic activities such as fertilizer application,
improper disposal of industrial wastes, irregulated sewage disposals [45,46], or pococu-
rante disposal of automobile effluents. From soil, they are leached to groundwater or
accumulated on the soil surface [46,47]. One of the severe aspects of HM stress is that
it is non-biodegradable (that is, it cannot be vanished from the environment by natural
means). HM stress has adverse effects on enzymes by inactivating or denaturing them.
Reports suggested that HMs interfere with the substitution reaction of essential metallic
ions with biomolecules that disturb the integrity of membranes, causing changes in pho-
tosynthetic ability, respiration, etc. [48]. HMs also induce oxidative stress by stimulating
the production of hydrogen peroxide (H2O2), superoxide radicals (O−

2), and hydroxyl
radicals (OH) [45,49]. Accumulation of HMs, particularly in roots due to their blockage by
Casparian strips or trapping by root cell walls, impairs physio-morphological functions in
plants which ultimately limits crop productivity [50].

Plants deploy both physiological and molecular mechanisms to cope with HMs. First,
plants reduce the uptake of metals with the help of cellular and root exudates which
halt the metals from entering the cell by increasing the efflux (a mechanism of stress
avoidance) [45]. Many plants have specified mechanisms to cope with a particular type of
HM by sequestering it in cellular compartments to protect the sensitive cellular components
from interacting with these metals [45]. This mechanism involves compounds such as
glutathione, phytochelatins, metallothioneins, amino acids, and certain enzymes such as
superoxide dismutase (SOD) [48]. Interestingly, plants also use their symbiotic relationship
with mycorrhizal fungi by making them decoy to accumulate HMs in the rhizosphere
thus preventing their availability for plants [45]. There are several other ways that a
plant can deal with HMs including changing the pH of the rhizosphere (resulting in
precipitation of HMs), transporting the metallic ions from symplastic to aplastic space
using metal transport and carrier proteins, secretion of root exudates such as malate and
oxalate [51,52], the release of nitric oxide (NO) (which induces the antioxidant system and
helps in HM stress alleviation [53,54]), use of phytochelatins to transport metallic ions
via xylem and phloem [48], etc. However, we will focus more on molecular responses by
plants towards HM stress. Transcriptomic studies have shown more than 30 candidate
genes that were highly expressed in metal hyper-accumulator Arabidopsis helleri compared
to the non-accumulator A. thaliana showed higher expression [55]. Reports suggested
that the Zn2+ transporter AnT1 is overexpressed in the Noccaea caerulescens, which is a
hyperaccumulator compared to the non-accumulator N. arvense [56]. Major candidate
genes are those coding metal pumps belonging to the heavy-metal ATPase (HMA) family
transporters. As the name indicates, they are responsible for the translocation of metals
across biological membranes. For example, HMA2 and HMA4 induce metal efflux out of
the cell in A. thaliana [57]. Similarly, MTP1, a member of the cation diffusion facilitator (CDF)
protein family (which acts as a vacuolar membrane transporter), was highly expressed in
hyperaccumulating plants of A. helleri compared to the non-accumulator [58]. As with other
stresses, plants activate signaling cascades in response to HM stress. The most common of
these are the mitogen-activated protein kinase (MAPK) cascade, reactive oxygen species
(ROS) signaling pathway, and Ca-Calmodulin pathway [45].



Agronomy 2021, 11, 1579 5 of 20

Table 1. A list of various studies concerning cold, heat, salt, and drought stress in plants.

Abiotic Stress Condition Plant/Crop Species Key Parameters Studied Reference

Cold stress

Arabidopsis Gene expression [59]

Arabidopsis Hormone signaling [12]

Blue berry Dehydrinn accumulaiton [60]

Hibiscus Photosynthesis [61]

Candyleaf Photosynthesis carbohydrates [62]

Wheat Antioxidant system/electron transport [63]

Grapevine WRKY TF expression [64]

Arabidopsis Nuclear proteome [65]

Rapeseed Microarray analyses [66]

Rice DNA methylation [67]

Heat stress

Strawberry Peroxidase activity, total protein content [68]

Tomato Chlorophyll fluorescence [69]

Soybean Proline content, NADP levels [70]

Tobacco Proline, polyamines [71]

Tomato Heat shock transcription factors and genes [72]

Arabidopsis Carbohydrate accumulation [73]

Arabidopsis Transcriptome profiling, autophagy [74]

Arabidopsis Circular RNAs [75]

Rice biomolecular fluorescence complementation (BiFC) [76]

Salt stress

Maize Antioxidant enzymes, lipid peroxidation [77]

Common bean Photosynthetic rate, growth [78]

Tomato Lipid peroxidation, antioxidants [79]

Tomato Stomatal conductance, biomass production [80]

Radish Electrolyte leakage, chlorophyll content [81]

Radish miRNAs [82]

Radish Endogenous hormones levels, plant height [83]

Maize Antioxidant enzymes, lipid peroxidation [77]

Drought stress

Lemmon grass Growth, oil metabolism [84]

Alfalfa Sugar contents, amino acid accumulation [85]

Arabidopsis Membrane lipid composition [86]

Arabidopsis Photosystem II (PSII) photochemistry [87]

Arabidopsis PSII, chlorophyll contents [88]

Arabidopsis PSII photochemistry chlorophylls [89]

Arabidopsis Antioxidant enzymes [90]

Arabidopsis microRNA expressions [91]

Arabidopsis Transcriptome [92]

Arabidopsis Hormones [93]

Arabidopsis Polyamine metabolism [94]

Arabidopsis Stomatal closure [95]

Arabidopsis Na+/H+ antiporter TNHX1 [96]

Arabidopsis Chromatin status [97]

Arabidopsis Drought rhizogenesis [98]

Arabidopsis H2O2 contents, chlorophyll contents [99]
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Table 1. Cont.

Abiotic Stress Condition Plant/Crop Species Key Parameters Studied Reference

Heavy metal stress

Brassica Phytoremediation potential [100]

Cabbage Growth and metabolisim [101]

Sunflower Gaseous exchange, photosynthesis [102]

Peppermint, Cornmint Oil quality [103]

Plants (in general) Phenolic compounds [104]

Rapeseed Proline contents, Cu levels [105]

Rapeseed Cadmium and lead levels [106]

Sunflower, Canola Removal of lead and zinc [107]

2. Sensing Abiotic Stress in Plants

Plants, during their lifetime, must choose priorities at various points for their survival
based on the environmental cues they perceive. While downstream cellular signaling
cascades and physiological responses after stress conditions have been well-explored,
the understanding of how plants perceive signals is still debatable. Abiotic stresses are
perceived mainly by sensory mechanisms that have the potential to translate physical and
chemical environments created due to environmental cues such as low or high temperature,
drought, salinity, etc., into a biological signal. This system has been well established in
mammals. For example, in mammals heat is perceived by both the Transient Receptor
Potential (TRP) ion channel family and neuron-based Twik-Related Potasium (TREK)
channel family. Temperature elevation results in depolarization and induces the removal of
corresponding neurons [108,109]. Thus, the signal is perceived by the transmembrane ion
channel which converts the environmental signal to a cellular response such as changing
membrane potential [110].

In plants, abiotic stress perception is less studied. While the perception mechanism is
well-explored for some stresses, identification of sensing mechanism for others has been
problematic. In fact, the criteria to define “abiotic stress sensors” have been unclear due to
the lack of clear ligands [110]. Recently, in a study for the search of thermosensors in plants,
Vu, et al. [111] proposed three criteria to identify true heat sensor: (1) the condition (abiotic
stress) must bring changes in structural properties or activity of the component; (2) these
properties affect the downstream signaling cascades; and (3) changes in the properties
or activity must lead to physio-morphological adaptations of plants in response to stress.
Lamers, van der Meer and Testerink [110] further suggested that it must be the external
environment that is sensed to distinguish stress perception from intracellular signaling
processes. Here, we will discuss how different abiotic stresses are sensed by plants.

Temperature changes influence several biological processes and aspects of plant life
such as root and shoot growth, yield, flowering, and resistance to pests [112]. Alteration in
temperature changes the enzyme kinetics, protein structure and binding, protein folding, and
membrane fluidity. In plants, two different mechanisms have been proposed for sensing
temperature fluctuations, namely phytochromes for slight changes in ambient temperature
and heat shock proteins (HSPs) for heat stress [110]. Here we will discuss more HSPs
as we want to focus on heat stress. HSPs are a highly conserved family among various
organisms [113]. Heat stress denatures water-soluble proteins resulting in their hydrophobic
core being exposed. These hydrophobic regions, along with the hydrophobic regions of
other proteins, aggregate together resulting in protein precipitation [110]. HSPs also have a
hydrophobic region that is used to interact with such aggregated proteins [114–116]. After
binding, heat shock factor (HSF) transcription factors are released which further binds to
heat shock elements (HSE) to regulate transcription [117]. HSPs can also be induced by other
stresses such as drought and salt [118]. However, reports suggest that for these stresses
HSPs do not have a sensing role. Rather, they respond to these stresses through downstream
signaling pathways [119].
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As with heat, low temperature should also be sensed by plants in time as extremely low
temperatures can form ice crystals which can cause cell death. The Open Stomata1 (OST1)
earlier identified for its role in stomatal closure [120,121] represents the key regulator in
the cold signaling pathway in Arabidopsis [110]. Reports suggested that myristoylation
of clade-E-Growth-Regulating2 (EGR2) by N-myristoyltransferase1 (NMT1) 30 min after
cold treatment induces OST1 phosphorylation [122]. After cold perception, OST1 also
phosphorylates the transcription factors inducer of CBF expression1 (ICE1) and Basic
Transcription Factor3 (BTF3) inducing Cold-Regulated (COR) gene expression [121,123].
The cold-induced phosphorylation of OST1 is independent of abscisic acid (ABA) [121,124].
Thus, OST1 is a downstream target of cold than EGR2 and NMT1 and that the latter can be
considered as potential candidates for cold sensors [110].

Plants also have a sophisticated mechanism for sensing drought. Published stud-
ies suggest that drought is sensed as a decrease in osmotic potential as water deficit
condition results in osmotic stress. Therefore, drought sensors are often referred to as os-
mosensors [110]. For the first time, potential drought/osmosensors were identified during
screening EMS-mutagenized Arabidopsis seedlings that were expressing aequorin in a
study involving Ca2+ influx in response to sorbitol. The study resulted in the identification
of a mutant line reduced hyperosmolality-induced (Ca2+) increase1 (osca1; [125]). The
mutant line showed a reduction in Ca2+ accumulation when subjected to sorbitol but not
in response to ABA or H2O2. In silico analyses comprising phylogenetic studies showed
that Arabidopsis has at least 15 homologs of OSCA1. Therefore, sensing hyperosmotic
conditions could be regulated by a family of calcium channels [126].

Although salt resembles drought stress and is sensed in a similar mechanism by os-
mosensors, as both result in osmotic stress [38]. However, salt also causes ionic stress and,
therefore, an additional sensing mechanism is required to sense the adversity by the ionic part.
In this regard, the Ca2+-dependent SOS pathway is the main component for the exclusion of
Na+. The key components of this pathway are SOS3 and associated SCaBP8 Ca2+ sensors,
the SOS2 and SOS2-Like Protein Kinase5 (PKB5), and the SOS1 Na+/H+ antiporter [127–130].
Quan, Lin et al. [130] reported Ca2+ spikes as quick as 10 s after sodium application which
induced SOS3 and SCaBP8 that further activate SOS2. Afterward, SOS2 phosphorylates
membrane-localized SOS1 which excludes Na+ from the cell.

HM stress is another drastic stress that can threaten plant life. Like other abiotic
stresses it initiates ROS and related signaling pathways. However, for any signal trans-
duction pathway, signal perception represents the most important step to initiate a signal.
Unfortunately, in the case of HMs, little is known about the perception mechanism due to
limited studies on this aspect. The current literature suggests that they may be perceived
by the plasma membrane proteins responsible for metal acquisition such as reductases
and transporters [45]. However, deep studies focusing on HM perception mechanisms are
needed to elaborate the activation of signaling cascades in response to HM.

3. Molecular Aspects and Role of Biotechnological Tools

The signals perceived after environmental stimuli are translated into a biological
response. These responses are mainly mediated by genes and transcription factors which
are also induced in response to these stimuli. In addition, these environmental factors
result in the production of redox molecules such as ROS and RNS (reactive nitrogen
species) [4,131] which result in the activation of downstream signaling cascades involving
the activation of genes that encode products (proteins, metabolites) which may help the
plant to avoid or resist stress conditions. Environmental stress also shares a similar response
towards different stresses. For example, many genes that are induced by drought also
show a similar response to salt and low temperature [59]. Genes also show pleiotropy
under several abiotic conditions. For example, genes that are induced during drought
stress not only protecting cells from water deficit conditions but induce the production of
key metabolic proteins that regulate signal transduction following drought stress [132–134].
Therefore, to understand the mechanisms associated with the perception of stress and a
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plant’s response towards it, studying global changes in gene expression represents the most
effective strategy to identify candidate genes involved in the regulation of stress conditions.

3.1. RNA-Seq Mediated Transcriptome Analyses

Since its development in the early 2000s RNA-seq has become a powerful tool in
molecular biology. RNA-seq mediated transcriptome analyses are a useful and widely used
tool to identify differentially expressed genes (DEGs) in response to environmental stimuli.
The technique uses a combined in silico and in vivo approach and helps identify interesting
candidate genes on a global scale. These candidate genes could be useful in dissecting the
downstream signaling cascades under stress conditions. Several transcriptomic studies in
response to various abiotic stresses in a range of species have been reported. Transcriptomic
studies in response to heat stress in Brassica juncea [135] ryegrass [136], rice [137], Chinese
cabbage [138], upland cotton (Gossypium hirsutum) [139], and maize [140] have been re-
ported. Similarly, transcriptomic studies in response to cold stress have been reported in
rice [141–143], maize [144–148], wheat [149–151] Camelia sinensis [152], Solanum lycopersi-
coides [153], Capsicum annum [154,155], and Jatropha curcas [156]. Drought-induced tran-
scriptome have also been reported such as in maize [144,157], rice [158,159], turnips [160],
poplars [161], European beech [162], chickpeas (Cicer arietinum) [163], potatoes (Solanum
tuberosum) [164], wheat (Tricticum aestivum) [165], lentils (Lens culinaris Medikus) [166], and
Korean aspen (Poplus davidiana) [167,168]. In response to salinity transcriptomic studies
have been reported in oats [169], turnips [170], alfalfa [171], date palms [172], halophytic
turf grass [173], halophyte Salicornia persica [174], Jatropha [175] etc. Those transcriptome
data sets provide deep insights into the biological pathways and molecular mechanisms in-
volved in the regulation of growth, development, cell death, signaling changes in response
to abiotic stresses. Furthermore, the huge amount of data on the subject represents a valu-
able source for breeders to develop stress-tolerant varieties and strategic data mining from
large and repetitive data sets and can lead to a better understanding of plant biochemistry
and physiology for applications to crop improvement against abiotic stresses.

3.2. The Role of CRISPR Technology in Abiotic Stress Tolerance

Stress due to biotic factors such as plant pathogens is often specific to plant species,
the type of the pathogens, and environmental conditions. However, abiotic stresses such
as low or high temperature, soil moisture, heavy metals, salinity, or low and intense light
are common throughout the world, limiting the growth and reproduction of every crop
globally. Therefore, it is imperative to engineer crops with horizontal resistance against
abiotic stresses. Although natural selection in wild plant species helped establish more
generalized defenses against abiotic stresses through the course of co-evolution, human
intervention, selective breeding for production and other quantitative traits have diluted
the natural stress resistance of cultivated species. Mechanisms of incorporating abiotic
stress tolerance for a long time include the classical breeding of crops with resistance traits
against abiotic stresses. However, this is a time-consuming and species-specific technique.
New methods include genetic engineering of crop plants for resistance against salinity,
drought, and heat stress, with genes regulating key signaling pathways governing abiotic
stress responses.

The introduction of gene(s) for the incorporation of abiotic stress tolerance in plants has
been the hallmark of extensive research conducted for the past few decades. However, there
are still certain limitations concerned with the classical methods of genetic engineering.
Abiotic stress responses being highly diverse, and dynamic are often controlled by multiple
genes spanning large quantitative trait loci (QTLs). Classical genetic engineering often
involves the use of plasmids or cosmids with a limited capacity for carrying and ectopically
expressing foreign genes in plants. Introducing foreign genes into plants for the alteration
of certain traits often intervenes with other traits producing undesirable traits. On the other
hand, the introduction of foreign genetic material to generate transgenic plants creates



Agronomy 2021, 11, 1579 9 of 20

genetically modified plants/organisms (GMOs) and the public release and consumption of
GMOs are strictly prohibited and or regulated via stringent policies in several countries.

The use of CRISPR/Cas9 for genome editing involves alteration in the original base
pair arrangement within the genome of an organism. Hence, this does not involve the
introduction of foreign genetic material, and the plants generated via this method are not
generally considered GMOs. Simultaneous editing of multiple target genes is an important
advantage of the CRISPR/Cas9 system [176,177].

Though CRISPR/Cas9 technology is relatively new, it has been regularly used in plant
sciences after its debut in mouse genetics. A simple search on PubMed (NCBI) indicates
that the number of studies reporting the use of CRISPR/Cas9 is very large, covering plant
species ranging from the Model plant Arabidopsis to crops such as tobacco, sorghum,
soybean, tomato, potato, rice, wheat, maize, apple, banana, and poplar [178–183].

Halophytes have natural salt tolerance thanks to a repertoire of genes regulating
salt stress via different pathways. Several genes from halophytes have been ectopically
expressed in other plant species for successful engineering of salt tolerance [see Table 1
in [184]]. A large number of genes have been identified from different plant species that
regulate salt stress responses at various levels. These include genes involved in photorespi-
ration, proline accumulation, ion transportation, compartmentalization, phytohormone
regulation, ion acquisition in the roots, Na+/K+ acquisition and homeostasis, and oth-
ers [184]. Most of these genes have been used to generate transgenic plants with significant
salt-stress tolerance and such information can be used to improve salinity tolerance in
crops via targeted genome editing using the CRISPR/Cas system. CRISPR/Cas system
has been extensively used to incorporate desirable traits in grain crops especially rice [185].
Ref. [186] incorporated enhanced salinity tolerance in rice via mutagenesis of the OsRR22
gene via CRISPR/Cas9 technology. Ref. [187] reported CRISPR/cas9 mediated editing
of the OsDST gene for drought and salt tolerance in the indica rice cultivar MTU1010.
Similarly, CRISPR/Cas9 technology has also been used for the eluviation of drought stress
tolerance.

The list of genes edited via CRISPR/Cas9 technology for engineering abiotic stress
tolerance in various plant species is provided in Table 2. However, the actual number
of studies utilizing CRISPR technology is significantly higher and rapidly increasing.
The Open Stomata 2 (OST2) gene has been genetically edited via CRISPR to incorporate
drought stress tolerance in Arabidopsis thaliana [188]. Similarly, microRNA editing via
CRISPR has also been successfully employed in plants. Ref. [189] edited miR169a and
MIR827a for drought stress tolerance in Arabidopsis thaliana. Genes encoding the ABA-
responsive element-binding protein (AREB) are well known for their role in regulating
ABA-dependent drought stress responses. Roca Paixao, et al. [190] performed CRISPR
mediated genetic editing of the Arabidopsis AREB1 for drought stress tolerance. Other
examples of genes edited via CRISPR technology in different plant species for controlling
drought stress tolerance include the ARGOS8 [191], AGO18A and AGO18B [192], MS8 [193],
DMC1 [194], ZB7 [195], DREB and ERF3 [196], LOX and UBIL1 [197], MS1 [198], MS45 [199]
in maize and wheat plants.

The CRISPR/Cas9 technology has perhaps been most extensively used for the im-
provement of rice crops. A plethora of genes have been genetically edited via this technol-
ogy in rice for conferring resistance to abiotic stresses such as salt stress [186,187,200], cold
stress [201,202], and stress due to heavy metal accumulation in the soil [203–205]. In short,
the list of plant genes and functions targeted for editing via CRISPR technology is now very
large and is still growing. Further enhancements and modifications in the technique are
now making it easy to target specific genes and make major to minor genetic adjustments
without introducing foreign genetic material.
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Table 2. List of genes edited via CRISPR/Cas9 technology in various species.

Plant/Crop Genes Targeted Associated Function(s) Reference

Arabidopsis

Open Stomata 2 (OST2) Drought stress tolerance [188]

miR169a and MIR827a Drought stress tolerance [189]

Vacuolar
H+-pyrophosphatase

(AVP1)
Drought stress tolerance [206]

ABA-Responsive
element-binding protein

1 (AREB1)
Drought stress tolerance [190]

Maize and wheat

ARGOS8
AGO18A and AGO18B

MS8
DMC1

ZB7
DREB2 and ERF3
LOX2 and UBIL1

MS1
α-GLIADINS

MS45

Drought stress tolerance and
others

[191]
[192]
[193]
[194]
[195]
[196]
[197]
[198]
[199]

Rice

OSRR22 Salinity tolerance [186]

OSDST Salt tolerance [187]

OsCTB4a Booting stage cold tolerance [207]

OsCOLD1 cold tolerance [201]

OsMODD
OsTT1

Drought tolerance
Thermotolerance

[208]
[209]

OsSIT1 Salt tolerance [200]

BBS1 Drought stress [210]

(OsPT4) Help in uptaking arsenic (As)
from soil [203]

OsNAC14 Drought tolerance [211]

Oryza sativa annexins 3
(OsANN3) cold tolerance [202]

OsNRAM5 Uptake of cadmium from soil [204]

OsHAK1 Uptake of radioactive Cs
(137Cs+) from soil in rice plant [205]

ABA-activated protein
kinase 2 of SnRK2 gene

family (SAPK2)
Drought and salinity tolerance [212]

Oryza sativa
9-cisepoxycarotenoid

dioxygenase (OsNCED)
Drought and salinity tolerance [213]

OsRAV2 Salinity tolerance [214]

Tomato

Mitogen-activated
protein kinase 3

(SlMAPK3) in Solanum
lycopersicum

Drought tolerance [212]

4. Conclusions

This study aimed to highlight the importance of abiotic stresses in plants and compile
the latest knowledge on how a plant senses stress conditions which are primarily critical
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for signal initiation and, hence, downstream activation of stress pathways in addition to
plant responses to various environmental stresses at the molecular level. In the second part
of the paper, we described various molecular aspects and biotechnological tools such as
transcriptomics, and gene editing techniques such as CRISPR that have been employed so
far to improve the resilience of crops against abiotic stresses.

Changes in environmental conditions often cause irreparable damages to plants/crops,
significantly reducing their yield. Figure 1 summarizes plants’ response to various abiotic
stresses and the role of modern biotechnological tools in the generation of resistant cultivars.
Temperature stresses such as heat and cold, along with drought and salinity, are among
the most important environmental factors that threaten agriculture production. The level
of damage is determined by the severity and frequency of stress conditions. Plants, being
sedentary in nature and unable to move for favorable conditions, have developed a sophis-
ticated mechanism to cope with these adversities. To give a well-articulated response to
stress, plants rely on the perception mechanism through which they induce a downstream
signaling cascade to prepare their response. Biotechnological tools such as RNA-seq have
made it easy to identify global changes in gene expression in response to environmental
stimuli and identify candidate genes. Validation of these candidates through a functional
genomics approach will help the breeders to develop stress-tolerant cultivars without bias.
Recently, the gene-editing tool CRISPR Cas9 represents an appealing choice to develop
stress-resistant cultivars without the introduction of external genes. Despite rapid growth
in scientific studies involving advanced technologies, there is still room for improvements
in the use of these techniques to avoid the associated undesirable traits.
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5. Future Perspectives

The current outbreak of COVID-19 on a global scale, killing more than four million
people globally, has forced scientists to start thinking about “global threats to humanity” in
a whole new way. The Geneva Science and Diplomacy Anticipator (GESDA), created in late
2019, presented their post-COVID report in April of 2019, planning for a summit to bring
together hundreds of United Nations (UN) officials, academics, noble laureates, diplomats,
advocacy groups, universities, scientists, and others to highlight that the COVID-19 pan-
demic has provided scientists with a whole new platform and an example of how advanced
planning could help counter and head-off other future crises or threats to humanity such
as climate change.

Although diseases or pandemics such as COVID-19 are acute problems that occur
after a long period of time, abiotic stresses to plants have been a global phenomenon since
ancient times and have silently become a chronic problem. Abiotic stresses, therefore, have
had significant contribution in shaping various civilizations. The future holds unlimited re-
sources in terms of science, technology, and innovation (STI) to solve these global problems.
Traditional breeding approaches to improve abiotic stress tolerance have largely failed due
to the multigenic nature of stress tolerance and the long time required in these approaches.
As described above, molecular techniques have been developed over the last few decades
to understand the mechanisms governing stress tolerance at the gene-level. The discovery
of microRNAs (miRNAs) regulating gene expression, post-translational modifications of
proteins to accommodate more complex functions for the same set of gene(s), has proved
to be critical points in the understanding of abiotic stress tolerance. With the addition of
CRISPR technology, scientists now have a greater and faster chance of incorporating abiotic
stress tolerance in crop plants. Since its discovery, basic scientists have been developing
new CRISPR-based tools and modifications which the translational researchers should put
to use, revealing new insights into abiotic stress and their management.
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