
Vol.:(0123456789)1 3

3 Biotech (2023) 13:102 
https://doi.org/10.1007/s13205-023-03519-w

REVIEW ARTICLE

Abiotic stress tolerance in plants: a fascinating action of defense 
mechanisms

Afsana Praveen1   · Sonali Dubey2 · Shilpy Singh1 · Varun Kumar Sharma1

Received: 15 September 2022 / Accepted: 13 February 2023 / Published online: 27 February 2023 
© King Abdulaziz City for Science and Technology 2023

Abstract
Climate fluctuation mediated abiotic stress consequences loss in crop yields. These stresses have a negative impact on plant 
growth and development by causing physiological and molecular changes. In this review, we have attempted to outline recent 
studies (5 years) associated with abiotic stress resistance in plants. We investigated the various factors that contribute to cop-
ing with abiotic challenges, such as transcription factors (TFs), microRNAs (miRNAs), epigenetic changes, chemical priming, 
transgenic breeding, autophagy, and non-coding RNAs. Stress responsive genes are regulated mostly by TFs, and these can 
be used to enhance stress resistance in plants. Plants express some miRNA during stress imposition that act on stress-related 
target genes to help them survive. Epigenetic alterations govern gene expression and facilitate stress tolerance. Chemical 
priming enhances growth in plants by modulating physiological parameters. Transgenic breeding enables identification of 
genes involved in precise plant responses during stressful situations. In addition to protein coding genes, non-coding RNAs 
also influence the growth of the plant by causing alterations at gene expression levels. For achieving sustainable agriculture 
for a rising world population, it is crucial to develop abiotic-resistant crops with anticipated agronomical traits. To achieve 
this objective, understanding the diverse mechanisms by which plants protect themselves against abiotic stresses is impera-
tive. This review emphasizes on recent progress and future prospects for abiotic stress tolerance and productivity in plants.
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Introduction

The world population is rising without interruption, and 
food safety is becoming a principal concern worldwide. 
With the ever-fluctuating universal environmental climates, 
plant growth is suppressed which threaten the agricultural 
productivity plant growth is suppressed by the ever-chang-
ing global environmental climates, threatening agricultural 

productivity. These stresses also subsidize the variance in 
dispersal of plant species among several earth segments 
(Gong et al. 2020). Plants are sessile organisms, and they 
have to confront repetitively varying environmental condi-
tions that are unfavorable or stressful for their growth and 
development. These stressors can be either biotic or abi-
otic. Biotic stress is demonstrated by pathogen infection 
and herbivore attack. Abiotic stresses comprise drought, 
cold, salinity, heat, heavy metals, ultraviolet (UV) radia-
tion, and flooding (Chang et al. 2020a, b, c). Salinity stress 
is one of the major abiotic stresses and exhibit detrimental 
effects on plant growth and yield. It is estimated that soil and 
irrigation-induced salinity has affected approximately 831 
Mha of land worldwide, resulting in crop losses totalling 
more than US$ 27 billion per year. Salinity stress induces 
osmotic stress and ion toxicity in plants, thereby affecting 
the plants’ growth primarily because of a reduction in the 
water potential (Morton et al. 2019). For the cultivation 
of plants, drought is one of the most fatal abiotic stresses, 
and its manifestation has been amplified due to changes in 
evaporation, transpiration, or precipitation Because of global 
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warming, the consumption of fresh water for agriculture will 
increase in the future (it is currently 70%). Plant production, 
growth, and geographical dispersal are also restricted by an 
imperative environmental factor, i.e., temperature. As there 
is always a variation in environmental conditions, high tem-
perature (heat stress) becomes a threat to sustainable agricul-
ture due to the repetitive rise in global air temperature (Rai 
et al. 2020). Plant growth, expansion, and survival are also 
influenced by constant cold stress through interference/dem-
olition of cellular assembly, physiology, and biochemical 
metabolism (Zeng et al. 2018). Heavy metals (HMs) stress 
is one of the thoughtful abiotic stresses due to the burning 
of fossil fuels, mining, smelting, the practice of fertilizers, 
pesticides, and industrial releases that negatively affect plant 
productivity (Dubey et al. 2018). Globally abundant plant 
species are influenced by soil water logging and submer-
gence, which is one of the lethal abiotic stresses. Although 
rigorous and/or widespread rainfall over a long period of 
time is the foremost reason for flooding, but it may also 
be caused by water bodies overflowing onto land. During 
the flooding, submerged plant portions have an insufficient 
supply of oxygen because of the lower dispersion of oxygen 
in water in contrast to air. Plant’s growth is impacted by an 
oxygen shortage due to an amendment in the levels of eth-
ylene hormone (Pandey and Gautam 2020). Consequences 
of flooding stress are submergence, waterlogging, hypoxia, 
and anoxia. Agricultural productivity and consequently 
human life are affected by flooding due to the destruction of 
infrastructure and equipment, food scarcity, damage to cat-
tle and seed stocks, and disease spread that leads to poverty 
and migrations (Fukao et al. 2019). In general, abiotic stress 
exposures to plants cause overproduction of reactive oxygen 
species (ROS), leading to the generation of oxidative stress 
by undesirably affecting the enzyme activities, carbohy-
drate biogenesis, DNA, proteins, and biochemical activities. 
Expression of several genes involved in significant processes 
(such as growth, development, the cell cycle, abiotic and 
biotic responses, systemic signalling, and programmed cell 
death) is also stimulated by ROS (Pandey et al. 2017). Dif-
ferent antioxidant enzymes [superoxide dismutase (SOD), 
peroxidase (POD), catalase (CAT), glutathione reductase 
(GR), ascorbate peroxide (APX), etc.] play a substantial role 
in the protection of plants from abiotic stresses by regulating 
the generation of ROS. Plants protect themselves from vari-
ous environmental stresses using a variety of mechanisms 
(Chang et al. 2020a). There are two key ways in which plants 
respond to abiotic stresses: either by stress circumvention or 
stress tolerance. Stress tolerance of plants comprises vigor-
ous reversible modification mediated by alteration in gene 
expression leading to change in transcriptome, proteomics 
along with metabolomics, while stress avoidance is a physi-
ologically sedentary stage such as mature seeds (Marothia 
et al. 2021). As we earlier discussed, plants have to confront 

divergent environmental circumstances in a habitual way 
that hampers their growth and development. For achieving 
sustainable agriculture for a rising world population, it is 
crucial to develop abiotically resistant crops with anticipated 
agronomical traits. To achieve this objective, understand-
ing the diverse mechanisms by which plants protect them-
selves against abiotic stresses is imperative. Therefore, in 
this review, we have attempted to present an outline of the 
general defense mechanisms (over the past 5 years) in plants 
during abiotic stresses (Table 1).

Understanding the mechanisms regulating abiotic stress 
resistance in plants is an important question in today’s envi-
ronmental biology/plant science research. Lots of groups 
are working in this area, but we still need to explore more 
defense mechanisms that enable the plants to have better 
nutritional properties and yield with the minimum toxic 
effects of abiotic stress. The main objectives of the present 
work are to examine the role of different factors that are 
involved in abiotic stress tolerance in plants and to compre-
hensively review the available information. Owing to diverse 
abiotic stresses and global climate deterioration, agricultural 
production worldwide is suffering serious losses. Breeding 
stress-resilient crops with higher quality and yield against 
multiple environmental stresses via conventional breeding 
and the practice of biotechnological tools is presently the 
most promising approach. Overall, this review provides a 
systemic glimpse of breeding method, from conventional to 
the latest innovation in genetic engineering of stress-tolerant 
crop varieties. This information could be useful for research-
ers and rice breeders for the generation of abiotic stress-
tolerant crop varieties. Although several researchers have 
investigated it in the past, several factors influencing abiotic 
stress resistance are not covered in one article. In most cases, 
a single factor/tool of genome editing is present in a single 
research article. In our article, we have attempted to pre-
sent an outline of the general defense mechanisms in plants 
during abiotic stresses (over the past 5 years). Deciphering 
physiological, biological, and molecular mechanisms and 
mining stress-associated genes that govern plant responses 
against abiotic stresses is one of the prerequisites for devel-
oping stress-resistant crop varieties.

Plants are one of the most successful inhabitants on the 
planet, and they have undoubtedly developed perceptive 
ways to deal with abiotic stresses. Although plants have a 
general defense system that allows them to tolerate various 
types of stresses, there are still numerous flaws that must be 
addressed before they can be tested in the field. The battle to 
recognize the multifaceted machinery is enduring, and cur-
rent new technology advancements for high-throughput phe-
notyping/genotyping provide us with an innovative gleam of 
expectations. This review employs cutting-edge science to 
identify the gaps between lab-based research and how far it 
is feasible in field trials. This study will unravel how future 
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Table 1   Recent studies associated with abiotic stress tolerance in plants

Stress Plant species Defense mechanisms References

Salinity Sorghum bicolor SbWRKY50 regulate ion homoeostasis Song et al. (2020)
Sorghum bicolor Ion homeostasis Song et al. (2020)
Arachis hypogaea miR160-ARF18-mediated response Tang et al. (2022)
Malus x domestica miR156/SPL activate MdWRKY100 expression Ma et al. (2021)
Gossypium hirsutum lncRNA354 Zhang et al. (2021)
Annona muricata Exogenous H2S da Silva et al. (2019)
Populus Escalation of selective autophagy and antioxidant 

levels
Su et al. (2021)

Capsicum annuum Supplementation of proline, yeast extract, salicylic acid Abdelaal et al. (2019)
Pistacia vera Supplementation of H2O2 Bagheri et al. (2019)
Oryza sativa Exogenously applied nitric oxide Adamu et al. (2018)
Arabidopsis thaliana Salinity-induced R2R3-MYB transcription factor Yu et al. (2017)
Oryza sativa Tissue precise cytosine methylation Kumar et al. (2017)
Solanum tuberosum Brassinosteroids decreases oxidative stress Efimova et al. (2018)
Salvia rosmarinus Salicylic acid governs antioxidant mechanisms and 

gene expression
El-Esawi et al. (2017)

Arabidopsis thaliana Polyamine oxidase 5 loss-of-function mutations Zarza et al. (2017)
Arabidopsis thaliana Autophagy facilitates speedy protein turnover Luo et al. (2017)
Arabidopsis thaliana Exogenous allantoin Irani and Todd, (2018)
Arabidopsis thaliana Autophagy Luo et al. (2017)

Salt and osmotic Arabidopsis thaliana Knockdown mutants ANAC069 achieved by T-DNA 
insertion

He et al. (2017)

Malus domestica Autophagy-related genes overexpression Wang et al. (2017)
Cold or chilling Arabidopsis thaliana Long non-coding RNA SVALKA Kindgren et al. (2018)

Arabidopsis thaliana COR gene expression modulation Chang et al. (2020a, b, c)
Solanum lycopersicum miR 319 target TCP and MYB genes at transcriptional 

level
Shi et al. (2018)

High temperature Fortunella crasifolia Overexpression of FcWRKY40 Gong et al. (2020)
Arabidopsis thaliana Autophagy participates in degradation of heat shock 

proteins
Sedaghatmehr et al. (2019)

Brassica rapa Long non-coding RNAs Wang et al. (2019)
Actinidia deliciosa Advances in antioxidant defense Arnao and Hernández-Ruiz, (2019)
Betula luminifera Heat responsive miRNAs Zhang et al. (2021)
Betula luminifera Heat responsive miRNA Pan et al. (2017)
Oryza sativa Salicylic acid and nitric oxide signalling Rai et al. (2020)
Solanum tuberosum CRISPR-Cas9 arbitrated genome editing Klap et al., (2017)

Drought and cold/heat Zea Mays WRKY Transcription Factor ZmWRKY106 Wang et al. (2018)
cassava Long non-coding RNAs Li et al. (2017a, b)
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Table 1   (continued)

Stress Plant species Defense mechanisms References

Drought Oryza sativa Exogenous SNP and H2S affect osmoregulation and 
antioxidant levels

Habib et al. (2020)

Arabidopsis thaliana Overexpression of COST1 via adjustment of autophagy Bao et al. (2020)

Oryza sativa Drought responsive miRNAs Nadarajah and Kumar, (2019)

Brassica juncea Nitrogen metabolism involved via exposure of nitric 
oxide and ABA

Sahay et al. (2021)

Dendrobium huoshanense miRNAs moderate antioxidant level, auxin signalling Wang et al. (2021)

Malus x domestica Positive feedback regulatory loop of miR160-Auxin 
Response Factor

Shen et al. (2022)

Arabidopsis thaliana Interaction between miR160 and miR165/166 Yang et al. (2019a, b)

Pyrus betulaefolia WRKY transcription factor PbrWRKY53 Liu et al. (2019)

Oryza sativa NAC-domain transcription factors Chung et al. (2018)

Arabidopsis thaliana FtbHLH3 Yao et al. (2017)

Arabidopsis thaliana Upregulation of AtbHLH68 gene consequence in ABA 
homeostasis

Le et al. (2017)

Lycopersicum esculantum Drought responsive miRNAs Liu et al. (2018)

Arabidosis thaliana miRNA 166 cause leaf rolling and stem xylem growth 
alteration

Zhang et al. (2018a, b)

Malus x domestica Dynamic epigenomic differences Xu et al. (2018)

Oryza rufipogon Amendment in expression levels of 67 new miRNAs Zhang et al. (2018a, b)

Populus Variations in the epigenome and transcriptome Lafon-Placette et al. (2017)

Medicago sativa Exogenous application of NO and H2S Antoniou et al. (2020)

Populus trichocarpa AREB1 mediated histone acetylation Li et al. (2019)

Medicago sativa Nitro-oxidative homeostasis and proline metabolism Antoniou et al. (2017)

Sorghum bicolor Cerium oxide nanoparticles supplementation reduces 
oxidative damage

Djanaguiraman et al. (2018)

Arabidopsis thaliana Exogenous H2S Ion flux mediated Stomatal closure Jin et al. (2017)

Zea Mays Next generation breeding methods Nepolean et al. (2018)

Zea Mays ARGOS8 variants generated by CRISPR-Cas9 Shi et al. (2018)

Malus domestica Overexpression of ATG18a via activation of autophagy Sun et al. (2018a, b)
Heavy metal Oryza sativa Chromium responsive miRNAs Dubey et al. (2020)

Oryza sativa Transgenerational memory of gene expression Cong et al. (2019)
Brassica napus H2S prevent transport of Cd from root to shoot Yu et al. (2019a, b)
Oryza sativa Exogenous SNP Praveen et al. (2020)
Brassica juncea Exogenous Silicon Praveen et al. (2020)
Brassica juncea Reduction of oxidative damage via application of nitric 

oxide
Praveen et al. (2019)

Triticum astivum Salicylic acid and thiamine application El-Esawi et al. (2017)
Cucurbita pepo Seed priming with H2S stimulate signal memory Valivand et al. (2019)
Oryza sativa H2S improve nitrogen metabolism and reduce chloro-

plast damage
Rizwan et al. (2019)

Brassica juncea Exogenous Silicon affect phytochemicals and thiol 
compunds

Pandey et al. (2017)

Oryza sativa Exogenous H2S Govern ROS production Chen et al. (2017a, b, c)
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studies regarding the roles of several TFs under different 
stresses and the crosstalk among them will facilitate stress-
resilient plants. Though many stress-responsive miRNAs 
have been identified, many more need to be recognized in 
specific stress and in particular plant species. Limited knowl-
edge is available about miRNAs and their target genes dur-
ing stressful circumstances. Epigenetic changes are involved 
in the governance of gene expression as well as their trans-
mission to the next succussing generation. Therefore, these 
two facets need to be explored equivalently equally in the 
future. There is little understanding of epigenetic control 
mechanisms, such as chromatin modifications and the subse-
quent regulation of transcription. Because these mechanisms 
are intricately linked to environmental challenges, they will 
need to be studied further in the future. It is also necessary 
to investigate inherited stress memory mechanisms. Prior 
to priming agent approval for agricultural use, the safety of 
these agents in terms of endurance in soil and water, as well 
as their impact on ecosystems, should be broadly estimated. 
To alleviate drought and temperature stress, the application 
of priming agents needs to be coordinated for exact forecast 
and an understanding of climate fluctuation. Although the 
majority of plant autophagy is founded on yeast and mam-
mals, there are still genes that have to be recognized that 
are conserved in plants. Other novel autophagy in plants 
exists and should be investigated. Do the genes of one family 
depict variation in functions? What is the basic molecular 
mechanism behind selective autophagy? Experiments should 
be based on these queries for increasing yield and abiotic 
stress tolerance. ncRNAs interact with factors for the regula-
tion of gene expression, but this area of research is not well 

explored in plants. Further study is required to unravel their 
role in functional analysis and the development of abiotic 
stress-tolerant transgenics to get higher yields and better-
quality crops. This information could serve as guidance for 
researchers and rice breeders for the generation of stress-
resilient crops with better yield and quality.

Protection against abiotic stresses

Numerous factors that participate in plant abiotic stress tol-
erance will be discussed in this section. These factors have 
a significant role in abiotic stress tolerance in plants and in 
maintaining the sustainable agriculture, either directly or 
indirectly (Fig. 1). These factors include transcription fac-
tors (such as WRKY, CDF, MYB, bHLH, bZIP), microRNA 
(miRNA), chemical priming, epigenetic regulation, Ethyl-
ene Response Factor (ERF) Family Proteins, autophagy, 
calcium-dependent protein kinases (CPKs), brassinoster-
oid, non-coding RNA, helicase, ligase, receptor-like pro-
tein kinases (RLKs), NADP, hydrogen sulfide (H2S), etc. 
To cope with adverse environmental conditions, plants have 
developed innumerable complex acclimatization approaches 
at the physiological, biochemical, and cellular levels, such as 
membrane alterations, antioxidants, cuticular wax, osmolytes 
synthesis, phytohormones, phenylpropanoid-derived com-
pound production, cell growth and proliferation inhibition, 
and stomata closure (Khan et al. 2018). Presently, one of the 
most auspicious strategies to develop a stress-tolerant crop 
with better yield and quality is transgenic technologies using 

Table 1   (continued)

Stress Plant species Defense mechanisms References

Flooding Arabidopsis thaliana Autophagy contributes in hypoxia tolerance Chen et al. (2017a, b, c)

Arabidopsis thaliana Autophagy contributes in hypoxia regulation Soto-Burgos et al. (2018)

Glycine max Exogenous H2S Andrade et al. (2018a, b)

Glycine max Lessening in ROS generation Andrade et al. (2018a, b)
Nutrient Solanum lycopersicum H2S affect physiological response and transcriptome Guo et al. (2018)

Lycopersicum esculantum Antioxidant enzyme activation Liang et al. (2018)
Arabidopsis thaliana Vacuolar protein degradation via autophagy Hirota et al. (2018)
Lactuca sativa Exogenous 5-aminolevulinic acid Aksakal et al. (2017)

Multiple stress Arabidopsis thaliana Autophagy via overexpression of ATG5 and ATG7 
genes

Meena et al. (2017)

Glycine max Histone deacetylase alteration Yang et al. (2018)
Arabidopsis thaliana Exogenous H2S involved in stress-responsive gene 

regulation
Pandey and Gautam, (2020)

Solanum tuberosum New breeding approach Hameed et al. (2018)
Elaeis guineensis Modification in WRKY gene expression Xiao et al. (2017)
Arabidopsis thaliana Efficient genome editing using CRISPR–Cpf1 Tang et al. (2017)
Arabidopsis thaliana Autophagy establishment via tubulin acetylation Olenieva et al. (2019)
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the stress-associated genes accountable for stress resistance 
and improved agronomic traits.

Transcription factors (TFs)

Plants combat abiotic stress at the molecular level by linking 
sensing machinery and genetic response. In general, signal 
perception, signal transduction, and stress response are the 
three major stages of the stress signal transduction pathway 
(Fig. 2). For any abiotic stress’s signalling cascade activa-
tion, the first stage is stress signal identification with the 
help of receptors present on the membrane of the plant cell. 
Abiotic stress sensors [such as histidine kinases, GPCRs (G 
protein-coupled receptors), calcium channels, etc.] recog-
nize the signals and transmit them downstream via phyto-
hormones and secondary messengers (ROS, Ca++). These 
secondary messengers are involved in the activation of a 
multitude of signalling cascades, such as MAPK (mitogen-
activated protein kinase), CIPK (CBL-interacting protein 
kinase), CBLs (calcineurin-B-like proteins), CDPKs (cal-
cium-dependent protein kinases), PPs such as PP2Cs (pro-
tein phosphatase 2Cs), and numerous protein kinases (PKs). 
A series of phosphorylation/dephosphorylation cascades 
stimulated primarily by TFs, after information is trans-
ferred downstream by PKs and PPs, that eventually end up 

directly (expression of functional genes participates in cell 
defenses) or indirectly (expression of regulatory genes con-
tributes to signalling cascades/transcription control of gene 
expression). Because TFs are involved in the regulation of 
stress-responsive gene expression via phosphorylation and 
dephosphorylation, they can be an excellent candidate gene 
for genetic manipulation of stress resistance traits (Shrestha 
et al. 2018). Currently, in distinct plant species, plenty of 
TFs present in divergent families have been recognized 
depending upon genome-wide analysis, such as WRKY, 
MYB, bZIP, bHLH, and NAC (Liu et al. 2019). It has been 
reported that TFs contribute to modulation of abiotic stress 
tolerance (such as drought, salt, and cold) in model plants 
and crop plants by knockout/knockdown mutants and over-
expression transgenic lines (Khan et al. 2018).

WRKY TFs

The most widely recognized TF, WRKY, is found throughout 
green plants and has a domain (a 60-amino-acid DNA-bind-
ing domain) followed by a zinc-finger motif at the C-termi-
nus. WRKY family members have several regulatory mecha-
nisms. In brief, to activate or suppress the transcription of 
downstream target genes and protein encoded by them, it 
effectively combined with W-box elements. It also plays a 

Fig. 1   Diagrammatic illustration of different factors and mode of 
actions involved in abiotic stress tolerance. Several abiotic stresses, 
such as drought, cold, salinity, heavy metals, heat, and flooding, 
severely affect the growth and metabolism of plants. Numerous fac-

tors, such as transcription factors (TFs), miRNAs, Epigenetic regula-
tion, chemical (C) priming, transgenic (T) breeding, autophagy, and 
NC (non-coding) RNAs
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role in increasing transcriptional binding activity by forming 
protein complexes with other acting elements. WRKY TF 
self-regulation illuminates the regulatory network of abiotic 
stress responses (Li et al. 2020b). WRKY proteins play an 
important role in plant biotic and abiotic responses, because 
they interact with the W-box (TTG​ACT​/C), a consensus 
cis-element found in the promoter regions of many abiotic 
resistance and tolerance genes (Song et al. 2020). The major-
ity of WRKY TFs have a profusion of W-box elements in 
the self-promoter; self or cross-regulation is accomplished 
by binding with their own promoters (Jiang et al. 2017). For 
instance, in Capsicum frutescens, CaWRKY40 is activated by 
CaWRKY6, enabling the plants to develop better resistance 
to humidity and high temperatures. GmWRKY27 improved 
drought and salt stress tolerance in Glycine max by prevent-
ing the action of downstream promoter GmNAC29 autono-
mously as well as collaborating with GmMYB174, resulting 
in GmNAC29 expression obstruction (Erpen et al. 2017a). 
In salinity-exposed Arabidopsis, it has been observed that 
salinity-inducible WRKY71 accelerates flowering to circum-
vent salt stress and facilitate the prior completion of its life 
cycle (Yu et al. 2017). Apart from drought, cold, heat, and 
salinity, WRKY TF is also tangled in other abiotic stresses, 

such as UV radiation, mechanical damage, and oxidative 
stress. In transgenic tobacco, overexpression of FcWRKY40 
can notably improve tolerance to oxidative stress (Gong 
et al. 2020). Exposure of Arabidopsis with ROS remark-
ably upregulated the expression of AtWRKY30, AtWRKY40, 
AtWRKY75, AtWRKY6, AtWRKY26, and AtWRKY45 
(Li et  al. 2020c). AtWRKY11, AtWRKY15, AtWRKY22, 
AtWRKY33, AtWRKY40, AtWRKY53, and AtWRKY6 gene 
expression levels were upregulated during the mechanical 
injury (Wu et al. 2017).

MYB TFs

MYB (v-myb avian myeloblastosis viral oncogene homolog) 
proteins are distinguished via an extremely conserved DNA-
binding domain, i.e., the MYB domain, at the N-terminus, 
and in plants, constitutes the largest TF families (Lloyd et al. 
2017). In plants, MYB TF consists of 1–4 DNA-binding 
repeats. Although the majority of MYB proteins are made up 
of two repeats from the R2R3-MYB superfamily. The C-ter-
minus is more variable than the N-terminus and plays a regu-
latory role (Wang et al. 2021a, 2021b). R2R3–MYB proteins 
have been reported to contribute in to several processes, 

Fig. 2   Pictorial depiction for regulation of abiotic stress signal-
ling pathways by transcription factors. Signals delivered by abiotic 
stresses received by receptors located on plant cells. Downriver trans-
mission of these signals facilitated by phytohormones/secondary 
messengers. Signalling cascades (MAPK, CIPK) are activated by sec-

ondary messenger. Phosphorylation or dephosphorylation stimulates 
the TFs which in turn regulate the stress-responsive genes. By doing 
the genetic manipulation of stress-responsive genes, abiotic stress 
resistance can be achieved
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including plant growth, primary and secondary metabolism, 
and responses to biotic and abiotic stresses. Among these 
jobs, MYB proteins have been particularly well delineated as 
regulators of phenylpropanoid metabolism, like biosynthesis 
of proanthocyanidins, flavonols, lignin, and anthocyanins in 
plants. It has also been reported that MYB plays a critical 
role in abiotic stress resilience in plants. Demerit of MYB 
is a complicated mechanism for the coregulation of TFs, 
because it can have opposite functions when it interacts with 
two different TFs in the same signalling pathway (Deneweth 
et al. 2022). Transcriptional regulation of abundant physi-
ological and biochemical processes is done by MYB TFs, 
such as plant growth, secondary metabolism, and cell fate 
determination (Khan et al. 2018). In several model plants 
and crop species, MYB proteins contribute in abiotic stress 
responses (Erpen et al. 2017b; Raza et al. 2019). During 
cold stress, MYB96 gene can be rapidly persuaded in an 
Arabidopsis plant and deliver freezing resistance through 
the interaction of cold and ABA (abscisic acid) signalling 
pathways (Lv et al. 2017). In Camelina sativa, drought tol-
erance is endorsed with the overexpression of Arabidopsis 
MYB96 TF via cuticular wax accretion (Yoon et al. 2020). In 
salt (NaCl)-exposed Arabidopsis, AtMYB74, which was tran-
scriptionally controlled by the RdDM (RNA-directed DNA 
methylation) pathway through suppression of 24-nt siRNA 
buildup, has been intensely increased (Yang and Guo 2018). 
Enhanced biomass of the plant and reduction in leaf damage 
are connected with high temperature and drought exposure 
caused by overexpression of OsMYB55 in Zea mays, reason 
might be the improvement in expression of stress-related 
genes (Zandalinas et al. 2018).

bHLH (basic helix–loop–helix) TFs

The bHLH superfamily is named based on its highly con-
served alkaline/helix–loop–helix domain. The domain of 
bHLH consists of around 60 conserved amino acid resi-
dues and contains two conserved motifs, particularly a 
basic region and the helix–loop–helix (HLH region). In 
the target genes, the basic region contributes to DNA bind-
ing to the E-box (usually CANNTG) or G-box (CAC​GTG​
) motif. While, the HLH region is made up of two alpha 
helices that contain hydrophobic residues involved in the 
dimerization of target genes in signalling cascades (Hao 
et al. 2021). Members of this superfamily contribute sig-
nificantly to plant growth, development, light signal trans-
duction, and stress responses (Jang et al. 2022). They also 
participate in hormone signalling crosstalk, such as salicylic 
acid (SA), ethylene, jasmonic acid (JA), and brassinoster-
oid (BR), and are crucial for plant survival. Demerits of 
the bHLH are due to the complicated crosstalk with other 
TFs, due to which many aspects have not been discovered 
(Xue et al. 2022). These TFs disperse globally in eukaryotic 

organisms, while they create major families in angiosperms 
(le Hir et al. 2017). bHLH conserved domain comprises two 
discrete functional regions: the N-terminal region, where 
DNA will attach, and the C-terminal end, homo or heter-
odimeric complexes form via protein–protein interactions 
in the helix–loop–helix region (Li et al. 2020a). The bHLH 
TFs are involved in numerous biological processes, as con-
firmed by their functional analysis, like plant growth and 
development (Yang et al. 2017), photosynthesis (Sun et al. 
2018b), flowering (Yao et al. 2018), and the biosynthesis 
of flavonoids (Niu et al. 2017). bHLH TFs also contribute 
significantly to abiotic stress resistance in plants. Exogenous 
ABA application to Arabidopsis plants alters gene expres-
sion (AtbHLH68) in organ-specific ways. Further, drought 
stress resistance was established in transgenic plants due 
to the upregulation of this gene through ABA homeostasis 
(le Hir et al. 2017). Salt stress is conferred by OsbHLH068 
and its homologous gene AtbHLH112, as testified by their 
functional characterization, although both genes have con-
trasting actions in flower phenotype regulation. They provide 
resistance through root length elongation and lesser H2O2 
accretion (Chen et al. 2017a). Upregulation of FtbHLH3 
in Arabidopsis contributed to a reduction in drought stress 
compared to the wild type through the lessening of MDA 
and stimulation of antioxidant enzymes (Yao et al. 2017).

MicroRNAs (miRNAs)

A class of single-stranded RNA molecules of approximately 
21–24 nucleotide in length generated by Dicer enzymes and 
working on pioneers with intramolecular stem-loop struc-
tures are known as miRNA. Mature miRNAs have a phos-
phate group at the 5' end and a hydroxyl group at the 3' 
end, and by requiring precise spots in the target mRNA's 
3' UTR region, they enable post-transcriptional silencing 
followed by prompting deprivation or/and translational 
inhibition (Sun et al. 2019). They have emerged as cru-
cial aspects of transcriptional regulation and complicated 
numerous processes, including plant growth and biotic or 
abiotic stresses. The biosynthesis of miRNA is a multistep 
procedure that takes place mainly in the nucleus. In concise 
terms, miRNA genes are transcribed into primary miRNA 
(pri-miRNA) by the enzyme RNA polymerase II. This pri-
miRNA is processed to precursor miRNA (pre-miRNA), of 
around 70–100 nucleotide, with the help of DICER- like 
(DCL) proteins, and further processed to form miRNA and 
miRNA duplexes. One strand of the duplex encumbered the 
RISC (RNA-induced silencing complex), entailing AGO1 
(ARGONAUTE) proteins. The RISC complex containing 
the miRNA recognizes normally cleaved target transcripts; 
however, central mismatches in the miRNA:miRNA pair 
predispose to translation inhibition (Ma et al. 2022). Our 
understanding of miRNAs and their probable targets for 
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plant’s abiotic stresses has improved due to high-throughput 
genomic techniques and other genomic technologies (Bej 
and Basak 2014). Arabidopsis thaliana was the first plant 
in which abiotic stress-regulated miRNAs were perceived 
(Sunkar et al. 2006). Plant growth and development are 
undesirably affected by incessant cold stress by obstruct-
ing or abolishing cell structure, physiology, and biochemi-
cal metabolism (Saleem et al. 2020). In transgenic Agros-
tis stolonifera (Bent grass), upregulation of osa-miR393a 
enhances thermotolerance by repressing its targets AsAFB2 
and AsTIR1 (Zhao et al. 2019). In S. lycopersicum, over-
expression of miR319 (which has a high level of sequence 
similarity with miR159) can deliver tolerance to heat stress 
by targeting the TCP and MYB genes and can govern heat-
responsive genes at the transcriptional level (Shi et  al. 
2018). During salinity exposure in peanuts, the expression 
of miR160 and its ARF target gene is stimulated, while 
overexpression of miRNA facilitates the ARF 18 pathway, 
which is intricately involved in protection against generated 
ROS (Tang et al. 2022). Upregulation of miR156a in apples 
diminishes salt resistance, while its target gene MdSPL13 
enhances salt tolerance (Ma et al. 2021). Drought resistance 
is mediated in plants by numerous miRNAs via antioxidant 
hunting, ABA arbitrated governance, and auxin signalling 
(Wang et al. 2021b). For improvement of root development 
in apple trees, Mdm-miR160 can be transported from the 
scion to the rootstock, resulting in drought resistance in the 
rootstock. Furthermore, targets of miR160 combine with 
MdHYL1 (HYPONASTIC LEAVES 1) and their promoter 
for activation of miR160 expression, establishing positive 
feedback regulation (Shen et al. 2022). In chromium-exposed 
rice seedlings, diverse miRNAs, such as miR156, miR159, 
miR160, and miR166, contribute substantially to the protec-
tion and detoxification of chromium via ATP-binding cas-
sette transporters, the auxin reaction, and metal ion transfer-
ence (Dubey et al. 2020). Drought resistance is offered by 
miR165/166-mediated HDZIP regulation in Arabidopsis via 
ABA signalling. Drought is induced by a combination of 
miR160 and miR165/166, which activate variance expres-
sion of IAA and ABA signalling, both of which are associ-
ated with drought resistance (Yang et al. 2019b). Enhanced 
cold tolerance is induced in rice plants through overexpres-
sion of miR1320. AP2/ERF TF OsERF096 regulates cold 
resilience by suppressing the jasmonic acid-mediated cold 
signalling pathway (Sun et al. 2022). Similarly, there was 
an improvement in cold tolerance in rice plants due to over-
expression of Osa-miR156, Osa-miR319, and Osa-miR528 
(Huo et al. 2021). In several plant species, miRNAs are 
associated with abiotic stress resilience through modula-
tion of oxidative damage and alteration of gene expression 
(Pagano et al. 2021). It was recently reported that advanced 
tolerance to water scarcity developed during the early 
stages of tomato plant development as a result of miR169 

overexpression. Transgenic tomatoes have demonstrated the 
ability to hold more water within the cell and require less 
soil (Rao et al. 2020). In transgenic Arabidopsis, improved 
tolerance to drought stress developed due to overexpression 
of GmNFYA5 via a reduction in water loss from leaves and 
stomatal apertures. In soyabean plant, enhanced and declin-
ing drought resilience were observed through overexpres-
sion and suppression of GmNFYA5, respectively, with an 
empty vector (Ma et al. 2020). In the roots of Arabidopsis, 
miRNA expression and the phytohormone auxin regulate 
the plant’s growth and development under cold stress. It 
has been observed that SRL/IAA14 acts as a transcriptional 
repressor of auxin signalling contributes significantly to cold 
tolerance through integrating auxin and miRNAs (Aslam 
et al. 2020). Tomato plants grown in field conditions fre-
quently express synchronized exposure to drought and heat 
stress. Through the small RNA deep sequencing method, 
335 known miRNAs and 430 potential novel miRNAs were 
identified. It has been reported that there are some unique 
miRNAs and their target genes that are involved in com-
bined drought and heat stress resistance (Zhou et al. 2020). 
In cotton plants, during the various crucial phases of anther 
development, miRNAs are involved in heat resistance. 
For instance, at the sporogenous cell proliferation stage, 
miR2949, miR167, and miR160 play significant roles, while 
at the meiotic phase, miR156 and miR172, the microspore 
release period, miR156, and at the pollen maturity stage, 
miR393 and miR3476 do. In heat-sensitive and heat tolerant 
cotton varieties, these miRNAs act as chief regulators of the 
heat stress response (Chen et al. 2020).

Non‑coding RNAs

Plant growth, progress, and adjustment to abiotic stresses 
are governed by the functional genes. The functional genes 
control plant growth, development, and adaptation to abiotic 
stresses. In the eukaryotic genome, functional proteins are 
encoded by solitary cells on about 2% of transcribed RNA 
throughout the process of gene expression (Rai et al. 2019). 
However, during the advancement of functional genomics 
and transcriptome sequencing via RNA-sequencing, vari-
ous non-coding RNAs (ncRNAs) have been recognized that 
are associated with numerous growth and stress responses 
(Jha et  al. 2020). Functional proteins are not coded by 
these ncRNAs, and their examples are regulatory ncRNAs, 
snRNA in the spliceosome, tRNA, and rRNA (Yu et al. 
2019a). In plants, major categories of ncRNAs include 
miRNAs, siRNAs, and long ncRNAs (length greater than 
200 nucleotides) (Li et al. 2017a). miRNAs can generate 
phased small interfering RNAs (phasiRNAs) by targeting the 
long ncRNAs (lncRNAs), and in contrast, lncRNAs govern 
the miRNAs expression or can also act as its origin (Meng 
et al. 2021). Consideration of the ncRNA-regulated growth 
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and controlling network can be useful in increasing plant 
resistance to abiotic stresses. Current research indicates that 
genetic transformation of ncRNAs and their target genes 
alters phenotypes and stress resistance (Meng et al. 2021; Ma 
et al. 2022). Understanding the molecular mechanisms and 
numerous supervisory contributions of ncRNAs will facili-
tate the generation of transgenic plants with better resistance 
to abiotic stress. In Chinese cabbage, lncRNA provided heat 
resistance by acting as an eTM (endogenous target mimic) of 
bra-miR164a and may also be a miR164a target (Wang et al. 
2019). Under cold exposure, cold-repressive lincRNA159, 
which an miRNA164 target mimics, significantly reduced, 
which activates the expression of miR164, which targets the 
NAC (NAM, ATAF1/2, and CUC2) genes for conferring 
cold tolerance (Li et al. 2017b). In Arabidopsis, lncRNAs 
called DROUGHT-INDUCED LNCRNA (DRIR) positively 
control salt and drought stress via ABA synchronization. 
Plants that increase DRIR function upstream of gene tran-
scription in stress/ABA signalling cascades exhibit salt/
drought resistance (Qin et al. 2017). Salt stress response in 
cotton plants is induced by modulating auxin signalling, and 
lncRNA354 competes with endogenous RNA of miR160b 
and normalizes GhARF17/18 genes (Zhang et al. 2021). In 
cotton plants, another LncRNA (XH123) is linked to cold 
stress resistance. Their mutants are cold susceptible and 
depict damage in chloroplasts, enhancing ROS levels (Cao 
et al. 2021). In Arabidopsis, expression of the cryptic anti-
sense CBF1 lncRNA (asCBF1) was arbitrated by transcrip-
tion of the lncRNA SVALKA, resulting in downregulation 
of CBF1 and a reduction in freezing resistance (Kindgren 
et al. 2018). The origin of plant ncRNA is intronic regions 
of chromosomal DNA, and it governs growth, development 
gene expression, and biotic and abiotic stress-responsive 
genes at various levels, such as transcriptional, post-tran-
scriptional, and epigenetic (Ghorbanzadeh et  al. 2022). 
Understanding ncRNA-guided development and stress reg-
ulatory networks can deliver new insights to improve plant 
resilience to environmental stresses. The ncRNA regulatory 
pathways are multifaceted interaction networks, and the 
same ncRNA can act as a significant regulator in both plant 
growth and a variety of abiotic stresses. Genetic transforma-
tion of ncRNAs and their target genes can facilitate altering 
the phenotypes as well as abiotic stress resistance in plants 
(Bian et al. 2021).

Epigenetic regulation

Modulation of stress-responsive genes at the transcriptional 
and post-transcriptional stages is mediated by epigenetic 
mechanisms (EM) through alteration in chromatin gene sta-
tus (Luo and He 2020). Stress memory is generated in plants 
with the help of EM and can be genetically transmitted to the 
progeny of the stressed plants.

Epigenetic modification can be defined as inheritable 
alteration in gene expression at the meiotic or mitotic levels 
that are unaffected by the DNA sequence itself. In plants and 
other organisms, it includes histone modifications, chroma-
tin remodeling, DNA methylation, and histone variations 
(R M et al. 2020). They can change chromatin architecture, 
affecting DNA availability, and gene activity, resulting in 
regulation of several molecular processes, such as gene tran-
scription, replication, recombination, and repair of DNA 
(Zhang et al. 2018a). These modifications contribute sig-
nificantly to plant growth and development, including cell 
differentiation, reproduction, regeneration, flowering, and 
senescence. They also regulate plant adaptation to various 
environmental stresses, for instance drought, high salinity, 
temperature, and heavy metal stress (Chang et al. 2020b). 
Most of the epigenetic modifications are reversible under the 
influence of multiple factors, like environmental stresses, 
diverse developmental stages, and phytohormone signals 
(Mladenov et al. 2021). The epigenome can be collectively 
described as an assembly of biochemical variation on DNA 
sequences and related proteins involved in genome regula-
tion. These epigenetic changes occur not only under stress 
conditions but also in other circumstances, and they continue 
over generations for the creation of memory (Pérez-Pizá 
et al. 2022). A recent study suggested that mild exposure to 
stress could activate the stress responses of plants, resulting 
in a faster and stronger response during stress reoccurrence 
(Villagómez-Aranda et al. 2022). Consequently, to produce 
stress-tolerant crops, interpretation of epigenetic codes of 
plant stress reactions could be an important tool (Friedrich 
et al. 2019). Biological processes, specifically environmen-
tal incentives, are affected by vigorous modification of dis-
similar epigenetic marks. It has been informed that during 
modulation of stress responses (such as drought, cold, and 
heat) in plants, apart from histone methylation, other his-
tone marks like acetylation, ubiquitination, and phospho-
rylation also contribute significantly (Zhang et al. 2018b). 
Generally, in plants, there is an insertion of transposable 
elements (TEs) into the gene body or genome of stress-
related genes, and these intragenic epigenetic alterations 
modulate the gene expression of stress-responsive genes 
via influencing the alternative splicing of the transcripts 
(Chang et al. 2020c). After the removal of the inducement 
causing the stress, epigenetic modification habitually arrives 
at the prestress stage. Although some reports indicate that 
this modification may persist even after stress removal and 
serve as stress memory for plants, assisting them in their 
adjustment and even evolution over a longer period of time 
(Ramakrishnan et al. 2021). A variety of epigenetic modi-
fications such as histone modifications, DNA methylation, 
long non-coding RNAs, small RNAs, histone variants, and 
other undefined epigenetic alterations are used to protect 
plants from high temperatures (Pan et al. 2017). In plants, 
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heat stress resistance is also influenced by heat shock pro-
teins (HSPs). After heat exposure, there will be deposition 
of H3 lysine 9 acetylation (H3K9Ac) and histone H3 lysine 
4 trimethylation (H3K4me3) by HSPs like HSP70, HSP22.0, 
APX2, and HSP18. Heat stress tolerance is also assisted by 
DNA methylation and histone variation through the RdDM 
(RNA-directed DNA methylation) pathway (Yang and Guo 
2018). During the imposition of cold and salt stress in Arabi-
dopsis, the alleged CHD3-type chromatin remodeling fac-
tor (PICKLE) plays a significant role in plant growth and 
development and provides tolerance to these stresses (Yang 
et al. 2019a). In ever-changing environmental conditions, 
swapping from repressed to active status in chromatin regu-
lation contributes significantly to the survival of plants. In 
Arabidopsis plants, during exposure to cold stress, HOS15-
mediated chromatin changes are stimulated by HD2C deg-
radation. As a result, chromatin structure status is switched, 
assisting CBF enrollment in promoter regions of the COR 
gene, and providing cold resistance. ABA is overexpressed 
during stress in the plant system. REPRESSOR OF SILENC-
ING 1 (ROS1)-induced DNA demethylation is required at 
the promoter for transcriptional activation of NICOTINAMI-
DASE 3 (NIC3) which is responsive to ABA. It demonstrates 
that ROS1-induced active DNA demethylation is required 
for the maintenance of the active state of NIC3 transcription 
responsive to ABA and confers stress tolerance (Kim et al. 
2019). Cytosine methylation was observed in the genomes 
of drought tolerant and sensitive varieties of apple. Drought 
stress was linked to changes in methylation at the assembly 
of genes such as TFs and TEs, as well as DNA methyla-
tion modification (Xu et al. 2018). Previous research found 
that heavy metal-transporting P-type ATPases (HMAs) gene 
expression changes, as well as numerous low copy cellular 
genes, showed transgenerational inheritance of the altered 
expression conditions in heavy metal-treated rice. These her-
itable changes facilitate heavy metal resistance (Cong et al. 
2019). One of the prominent mechanisms during plant cold 
stress tolerance is the C-repeat binding factor (CBF)-cold 
responsive gene (COR) pathway, in which TFs such as CBF 
gene expression are prompted by the cold response and COR 
gene expression is activated by the binding of these TFs to 
promoter downstream sites (Chang et al. 2020a, b, c). HEAT 
SHOCK TRANSCRIPTION FACTOR A1s (HSFA1) are 
the main transcription factors that contribute to heat stress 
resistance, and their multistage regulation governs the den-
sity of heat stress. Phosphorylation/dephosphorylation, 
SUMOylation, and protein–protein interactions are the fac-
tors that moderately regulate HSFA1s. It is estimated that 
expression of heat-mediated TFs, which are responsible for 
activation of heat-responsive genes, is directly controlled 
by HSFA1s (Ohama et al. 2017). High salinity causes ion 
toxicity in plants, and the Ca2+Calcineurin B-Like Protein 
(CBL)-CBL Interacting Protein Kinase (CIPK) component 

maintains cellular ion homeostasis (Yang and Guo 2018). 
For salinity stress tolerance in plants, apart from DNA 
methylation, another definite histone modification such 
as acetylation by HATs and HDACs is also imperative in 
fluctuating environmental situations (Kumar et al. 2017). 
On salt stress-receptive genes, there is a decline in the 
accumulation of repressive marks such as H3K9me2 and 
H3K27me3, and high salinity exposure frequently tempts 
the deposition of active histone marks such as H3K9K14Ac 
and H3K4me3 (Meena et al. 2017). ABRE sequences are 
found in the promoter region of drought-responsive NAC 
TFs, which AREB1 fixes, resulting in the recruitment of 
the ADA2bGCN5 histone acetylation unit, which activates 
PtrNAC genes and confers drought tolerance (Li et al. 2019).

Chemical priming

Although several approaches (such as traditional breeding) 
have been established to improve plant stress tolerance, 
advance plant productivity, and improve plant survival, these 
practices have limitations and have resulted in insufficient 
plant generation with upgraded desire traits in field environ-
ments. Plants can also battle environmental stresses by being 
primed instead of using plant engineering strategies or other 
tactics. A priming agent caused the activation of stimuli, 
resulting in direct alteration in the plant at the morphology, 
physiology, transcriptome, metabolome, and epigenetic lev-
els, resulting in defense mechanism enhancement. Plant pre-
exposure with priming agents induces mild stress symptoms 
(Hasanuzzaman et al. 2020a). Base resilience is provided by 
priming just after the initial exposure of priming agents. As 
a result, it is a type of immunological memory that allows 
plants to remember stressful situations. Therefore, primed 
plants are better equipped to tolerate abiotic stress as com-
pared to non-primed plants, which will pledge their effect 
a little later, resulting in fatal costs. Acquired memory is 
induced in plants through various mechanisms, and one 
of them is epigenetic modification, which modulates gene 
expression for a longer period (Pascale et al. 2020). One of 
the priming agents is sodium nitroprusside, which acts as 
an NO donor. The key mechanism for the relocation of NO 
bioactivity is supposed to be the build up of NO portion on 
the thiol group of cysteine to form S-nitrosothiol (SNO) by 
the process of S-nitrosylation. This post-translational altera-
tion regulates several actions, such as growth, development, 
and environmental interfaces. The enzyme S-nitrosoglu-
tathione reductase (GSNOR) obliquely regulates the total 
cellular S-nitrosylation by decreasing S-nitrosoglutathione 
(GSNO), which acts as the chief NO donor inside the cell. 
NO-based S-nitrosylation of GSNOR1 at cysteine-10 resi-
dues causes a conformational change and the exposure of the 
AIM (ATG 8-interacting motif) motif. GSNOR1 protein is 
selectively degraded via autophagy upon binding ATG8 to 
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AIM, leading to an enhanced NO level that endorses seed 
germination during hypoxia. A few S-nitrosylated proteins 
play a significant role in defense and stress responses, phy-
tohormone signalling, and the homeostasis of ROS (Praveen 
2022). Progress in plant’s abiotic stress tolerance can also 
be achieved through chemical priming, as they potentially 
prime the established defense pathways without resorting 
to genetic variations (Nguyen et al. 2018). Signalling path-
ways are stimulated after the exposure of plants to chemical 
priming mediators, leading to the accretion of resistance sig-
nals. Transcriptional and post-transcriptional manifestations 
are also governed by these chemical mediators, resulting 
in activation of molecular mechanisms caused by regula-
tory and functional gene expression (Hasanuzzaman et al. 
2020b). Genetic engineering can also express these genes, 
which lead to stress tolerance through the creation of count-
less metabolites, proteins, and enzymes (Jacob et al. 2017; 
Ohama et al. 2017). Collaborative or opponent interfaces 
caused by exchange among the altered signalling molecules 
have substantial utility in abiotic stress tolerance in plants. 
Chemical priming on plants can be accomplished in two 
ways: by exposing plants to chemical agents prior to the 
onset of stress, or by exposing entire plants to chemicals 
after the stress attack (Li et al. 2018). It has previously 
been stated that the use of chemical compounds as priming 
mediators was initiated after discovering their potential in 
improving a variety of abiotic stress tolerance in plants (Irani 
and Todd 2018). Examples of priming agents are reactive 
oxygen–nitrogen–sulfur species, hormones, and synthetic 
compounds, and they facilitate reduction of abiotic stresses 
(Antoniou et al. 2017; Koo 2018). Many endogenous com-
pounds in plants such as Hydrogen peroxide (H2O2), nitric 
oxide (NO), and hydrogen sulfide (H2S), have governing 
roles in the abiotic stress battle (Jin et al. 2017; Praveen et al. 
2019). A rise in easiness was detected primarily when plants 
were pre-exposed to these exogenous compounds without 
harming the plant growth (Praveen et al. 2020; Liang et al. 
2018). In soybean, exogenously supplied H2O2 exposure 
causes augmented waterlogging tolerance in context with 
ROS (Andrade et al. 2018a, b). Exogenous NO (SNP as 
donor) supplementation alleviated arsenic toxicity in rice 
and drought toxicity in Indian mustard (Praveen and Gupta 
2018; Sahay et al. 2021). Earlier studies demonstrated the 
beneficial role of exogenously supplied hydrogen peroxide 
(H2O2) in abiotic stress resistance in plant systems, such as 
providing drought tolerance in G. maxima, Triticum, and 
quinoa (Andrade et al. 2018b; Iqbal et al. 2018; Habib et al. 
2020); convincing toxicity reduction of salinity in basil, 
soursop, and pistachio (Bagheri et al. 2019; da Silva et al. 
2019; Gohari et al. 2020); and reduce oxidative damage in 
tomato (Liu et al. 2018). H2S donors, namely sodium hydro-
sulfide (NaHS), function in low quantities in many plant 
species and are thus highly encouraged to facilitate stress 

acclimatization and thus stress damage recovery (Sako et al. 
2021). Priming of seedlings or seeds with NaHS enables 
abiotic stress adaptation and depicts improved resistance to 
chilling in wheat, rye, and avocado (Kolupaev et al. 2019; 
Joshi et al. 2020); surplus nitrate in tomato (Guo et al. 2018); 
and heavy metal toxicity reduction in rapeseed, zucchini, and 
rice (Chen et al. 2017c; Yu et al. 2019b; Rizwan et al. 2019; 
Valivand et al. 2019). During the environmental stress expo-
sure, metabolic pathways significantly changed, and plants 
produced precise amino acids, such as 5-aminolevulinic 
acid (ALA), polyamines, and proline for defense against 
injury. ALA, which is an imperative biochemical initiator 
for the biosynthesis of chlorophyll, improves photosynthe-
sis in plant systems under stress imposition (Aksakal et al. 
2017). It has recently been investigated whether there is a 
link between ROS and ALA. Exogenous supplementation of 
ALA encouraged deposition of H2O2 inside roots, resulting 
in gene expression of the Na+ transporter and compartmen-
talization of Na+ in the roots, which therefore diminished its 
accumulation in leaves in strawberry plants (Wu et al. 2019). 
Studies have confirmed that the gathering of osmo-protect-
ants such as proline is enhanced as a result of phytohormone 
supplementation administered leading to stress adaptation in 
plants (El-Esawi et al. 2017; Min et al. 2018; Fu et al. 2019). 
Priming with other phytohormones like brassinosteroids 
delivered stress resistance to salt, cold, and heat (Efimova 
et al. 2018; Fu et al. 2019). Heat stress is acclimatized by 
cytokinin in ryegrass (Zhang et al. 2019). Improvement in 
drought and salt resistance in plants was demonstrated by the 
application of polyamines (Sequera-Mutiozabal et al. 2017). 
Because of advances in antioxidant defense, exogenously 
supplied melatonin has the ability to surge heat tolerance in 
kiwifruit and chill tolerance in cucumber seeds (Liang et al. 
2018; Arnao and Hernández-Ruiz 2019).

Transgenic breeding

To satisfy the food mandate of an unceasingly rising popu-
lation and for crop upgrading, innovative techniques are 
required apart from traditional breeding. Therefore, the crea-
tion of transgenic lines becomes requisite to meet the food 
demand as well as to reduce the undesirable impact of abi-
otic stresses on crop production (Pandey et al. 2017). Trans-
genic breeding techniques and genetic engineering enable 
outstanding developments in gene manipulation for the 
introduction of desired traits into transgenic plants. Trans-
genic breeding (TB) approaches for the generation of abiotic 
stress resilience in plants are based on the gene expression 
involved in regulatory and signalling pathways that regulate 
genes encoding stress-resistant proteins or enzymes for the 
synthesis of functional metabolites (Anwar and Kim 2020). 
For the identification of candidate genes, several molecular 
techniques have been used, such as QTL mapping, genomic 
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selection, and marker-assisted selection. In Arabidopsis, for 
the generation of drought stress-tolerant transgenic lines, 
CRISPR-Cas9 has been used. Sucrose non-ferment 1-related 
kinase 2 protein kinases (subgroup III SnRK2) genes are 
manipulated, since they act as positive regulators of the 
ABA signalling pathway (Huang et al. 2018; Nadarajah 
and Kumar 2019). Rice root diameter increased under field 
conditions due to OsNAC5 overexpression, resulting in 
increased grain yield and drought stress resistance (Shim 
et al. 2018). Upregulation of cold-regulated C-repeat bind-
ing factors (CBFs) and the associated downstream genes in 
Arabidopsis due to overexpression of miR397 significantly 
enhanced resilience to chilling and freezing stresses (Abla 
et al. 2019). Overexpression of MdMIPS1 (Myo-inositol-
1-phosphate synthase) in transgenic apples improved salt 
tolerance through modulation of ion balance, osmosis, and 
antioxidant levels (Hu et al. 2020). Improvement of salinity 
and drought stress resistance was observed in rice plants 
through overexpression of OsMYB6. These rice plants also 
produced higher levels of proline and antioxidants (Tang 
et al. 2019). Currently, several plant species, such as rice, 
Arabidopsis, tomato, etc. along with huge and composite 
genomes consisting of species, have accessible genome 
sequences (Hameed et  al. 2018; Nepolean et  al. 2018). 
Additionally, the arrival of next-generation sequencing 
techniques furnishes the opportunity to sequence novel 
crops, and diverse varieties of a similar crop in compara-
tively short time and at low cost, which can be utilized in 
molecular breeding for the generation of innovative mark-
ers (Djami-Tchatchou et al. 2017). Presently, deteriorating 
genetic properties of plants and increased time consump-
tion limit the employment of traditional breeding practices 
for crop upgrading (Gantait and Mondal, 2018). To achieve 
novel genome edited crops, there is a requirement for a new 
technique for crop advancement that is effective, rapid, 
convenient, and precise, such as CRISPR-Cas9. To cope 
with the different environmental stresses, researchers are 
involved in finding the candidate genes with the help of the 
CRISPR-Cas9 method (Tang et al. 2017; Xiao et al. 2017). 
To modify the expression level of numerous downstream 
genes or the stimulation of stress signals, major targets are 
regulatory genes like phosphatase, kinases, and TFs (Zafar 
et al. 2020). In Arabidopsis, certain TFs, such as NAC, 
CUC2, NAM-ATAF1/2, and others, negatively control the 
expression level of abiotic responsive genes. The specific 
binding of ANAC069 to the promoter region near the core 
motif sequence C[A/G]CG[T/G] regulates the expression of 
multiple stress-receptive genes. Among the consequences 
are increased susceptibility to salt and osmotic stress due 
to increased proline biosynthesis and decreased ROS for-
aging potential. Knockdown mutants ANAC069 achieved 
by T-DNA insertion demonstrated improved resistance to 
salt and osmotic stress (He et al. 2016). In maize transgenic 

plants, upregulation of WRKY TFs (ZmWRKY106) results 
in a decline in ROS, amplification of antioxidant levels, and 
the development of heat and drought resistance (Wang et al. 
2018). Cis-regulatory sequences enable the binding of pre-
cise TFs and thus play a significant role in the amendment 
of gene expression levels and abiotic stress management 
(Zafar et al. 2020). Heat stress resistance was accomplished 
in tomato, followed by an upgrade of fruit setting via tar-
geting an S gene, SlAGAMOUS-LIKE 6 (SIAGL6), using 
CRISPR-Cas9 genome editing (Klap et al. 2017). CRISPR-
Cas9 genome editing has been successfully induced and aug-
mented in a variety of crops, including maize and cotton, by 
targeting multiple genes in a single organism (Char et al. 
2017; Gao et al. 2017). In transgenic maize plants, drought 
resistance was observed and even established in a field 
trial via specific gene editing of AGROS8 using CRISPR/
Cas9 (Shi et al. 2018). With the help of biotechnological 
tools, researchers have identified several genes, TFs, and 
miRNAs accountable for salinity resistance in plants. For 
instance, in higher plants, transference of Na+ and K+ is 
synchronized by high-affinity potassium transporter (HKT) 
genes, which are members of the Trk/Ktr (K+ transporter)/
HKT transporter family (Jiang et al. 2018). TaHKT2;1 is 
the opening plant HKT gene and is present in wheat (Kob-
ayashi et al. 2017) and HKT genes must be elaborated in 
the elimination of Na + from crops' leaves (Ismail and Horie 
2017; Assaha et al. 2017). Ion evenness and salinity stress 
resistance are primarily delimited by the salt overly sensitive 
(SOS) signalling pathway (Zelm et al. 2020). In rice plants, 
OsSOS1 transport activity is regulated by OsCIPK24 (CBL-
interacting protein kinases) and OsCBL4 to reduce Na + ion 
accumulation inside the cell and also to reduce salinity stress 
detrimental properties (Isayenkov and Maathuis 2019). In 
crops, numerous molecular procedures, such as genomic and 
marker-assisted selection, QTL mapping, and CRISPR-Cas9, 
were used to identify desired genes for drought stress resist-
ance (Nadarajah and Kumar 2019). Water use efficiency was 
significantly higher in transgenic plants containing the ABA 
independent transcription factor (DREB1A) than in wild-
type plants (Yang et al. 2017). Previously, researchers con-
firmed that transgenic DREB1A groundnut augments root 
length density in soil contours to simplify water abstraction 
occurrence (Chung et al. 2018). Low-temperature stress tol-
erance is mediated by abundant aspirant genes, which are 
delimited by C-repeat binding factor/dehydration-responsive 
element binding (CBF/DREB1) TFs (Shi et al. 2018). CBF1/
DREB1b and CBF1/DREB1b overexpression lines ampli-
fied the chilling stress adaptions by enhancing the gene 
expression level of COR and the gathering of proline and 
sugar in innumerable plants. In Arabidopsis, overexpression 
of these lines stimulated homologous expression of COR 
genes at damaging temperatures (Hussain et al. 2018). It has 
been reported that diverse mitogen-activated protein kinase 
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(MAPK) cataracts are involved in metal stress tolerance 
(Ghori et al. 2019). Exposure of Cd/Cu to Medicago sativa 
seedlings caused stimulation of several MAPK genes, such 
as mitotic activity in Arabidopsis primary and secondary 
root tips changes, as do auxin and cytokinin accretions medi-
ated by Cu exposure (Jalmi et al. 2018). Under Fe stress, 
AUX and PIN proteins participated in the shielding of lat-
eral roots efficiently, which is depicted by aux1-7 and pin2 
mutants having great resistance to Fe stress relative to that 
of wild-type plants (Ronzan et al. 2018).

Autophagy

The term autophagy derived from two words: auto-self and 
phagy-eating. It is a conserved degradation mechanism of 
cellular constituents. Lytic organelles are the main site for 
autophagy such as the vacuole in plants and yeast, and the 
lysosome in animals (Michaeli et al. 2016). Plant cells must 
recover damaged or undesirable proteins and organelles to 
adapt during a stressful situation. During non-stressful situ-
ations, autophagy arises at basal levels (Inoue et al. 2006). 
While oxidative stress, heat, drought, saline, osmotic, and 
endoplasmic reticulum (ER) stress, carbon/nitrogen depriva-
tion, a higher sugar level, and senescence are all factors that 
influence autophagic flux (Janse van Rensburg et al. 2019). 
It is confirmed by earlier researchers that during nutrient 
scarcity and organ senescence, autophagy subsidizes the 
recovery and recirculation of nutrients (Masclaux-Daubresse 
et al. 2017). Sugars, fatty acids, and amino acids are gener-
ated via autophagic reprocessing, which can act as anabolic 
substrates or energy producers and are further utilized by 
the organism. As a result, autophagy is a process that allows 
plants to grow and develop even when nutrients are scarce 
(Hirota et al. 2018). Researchers have found that autophagy 
is present in several crop plants, such as rice, wheat, tomato, 
and maize (Pei et al. 2014; Wada et al. 2015). In plants with 
a damaged autophagy mechanism (ATG mutant), symptoms, 
such as yield reduction, early senescence, and hypersensitiv-
ity to carbon and nitrogen deprivation, have been observed 
(Li et al. 2014; Barros et al. 2021). Overexpression of ATG​ 
genes enhanced autophagic flux, endorsed higher yield and 
late senescence (Minina et al. 2018). Proline catabolism 
increased during the stress state, and it may help with cell 
retrieval by enhancing autophagic action. Abiotic stress tol-
erance is also provided in several plant species by increased 
levels of amino acid derivatives, such as polyamines and 
glycine-betaine (Chen and Murata 2011; Zarza et al. 2017). 
Autophagosome establishment entails two ubiquitin-like 
systems conjugating Atg12 with Atg5, and Atg8 with lipid 
phosphatidylethanolamine (PE), respectively. In Arabidop-
sis, upregulation of ATG5 and ATG7 delivers tolerance to 
necrotrophic pathogens and oxidative stress and promotes 
growth, and delays senescence, seed oil content, and seed 

set (Minina et al. 2018). Several salt exposed atg mutants 
displayed phenotypic changes as well as enhanced quanti-
ties of oxidized proteins as compared to the wild-type (WT) 
plants (Luo et al. 2017). Furthermore, upregulation of ATG3 
homologs in Arabidopsis from Malus domestica improved 
their tolerance to salt and osmotic stress (Wang et al. 2017). 
Drought stress resistance was amplified in tomato and apple 
plants via upregulation of ATG18a in apples when compared 
with WT plants (Sun et al. 2018a). Autophagy also con-
tributes to submergence tolerance. Hypoxia is generated in 
plants as a consequence of waterlogging and submergence, 
which limit gas diffusion inside and outside the plant cells. 
Autophagosome formation was stimulated during Arabi-
dopsis plant submergence, and atg mutants were found to 
be more sensitive to submergence than WT plants (Soto-
Burgos et al. 2018). Flooding is one of the abiotic stresses 
that creates a hypoxic state inside the root cells, and the 
Arabidopsis plant consisting of overexpression of KIN10, 
able to resist the hypoxia exposure via enhancement of 
autophagy (Chen et al. 2017b). Autophagy plays a signifi-
cant role in the alleviation of heat stress in Arabidopsis by 
degrading the heat shock proteins at an advanced stage of 
the thermos retrieval stage, which results in the gathering of 
protein aggregates after a second heat exposure (Sedaghat-
mehr et al. 2019). Salt resistance in the Arabidopsis plant is 
facilitated by autophagy via speedy protein turnover (Luo 
et al. 2017). Autophagy progression in plant cells is ena-
bled by microtubules (MTs). The study investigated that 
when Arabidopsis plant exposed to different abiotic stimuli 
like osmotic, salt, and UV rays, then stresses compromised 
through development of autophagy via tubulin acetylation 
(Olenieva et al. 2019). In transgenic lines of Populus under 
salt stress condition, overexpression of PagNBR1 confers 
stress resistance via escalation of the antioxidant system and 
selective autophagy (Su et al. 2021). Study investigated that 
a plant-specific COST1 (constitutively stressed 1) gene con-
fers drought resistance and promotes growth in Arabidopsis 
via straight synchronization of autophagy (Bao et al. 2020).

Conclusions and future prospective

Globally, crop production is undesirably affected by abi-
otic stresses, and it has been estimated that these things 
will rise in the future due to global warming, urbanization, 
and other fluctuations in the environment. Plants are among 
the most thriving inhabitants on the planet, and they have 
undoubtedly developed perceptive ways to deal with abi-
otic stresses. Although plants have a general defense sys-
tem that allows them to tolerate various types of stresses, 
there are still numerous flaws that must be addressed before 
they can be tested in the field. The battle to recognize the 
multifaceted machinery is enduring, and the current new 
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technology advancements for high-throughput phenotyp-
ing and genotyping provide us with an innovative gleam of 
expectations. TFs act as major regulators of stress-related 
genes and can be outstanding candidate genes for crop devel-
opment. Although work has been done regarding the role 
of TFs in abiotic stress resistance in plants, much remains 
to be explored about the various plant species. Only a few 
TF families, such as WRKY, MYB, bZIP, NAC, and ERF/
DREB, have had extensive research into their functions in 
stress challenges. Current investigations confirmed that vali-
dation of TFs is done in both model and non-model plants, 
but these are limited only to the laboratory. Field trials are 
mandatory to examine candidate TFs and their role in trans-
genic plants. Most of the TFs are involved in more than one 
kind of stress in a fluctuating situation. Therefore, future 
studies will require the study of several TFs and several 
stresses to illuminate the crosstalk among them. Significant 
transcriptional regulators are miRNAs, which affect the 
growth and development of plants. Though many stress-
responsive miRNAs have been identified, many more need 
to be recognized in specific stress and in particular plant 
species. Limited knowledge is available about miRNAs and 
their target genes during stressful circumstances. Epigenetic 
changes are involved in the governance of gene expression as 
well as their transmission to the next succussing generation. 
Therefore, these two facets need to be explored equally in 
the future. There is little understanding of epigenetic control 
mechanisms, such as chromatin modifications and the subse-
quent regulation of transcription. Because these mechanisms 
are intricately linked to environmental challenges, they will 
need to be studied further in the future. It is also neces-
sary to investigate inherited stress memory mechanisms. 
Currently, chemical priming agents are mostly applied to 
plants to mitigate the toxicity of stress factors and boost their 
defense mechanisms. Still, prior to their approval for use in 
agriculture, the security of these priming agents in terms of 
endurance in soil and water; and their effect on ecosystems 
should be broadly estimated. To alleviate drought and tem-
perature stress, the application of priming agents needs to be 
coordinated with an exact forecast and an understanding of 
climate fluctuation. Although the use of priming agents is a 
feasible strategy for improving stress resistance in plants, it 
has yet to be studied comprehensively to enhance crop yield. 
Transgenic breeding facilitates stress resistance as well as 
speedy potential multiplication to get an improved cultivar. 
CRISPR/Cas9 genome editing technology has recently been 
used in several plant species and transformed agriculture, 
with the goal of ensuring food demand and nutritional safety 
for an ever-increasing population. Although the majority of 
plant autophagy is founded on yeast and mammals, there are 
still genes that have to be recognized that are conserved in 
plants. Other novel autophagy in plants exists and should be 
investigated. Do the genes of one family depict variation in 

functions? What is the basic molecular mechanism behind 
selective autophagy? These questions should be the basis 
for research into increasing yield and abiotic stress toler-
ance. ncRNAs interact with factors for the regulation of gene 
expression, but this area of research is not well explored 
in plants. Further study is required to unravel their role in 
functional analysis and the development of abiotic stress-
tolerant transgenics to get higher yields and better-quality 
crops. In summary, a thorough examination of plant physi-
ological, biochemical, and molecular mechanisms for abiotic 
stress tolerance will aid in the management of susceptible 
crop plants for increased agricultural productivity. With the 
advancement of genomics, approaches such as genetic engi-
neering and genome editing have contributed to new oppor-
tunities for crop improvement by targeting desired traits in 
crop plants.
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