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Abstract: Globally, agriculture yields have been impacted by climate change and rising environmental 

challenges. Plants are frequently exposed to various abiotic stresses, such as drought, salinity, extreme 

temperatures, and heavy metal toxicity, as well as biotic stresses caused by various pathogens and insects. The 

development of stress tolerant crops through traditional breeding methods is frequently time consuming and 

constrained by genetic variability. Genome editing technologies have emerged as powerful tools for precise and 

targeted modification of plant genomes, enabling rapid improvement of stress tolerance traits. Plant 

biotechnology has been transformed by a number of technologies, including Zinc Finger Nucleases (ZFNs), 

Transcription Activator-Like Effector Nucleases (TALENs), and Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPR)-associated systems. Crop improvement have been further expanded by recent 

development such as base editing, prime editing, and multiplex genome editing. This review summarizes the major 

genome editing tools, their mechanisms of action, and their applications in enhancing tolerance to abiotic and 

biotic stresses. Moreover, the challenges, regulatory aspects, and future prospects of genome editing for the 

development of climate-resilient crops are also discussed in this review. 

Key Word: Genome editing, CRISPR-Cas9, TALENs, ZFNs, Base editing, Prime editing, Abiotic stress, Biotic 

stress, Crop improvement, Climate resilience 
----------------------------------------------------------------------------------------------------------------------------- ---------- 

Date of Submission: 08-06-2026                                                                           Date of Acceptance: 19-06-2026 

----------------------------------------------------------------------------------------------------------------------------- ---------- 

 

I. Introduction  

 Plants are essential to human civilization, as the main source of food, fodder, fiber, fuel, and several other 

industrial and pharmaceutical products. Yet, their growth, development, and productivity are continuously 

hampered by various biotic and abiotic stresses. Abiotic stresses include unfavorable environmental conditions 

like drought, salinity, extreme temperatures, and heavy metal toxicity [fig.1], while Biotic stresses are caused by 

living organisms like bacteria, fungi, viruses, pests, nematodes, and weeds. Crop yield and quality are decreased 

as a result of these stressors’ effects on plant physiology, biochemistry, and molecular processes. As the population 

increases, climate change, and degradation of agricultural land, understanding and mitigating the effects of stress 

on plant has become an important focus of agricultural research to ensure sustainable food production and global 

food security [1]. 

Crop improvement and development of stress-tolerant varieties have benefited from traditional plant 

breeding, but its effectiveness is limited by breeding cycles, complicated genetic factors, and a lack of desirable 

genetic variation. Alternative approaches for introducing advantageous traits have been made possible by genetic 

engineering, which allows the transfer of specific genes linked with stress tolerance. However, its broad adoption 

has been constrained by worries regarding gene integration, biosafety concerns, public acceptance, and regulation 

approval. Genome editing technologies, which enable targeted modification of endogenous genes without 

introducing foreign DNA, have emerged as powerful and precise tools for crop improvement in recent years. [2]. 

The development of engineered nuclease-based systems such as Zinc Finger Nucleases (ZFNs), 

Transcription Activator-Like Effector Nucleases (TALENs), and Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPR)-based technologies, has revolutionized the area of plant biotechnology [fig.2]. 

These tools enable precise gene knockout, insertion, replacement, and transcriptional regulation, facilitating the 

development of crops with enhanced resistance to biotic stresses and improved tolerance to abiotic stresses such 

as drought, salinity, heat, cold, and heavy metal toxicity. This review provides a comprehensive overview of major 

genome editing tools and highlights their applications in developing stress-resilient crops for sustainable 

agriculture [3, 4]. 
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Genome Editing for Abiotic Stress Tolerance in Plants 

Drought Stress 

Drought stress triggers osmotic stress, oxidative damage, and the loss of cellular homeostasis through 

water deficit. At the molecular level, these effects abscisic acid (ABA)-dependent and ABA-independent signaling 

cascades which regulate stomatal closure, root architecture, osmotic adjustment, and detoxification of reactive 

oxygen species (ROS) [5]. Major regulatory networks include DREB/CBF transcription factors, AREB/ABF 

proteins, late-embryogenesis abundant (LEA) proteins, and several type 2C protein phosphatases (PP2Cs) that act 

as negative regulators of ABA signaling [6]. The earliest genome-editing work on drought tolerance used zinc-

finger nucleases (ZFNs), establishing proof-of-concept that stress-responsive loci could be altered at specific sites. 

In tobacco, ZFN-driven targeted integration at ABA-responsive regulatory sequences showed that specific DNA 

modification could change stress-gene expression, setting the conceptual groundwork for subsequent 

development. TALEN platforms then made drought-associated loci more accessible, disrupting negative 

regulators of stomatal closure with TALENs in Arabidopsis and maize improved water-use efficiency (WUE) 

through targeted gene knockout, providing a clear functional rationale that CRISPR-based tools would later 

exploit at scale [7]. 

CRISPR/Cas9 has been deployed most extensively and with the greatest functional impact for 

engineering drought tolerance across major crops. In maize, CRISPR-mediated promoter insertion of the GOS2 

promoter driving overexpression of ARGOS8 improved grain yield under drought without penalizing yield under 

well-watered conditions. This study stands as a landmark application of CRISPR for drought tolerance in a major 

cereal crop [8]. In rice, CRISPR-mediated knockout of OsNAC45 resulted in enhanced root length and increased 

drought survival, while targeted editing of DRO1 (Deep Rooting 1) using base editing approaches enabled fine-

tuning of root growth angles to improve water uptake from deeper soil layers. Multiplex editing of negative 

regulators OsPP2C06, OsPP2C09, and OsPP2C66 enhanced drought tolerance in rice by constitutively activating 

ABA response pathways [Table-1] [9]. Beyond simple knockout strategies, cytosine base editors (CBEs) and 

adenine base editors (ABEs) have been used to introduce single-nucleotide changes in AREB1 and DREB2A that 

replicate naturally occurring drought-tolerant alleles from wild relatives. Epigenome editing with dCas9 fused to 

the histone acetyltransferase p300 has also been deployed to upregulate drought-responsive genes such as RD29A 

without modifying the DNA sequence itself. Together, this trajectory from ZFN-based proof-of-concept to 

TALEN-mediated targeted disruption to CRISPR-enabled multiplex and precision editing illustrates the 

continuously growing toolkit for drought tolerance engineering [10]. 

Salinity Stress 

Plants are exposed to both ionic toxicity and osmotic stress due to salinity, which is primarily caused by 

excess sodium chloride (NaCl). The ionic component results from the disruption of protein folding and enzyme 

function, as well as from Na⁺ competitively displacing essential K⁺ at membrane transporters [11]. The plasma 

membrane Na⁺/H⁺ antiporter SOS1, the kinase SOS2, and the calcium sensor SOS3 are all part of the Salt Overly 

Sensitive (SOS) pathway, which is the primary pathway for Na+ extrusion. The vacuolar NHX1 antiporter, which 

restores Na⁺ away from the cytoplasm and High-Affinity Potassium Transporters (HKTs) that recover Na⁺ from 

the xylem, support this [12]. ZFNs were among the earliest tools used to explore and modify salinity-associated 

loci. In Arabidopsis, mutagenesis by ZFN in the SOS1 regulatory region provide early evidence that site-specific 

modification of the ion transport gene could modify Na⁺ homeostasis, but the low editing efficiency and 

unfavorable off-target profiles limited the practical use of the crop. The TALENs have expanded this through their 

modular, designable repeat-variable diresidue (RVD) architecture. Editing vacuolar antiporter genes with 

TALENs in tobacco and Arabidopsis improves Na⁺ compartmentalization and reduces Na⁺ buildup in shoots.  The 

platform was particularly effective in targeting the repetitive and GC-rich promoter sequences common to salinity-

responsive genes [13, 14]. 

CRISPR/Cas9 has led to the most extensive and significant progress in salt tolerance. Knockout of OsRR22 a 

type-A response regulator which negatively controls cytokinin signaling and salt stress responses, resulted in a 
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significantly improvement in salt tolerance in rice without apparent loss of yield. In tomato, disrupting SlHKT12 

alters the distribution of Na⁺ between roots and shoots, which significantly reduce the Na⁺ toxicity. In wheat, 

multiplex modification of all the TaNHX2 homologs results in significantly increased grain yield in saline field 

conditions [15]. Cytosine base editing of the ANN4 promoter has enabled fine-tuned modulation of salt-stress gene 

expression in rice. Prime editing has been used to introduce gain-of-function mutations in BADH (betaine 

aldehyde dehydrogenase) in maize, a species naturally lacking in this suitable solute thereby increasing the 

synthesis of glycine betaine. CRISPR-based promoter editing of P5CS1 also improved proline accumulation under 

salt stress [Table-1]. Across the three generations, salinity tolerance improvement shows a clear pattern: ZFN and 

TALEN research confirmed mechanistic target validation, while CRISPR tools provided the size and precision 

required for deployment at the crop level [16]. 

Heat Stress 

Heat stress induces protein denaturation, membrane fluidity changes, disruption of photosynthetic 

apparatus, and activation of the heat shock response (HSR), which is mediated by Heat Shock Factors (HSFs) that 

bind heat shock elements (HSEs) in the promoters of Heat Shock Protein (HSP) chaperone genes. Photosystem II 

(PSII) is especially thermolabile, and pollen viability and reproductive performance are among the most heat-

sensitive agronomic parameters, making thermotolerance engineering commercially critical [17]. TALEN 

technology was applied in early studies to dissect HSF-HSP regulatory circuits. In Arabidopsis, TALEN-mediated 

modification of the HSP promoter regions has shown that modified cis-regulatory architecture could enhance 

basal thermotolerance and heat shock gene inducibility, confirming these elements as promising engineering 

targets. ZFN-based methods were used to confirm function of particular transcription factor binding sites in heat- 

responsive promoters through targeted deletion, providing mechanistic insights later leveraged by CRISPR 

platforms, though [18,19].  

CRISPR/Cas9 has enabled the most comprehensive thermotolerance engineering efforts to date. In 

tomato, knockout of SlAGO7 (a component of the RNA-induced silencing complex) resulted in enhanced heat 

stress tolerance with improved pollen viability and fruit set at elevated temperatures. CRISPR-mediated editing 

of SlMAPK3 in tomato elucidated the role of MAPK cascades in thermotolerance, while in wheat, editing of 

TaHSP90.1 homeologs modified HSP90 chaperone function [20, 21]. In rice, multiplex editing of OsHsfA2d 

regulatory elements using base editing introduced enhanced constitutive HSP gene expression, improving basal 

thermotolerance without a growth penalty [22]. CRISPR-mediated editing of HSFA1 in tomato by removing a 

repressive domain identified through structural studies resulted in a constitutively active form conferring superior 

thermotolerance across vegetative and reproductive stages [Table-1] [23]. The TALEN and ZFN studies that 

preceded CRISPR applications in this domain remain valuable for their identification of regulatory elements and 

confirmation of gene function, providing the mechanistic framework that has allowed CRISPR-based engineering 

to achieve its greatest successes. 

Cold Stress 

Cold stress includes both chilling stress (0–15°C), which slows metabolic enzyme function and causes 

membrane rigidification, and freezing stress (<0°C), which results in cellular dehydration through extracellular 

ice crystal formation and direct membrane damage from intracellular ice. Cold acclimation is the process by which 

plants gradually acquire freezing tolerance following exposure to low non-freezing temperatures which is 

regulated primarily by the CBF (C-repeat Binding Factor)/DREB1 transcription factor pathway, which activates 

Cold-Regulated (COR) genes encoding cryoprotective proteins, compatible solute synthesis enzymes, and 

membrane lipid modifiers [24]. TALEN technology contributed meaningfully to cold stress research through 

targeted modification of CBF pathway components, TALEN-mediated editing of CBF1 regulatory regions in 

tomato altered the architecture of cold-responsive promoters and improved chilling tolerance, validating CBF 

pathway regulation as a viable editing target in a naturally cold-sensitive horticultural crop. ZFN approaches were 

employed to investigate the cis-regulatory elements controlling COR gene expression in Arabidopsis, with 

targeted deletions of ICE1-binding motifs confirming the mechanistic basis of CBF-dependent cold acclimation 

at a precision unavailable through conventional mutagenesis [25] 
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CRISPR/Cas9 and precision editing tools have since expanded cold tolerance engineering across multiple 

crops. In rice, knockout of OsMYB30 is a negative regulator of CBF gene expression which significantly enhanced 

cold tolerance at the seedling stage, while editing of OsWRKY76 enhanced cold stress responses by relieving 

transcriptional repression of OsDREB1B [26]. Base editing of ICE1 to introduce phosphorylation-resistant amino 

acid variants resulted in constitutive activation of cold-responsive genes and enhanced freezing tolerance in 

Arabidopsis, demonstrating how base editing can create natural allele analogs without foreign DNA. Multiplex 

CRISPR editing in wheat targeting all six homologs of TaCBF14 and TaCBF15 enhanced frost tolerance in field 

trials [27]. CRISPR/Cas9-mediated modification of FAD7 and FAD8 fatty acid desaturases in tobacco and tomato 

demonstrated that tuning polyunsaturated fatty acid composition enhances membrane fluidity and reduces 

electrolyte leakage during cold stress [Table-1]. The history of cold stress editing across three platforms shows a 

clear progression: ZFNs and TALENs validated mechanistic targets and regulatory elements, CRISPR-based 

tools, such as base and prime editors, then provided crop-relevant improvements with the efficiency and accuracy 

required for practical application [28]. 

Heavy Metal Stress 

Heavy metal pollution in agricultural soils due to mining, smelting, industrial waste, and the use of 

phosphate fertilizers creates significant risks to crop development and food security. Metals like cadmium (Cd), 

arsenic (As), lead (Pb), mercury (Hg), and chromium (Cr) are harmful to plants. These metals can damage 

enzymes, induce stress from harmful reactive compounds, and hinder the absorption of essential nutrients. Plants 

naturally deal with these metals by binding them with special proteins like phytochelatins and metallothioneins, 

storing them in specific cell compartments, and actively eliminating them from the plant body [29]. ZFNs were 

historically played a significant role in laying the groundwork the for targeted gene editing in plants. A key 

achievement was the first successful demonstration of using ZFNs to alter the tobacco acetolactate synthase (ALS) 

gene, which demonstrated that precise editing of genes inside their natural location was possible. Although this 

work did not exactly focus on heavy metal tolerance. This idea was subsequently extended to genes involved in 

metal transport. Later research using ZFNs to study metal-responsive DNA regions in model plants enabled 

researchers to understand how genes related to metal detoxification are controlled and expressed. [30]. TALENs, 

with their improved target design flexibility, were applied to disrupt silicon/arsenic co-transporter genes in rice, 

with TALEN-mediated editing of OsLsi1 and OsLsi2 reducing arsenite accumulation in grain tissues and 

demonstrating that transporter gene knockout is a viable strategy for reducing dietary arsenic exposure through 

plant-based intervention [31]. 

 

CRISPR/Cas9 has enabled the most impactful advances in this domain, most notably the knockout of 

OsNramp5 in rice, which reduced Cd²⁺ accumulation in polished rice grain by more than 90% without significant 

yield penalty an advance with direct and immediate food safety implications. CRISPR-mediated disruption of the 

competing silicon/arsenite uptake function of OsLsi1 further reduced as accumulation, though the challenge of 

pleiotropic effects on beneficial silicon uptake has highlighted the need for allele-specific approaches achievable 

only through base or prime editing [31]. In poplar, knockout of PtNramp5 significantly reduced Cd²⁺ accumulation 

while PtHMA4 editing enhanced shoot translocation of Zn²⁺ and Cd²⁺ for improved phytoextraction efficiency 

[32]. CRISPR-mediated activation of AtPCS1 (phytochelatin synthase) and editing of vacuolar transporters 

AtABCC1/AtABCC2 in Arabidopsis demonstrated enhanced Cd²⁺ and Hg²⁺ tolerance and accumulation [Table-1] 

[33]. The successive contributions of ZFNs (mechanistic validation), TALENs (transporter gene disruption), and 

CRISPR tools (high-efficiency crop-level application) collectively define a comprehensive genome editing 

strategy for heavy metal stress management in plants. 
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Fig.1 Abiotic Stresses and Their Stress-Responsive Genes (Created in https://BioRender.com) 

 

Fig.2 Genome Editing Technologies for Crop Improvement and Stress Tolerance (Created in 

https://BioRender.com) 

Table 1: Overview of genome editing applications for major abiotic stresses in crop plants. 

stress tool crop Target gene outcome reference 

Drought  

ZFN 
 

Tobacco 

 
ABA-

responsive loci 

Early proof-of-concept; targeted 

integration at stress loci 

[7] 

 

CRISPR/Cas9 

Maize ARGOS8 Improved grain yield under water deficit [8] 

Rice OsNAC4 Enhanced root growth & drought survival [9] 

Salinity  

ZFN 

Arabidopsis SOS1 locus   Targeted mutagenesis at Na⁺ extrusion 

locus 
[13] 

 
 

CRISPR/Cas9 

  

Rice  OsRR22  Improved salinity tolerance at seedling 

stage  

 

[15] 

Tomato SlHKT1;2  Reduced Na⁺ accumulation in leaves 

Heat  TALEN Arabidopsis HSP loci 

 

Targeted activation of thermotolerance 

pathway 
[18] 
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CRISPR/Cas9 
 

Tomato SlAGO7 Thermotolerance; improved fruit set [20] 

Cold CRISPR/Cas9 

 
Rice OsMYB30 Improved cold tolerance at seedling stage [26] 

TALEN tomato CBF1/DREB1 Chilling tolerance; altered CBF pathway 

regulation 
[25] 

Heavy metal  
ZFN 

Tobacco ALS locus Pioneer ZFN editing; regulatory 
framework for metal loci 

[30] 

 

CRISPR/Cas9  

Rice 

OsNramp5 Drastically reduced Cd²⁺ in grain (>90%) [31] 

 TALEN OsLsi1/OsLsi2 Reduced arsenie uptake in rice grain 

 

II. Conclusion  
This review describes how the engineering of stress tolerance in crop plants has been radically changed 

by genome editing. From the early proof-of-concept work with ZFNs and the enhanced targeting flexibility of 

TALENs, to the precision and throughput of CRISPR/Cas9 and its derivatives, the field has followed a clear path. 

While CRISPR-based technology produced crop-relevant result at scale, earlier platforms confirmed mechanistic 

targets, Landmark achievements which includes ARGOS8 editing for drought-resilient maize, OsRR22 knockout 

for salinity tolerance in rice, SlAGO7 disruption for thermotolerance in tomato, and over 90% reduction of 

cadmium in rice grain via OsNramp5 editing shows that genome editing has progressed far beyond the laboratory. 

The toolkit has been further improved by the introduction of base editing, prime editing, and epigenome editing, 

which allow for single-nucleotide precision and gene expression modulation without the integration foreign of 

DNA. Together, these advances mark a genuine paradigm shift from conventional breeding toward targeted, 

knowledge-driven crop improvement. When these requirement are satisfied, genome editing offers a viable and 

effective route toward climate-resilient crops capable of maintaining global food security.  

 

III. Future Perspective 
Future developments in genome editing are expected to focus on improving editing efficiency, decreasing 

off-target impacts, and expanding editing capabilities. Combining genome editing with genomics, transcriptomics, 

proteomics, metabolomics, and artificial intelligence-based target identification will accelerate the development 

of climate-resilient crops. Advanced technologies such as prime editing, epigenome editing, and multiplex editing 

are likely to play important roles in sustainable agriculture. 
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