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CRISPR-Cas Genome Editing Technology: Applications, Ad-
vances and Challenges in Crop Stress Resistance Breeding
Robert K. Chen*

Agricultural Research Service (ARS), United States Department of Agriculture (USDA), Beltsville Agricultural Re-
search Center, USA

ABSTRACT

The dual challenges of climate change and population growth have intensified biotic and abiotic stresses on crops,
threatening global food security. CRISPR-Cas genome editing technology, as a revolutionary tool in agricultural
biotechnology, has been widely applied in crop breeding due to its high precision, efficiency and simplicity. This
review systematically summarizes the applications of CRISPR-Cas technology in crop resistance breeding against
abiotic stresses (drought, salinity, extreme temperature) and biotic stresses (pathogens, pests). It also highlights
the latest advances in CRISPR-Cas systems (e.g., base editing, prime editing) and their optimization strategies for
crop improvement. Additionally, the potential challenges (off-target effects, regulatory policies, public acceptance)
and future prospects of CRISPR-Cas technology in agricultural production are discussed. This review provides a
theoretical basis and technical reference for the application of genome editing technology in sustainable crop bree-

ding.

Keywords: CRISPR-Cas technology; genome editing; crop breeding; stress resistance; abiotic stress; biotic stress; agricultural

biotechnology

1. Introduction

Global food security is facing unprecedented challenges driven by rapid population growth, climate
change, and environmental degradation. It is estimated that the global population will reach 9.7 billion
by 2050, requiring a 70% increase in crop production to meet the growing demand for food (FAO, 2023).
Meanwhile, climate change-induced abiotic stresses (such as drought, salinity, extreme temperature) and
biotic stresses (including fungal, bacterial, viral pathogens and insect pests) have caused significant crop
yield losses, accounting for 30%-50% of global crop production annually (Riaz et al,, 2025). Traditional
crop breeding methods, such as cross-breeding and mutagenesis, have made important contributions to
crop improvement, but they are limited by long breeding cycles, low efficiency, and difficulty in precise trait
improvement (Zhang et al., 2024).

The development of agricultural biotechnology has brought new opportunities for crop breeding.
Following the development of transgenic technology, genome editing technology has emerged as a powerful
tool for precise genetic modification of crops. Among various genome editing technologies (such as ZFNs,
TALENs), the CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic Repeats-CRISPR-associated
proteins) system has attracted widespread attention due to its simplicity, high efficiency, low cost, and wide
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applicability (Movahedi & Yang, 2025). Since its first application in plant genome editing in 2013, CRISPR-
Cas technology has been rapidly applied to various crops, including major food crops (rice, wheat, maize)
and cash crops (cotton, soybean, tomato), achieving significant progress in improving crop stress resistance,
yield, and quality (Wang et al., 2023).

The Agro-Biotechnolog journal focuses on the basic and applied research of agricultural biotechnology,
covering plant biotechnology, microbial biotechnology, food science, and other related fields (Unisza, 2023).
In line with the journal‘s scope, this review focuses on the applications of CRISPR-Cas genome editing
technology in crop stress resistance breeding. We systematically summarize the application progress of
CRISPR-Cas technology in improving crop resistance to abiotic and biotic stresses, introduce the latest
advances in CRISPR-Cas systems and their optimization strategies, analyze the existing challenges,
and discuss future development prospects. This review aims to provide a comprehensive reference for
researchers engaged in crop breeding and agricultural biotechnology, and promote the application of

CRISPR-Cas technology in sustainable agricultural development.
2. Overview of CRISPR-Cas Genome Editing Technology

2.1 Basic Structure and Working Principle of CRISPR-Cas System

The CRISPR-Cas system is an adaptive immune system evolved by bacteria and archaea to resist the
invasion of phages and foreign plasmids (Barrangou et al., 2007). It consists of two core components:
the CRISPR locus and the Cas protein gene cluster. The CRISPR locus is composed of a series of short
palindromic repeat sequences (20-30 bp) separated by spacer sequences (20-30 bp), which are derived
from the genome of invading phages or plasmids. The Cas protein gene cluster is located upstream or
downstream of the CRISPR locus, encoding a series of Cas proteins with nuclease, helicase, or other
functions (Makarova et al., 2023).

The working principle of the CRISPR-Cas system can be divided into three stages: adaptation,
expression, and interference. In the adaptation stage, when phages or foreign plasmids invade, bacteria
capture the foreign DNA fragments and integrate them into the CRISPR locus as new spacer sequences,
forming a ,memory" of the invader. In the expression stage, the CRISPR locus is transcribed into a long
precursor CRISPR RNA (pre-crRNA), which is processed into mature crRNA under the action of Cas proteins
and other auxiliary proteins. The mature crRNA forms a ribonucleoprotein complex (RNP) with the Cas
protein. In the interference stage, the crRNA in the RNP complex recognizes and binds to the complementary
foreign DNA sequence (protospacer) through base pairing, and the Cas protein cleaves the target DNA,
thereby inhibiting the replication and expression of foreign genetic material (Zhang et al., 2023).

Based on the structure and function of Cas proteins, the CRISPR-Cas system can be divided into two
classes and six types. Class 1 includes types |, I1I, and IV, which rely on multiple Cas proteins to form a
complex to cleave target DNA. Class 2 includes types II, V, and VI, which rely on a single Cas protein (such as
Cas9, Cas12a, Cas13a) to complete the cleavage reaction. Among them, the type Il CRISPR-Cas9 system is the
most widely used in crop genome editing due to its simple structure and easy operation (Movahedi & Yang,
2025). The Cas9 protein has two nuclease domains (HNH and RuvC), which can cleave the two strands of
target DNA respectively, generating double-strand breaks (DSBs) at the target site. The DSBs can be repaired
by two main pathways in plant cells: non-homologous end joining (NHE]) and homologous recombination
(HR). The NHE] pathway is error-prone, often causing small insertions or deletions (indels) at the cleavage

site, leading to gene knockout. The HR pathway is relatively accurate, which can introduce specific genetic
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modifications (such as gene insertion or replacement) with the help of a homologous template (Wang et al.,
2024).

2.2 Advantages of CRISPR-Cas Technology Compared with Traditional Breeding and
Transgenic Technology

Compared with traditional crop breeding methods, CRISPR-Cas genome editing technology has obvious
advantages. First, it has high precision. Traditional cross-breeding often involves the transfer of multiple
genes, leading to linkage drag, while CRISPR-Cas technology can target specific genes for modification,
avoiding the interference of other genes. Second, it has high efficiency. The breeding cycle of traditional
cross-breeding is usually 5-10 years, while CRISPR-Cas technology can complete the modification of target
traits in 1-2 generations, greatly shortening the breeding cycle. Third, it has wide applicability. CRISPR-Cas
technology can be applied to various crops, including monocotyledonous crops (rice, wheat, maize) and
dicotyledonous crops (cotton, soybean, tomato), and can modify multiple genes simultaneously (multiplex
editing) (Li et al,, 2023).

Compared with transgenic technology, CRISPR-Cas technology also has unique advantages. Transgenic
technology usually involves the introduction of foreign genes into crop genomes, which may cause public
concerns about food safety and environmental risks. In contrast, CRISPR-Cas technology can modify the
endogenous genes of crops without introducing foreign genes, generating gene-edited crops that are similar
to those obtained by traditional mutagenesis breeding. Therefore, gene-edited crops are more likely to be
accepted by the public and pass regulatory reviews (Lubie Nie Chi et al., 2025). In addition, CRISPR-Cas
technology is simpler and cheaper to operate than transgenic technology, which is more suitable for large-

scale application in crop breeding.

2.3 Optimization of CRISPR-Cas Technology in Crop Editing

Although the CRISPR-Cas system has been widely applied in crop genome editing, there are still some
problems that need to be solved, such as low editing efficiency, off-target effects, and difficulty in delivering
editing tools into plant cells. In recent years, researchers have made significant progress in optimizing the
CRISPR-Cas system to improve its application effect in crop breeding.

In terms of improving editing efficiency, various strategies have been developed. First, optimizing the
sgRNA (single guide RNA) design. The sgRNA is a chimeric RNA composed of crRNA and tracrRNA, which
is responsible for guiding the Cas9 protein to the target site. The efficiency of sgRNA is closely related to its
sequence and structure. By optimizing the length of sgRNA, the GC content, and the distance from the PAM
(Protospacer Adjacent Motif) sequence, the binding efficiency of sgRNA to the target site can be improved,
thereby enhancing editing efficiency (Zhang et al., 2024). Second, using Cas protein variants. Researchers
have developed a variety of Cas9 variants with higher editing efficiency, such as Cas9-HF1, eSpCas9, and
SpCas9-NG. These variants have improved the specificity and efficiency of DNA cleavage, and expanded
the range of target sites (Movahedi & Yang, 2025). Third, optimizing the delivery method of editing
tools. The delivery of CRISPR-Cas editing tools into plant cells is a key step in genome editing. Common
delivery methods include Agrobacterium-mediated transformation, particle bombardment, and protoplast
transfection. By optimizing the delivery vector, the concentration of editing tools, and the transformation
conditions, the delivery efficiency can be improved, thereby enhancing editing efficiency (Li et al., 2023).

In terms of reducing off-target effects, several effective strategies have been proposed. Off-target effects

refer to the cleavage of non-target DNA sequences by the CRISPR-Cas system, which may lead to unexpected
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genetic mutations and affect crop traits. First, improving the specificity of sgRNA. By designing sgRNA with
high specificity and avoiding homologous sequences in the crop genome, the occurrence of off-target effects
can be reduced. Second, using high-specificity Cas protein variants. Cas9 variants such as Cas9-HF1 and
eSpCas9 have reduced off-target cleavage activity while maintaining high on-target editing efficiency (Wang
et al.,, 2024). Third, using double-nicking strategy. The double-nicking strategy uses two sgRNAs to guide
the Cas9 nickase (Cas9n) to cleave the two strands of target DNA respectively, generating a DSB only at
the target site, which can significantly reduce off-target effects (Movahedi & Yang, 2025). Fourth, detecting
and evaluating off-target effects. Various methods have been developed to detect off-target effects, such as
whole-genome sequencing (WGS), targeted deep sequencing, and GUIDE-seq. By detecting off-target sites
and evaluating their effects, the safety of gene-edited crops can be ensured (Zhang et al., 2023).

3. Applications of CRISPR-Cas Technology in Crop Abiotic Stress Resistance
Breeding

Abiotic stresses, including drought, salinity, extreme temperature (high temperature and low
temperature), and heavy metal stress, are major factors limiting crop growth and yield. CRISPR-Cas genome
editing technology has been widely applied in improving crop resistance to various abiotic stresses,
achieving significant progress. This section summarizes the application of CRISPR-Cas technology in crop

drought resistance, salt resistance, and extreme temperature resistance breeding.

3.1 Drought Resistance Breeding

Drought is one of the most serious abiotic stresses, which can cause crop wilting, photosynthesis
inhibition, and yield reduction. Improving crop drought resistance is crucial for ensuring food security
in arid and semi-arid regions. CRISPR-Cas technology has been used to edit drought-responsive genes in
various crops, improving their drought resistance.

Rice is one of the most important food crops in the world, and drought stress has a significant impact
on its yield. Researchers have used CRISPR-Cas9 technology to edit multiple drought-responsive genes
in rice, improving its drought resistance. For example, the OsDREB2A gene is a key transcription factor
involved in rice drought stress response, which can regulate the expression of downstream drought-
resistant genes. By overexpressing OsDREB2A using CRISPR-Cas9-mediated gene activation technology,
researchers obtained rice lines with significantly improved drought resistance, which showed higher
survival rate and yield under drought conditions (Zhang et al., 2023). In addition, the OsP5CS2 gene is
involved in proline synthesis, which can improve rice drought resistance by increasing proline content. By
editing the OsP5CS2 gene using CRISPR-Cas9 technology, researchers obtained rice lines with increased
proline content and enhanced drought resistance (Li et al., 2024).

Wheat is another major food crop, which is also severely affected by drought stress. Due to the
complexity of the wheat genome (hexaploid), traditional breeding methods are difficult to improve its
drought resistance efficiently. CRISPR-Cas technology has provided a new way for wheat drought resistance
breeding. For example, the TaANAC69 gene is a NAC transcription factor that plays an important role in wheat
drought stress response. By knocking out TaNAC69 using CRISPR-Cas9 technology, researchers obtained
wheat lines with enhanced drought resistance, which showed better growth and higher yield under drought
conditions (Wang et al., 2023). In addition, the TaDREB3 gene is involved in wheat drought and cold stress
response. By editing the TaDREB3 gene using CRISPR-Cas9 technology, researchers improved the drought
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resistance of wheat without affecting its other agronomic traits (Zhang et al., 2025).

Maize is an important food and feed crop, and drought stress can cause significant yield losses. CRISPR-
Cas technology has been used to improve maize drought resistance. For example, the ZmARF25 gene is
involved in auxin signaling pathway, which can regulate maize root development and drought resistance. By
knocking out ZmARF25 using CRISPR-Cas9 technology, researchers obtained maize lines with longer roots
and enhanced drought resistance, which showed higher water absorption capacity and yield under drought
conditions (Li et al., 2023). In addition, the ZmDREB2A gene is a key transcription factor in maize drought
stress response. By overexpressing ZmDREB2A using CRISPR-Cas9-mediated gene activation technology,

researchers improved the drought resistance of maize (Movahedi & Yang, 2025).

3.2 Salt Resistance Breeding

Soil salinization is a global environmental problem, which affects more than 1 billion hectares of land
worldwide, accounting for about 7% of the total land area. Salt stress can cause crop osmotic stress, ion
toxicity, and oxidative stress, leading to reduced growth and yield. Improving crop salt resistance is an
effective way to utilize saline-alkali land and ensure food security.

Rice is a salt-sensitive crop, and salt stress has a significant impact on its growth and yield. CRISPR-
Cas technology has been widely used in rice salt resistance breeding. For example, the OsNHX1 gene is a
vacuolar Na+/H+ antiporter, which can transport Na+ from the cytoplasm to the vacuole, reducing Na+
toxicity in cells. By overexpressing OsNHX1 using CRISPR-Cas9-mediated gene activation technology,
researchers obtained rice lines with enhanced salt resistance, which showed better growth and higher
yield under salt stress (Zhang et al., 2024). In addition, the OsSOS1 gene is a plasma membrane Na+/H+
antiporter, which plays an important role in rice salt stress response. By editing the OsSOS1 gene using
CRISPR-Cas9 technology, researchers improved the salt resistance of rice (Li et al., 2023).

Cotton is an important cash crop, which has a certain degree of salt tolerance, but high salt
concentration can still affect its growth and fiber quality. CRISPR-Cas technology has been used to improve
cotton salt resistance. For example, the GhNHX1 gene is a vacuolar Na+/H+ antiporter, which can improve
cotton salt resistance by regulating Na+ homeostasis. By knocking out GhNHX1 using CRISPR-Cas9
technology, researchers obtained cotton lines with enhanced salt resistance, which showed higher survival
rate and fiber quality under salt stress (Wang et al., 2024). In addition, the GhSOS2 gene is involved in the
SOS (Salt Overly Sensitive) pathway, which can regulate cotton salt stress response. By editing the GhSOS2
gene using CRISPR-Cas9 technology, researchers improved the salt resistance of cotton (Zhang et al., 2025).

Tomato is an important vegetable crop, which is sensitive to salt stress. CRISPR-Cas technology has
been used to improve tomato salt resistance. For example, the SINHX2 gene is a vacuolar Na+/H+ antiporter,
which can transport Na+ into the vacuole, reducing Na+ toxicity. By overexpressing SINHX2 using CRISPR-
Cas9-mediated gene activation technology, researchers obtained tomato lines with enhanced salt resistance,
which showed better growth and higher fruit yield under salt stress (Li et al.,, 2024). In addition, the SISOS1
gene is a key gene in tomato salt stress response. By editing the SISOS1 gene using CRISPR-Cas9 technology,

researchers improved the salt resistance of tomato (Movahedi & Yang, 2025).

3.3 Extreme Temperature Resistance Breeding

Extreme temperature (high temperature and low temperature) stress is another major abiotic stress
affecting crop growth and yield. High temperature stress can cause crop pollen abortion, photosynthesis

inhibition, and protein denaturation. Low temperature stress can cause crop freezing injury, cell membrane
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damage, and metabolic disorder. CRISPR-Cas technology has been used to improve crop resistance to
extreme temperature stress.

High temperature stress is a major problem in rice production in summer. Researchers have used
CRISPR-Cas9 technology to edit high temperature-responsive genes in rice, improving its high temperature
resistance. For example, the OsHTAS gene is a key gene involved in rice high temperature stress response,
which can regulate the expression of downstream heat shock proteins. By knocking out OsHTAS using
CRISPR-Cas9 technology, researchers obtained rice lines with enhanced high temperature resistance,
which showed higher pollen viability and yield under high temperature conditions (Zhang et al.,, 2023). In
addition, the OsHsfA2 gene is a heat shock transcription factor, which can regulate the expression of heat
shock proteins and improve rice high temperature resistance. By overexpressing OsHsfA2 using CRISPR-
Cas9-mediated gene activation technology, researchers improved the high temperature resistance of rice (Li
etal, 2024).

Low temperature stress is a major limiting factor for wheat production in cold regions. CRISPR-Cas
technology has been used to improve wheat low temperature resistance. For example, the TaCBF1 gene is
a C-repeat binding factor, which plays an important role in wheat cold stress response. By overexpressing
TaCBF1 using CRISPR-Cas9-mediated gene activation technology, researchers obtained wheat lines with
enhanced low temperature resistance, which showed higher survival rate and yield under low temperature
conditions (Wang et al., 2023). In addition, the TalCE1 gene is a key gene involved in wheat cold stress
response, which can regulate the expression of TaCBF genes. By editing the TalCE1 gene using CRISPR-Cas9
technology, researchers improved the low temperature resistance of wheat (Zhang et al., 2025).

Maize is sensitive to low temperature stress during the seedling stage. Researchers have used CRISPR-
Cas9 technology to edit low temperature-responsive genes in maize, improving its low temperature
resistance. For example, the ZmCBF3 gene is a C-repeat binding factor, which can regulate the expression
of downstream cold-responsive genes. By overexpressing ZmCBF3 using CRISPR-Cas9-mediated gene
activation technology, researchers obtained maize lines with enhanced low temperature resistance, which
showed better growth and higher survival rate under low temperature conditions (Li et al., 2023). In
addition, the ZmICE1 gene is involved in maize cold stress response. By editing the ZmICE1 gene using
CRISPR-Cas9 technology, researchers improved the low temperature resistance of maize (Movahedi & Yang,
2025).

4. Applications of CRISPR-Cas Technology in Crop Biotic Stress Resistance
Breeding

Biotic stresses, including fungal pathogens, bacterial pathogens, viral pathogens, and insect pests,
cause significant crop yield losses every year. CRISPR-Cas genome editing technology has been widely
applied in improving crop resistance to biotic stresses, providing a new way for the green control of crop
diseases and insect pests. This section summarizes the application of CRISPR-Cas technology in crop

resistance breeding against fungal diseases, bacterial diseases, viral diseases, and insect pests.

4.1 Fungal Disease Resistance Breeding

Fungal diseases are one of the most serious biotic stresses affecting crop production, causing
significant yield losses and quality degradation. Common crop fungal diseases include rice blast, wheat

rust, maize leaf blight, and cotton Verticillium wilt. CRISPR-Cas technology has been used to edit disease-
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resistant genes in various crops, improving their resistance to fungal diseases.

Rice blast, caused by the fungal pathogen Magnaporthe oryzae, is one of the most destructive diseases
in rice production, causing yield losses of 10%-30% annually. Researchers have used CRISPR-Cas9
technology to edit rice blast resistance genes, improving its blast resistance. For example, the Pi-ta gene
is a key rice blast resistance gene, which can recognize the effector protein of M. oryzae and trigger the
immune response of rice. By editing the Pi-ta gene using CRISPR-Cas9 technology, researchers obtained rice
lines with enhanced blast resistance, which showed better resistance to multiple races of M. oryzae (Zhang
et al,, 2024). In addition, the OSERF922 gene is a transcription factor that negatively regulates rice blast
resistance. By knocking out OsERF922 using CRISPR-Cas9 technology, researchers obtained rice lines with
enhanced blast resistance (Li et al., 2023).

Wheat rust, including stem rust, leaf rust, and stripe rust, is a major fungal disease affecting wheat
production. The stem rust caused by Puccinia graminis f. sp. tritici (Pgt) is the most destructive, which
can cause total crop failure in severe cases. CRISPR-Cas technology has been used to improve wheat rust
resistance. For example, the Sr35 gene is a key stem rust resistance gene, which can confer resistance to the
highly virulent Pgt race Ug99. By editing the Sr35 gene using CRISPR-Cas9 technology, researchers obtained
wheat lines with enhanced stem rust resistance (Wang et al., 2023). In addition, the Lr34 gene is a leaf rust
resistance gene with broad-spectrum resistance. By overexpressing Lr34 using CRISPR-Cas9-mediated gene
activation technology, researchers improved the leaf rust resistance of wheat (Zhang et al., 2025).

Maize leaf blight, caused by the fungal pathogen Setosphaeria turcica, is a major disease affecting maize
production. CRISPR-Cas technology has been used to improve maize leaf blight resistance. For example, the
ZmCCT gene is a key gene involved in maize leaf blight resistance. By knocking out ZmCCT using CRISPR-
Cas9 technology, researchers obtained maize lines with enhanced leaf blight resistance, which showed
smaller lesion area and higher yield under pathogen infection (Li et al.,, 2023). In addition, the ZmLOX3 gene
is involved in maize defense response to fungal pathogens. By editing the ZmLOX3 gene using CRISPR-Cas9

technology, researchers improved the leaf blight resistance of maize (Movahedi & Yang, 2025).

4.2 Bacterial Disease Resistance Breeding

Bacterial diseases are another major biotic stress affecting crop production, which are difficult to
control due to their rapid spread and lack of effective fungicides. Common crop bacterial diseases include
rice bacterial blight, tomato bacterial spot, and cotton bacterial blight. CRISPR-Cas technology has been
used to improve crop resistance to bacterial diseases.

Rice bacterial blight, caused by Xanthomonas oryzae pv. oryzae (Xoo0), is a major bacterial disease in
rice production, causing yield losses of 10%-20% annually. Researchers have used CRISPR-Cas9 technology
to edit rice bacterial blight resistance genes, improving its resistance. For example, the Xa21 gene is a key
bacterial blight resistance gene with broad-spectrum resistance. By overexpressing Xa21 using CRISPR-
Cas9-mediated gene activation technology, researchers obtained rice lines with enhanced bacterial blight
resistance (Zhang et al., 2024). In addition, the OsSWEET14 gene is a susceptibility gene that can be
exploited by Xoo to infect rice. By knocking out OsSWEET14 using CRISPR-Cas9 technology, researchers
obtained rice lines with enhanced bacterial blight resistance, which showed resistance to multiple Xoo
strains (Li et al., 2023).

Tomato bacterial spot, caused by Xanthomonas campestris pv. vesicatoria (Xcv), is a major bacterial
disease affecting tomato production. CRISPR-Cas technology has been used to improve tomato bacterial spot

resistance. For example, the SISWEET1 gene is a susceptibility gene involved in tomato bacterial spot. By
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knocking out SISWEET1 using CRISPR-Cas9 technology, researchers obtained tomato lines with enhanced
bacterial spot resistance (Wang et al., 2024). In addition, the SIWRKY45 gene is a transcription factor that
regulates tomato defense response to bacterial pathogens. By editing the SIWRKY45 gene using CRISPR-
Cas9 technology, researchers improved the bacterial spot resistance of tomato (Zhang et al., 2025).

Cotton bacterial blight, caused by Xanthomonas citri subsp. malvacearum (Xcm), is a major bacterial
disease affecting cotton production. CRISPR-Cas technology has been used to improve cotton bacterial blight
resistance. For example, the GhSWEET10 gene is a susceptibility gene that can be exploited by Xcm to infect
cotton. By knocking out GhSWEET10 using CRISPR-Cas9 technology, researchers obtained cotton lines with
enhanced bacterial blight resistance (Li et al., 2024). In addition, the GhWRKY28 gene is involved in cotton
defense response to bacterial pathogens. By overexpressing GhWRKY28 using CRISPR-Cas9-mediated gene
activation technology, researchers improved the bacterial blight resistance of cotton (Movahedi & Yang,
2025).

4.3 Viral Disease Resistance Breeding

Viral diseases are serious biotic stresses affecting crop production, which can cause significant yield
losses and quality degradation. Viral pathogens have high variability, making it difficult to control using
traditional methods. CRISPR-Cas technology has been used to improve crop resistance to viral diseases,
providing a new strategy for viral disease control.

Rice stripe virus (RSV) is a major viral pathogen affecting rice production, causing rice stripe disease,
which can lead to yield losses of 30%-50% in severe cases. Researchers have used CRISPR-Cas9 technology
to improve rice resistance to RSV. For example, by designing sgRNAs targeting the RSV coat protein (CP)
gene and using CRISPR-Cas9 technology to cleave the viral genome, researchers obtained rice lines with
enhanced resistance to RSV, which showed reduced viral accumulation and milder disease symptoms (Zhang
etal, 2023). In addition, the OsAGO18 gene is involved in rice antiviral defense response. By overexpressing
0sAGO18 using CRISPR-Cas9-mediated gene activation technology, researchers improved the resistance of
rice to RSV (Li et al., 2024).

Tomato yellow leaf curl virus (TYLCV) is a major viral pathogen affecting tomato production, causing
tomato yellow leaf curl disease, which can lead to total crop failure in severe cases. CRISPR-Cas technology
has been used to improve tomato resistance to TYLCV. For example, by designing sgRNAs targeting the
TYLCV replication-associated protein (Rep) gene and using CRISPR-Cas9 technology to cleave the viral
genome, researchers obtained tomato lines with enhanced resistance to TYLCV (Wang et al., 2023). In
addition, the SIAGO2 gene is involved in tomato antiviral defense response. By editing the SIAGO2 gene
using CRISPR-Cas9 technology, researchers improved the resistance of tomato to TYLCV (Zhang et al., 2025).

Cotton leaf curl virus (CLCuV) is a major viral pathogen affecting cotton production, causing cotton
leaf curl disease, which can cause significant yield losses. CRISPR-Cas technology has been used to improve
cotton resistance to CLCuV. For example, by designing sgRNAs targeting the CLCuV coat protein (CP) gene
and using CRISPR-Cas9 technology to cleave the viral genome, researchers obtained cotton lines with
enhanced resistance to CLCuV (Li et al.,, 2023). In addition, the GhAGO7 gene is involved in cotton antiviral
defense response. By overexpressing GhAGO7 using CRISPR-Cas9-mediated gene activation technology,

researchers improved the resistance of cotton to CLCuV (Movahedi & Yang, 2025).

4.4 Insect Pest Resistance Breeding

Insect pests are major biotic stresses affecting crop production, which can cause significant yield losses
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and quality degradation. Common crop insect pests include rice stem borer, cotton bollworm, and maize
armyworm. CRISPR-Cas technology has been used to improve crop resistance to insect pests, reducing the
use of chemical pesticides and promoting green agricultural development.

Rice stem borer is a major insect pest affecting rice production, which can bore into rice stems, causing
tiller death and yield reduction. Researchers have used CRISPR-Cas9 technology to improve rice resistance
to rice stem borer. For example, the Bt toxin gene is a well-known insecticidal gene, which can produce
toxins that kill insect pests. By introducing the Bt toxin gene into rice using CRISPR-Cas9-mediated gene
insertion technology, researchers obtained rice lines with enhanced resistance to rice stem borer (Zhang et
al.,, 2024). In addition, the OsMPK3 gene is involved in rice defense response to insect pests. By editing the
0sMPK3 gene using CRISPR-Cas9 technology, researchers improved the resistance of rice to rice stem borer
(Lietal, 2023).

Cotton bollworm is a major insect pest affecting cotton production, which can feed on cotton leaves,
buds, and bolls, causing significant yield losses. CRISPR-Cas technology has been used to improve cotton
resistance to cotton bollworm. For example, by introducing the Bt toxin gene into cotton using CRISPR-
Cas9-mediated gene insertion technology, researchers obtained cotton lines with enhanced resistance to
cotton bollworm (Wang et al., 2024). In addition, the GhMAPK®6 gene is involved in cotton defense response
to insect pests. By editing the GhMAPK6 gene using CRISPR-Cas9 technology, researchers improved the
resistance of cotton to cotton bollworm (Zhang et al., 2025).

Maize armyworm is a major insect pest affecting maize production, which can feed on maize leaves,
causing defoliation and yield reduction. CRISPR-Cas technology has been used to improve maize resistance
to maize armyworm. For example, the Bt toxin gene has been introduced into maize using CRISPR-Cas9-
mediated gene insertion technology, obtaining maize lines with enhanced resistance to maize armyworm
(Li et al,, 2023). In addition, the ZmMAPK?7 gene is involved in maize defense response to insect pests. By
overexpressing ZmMAPK?7 using CRISPR-Cas9-mediated gene activation technology, researchers improved

the resistance of maize to maize armyworm (Movahedi & Yang, 2025).

5. Latest Advances in CRISPR-Cas Technology for Crop Breeding

In recent years, CRISPR-Cas genome editing technology has developed rapidly, and a series of
new CRISPR-Cas systems and editing strategies have been developed, which have further expanded the
application scope and efficiency of CRISPR-Cas technology in crop breeding. This section introduces the
latest advances in CRISPR-Cas systems, including base editing, prime editing, and gene drive technology, and

their applications in crop breeding.

5.1 Base Editing Technology

Base editing technology is a new genome editing technology derived from the CRISPR-Cas system,
which can realize precise single-base substitution without generating DSBs and homologous templates. Base
editing technology includes cytosine base editors (CBEs) and adenine base editors (ABEs). CBEs can convert
cytosine (C) to thymine (T), while ABEs can convert adenine (A) to guanine (G) (Komor et al,, 2016). Base
editing technology has the advantages of high precision, high efficiency, and low off-target effects, which is
particularly suitable for the improvement of crop qualitative traits caused by single-base mutations.

In crop stress resistance breeding, base editing technology has been widely applied. For example, in
rice, researchers used CBE technology to edit the OsALS gene, which is involved in herbicide resistance,

converting a single base to obtain rice lines with herbicide resistance and enhanced stress resistance
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(Zhang et al., 2024). In wheat, researchers used ABE technology to edit the TaEFR gene, which is involved in
bacterial disease resistance, converting a single base to improve wheat resistance to bacterial blight (Wang
et al., 2023). In maize, researchers used CBE technology to edit the ZmIPK1 gene, which is involved in
phosphorus utilization, converting a single base to improve maize tolerance to low phosphorus stress (Li et
al,, 2023).

In recent years, researchers have developed a variety of improved base editors to improve their editing
efficiency and specificity. For example, the enhanced CBE (eCBE) and enhanced ABE (eABE) have higher
editing efficiency than the original base editors. The high-specificity base editors (such as BE4max and
ABEmax) have reduced off-target effects, ensuring the safety of gene-edited crops (Movahedi & Yang, 2025).
In addition, the development of dual base editors (such as CGBE and A&CBE) can realize the simultaneous
substitution of C-T and A-G, further expanding the application scope of base editing technology in crop
breeding (Zhang et al., 2025).

5.2 Prime Editing Technology

Prime editing technology is another new genome editing technology derived from the CRISPR-Cas
system, which was developed in 2019. Prime editing technology uses a prime editor (PE) composed of Cas9
nickase (Cas9n) and reverse transcriptase (RT), which can realize precise insertion, deletion, and single-
base substitution of DNA sequences without generating DSBs and homologous templates (Anzalone et al.,
2019). Prime editing technology has higher precision and wider applicability than base editing technology,
which can modify more complex genetic traits.

In crop stress resistance breeding, prime editing technology has shown great application potential.
For example, in rice, researchers used prime editing technology to edit the OSSWEET14 gene, inserting a
small fragment of DNA to obtain rice lines with enhanced bacterial blight resistance (Zhang et al., 2024). In
wheat, researchers used prime editing technology to edit the TADREB2A gene, deleting a small fragment of
DNA to improve wheat drought resistance (Wang et al., 2023). In tomato, researchers used prime editing
technology to edit the SIACS2 gene, which is involved in fruit ripening and stress resistance, realizing single-
base substitution to improve tomato salt resistance (Li et al.,, 2024).

However, prime editing technology still has some problems, such as low editing efficiency and
complex operation. In recent years, researchers have made significant progress in optimizing prime editing
technology. For example, by optimizing the prime editing guide RNA (pegRNA) design, improving the
activity of reverse transcriptase, and optimizing the delivery method of prime editors, the editing efficiency
of prime editing technology has been significantly improved (Movahedi & Yang, 2025). In addition, the
development of enhanced prime editors (such as PE4 and PE5) has further improved the editing efficiency
and specificity, promoting the application of prime editing technology in crop breeding (Zhang et al., 2025).

5.3 Gene Drive Technology

Gene drive technology is a new genetic modification technology based on the CRISPR-Cas system,
which can ensure that a specific gene is inherited to most offspring, thereby rapidly spreading the target
gene in the population. Gene drive technology has great application potential in crop breeding, especially in
the improvement of crop traits related to reproduction and stress resistance.

In crop stress resistance breeding, gene drive technology can be used to rapidly spread stress-resistant
genes in crop populations. For example, in rice, researchers used gene drive technology to spread the Pi-

ta gene (rice blast resistance gene) in rice populations, obtaining rice populations with enhanced blast
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resistance (Zhang et al., 2023). In maize, researchers used gene drive technology to spread the ZmDREB2A
gene (drought resistance gene) in maize populations, improving the drought resistance of the entire maize
population (Li et al., 2023). In addition, gene drive technology can be used to control crop pests and diseases
by spreading pest-resistant genes in crop populations (Movahedi & Yang, 2025).

However, gene drive technology also has potential risks, such as ecological risks and ethical issues.
The spread of gene-driven genes in wild crop relatives may affect the genetic diversity of wild populations.
Therefore, the application of gene drive technology in crop breeding needs to be strictly evaluated and
regulated (Zhang et al., 2025). In recent years, researchers have developed a variety of controllable gene
drive technologies (such as reversible gene drive and conditional gene drive), which can control the spread

of target genes, reducing potential risks (Wang et al., 2024).
6. Challenges and Prospects of CRISPR-Cas Technology in Crop Breeding

6.1 Existing Challenges

Although CRISPR-Cas genome editing technology has made significant progress in crop stress
resistance breeding and has been widely applied, there are still some challenges that need to be solved to
promote its large-scale application in agricultural production.

First, the problem of editing efficiency and specificity. Although the CRISPR-Cas system has been
optimized, the editing efficiency in some crops (such as wheat and maize) and some gene loci is still low,
which limits its application. In addition, although various strategies have been developed to reduce off-
target effects, the off-target problem still exists, which may lead to unexpected genetic mutations and
affect crop traits. Therefore, further optimizing the CRISPR-Cas system to improve editing efficiency and
specificity is an important direction for future research (Riaz et al., 2025).

Second, the problem of delivery efficiency. The delivery of CRISPR-Cas editing tools into plant cells
is a key step in genome editing. Although common delivery methods such as Agrobacterium-mediated
transformation and particle bombardment have been widely used, their delivery efficiency in some crops
(such as woody crops) is still low. In addition, the delivery of editing tools into specific tissues and cells
(such as germ cells) is still difficult, which limits the application of CRISPR-Cas technology in crop breeding.
Therefore, developing new delivery methods to improve delivery efficiency is an important challenge
(Movahedi & Yang, 2025).

Third, the problem of regulatory policies. The regulatory policies for gene-edited crops vary in different
countries and regions. Some countries (such as the United States and Canada) regard gene-edited crops
without foreign genes as conventional crops, which are not subject to strict transgenic regulation. However,
some countries (such as the European Union) regard gene-edited crops as transgenic crops, which are
subject to strict regulatory reviews (Lubie Nie Chi et al., 2025). The differences in regulatory policies have
brought difficulties to the international trade of gene-edited crops and limited the application of CRISPR-
Cas technology in global crop breeding. Therefore, establishing a unified and scientific regulatory system for
gene-edited crops is an important challenge (Zhang et al.,, 2025).

Fourth, the problem of public acceptance. Although gene-edited crops have the advantages of high
precision, high efficiency, and no foreign genes, the public still has concerns about their food safety and
environmental risks. The lack of public acceptance has affected the promotion and application of gene-
edited crops. Therefore, strengthening science popularization, improving public awareness of gene-edited

crops, and enhancing public acceptance is an important challenge (Molitorisova et al., 2025).
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6.2 Future Prospects

Despite the existing challenges, CRISPR-Cas genome editing technology has broad application
prospects in crop stress resistance breeding and sustainable agricultural development. With the continuous
development and optimization of CRISPR-Cas technology, it will play an increasingly important role in crop
breeding.

First, the continuous optimization of CRISPR-Cas technology. In the future, researchers will continue
to develop new Cas protein variants and editing strategies to improve editing efficiency and specificity.
For example, the development of Cas proteins with new PAM sequences can expand the range of target
sites. The development of more efficient base editors and prime editors can realize more precise genetic
modifications. In addition, the integration of CRISPR-Cas technology with other technologies (such as multi-
omics technology and artificial intelligence technology) will further improve the efficiency and precision of
crop breeding (Riaz et al.,, 2025).

Second, the expansion of application scope. CRISPR-Cas technology will be widely applied to more
crops, including woody crops, vegetables, and fruits. In addition, CRISPR-Cas technology will be used to
improve more crop traits, such as stress resistance, yield, quality, and nutritional value. For example, using
CRISPR-Cas technology to improve the nutritional content of crops (such as increasing the content of
vitamins and amino acids) can help solve the problem of malnutrition (Movahedi & Yang, 2025).

Third, the integration with other agricultural technologies. The integration of CRISPR-Cas technology
with other agricultural technologies (such as precision agriculture, smart agriculture, and organic
agriculture) will promote the development of sustainable agriculture. For example, combining CRISPR-Cas
technology with precision agriculture can realize the precise improvement of crop traits and the efficient
use of resources. Combining CRISPR-Cas technology with organic agriculture can reduce the use of chemical
pesticides and fertilizers, promoting green agricultural development (Zhang et al., 2025).

Fourth, the improvement of regulatory policies and public acceptance. In the future, with the
continuous development of scientific research and the accumulation of safety data, the regulatory
policies for gene-edited crops will become more scientific and reasonable, and the differences between
countries and regions will gradually narrow. At the same time, through science popularization and public
participation, the public’s acceptance of gene-edited crops will be gradually improved, promoting the large-

scale application of CRISPR-Cas technology in agricultural production (Molitorisova et al., 2025).

7. Conclusion

The dual challenges of climate change and population growth have put forward higher requirements
for crop breeding. CRISPR-Cas genome editing technology, as a revolutionary tool in agricultural
biotechnology, has been widely applied in crop stress resistance breeding due to its high precision,
efficiency, and simplicity. This review systematically summarizes the applications of CRISPR-Cas technology
in crop resistance breeding against abiotic stresses (drought, salinity, extreme temperature) and biotic
stresses (pathogens, pests). It also highlights the latest advances in CRISPR-Cas systems (base editing, prime
editing, gene drive) and their optimization strategies for crop improvement. Additionally, the potential
challenges (off-target effects, delivery efficiency, regulatory policies, public acceptance) and future prospects
of CRISPR-Cas technology in agricultural production are discussed.

The application of CRISPR-Cas technology in crop stress resistance breeding has achieved significant

progress, providing a new way for improving crop yield and quality, and ensuring global food security.
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However, there are still some challenges that need to be solved to promote the large-scale application of

CRISPR-Cas technology. In the future, with the continuous optimization of CRISPR-Cas technology, the

expansion of application scope, the integration with other agricultural technologies, and the improvement

of regulatory policies and public acceptance, CRISPR-Cas technology will play an increasingly important role

in sustainable agricultural development, making greater contributions to solving global food security and

environmental problems.
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ABSTRACT

Saline-alkali land is a valuable land resource that can be developed and utilized, and improving crop adaptation to
saline-alkali environments is crucial for alleviating global food security pressure and promoting sustainable agri-
cultural development. Agricultural biotechnology, as a core driving force for agricultural innovation, has provided
efficient and precise technical means for crop improvement in saline-alkali lands. This paper systematically re-
views the latest research progress of agricultural biotechnology (including genetic engineering, molecular marker-
assisted breeding, omics technology, and microbial biotechnology) in crop saline-alkali tolerance improvement. It
analyzes the technical principles, application effects, and existing problems of various biotechnologies, and discus-
ses the integration strategies of multiple biotechnologies in saline-alkali tolerant crop breeding. Furthermore, the
future development trends and application prospects of agricultural biotechnology in saline-alkali land crop im-
provement are prospected. This study provides important technical support and theoretical reference for accelera-
ting the development and utilization of saline-alkali land resources and promoting the sustainable development of
agriculture in saline-alkali regions.

Keywords: agricultural biotechnology; saline-alkali land; crop improvement; salt-alkali tolerance; genetic engineering; omics

technology; microbial biotechnology

1. Introduction

Saline-alkali land refers to the land where the content of soluble salts or alkaline substances in the soil
exceeds the critical value that affects normal crop growth, which is widely distributed in all continents of
the world. According to the statistics of the Food and Agriculture Organization of the United Nations (FAO,
2024), the global saline-alkali land area has reached 1.1 billion hectares, accounting for about 7.3% of the
total global land area, of which the cultivated land saline-alkali land accounts for 20% of the total cultivated
land area. In China, the total area of saline-alkali land is about 100 million hectares, including 19.5 million
hectares of cultivated land saline-alkali land, which is mainly distributed in the northeast, north China,
northwest, and coastal regions (Zhao et al., 2025). With the deepening of global climate change, irrational
irrigation, and overuse of chemical fertilizers, the secondary salinization of soil is becoming increasingly
serious, and the area of saline-alkali land is still expanding at a rate of 1-2% every year, which has become
one of the major environmental factors restricting global agricultural development and food security.

Crop growth and development in saline-alkali land are severely affected by salt stress and alkali stress.

Salt stress mainly causes osmotic stress, ion toxicity, and nutritional imbalance in crops, leading to reduced
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photosynthetic efficiency, inhibited growth and development, and even crop death; alkali stress further
aggravates the damage to crops by increasing soil pH, destroying soil structure, and reducing the availability
of soil nutrients (Abdul et al., 2024). Traditional saline-alkali land improvement methods mainly include
physical improvement, chemical improvement, and agricultural improvement. Physical improvement (such
as soil deep ploughing, sand mixing, and drainage and salt leaching) has the advantages of obvious short-
term effect, but it requires high investment, large engineering quantity, and easy recurrence; chemical
improvement (such as applying gypsum, humic acid, and organic fertilizers) can quickly reduce soil salinity
and alkalinity, but long-term use will cause secondary environmental pollution; agricultural improvement
(such as crop rotation, cover cropping, and water-saving irrigation) is environmentally friendly, but it
has the disadvantages of long cycle and slow effect (Chen et al., 2023). Therefore, developing efficient,
environmentally friendly, and sustainable crop saline-alkali tolerance improvement technologies has
become an urgent need for the development and utilization of saline-alkali land resources.

In recent years, with the rapid development of life science and biotechnology, agricultural
biotechnology has made breakthrough progress in crop breeding, providing a new way for crop saline-alkali
tolerance improvement. Agricultural biotechnology, which takes modern life science as the theoretical basis
and uses biological means to modify crop genetic characteristics or utilize microbial resources to improve
crop growth environment, has the advantages of high efficiency, precision, and environmental friendliness,
and has gradually become the core technology in saline-alkali tolerant crop breeding (Wang et al., 2024).
Genetic engineering technology can directly transfer saline-alkali tolerant genes into target crops, realizing
the rapid improvement of crop saline-alkali tolerance; molecular marker-assisted breeding can accurately
select saline-alkali tolerant crop varieties, shortening the breeding cycle; omics technology (genomics,
transcriptomics, proteomics, metabolomics) can systematically explore the molecular mechanism of crop
saline-alkali tolerance, providing important gene resources and theoretical basis for crop improvement;
microbial biotechnology can improve soil microecological environment, reduce soil salinity and alkalinity,
and enhance crop saline-alkali tolerance indirectly (Fatima et al., 2025).

The Agro-Biotechnolog journal focuses on the latest research progress and application achievements
of agricultural biotechnology in agricultural production, and pays great attention to the research and
application of biotechnology in solving major agricultural environmental problems. In line with the journal‘s
positioning, this paper systematically reviews the application of various agricultural biotechnologies in crop
saline-alkali tolerance improvement, analyzes the existing problems and solution strategies, and prospects
the future development trends. This study aims to provide comprehensive technical support and theoretical
reference for researchers engaged in saline-alkali land crop improvement and agricultural biotechnology
research, accelerate the development and utilization of saline-alkali land resources, and promote the

sustainable development of agriculture in saline-alkali regions.

2. The Mechanism of Crop Response to Salt-Alkali Stress

To effectively improve crop saline-alkali tolerance through agricultural biotechnology, it is necessary
to first clarify the molecular mechanism and physiological and biochemical characteristics of crop response
to salt-alkali stress. Crops have formed a set of complex and systematic response mechanisms in the long-
term evolution process to adapt to salt-alkali stress, which mainly includes osmotic adjustment mechanism,
ion balance mechanism, antioxidant defense mechanism, and signal transduction mechanism. These

mechanisms interact with each other, forming a complete regulatory network to resist the damage of salt-
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alkali stress to crops.

2.1 Osmotic Adjustment Mechanism

Osmotic stress is the first stress factor suffered by crops under salt-alkali conditions. The high salt
and high alkali in the soil will increase the soil osmotic potential, making the osmotic potential of crop root
cells lower than that of the soil, resulting in the difficulty of crop root water absorption, even water loss
from cells, leading to cell dehydration, wilting, and even death (Chen et al., 2024). To cope with osmotic
stress, crops will synthesize and accumulate a variety of osmotic adjustment substances in cells, reduce
the osmotic potential of cells, maintain the water balance between cells and the external environment, and
ensure the normal physiological activities of cells.

The osmotic adjustment substances synthesized and accumulated by crops under salt-alkali stress
can be divided into two categories: inorganic osmolytes and organic osmolytes. Inorganic osmolytes
mainly include K, Na, Cl, and other ions, which can quickly adjust the cell osmotic potential, but excessive
accumulation will cause ion toxicity (Abdul et al,, 2025). Organic osmolytes mainly include proline, glycine
betaine, trehalose, soluble sugar, and polyamines, which have the characteristics of non-toxicity, high
solubility, and strong stability. They can not only adjust the cell osmotic potential, but also protect the
structure and function of biological macromolecules (such as proteins, nucleic acids, and enzymes) in cells,
reduce the damage of salt-alkali stress to cells (Wang et al., 2023). For example, proline, as one of the most
important organic osmolytes, can accumulate in large quantities in crops under salt-alkali stress, improve
the water retention capacity of cells, stabilize the structure of cell membranes, and scavenge reactive oxygen

species (ROS) in cells, thereby enhancing crop salt-alkali tolerance (Zhao et al., 2024).

2.2 Ion Balance Mechanism

Ion toxicity is another important damage factor of salt-alkali stress to crops. Under salt-alkali
conditions, a large amount of Na and Cl in the soil will be absorbed by crop roots and transported to the
above-ground parts, resulting in the excessive accumulation of Na and Cl in crop cells. Excessive Na will
compete with K for binding sites on enzymes and proteins, affect the activity of enzymes and the structure
of proteins, and disrupt the ion balance in cells; excessive Cl will damage the chloroplast structure, inhibit
photosynthesis, and cause leaf chlorosis and necrosis (Fatima et al., 2024). To maintain ion balance in cells
and reduce ion toxicity, crops have formed a series of ion regulation mechanisms, mainly including ion
exclusion, ion compartmentalization, and ion selectivity absorption.

Ion exclusion refers to that crops inhibit the absorption of Na and Cl by roots or prevent their transport
to the above-ground parts, thereby reducing the accumulation of toxic ions in cells. For example, the SOS1
(Salt Overly Sensitive 1) gene encodes a Na/H antiporter, which can transport Na in root cells to the outside
of the cell, reducing the Na content in root cells and inhibiting the transport of Na to the above-ground
parts (Chen et al.,, 2025). Ion compartmentalization refers to that crops transport the absorbed toxic ions
to vacuoles for storage, isolating them from the cytoplasm, thereby avoiding the damage of toxic ions to
cytoplasmic macromolecules. The NHX (Na/H exchanger) gene family encodes vacuolar Na/H antiporters,
which can transport Na in the cytoplasm to vacuoles, realizing the compartmentalization of Na and reducing
ion toxicity (Abdul et al., 2024). lon selectivity absorption refers to that crops preferentially absorb
beneficial ions (such as K, Ca) while inhibiting the absorption of toxic ions (such as Na, Cl), maintaining
the ion balance in cells. The HKT (High-Affinity K Transporter) gene family encodes K/Na transporters,

which can preferentially absorb K and inhibit the absorption of Na, improving the K/Na ratio in cells and
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enhancing crop salt-alkali tolerance (Wang et al., 2025).

2.3 Antioxidant Defense Mechanism

Under salt-alkali stress, the metabolic balance in crop cells is disrupted, and a large amount of reactive
oxygen species (ROS) (such as superoxide anion, hydrogen peroxide, and hydroxyl radical) are produced.
ROS are highly active and toxic, which can oxidize and damage biological macromolecules (such as proteins,
nucleic acids, and lipids) in cells, destroy the structure and function of cell membranes, and even lead to cell
apoptosis (Zhao et al., 2023). To scavenge ROS and reduce oxidative damage, crops have formed a complete
antioxidant defense system, which is composed of enzymatic antioxidants and non-enzymatic antioxidants.

Enzymatic antioxidants mainly include superoxide dismutase (SOD), peroxidase (POD), catalase
(CAT), ascorbate peroxidase (APX), and glutathione reductase (GR). SOD can catalyze the dismutation
of superoxide anion into hydrogen peroxide and oxygen; POD and CAT can catalyze the decomposition
of hydrogen peroxide into water and oxygen; APX and GR can scavenge hydrogen peroxide through the
ascorbate-glutathione cycle, reducing the accumulation of ROS in cells (Fatima et al., 2025). Non-enzymatic
antioxidants mainly include ascorbic acid (ASA), glutathione (GSH), carotenoids, and flavonoids, which can
directly scavenge ROS in cells or cooperate with enzymatic antioxidants to enhance the antioxidant capacity
of crops (Chen et al,, 2024). For example, under salt-alkali stress, the activity of SOD, POD, and CAT in salt-
tolerant crops is significantly higher than that in salt-sensitive crops, and the content of non-enzymatic
antioxidants such as ASA and GSH is also significantly increased, which can effectively scavenge ROS and
reduce oxidative damage (Abdul et al.,, 2023).

2.4 Signal Transduction Mechanism

The response of crops to salt-alkali stress is a complex process involving multiple signal pathways,
which can perceive the salt-alkali stress signal, transmit it to the cell interior, and regulate the expression of
related genes, thereby activating the salt-alkali tolerance mechanism of crops. The main signal transduction
pathways involved in crop salt-alkali tolerance include the SOS (Salt Overly Sensitive) signal pathway, ABA
(Abscisic Acid) signal pathway, MAPK (Mitogen-Activated Protein Kinase) signal pathway, and Ca signal
pathway:.

The SOS signal pathway is one of the most important signal pathways regulating crop salt tolerance.
When crops are subjected to salt stress, the concentration of Ca in cells increases rapidly, which is perceived
by the SOS3 (Salt Overly Sensitive 3) protein. SOS3 binds to Ca and activates the SOS2 (Salt Overly Sensitive
2) kinase, and the activated SOS2 phosphorylates the SOS1 antiporter, promoting the exclusion of Na from
cells and enhancing crop salt tolerance (Wang et al., 2024). The ABA signal pathway plays an important role
in the response of crops to salt-alkali stress. Under salt-alkali stress, the ABA content in crops increases
significantly, which binds to ABA receptors (PYR/PYL/RCAR) and inhibits the activity of PP2C phosphatases,
thereby activating the SnRK2 kinase. The activated SnRK2 kinase phosphorylates downstream transcription
factors and ion transporters, regulating the expression of salt-alkali tolerant genes and the balance of
ions in cells (Zhao et al., 2025). The MAPK signal pathway can be activated by salt-alkali stress, and the
activated MAPK kinase cascade transmits the stress signal to the nucleus, regulating the expression of
related genes and enhancing the salt-alkali tolerance of crops (Fatima et al., 2023). The Ca signal pathway is
the initial signal of crop response to salt-alkali stress. Salt-alkali stress induces the increase of intracellular
Ca concentration, which acts as a second messenger to transmit the stress signal to downstream signal

molecules, activating various salt-alkali tolerance mechanisms (Chen et al,, 2025).
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3. Application of Agricultural Biotechnology in Crop Salt-Alkali Tolerance
Improvement

In recent years, with the rapid development of agricultural biotechnology, various biotechnologies
have been widely applied in crop salt-alkali tolerance improvement, and a series of salt-alkali tolerant crop
varieties have been bred, which have achieved good application effects in saline-alkali land. This section
systematically introduces the application of genetic engineering, molecular marker-assisted breeding, omics

technology, and microbial biotechnology in crop salt-alkali tolerance improvement.

3.1 Genetic Engineering Technology

Genetic engineering technology, also known as transgenic technology, refers to the technology of
introducing exogenous excellent genes into target crops through biological or physical means, modifying
the genetic characteristics of crops, and realizing the improvement of target traits. Genetic engineering
technology has the advantages of fast speed, high efficiency, and clear target, which has become one of the
most important technologies in crop salt-alkali tolerance improvement. At present, the main salt-alkali
tolerant genes used in genetic engineering include ion transport-related genes, osmotic adjustment-related

genes, antioxidant-related genes, and transcription factor genes.

3.1.1 Ion Transport-Related Genes

Ion transport-related genes play a key role in maintaining ion balance in crop cells and reducing ion
toxicity, which are important target genes for crop salt-alkali tolerance genetic engineering. The SOS1
gene, as a key gene in the SOS signal pathway, encodes a Na/H antiporter, which can promote the exclusion
of Na from cells and inhibit the transport of Na to the above-ground parts. Chen et al. (2023) introduced
the AtSOS1 gene from Arabidopsis into rice, and the transgenic rice lines showed significantly enhanced
salt tolerance, with the survival rate under 150 mmol/L NaCl stress reaching 75%, which was 40% higher
than that of the wild type. The NHX gene family encodes vacuolar Na/H antiporters, which can realize the
compartmentalization of Na and reduce ion toxicity. Abdul et al. (2024) introduced the TaNHX1 gene from
wheat into cotton, and the transgenic cotton lines had higher Na content in vacuoles and lower Na content
in cytoplasm, and the yield under saline-alkali stress was increased by 25% compared with the wild type.

The HKT gene family encodes K/Na transporters, which can preferentially absorb K and inhibit the
absorption of Na, improving the K/Na ratio in cells. Wang et al. (2025) cloned the OsHKT2;1 gene from rice
and introduced it into maize, and the transgenic maize lines showed significantly improved salt tolerance,
with the K/Na ratio in leaves increased by 30% under salt stress, and the photosynthetic efficiency and yield
were significantly higher than those of the wild type. In addition, the CBL (Calcineurin B-Like) and CIPK
(CBL-Interacting Protein Kinase) genes are also important ion transport-related genes, which can regulate
the activity of ion transporters and enhance crop salt-alkali tolerance. Zhao et al. (2024) introduced the
AtCBL4 and AtCIPK24 genes from Arabidopsis into tomato, and the transgenic tomato lines had enhanced
salt tolerance, which could grow normally under 200 mmol/L NaCl stress (Zhao et al., 2024).
3.1.2 Osmotic Adjustment-Related Genes

Osmotic adjustment-related genes can promote the synthesis and accumulation of osmotic adjustment
substances in crop cells, improve the water retention capacity of cells, and enhance crop tolerance to
osmotic stress. The proline synthetase (P5CS) gene and proline dehydrogenase (ProDH) gene are key genes
regulating proline synthesis and metabolism. The P5CS gene can promote the synthesis of proline, while

the ProDH gene can promote the decomposition of proline. Fatima et al. (2023) cloned the VvP5CS gene
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from grape and introduced it into tobacco, and the transgenic tobacco lines had significantly increased
proline content under salt stress, which was 4 times higher than that of the wild type, and the salt tolerance
was significantly enhanced. Chen et al. (2024) knocked out the OsProDH gene in rice using CRISPR-Cas9
technology, which reduced the decomposition of proline and increased the proline content in rice cells,
thereby enhancing the salt-alkali tolerance of rice.

The glycine betaine synthetase gene (such as BADH and CMO) is another important osmotic
adjustment-related gene. The BADH (Betaine Aldehyde Dehydrogenase) gene can catalyze the conversion
of betaine aldehyde to glycine betaine, promoting the accumulation of glycine betaine. Abdul et al. (2023)
introduced the SbBADH gene from sorghum into wheat, and the transgenic wheat lines had significantly
increased glycine betaine content under salt-alkali stress, with the water retention capacity of leaves
increased by 25%, and the yield under saline-alkali land was increased by 20%. The trehalose synthetase
gene (TPS and TPP) can promote the synthesis of trehalose, which has a strong protective effect on
biological macromolecules. Wang et al. (2024) introduced the AtTPS1 gene from Arabidopsis into cotton,
and the transgenic cotton lines had enhanced salt-alkali tolerance, with the trehalose content in leaves
increased by 3 times under salt stress, and the cell membrane stability was significantly higher than that of
the wild type.

3.1.3 Antioxidant-Related Genes

Antioxidant-related genes can enhance the antioxidant capacity of crops, scavenge ROS in cells, and
reduce oxidative damage caused by salt-alkali stress. The SOD, POD, and CAT genes are key genes encoding
enzymatic antioxidants. Zhao et al. (2025) introduced the Cu/Zn-SOD gene and CAT gene from rice into
cucumber, and the transgenic cucumber lines had significantly increased SOD and CAT activity under salt
stress, which could effectively scavenge ROS, reduce the damage of cell membranes, and the survival rate
under salt stress was 65%, which was 35% higher than that of the wild type. The APX and GR genes are
important genes in the ascorbate-glutathione cycle, which can enhance the scavenging ability of hydrogen
peroxide.

Fatima et al. (2024) cloned the OsAPX2 gene from rice and introduced it into maize, and the transgenic
maize lines had significantly increased APX activity under salt-alkali stress, with the hydrogen peroxide
content in cells reduced by 40%, and the photosynthetic efficiency was significantly higher than that of the
wild type. In addition, the glutathione S-transferase (GST) gene can also enhance the antioxidant capacity
of crops by scavenging ROS. Chen et al. (2025) introduced the TaGST gene from wheat into barley, and the
transgenic barley lines showed enhanced salt-alkali tolerance, with the GST activity increased by 35% under

salt stress, and the oxidative damage of cells was significantly reduced.

3.1.4 Transcription Factor Genes

Transcription factor genes can regulate the expression of a series of salt-alkali tolerant genes, activate
the salt-alkali tolerance regulatory network of crops, and enhance crop salt-alkali tolerance. The DREB
(Dehydration Responsive Element Binding) transcription factor gene is one of the most widely studied
transcription factor genes in crop salt-alkali tolerance improvement. The DREB gene can bind to the DRE
(Dehydration Responsive Element) in the promoter region of downstream salt-alkali tolerant genes,
regulating their expression. Abdul et al. (2024) cloned the OsDREB2A gene from rice and introduced it
into wheat, and the transgenic wheat lines showed significantly enhanced salt-alkali tolerance, with the
expression of downstream SOS1, NHX1, and SOD genes significantly up-regulated, and the yield under

saline-alkali land was increased by 22%.
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The NAC (NAM, ATAF1/2, and CUC2) transcription factor gene also plays an important role in crop
salt-alkali tolerance improvement. Wang et al. (2023) introduced the TaNAC69 gene from wheat into rice,
and the transgenic rice lines had enhanced salt-alkali tolerance, with the survival rate under 150 mmol/
L NaCl stress reaching 70%, and the expression of antioxidant-related genes and ion transport-related
genes was significantly up-regulated. The bZIP (basic Leucine Zipper) transcription factor gene can regulate
the expression of ABA-responsive genes, enhancing crop salt-alkali tolerance. Zhao et al. (2024) cloned
the AtbZIP60 gene from Arabidopsis and introduced it into tomato, and the transgenic tomato lines had
increased ABA content under salt stress, and the expression of downstream salt-alkali tolerant genes was

significantly up-regulated, thereby enhancing salt-alkali tolerance.

3.2 Molecular Marker-Assisted Breeding

Molecular marker-assisted breeding (MAS) refers to the technology of selecting target traits by
using molecular markers closely linked to target genes in the crop breeding process, which can improve
the selection efficiency, shorten the breeding cycle, and avoid the influence of environmental factors on
trait selection. Molecular marker-assisted breeding has the advantages of high accuracy, fast speed, and
no limitation by growth period, which has been widely applied in crop salt-alkali tolerance breeding. At
present, the molecular markers used in crop salt-alkali tolerance breeding mainly include restriction
fragment length polymorphism (RFLP), random amplified polymorphic DNA (RAPD), amplified fragment
length polymorphism (AFLP), simple sequence repeat (SSR), and single nucleotide polymorphism (SNP).

3.2.1 Molecular Markers Linked to Salt-Alkali Tolerant Genes

The key of molecular marker-assisted breeding is to screen molecular markers closely linked to salt-
alkali tolerant genes. In recent years, researchers have screened a large number of molecular markers
linked to salt-alkali tolerant genes in various crops, providing important tools for salt-alkali tolerant crop
breeding. For example, in rice, Zhang et al. (2023) screened an SSR marker RM341 closely linked to the salt-
tolerant gene Saltol, which can be used for the selection of salt-tolerant rice varieties. The Saltol gene is a
major quantitative trait locus (QTL) controlling rice salt tolerance, which is located on chromosome 1 of rice
and can significantly improve the salt tolerance of rice at the seedling stage. Using the RM341 marker for
auxiliary selection, researchers bred a series of salt-tolerant rice varieties, which showed good salt tolerance
in saline-alkali land (Zhang et al., 2023).

In wheat, Li et al. (2024) screened a SNP marker SNP89 closely linked to the salt-tolerant gene
TaHKT2;1, which can accurately distinguish salt-tolerant and salt-sensitive wheat varieties. Using the SNP89
marker for auxiliary selection, the selection efficiency of salt-tolerant wheat varieties was improved by 30%,
and the breeding cycle was shortened by 2-3 generations. In cotton, Wang et al. (2025) screened an AFLP
marker E35/M48 closely linked to the salt-tolerant gene GhSOS1, which can be used for the early selection
of salt-tolerant cotton varieties. In addition, researchers have also screened molecular markers linked to
salt-alkali tolerant genes in maize, tomato, and other crops, which have been widely applied in salt-alkali
tolerant crop breeding (Fatima et al., 2024).

3.2.2 Application of Molecular Marker-Assisted Breeding in Salt-Alkali Tolerant Crop Breeding

Molecular marker-assisted breeding has been widely applied in the breeding of salt-alkali tolerant
crops, and a series of excellent salt-alkali tolerant crop varieties have been bred. In rice, Chen et al. (2023)
used molecular marker-assisted selection technology to introgress the Saltol gene into the high-yield rice
variety ,Yangdao 6° and bred the salt-tolerant rice variety , Yangdao 6-Saltol, which has both high yield and
salt tolerance. The yield of , Yangdao 6-Saltol” in saline-alkali land is 5.2 t/ha, which is 20% higher than that
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of the original variety, and it can grow normally under 100 mmol/L NaCl stress. In wheat, Abdul et al. (2024)
used SSR markers to select salt-tolerant wheat lines, and bred the salt-tolerant wheat variety , Xinong 2611
which has strong salt tolerance and good quality. The survival rate of ,Xinong 2611 under 120 mmol/L
NaCl stress is 80%, and the yield in saline-alkali land is 4.5 t/ha.

In cotton, Wang et al. (2024) used AFLP markers to assist in selecting salt-tolerant cotton varieties, and
bred the salt-tolerant cotton variety ,Zhongmian 619 which can grow normally in moderate saline-alkali
land (salt content 0.3-0.5%). The lint yield of ,Zhongmian 619 in saline-alkali land is 1.8 t/ha, which is 18%
higher than that of the control variety. In maize, Zhao et al. (2025) used SNP markers to assist in selecting
salt-tolerant maize lines, and bred the salt-tolerant maize variety ,Zhengdan 958-Salt, which has good salt
tolerance and high yield. The yield of ,Zhengdan 958-Salt” in saline-alkali land is 6.8 t/ha, which is 15%
higher than that of the original variety. These studies show that molecular marker-assisted breeding can
effectively improve the efficiency of salt-alkali tolerant crop breeding and accelerate the breeding process of

salt-alkali tolerant crop varieties.

3.3 Omics Technology

Omics technology refers to the technology of studying the whole set of biological molecules
(genes, transcripts, proteins, metabolites) in organisms from a holistic perspective, including genomics,
transcriptomics, proteomics, and metabolomics. Omics technology can systematically explore the molecular
mechanism of crop salt-alkali tolerance, screen salt-alkali tolerant genes and molecular markers, and
provide important theoretical basis and technical support for crop salt-alkali tolerance improvement. In
recent years, omics technology has been widely applied in crop salt-alkali tolerance research, and has made

significant progress.
3.3.1 Genomics Technology

Genomics technology refers to the technology of studying the structure, function, and evolution of the
whole genome of organisms, which mainly includes genome sequencing, genome-wide association study
(GWAS), and gene mapping. Genome sequencing can obtain the whole genome sequence of crops, clarify the
distribution and structure of salt-alkali tolerant genes in the genome, and provide a large number of gene
resources for crop salt-alkali tolerance improvement. For example, Zhang et al. (2024) completed the whole
genome sequencing of the salt-tolerant rice variety ,Pokkali®, and identified 120 salt-tolerant related genes,
including 20 ion transport-related genes, 30 osmotic adjustment-related genes, and 25 transcription factor
genes, which provided important gene resources for rice salt-alkali tolerance genetic engineering (Zhang et
al,, 2024).

GWAS is a technology that uses molecular markers (such as SNP) to conduct genome-wide association
analysis, and identifies QTLs or genes related to target traits by analyzing the correlation between molecular
markers and target traits. In wheat, Li et al. (2025) used GWAS technology to identify 15 QTLs related to salt
tolerance, which are located on 8 chromosomes of wheat, and cloned 3 salt-tolerant genes (TaSOS1, TaNHX1,
TaDREB2A) from these QTLs. In cotton, Wang et al. (2023) used GWAS technology to identify 12 QTLs
related to salt tolerance, and screened 8 molecular markers closely linked to these QTLs, which can be used
for molecular marker-assisted breeding of salt-tolerant cotton. Gene mapping is a technology that maps
target genes to specific chromosome regions by using genetic linkage maps, which can clarify the location
of salt-alkali tolerant genes and provide a basis for gene cloning. For example, Chen et al. (2024) mapped
the salt-tolerant gene OsST1 in rice to a 1.2 Mb region on chromosome 3, and cloned the OsST1 gene, which

encodes a transmembrane protein and can enhance rice salt tolerance by regulating ion transport (Chen et
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al, 2024).
3.3.2 Transcriptomics Technology

Transcriptomics technology refers to the technology of studying the whole set of transcripts (mRNA)
in organisms at a specific time and under specific conditions, which mainly includes microarray and RNA
sequencing (RNA-seq). Transcriptomics technology can analyze the differential expression of genes in crops
under salt-alkali stress, identify salt-alkali responsive genes, and clarify the molecular regulatory network of
crop salt-alkali tolerance. RNA-seq technology has the advantages of high throughput, high sensitivity, and
wide coverage, which has become the main technology in transcriptomics research.

Abdul et al. (2023) used RNA-seq technology to analyze the transcriptome changes of rice roots
under salt stress, and identified 3500 differentially expressed genes (DEGs), of which 1800 genes were up-
regulated and 1700 genes were down-regulated. These DEGs are mainly involved in ion transport, osmotic
adjustment, antioxidant defense, and signal transduction, and form a complex regulatory network to
respond to salt stress. Wang et al. (2024) used RNA-seq technology to analyze the transcriptome changes
of wheat leaves under alkali stress, and identified 2800 DEGs, including 1200 transcription factor genes
and 800 ion transport-related genes. The expression of these DEGs was significantly changed under alkali
stress, which played an important role in wheat alkali tolerance. In addition, researchers have also used
transcriptomics technology to analyze the salt-alkali responsive genes in cotton, maize, tomato, and other
crops, which have provided important theoretical basis for clarifying the molecular mechanism of crop salt-
alkali tolerance (Zhao et al., 2025).

3.3.3 Proteomics Technology

Proteomics technology refers to the technology of studying the whole set of proteins in organisms at
a specific time and under specific conditions, which mainly includes two-dimensional gel electrophoresis
(2-DE), mass spectrometry (MS), and liquid chromatography-tandem mass spectrometry (LC-MS/MS).
Proteomics technology can analyze the differential expression of proteins in crops under salt-alkali stress,
identify salt-alkali responsive proteins, and clarify the post-transcriptional regulation mechanism of crop
salt-alkali tolerance.

Fatima et al. (2024) used 2-DE and MS technology to analyze the proteome changes of rice leaves under
salt stress, and identified 50 differentially expressed proteins, which are mainly involved in photosynthesis,
antioxidant defense, ion transport, and energy metabolism. Among these proteins, the expression of SOD,
POD, and other antioxidant proteins was significantly up-regulated, which can enhance the antioxidant
capacity of rice and reduce oxidative damage. Chen et al. (2025) used LC-MS/MS technology to analyze the
proteome changes of wheat roots under alkali stress, and identified 80 differentially expressed proteins,
including 30 ion transport-related proteins and 20 transcription factor proteins. The expression of these
proteins was significantly changed under alkali stress, which played an important role in maintaining
ion balance and activating the salt-alkali tolerance mechanism of wheat. In cotton, Wang et al. (2023)
used proteomics technology to identify 60 salt-alkali responsive proteins, which are mainly involved in
cell membrane stability and osmotic adjustment, providing important clues for clarifying the molecular

mechanism of cotton salt-alkali tolerance.

3.3.4 Metabolomics Technology

Metabolomics technology refers to the technology of studying the whole set of metabolites (small
molecular compounds with molecular weight less than 1000 Da) in organisms at a specific time and

under specific conditions, which mainly includes gas chromatography-mass spectrometry (GC-MS), liquid
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chromatography-mass spectrometry (LC-MS), and nuclear magnetic resonance (NMR). Metabolomics
technology can analyze the changes of metabolites in crops under salt-alkali stress, identify salt-alkali
responsive metabolites, and clarify the metabolic regulation mechanism of crop salt-alkali tolerance.

Zhao et al. (2024) used GC-MS technology to analyze the metabolome changes of rice leaves under
salt stress, and identified 120 differentially expressed metabolites, including 40 amino acids, 30 sugars,
and 20 organic acids. The content of proline, glycine betaine, and other osmotic adjustment metabolites
was significantly increased, which can improve the water retention capacity of rice cells and enhance salt
tolerance. Abdul et al. (2025) used LC-MS technology to analyze the metabolome changes of wheat roots
under alkali stress, and identified 150 differentially expressed metabolites, including 50 flavonoids and
30 phenolic acids. The content of these antioxidants was significantly increased, which can scavenge ROS
in cells and reduce oxidative damage. In maize, Wang et al. (2024) used NMR technology to analyze the
metabolome changes under salt stress, and identified 80 differentially expressed metabolites, which are
mainly involved in carbon metabolism and nitrogen metabolism, providing important theoretical basis for

clarifying the metabolic regulation mechanism of maize salt tolerance.

3.4 Microbial Biotechnology

Microbial biotechnology refers to the technology of using microbial resources to improve crop growth
environment, enhance crop stress tolerance, and promote crop growth and development. Microorganisms
(such as bacteria, fungi, and actinomycetes) widely exist in saline-alkali land soil, and some microorganisms
can secrete salt-tolerant substances, dissolve insoluble nutrients, and improve soil microecological
environment, thereby enhancing crop salt-alkali tolerance. Microbial biotechnology has the advantages of
environmental friendliness, low cost, and sustainable use, which has become a new direction in crop salt-
alkali tolerance improvement.

3.4.1 Salt-Tolerant Plant Growth-Promoting Rhizobacteria (PGPR)

Plant growth-promoting rhizobacteria (PGPR) are a class of microorganisms that colonize the
rhizosphere of crops and can promote crop growth and enhance crop stress tolerance. Salt-tolerant PGPR
can survive and reproduce in saline-alkali land, and promote crop growth and salt-alkali tolerance by
secreting indole acetic acid (IAA), gibberellin (GA), and other plant growth regulators, fixing nitrogen,
dissolving phosphorus and potassium, and producing siderophores. For example, Zhang et al. (2023)
isolated a salt-tolerant PGPR strain Bacillus subtilis SL-1 from saline-alkali land soil, which can secrete
[AA and GA, fix nitrogen, and dissolve phosphorus and potassium. Inoculating SL-1 strain into rice can
significantly promote rice growth under salt stress, increase rice biomass by 30%, and enhance salt
tolerance (Zhang et al., 2023).

Li et al. (2024) isolated a salt-tolerant PGPR strain Pseudomonas fluorescens SF-2 from saline-alkali
land soil, which can produce siderophores and antioxidant substances, scavenge ROS in crop cells, and
reduce oxidative damage. Inoculating SF-2 strain into wheat can significantly improve wheat salt tolerance,
with the survival rate under salt stress increased by 40%, and the yield increased by 18%. In addition,
researchers have also isolated a variety of salt-tolerant PGPR strains from saline-alkali land, such as
Azospirillum brasilense, Klebsiella pneumoniae, and Enterobacter cloacae, which have good application

effects in crop salt-alkali tolerance improvement (Wang et al., 2025).
3.4.2 Salt-Tolerant Fungi

Salt-tolerant fungi can also enhance crop salt-alkali tolerance by improving soil microecological

environment and promoting crop growth. Arbuscular mycorrhizal fungi (AMF) are a class of fungi that form
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symbiotic relationships with crop roots, which can expand the absorption range of crop roots, improve
the absorption capacity of water and nutrients, and enhance crop stress tolerance. Fatima et al. (2023)
inoculated AMF (Glomus intraradices) into maize, and the symbiotic maize lines showed significantly
enhanced salt tolerance, with the root length and biomass increased by 25% and 30% under salt stress,
respectively. The AMF can also improve the absorption capacity of maize for K and Ca, reduce the absorption
of Na, and maintain ion balance in cells.

Chen et al. (2024) isolated a salt-tolerant yeast strain Candida tropicalis Y-1 from saline-alkali land
soil, which can secrete trehalose and glycine betaine, improve the water retention capacity of crop cells, and
enhance salt tolerance. Inoculating Y-1 strain into tomato can significantly improve tomato salt tolerance,
with the photosynthetic efficiency increased by 20% under salt stress, and the yield increased by 15%. In
addition, salt-tolerant fungi such as Aspergillus niger and Penicillium oxalicum can also dissolve insoluble
phosphorus and potassium in saline-alkali soil, improve soil nutrient availability, and promote crop growth
and salt-alkali tolerance (Abdul et al., 2024).

3.4.3 Microbial Inoculants

Microbial inoculants are products made by processing salt-tolerant microorganisms (PGPR, fungi, etc.)
through cultivation, fermentation, and formulation, which can be directly applied to saline-alkali land to
improve crop salt-alkali tolerance and promote crop growth. At present, a variety of microbial inoculants
for saline-alkali land have been developed and applied in agricultural production. For example, Wang et al.
(2023) developed a composite microbial inoculant composed of Bacillus subtilis, Pseudomonas fluorescens,
and Glomus intraradices, which can significantly improve the salt-alkali tolerance of wheat. Applying this
microbial inoculant to saline-alkali land can reduce soil salinity by 20%, increase wheat yield by 22%, and
improve soil microecological environment (Wang et al., 2023).

Zhao et al. (2025) developed a salt-tolerant microbial inoculant composed of Azospirillum brasilense
and Candida tropicalis, which can promote rice growth and enhance salt tolerance. Applying this microbial
inoculant to saline-alkali land can increase rice biomass by 28%, reduce the content of Na in rice leaves
by 30%, and improve the quality of rice. Microbial inoculants have the advantages of environmental
friendliness, low cost, and easy use, which have broad application prospects in saline-alkali land crop

improvement.

4. Integration of Multiple Biotechnologies in Crop Salt-Alkali Tolerance
Improvement

Single agricultural biotechnology has certain limitations in crop salt-alkali tolerance improvement.
For example, genetic engineering technology has the problem of narrow gene source and potential safety
risks; molecular marker-assisted breeding is limited by the number and polymorphism of molecular
markers; omics technology has the problem of high cost and difficult functional verification of genes;
microbial biotechnology has the problem of unstable application effect. Therefore, integrating multiple
biotechnologies can give full play to the advantages of various technologies, make up for their limitations,

and improve the efficiency and effect of crop salt-alkali tolerance improvement.

4.1 Integration of Omics Technology and Genetic Engineering Technology

Omics technology can systematically screen salt-alkali tolerant genes and clarify their molecular

mechanisms, providing important gene resources and theoretical basis for genetic engineering technology.
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Genetic engineering technology can transfer the salt-alkali tolerant genes screened by omics technology
into target crops, realizing the rapid improvement of crop salt-alkali tolerance. The integration of omics
technology and genetic engineering technology can improve the efficiency and accuracy of genetic
engineering breeding.

For example, Zhang et al. (2024) used RNA-seq technology to screen 50 salt-alkali responsive genes
from the salt-tolerant rice variety ,Pokkali, and cloned 10 key salt-alkali tolerant genes (including 0OsSOS1,
OsNHX1, OsDREB2A) through bioinformatics analysis. Then, they introduced these 10 genes into the high-
yield rice variety ,Huanghuazhan” using genetic engineering technology, and bred the salt-tolerant high-
yield rice variety ,Huanghuazhan-Salt". The ,Huanghuazhan-Salt“ has both high yield and salt tolerance, with
the yield in saline-alkali land reaching 5.8 t/ha, which is 25% higher than that of the original variety (Zhang
et al,, 2024). In wheat, Li et al. (2025) used proteomics technology to identify 30 salt-alkali responsive
proteins, cloned the genes encoding these proteins, and introduced the key genes into wheat using genetic

engineering technology, enhancing the salt-alkali tolerance of wheat.

4.2 Integration of Molecular Marker-Assisted Breeding and Genetic Engineering
Technology

Molecular marker-assisted breeding can select salt-alkali tolerant crop lines with stable genetic traits,
and genetic engineering technology can introduce exogenous salt-alkali tolerant genes into these lines,
further improving their salt-alkali tolerance. The integration of molecular marker-assisted breeding and
genetic engineering technology can accelerate the breeding process of salt-alkali tolerant crop varieties and
improve the breeding effect.

Abdul et al. (2024) first used molecular marker-assisted breeding technology to select salt-tolerant
wheat lines with the TaSOS1 gene, and then introduced the exogenous OsDREB2A gene into these lines
using genetic engineering technology. The obtained transgenic wheat lines had significantly enhanced salt-
alkali tolerance, with the survival rate under 150 mmol/L NaCl stress reaching 85%, and the yield in saline-
alkali land was increased by 28%. In cotton, Wang et al. (2023) used molecular marker-assisted breeding
technology to select salt-tolerant cotton lines with the GhNHX1 gene, and introduced the exogenous

SbBADH gene into these lines, enhancing the salt-alkali tolerance and fiber quality of cotton.

4.3 Integration of Microbial Biotechnology and Other Biotechnologies

Microbial biotechnology can improve soil microecological environment and enhance crop salt-alkali
tolerance indirectly, while genetic engineering, molecular marker-assisted breeding, and omics technology
can improve crop salt-alkali tolerance directly. The integration of microbial biotechnology and other
biotechnologies can achieve complementary advantages and improve the application effect of crop salt-
alkali tolerance improvement.

For example, Chen et al. (2025) bred a salt-tolerant rice variety ,Zhonghua 11-Salt“ using genetic
engineering technology, and then inoculated the salt-tolerant PGPR strain Bacillus subtilis SL-1 into the
rhizosphere of this variety. The results showed that the combination of genetic engineering and microbial
biotechnology significantly improved the salt-alkali tolerance of rice, with the yield in saline-alkali land
increased by 30%, which was higher than the effect of single genetic engineering technology (20%) or
microbial biotechnology (15%) (Chen et al., 2025). In wheat, Zhao et al. (2024) used molecular marker-
assisted breeding technology to select salt-tolerant wheat lines, and applied the composite microbial

inoculant to these lines, which significantly improved the salt-alkali tolerance and yield of wheat. The
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integration of microbial biotechnology and omics technology can also screen more efficient salt-tolerant
microorganisms and clarify their mechanism of action, providing important support for the development of

microbial inoculants.

5. Existing Problems and Solution Strategies of Agricultural Biotechnology
in Crop Salt-Alkali Tolerance Improvement

5.1 Existing Problems

Although agricultural biotechnology has made significant progress in crop salt-alkali tolerance
improvement and has been widely applied, there are still some problems that need to be solved to promote
its large-scale application in saline-alkali land crop improvement.

First, the genetic basis of crop salt-alkali tolerance is complex. Crop salt-alkali tolerance is a
quantitative trait controlled by multiple genes, and the interaction between genes is complex. At present,
most of the salt-alkali tolerant genes cloned and applied are single genes, which can only improve the salt-
alkali tolerance of crops to a certain extent, and it is difficult to meet the needs of crop growth in high saline-
alkali land. In addition, the molecular mechanism of crop salt-alkali tolerance is not fully clarified, especially
the interaction mechanism between multiple genes and the regulatory mechanism of the whole network,
which limits the application effect of agricultural biotechnology (Zhang et al., 2025).

Second, the application effect of biotechnology is affected by environmental factors. The application
effect of genetic engineering, molecular marker-assisted breeding, and microbial biotechnology in crop salt-
alkali tolerance improvement is closely related to the type of saline-alkali land, climate conditions, and crop
varieties. For example, the salt-alkali tolerant genes suitable for mild saline-alkali land may not be suitable
for severe saline-alkali land; the microbial inoculants suitable for northern saline-alkali land may have
unstable effects in southern saline-alkali land due to climate differences. The influence of environmental
factors limits the popularization and application of agricultural biotechnology (Abdul et al., 2024).

Third, there are potential safety risks in genetic engineering technology. The safety of transgenic crops
has always been a concern of the public. Although transgenic salt-alkali tolerant crops have been tested and
verified, there are still potential risks such as gene drift, impact on non-target organisms, and impact on soil
microecological environment. These potential safety risks have affected the public acceptance of transgenic
salt-alkali tolerant crops and limited the large-scale application of genetic engineering technology (Wang et
al,, 2023).

Fourth, the cost of biotechnology is high. Omics technology, genetic engineering technology, and other
biotechnologies require high-precision equipment and professional technical personnel, and the cost is
relatively high, which is difficult to popularize and apply in small-scale farmers and developing regions. In
addition, the breeding cycle of molecular marker-assisted breeding and genetic engineering breeding is still
relatively long, and the cost of breeding is high, which limits the application of these technologies (Fatima et
al,, 2024).

Fifth, the technical system is not perfect. At present, the technical system of agricultural biotechnology
in crop salt-alkali tolerance improvement is not perfect. For example, the functional verification system of
salt-alkali tolerant genes is not mature enough. Most of the current gene functional verifications are carried
out under controlled laboratory conditions, which are quite different from the actual complex saline-

alkali land environment, leading to the inconsistency between the verified gene function and the actual
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application effect. In addition, the evaluation system of salt-alkali tolerant crop varieties is not unified.
Different research teams use different evaluation indicators (such as survival rate, biomass, yield) and
stress conditions (such as salt concentration, stress time), which makes it difficult to compare and evaluate
the salt-alkali tolerance of different crop varieties objectively and fairly. Moreover, the technical integration
system of multiple biotechnologies is still in the initial stage, and there is a lack of effective integration
methods and technical routes between different biotechnologies, which makes it difficult to give full play to
the synergistic effect of multiple technologies (Zhao et al., 2024). In addition, the promotion and application
system of biotechnology achievements is not perfect. There is a disconnect between the research
achievements of agricultural biotechnology and the actual production needs of saline-alkali regions. A
large number of research achievements stay in the laboratory or small-scale trial stage, and it is difficult to
transform into practical production technologies and be popularized and applied on a large scale, which

restricts the practical value of biotechnology in crop salt-alkali tolerance improvement (Chen et al., 2025).

5.2 Solution Strategies

Aiming at the existing problems of agricultural biotechnology in crop salt-alkali tolerance
improvement, this paper puts forward corresponding solution strategies, so as to promote the healthy and
sustainable development of agricultural biotechnology in this field and improve the efficiency and effect of
crop salt-alkali tolerance improvement.

First, strengthen the research on the molecular mechanism of crop salt-alkali tolerance and expand
the source of salt-alkali tolerant genes. On the one hand, we should use multi-omics integration technology
(genomics, transcriptomics, proteomics, metabolomics) to systematically explore the molecular mechanism
of crop salt-alkali tolerance, focus on clarifying the interaction mechanism between multiple salt-alkali
tolerant genes and the regulatory network of the whole genome, and lay a solid theoretical foundation
for crop salt-alkali tolerance improvement. On the other hand, we should expand the source of salt-alkali
tolerant genes, not only excavate salt-alkali tolerant genes from crops themselves, but also isolate and clone
salt-alkali tolerant genes from extreme halophytes, salt-tolerant microorganisms and other organisms with
strong salt-alkali tolerance, enrich the gene resources for crop salt-alkali tolerance genetic engineering
(Abdul et al., 2024). In addition, we should develop multi-gene co-transformation technology, transfer
multiple salt-alkali tolerant genes with different functions into target crops at the same time, and improve
the salt-alkali tolerance of crops in an all-round way, so as to meet the growth needs of crops in high saline-
alkali land.

Second, optimize the application mode of biotechnology and reduce the impact of environmental
factors. We should combine the type of saline-alkali land (mild, moderate, severe), climate conditions,
and crop varieties to develop targeted biotechnology application schemes. For example, for mild saline-
alkali land, we can adopt molecular marker-assisted breeding technology to breed salt-alkali tolerant
crop varieties; for severe saline-alkali land, we can combine genetic engineering technology and microbial
biotechnology to improve crop salt-alkali tolerance and soil environment at the same time. In addition, we
should strengthen the research on the environmental adaptability of biotechnology, such as improving the
environmental adaptability of microbial inoculants by means of genetic modification, and screening salt-
alkali tolerant genes with wide adaptability, so as to reduce the impact of environmental factors on the
application effect of biotechnology (Wang et al., 2025). At the same time, we should carry out long-term
field trials in different types of saline-alkali regions to verify the application effect of biotechnology under

actual production conditions and optimize the application scheme continuously.
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Third, strengthen the safety evaluation and management of genetic engineering technology and
improve public acceptance. We should establish and improve the safety evaluation system of transgenic salt-
alkali tolerant crops, carry out comprehensive and systematic safety evaluations from the aspects of food
safety, environmental safety, and ecological safety, and ensure the safety of transgenic crops. At the same
time, we should strengthen the supervision of the whole process of transgenic technology, including gene
cloning, vector construction, genetic transformation, and variety promotion, to prevent potential safety
risks such as gene drift. In addition, we should strengthen science popularization, publicize the principles,
application effects, and safety of transgenic technology to the public, eliminate public misunderstandings
about transgenic crops, and improve public acceptance of transgenic salt-alkali tolerant crops, so as to
promote the large-scale application of genetic engineering technology (Fatima et al., 2024).

Fourth, reduce the cost of biotechnology and promote its popularization and application. We should
strengthen the research and development of low-cost biotechnology equipment and technologies, such as
developing low-cost gene sequencing equipment and genetic transformation technologies, reducing the
cost of omics technology and genetic engineering technology. At the same time, we should strengthen the
training of professional and technical personnel, cultivate a large number of professional and technical
personnel engaged in agricultural biotechnology research and application, improve the technical level of
biotechnology application, and reduce the technical cost. In addition, we should strengthen the cooperation
between enterprises, universities, and research institutes, realize the sharing of resources and technologies,
reduce the research and development cost of biotechnology, and promote the popularization and application
of biotechnology in small-scale farmers and developing regions (Zhang et al.,, 2025). At the same time, we
should optimize the breeding process, shorten the breeding cycle of molecular marker-assisted breeding
and genetic engineering breeding, and reduce the breeding cost.

Fifth, improve the technical system of agricultural biotechnology and promote the transformation
of achievements. We should improve the functional verification system of salt-alkali tolerant genes,
combine laboratory verification with field trial verification, simulate the actual complex saline-alkali land
environment in the laboratory, and carry out long-term field trials to ensure the consistency between gene
function and actual application effect. At the same time, we should establish a unified evaluation system
of salt-alkali tolerant crop varieties, formulate unified evaluation indicators and stress conditions, and
realize the objective and fair comparison and evaluation of different salt-alkali tolerant crop varieties. In
addition, we should strengthen the research on the integration technology of multiple biotechnologies,
explore effective integration methods and technical routes, give full play to the synergistic effect of multiple
technologies, and improve the efficiency of crop salt-alkali tolerance improvement (Zhao et al., 2024).
Moreover, we should improve the promotion and application system of biotechnology achievements,
establish a close cooperative relationship between research institutions and agricultural production entities,
carry out targeted technology promotion according to the actual production needs of saline-alkali regions,
and promote the transformation of biotechnology achievements into practical production technologies, so

as to give full play to the practical value of biotechnology.

6. Future Prospects

With the rapid development of life science and agricultural biotechnology, agricultural biotechnology
will play an increasingly important role in crop salt-alkali tolerance improvement, and will show a series

of new development trends in the future. In terms of genetic engineering technology, the development
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of gene editing technologies such as CRISPR-Cas9 will make the modification of crop genes more precise
and efficient, and realize the targeted modification of salt-alkali tolerant genes, improving the salt-alkali
tolerance of crops without introducing exogenous genes, which will effectively solve the safety problems of
transgenic crops. At the same time, multi-gene co-transformation technology and gene stacking technology
will be more mature, which can transfer multiple salt-alkali tolerant genes into target crops at the same
time, realizing the all-round improvement of crop salt-alkali tolerance (Abdul et al., 2025).

In terms of molecular marker-assisted breeding, with the development of genomics technology, more
molecular markers closely linked to salt-alkali tolerant genes will be screened, and high-density genetic
linkage maps and physical maps of crops will be constructed, which will improve the accuracy and efficiency
of molecular marker-assisted selection. At the same time, the combination of molecular marker-assisted
breeding and big data technology will realize the intelligent selection of salt-alkali tolerant crop varieties,
shorten the breeding cycle, and improve the breeding effect. In addition, the development of marker-free
selection technology will solve the problem of marker gene residue in crop varieties, improving the quality
and safety of salt-alkali tolerant crop varieties (Wang et al.,, 2024).

In terms of omics technology, the integration of multi-omics technology will be more in-depth, and the
combination of genomics, transcriptomics, proteomics, metabolomics, and epigenomics will systematically
explore the molecular mechanism of crop salt-alkali tolerance, screen more key salt-alkali tolerant genes
and metabolites, and provide more abundant gene resources and theoretical basis for crop salt-alkali
tolerance improvement. At the same time, the development of single-cell omics technology will realize the
study of the molecular mechanism of crop salt-alkali tolerance at the single-cell level, which will further
deepen people‘s understanding of the molecular mechanism of crop salt-alkali tolerance (Fatima et al.,
2023).

In terms of microbial biotechnology, the screening and modification of salt-tolerant microorganisms
will be more targeted. By means of omics technology and genetic engineering technology, more efficient
salt-tolerant PGPR and fungi will be screened and modified, improving their salt-alkali tolerance and
plant growth-promoting ability. At the same time, the development of composite microbial inoculants will
be more mature, and the combination of different types of salt-tolerant microorganisms will realize the
complementary advantages of microorganisms, improving the application effect of microbial inoculants. In
addition, the combination of microbial biotechnology and soil improvement technology will realize the joint
improvement of crop salt-alkali tolerance and soil environment, promoting the sustainable development of
agriculture in saline-alkali regions (Chen et al., 2025).

In terms of the integration of multiple biotechnologies, the integration of agricultural biotechnology
with information technology, big data technology, and artificial intelligence technology will become a new
trend. For example, the combination of omics technology and big data technology will realize the rapid
screening and functional prediction of salt-alkali tolerant genes; the combination of molecular marker-
assisted breeding and artificial intelligence technology will realize the intelligent design and breeding of
salt-alkali tolerant crop varieties; the combination of microbial biotechnology and information technology
will realize the real-time monitoring of the growth status of salt-tolerant microorganisms and the dynamic
adjustment of application schemes. The integration of multiple technologies will give full play to the
synergistic effect of various technologies, and promote the transformation of crop salt-alkali tolerance
improvement from ,empirical breeding“ to ,precision breeding” (Zhang et al., 2024).

In addition, the research and application of agricultural biotechnology in crop salt-alkali tolerance

improvement will pay more attention to sustainability and environmental friendliness. While improving
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crop salt-alkali tolerance, it will focus on protecting the ecological environment, reducing the use of
chemical fertilizers and pesticides, and promoting the sustainable development of agriculture in saline-
alkali regions. At the same time, the research and application of agricultural biotechnology will be more
targeted to the actual production needs of different saline-alkali regions, developing targeted improvement
technologies and crop varieties according to the characteristics of different saline-alkali regions, and

improving the practical value of biotechnology (Zhao et al., 2025).

7. Conclusions

Saline-alkali land, as a valuable land resource that can be developed and utilized, plays an important
role in alleviating global food security pressure and promoting sustainable agricultural development.
Agricultural biotechnology, including genetic engineering, molecular marker-assisted breeding, omics
technology, and microbial biotechnology, has provided efficient and precise technical means for crop salt-
alkali tolerance improvement, and has made significant progress in recent years. Genetic engineering
technology can realize the rapid improvement of crop salt-alkali tolerance by transferring salt-alkali
tolerant genes; molecular marker-assisted breeding can improve the selection efficiency and shorten the
breeding cycle; omics technology can systematically explore the molecular mechanism of crop salt-alkali
tolerance and provide abundant gene resources; microbial biotechnology can improve soil microecological
environment and enhance crop salt-alkali tolerance indirectly.

The integration of multiple biotechnologies can give full play to the advantages of various technologies,
make up for their limitations, and further improve the efficiency and effect of crop salt-alkali tolerance
improvement. However, agricultural biotechnology still faces some problems in crop salt-alkali tolerance
improvement, such as complex genetic basis of crop salt-alkali tolerance, influence of environmental
factors, potential safety risks of genetic engineering technology, high cost of biotechnology, and imperfect
technical system. Aiming at these problems, corresponding solution strategies should be adopted, such as
strengthening the research on molecular mechanism, optimizing application mode, strengthening safety
evaluation and management, reducing technology cost, and improving technical system.

In the future, with the continuous development of agricultural biotechnology and the integration with
other related technologies, agricultural biotechnology will show a more precise, efficient, and sustainable
development trend, and will play a more important role in crop salt-alkali tolerance improvement. It will
effectively promote the development and utilization of saline-alkali land resources, improve the yield and
quality of crops in saline-alkali regions, alleviate global food security pressure, and promote the sustainable
development of agriculture in saline-alkali regions. This study systematically reviews the application of
agricultural biotechnology in crop salt-alkali tolerance improvement, analyzes the existing problems and
solution strategies, and prospects the future development trends, which provides important technical

support and theoretical reference for researchers engaged in this field.
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ABSTRACT

Sustainable agricultural development is the core strategy to address global food security and environmental
degradation, and crop breeding is the key link to promote sustainable agriculture. CRISPR-Cas genome editing
technology, with its advantages of high precision, high efficiency, and low cost, has broken through the limitations
of traditional breeding and transgenic technology, becoming an important tool for precision crop improvement
and green agricultural development. This review focuses on the application of CRISPR-Cas technology in precision
improvement of crop agronomic traits (yield, quality, nutritional value) and green breeding (reducing pesticide
and fertilizer dependence, improving resource utilization efficiency). It summarizes the latest progress of CRISPR-
Cas technology in optimizing crop adaptation to green agricultural systems, and analyzes the technical bottlenecks
and solution strategies in its green application process. Furthermore, the integration potential of CRISPR-Cas tech-
nology with green agricultural technologies (such as organic agriculture, precision agriculture) and its contribu-
tion to sustainable agricultural development are discussed. This review provides a new perspective and technical
reference for the integration of genome editing technology and green agriculture, and promotes the high-quality
development of crop breeding and sustainable agriculture.

Keywords: CRISPR-Cas technology; precision crop improvement; green breeding; sustainable agriculture; agronomic traits;

resource utilization; environmental protection

1. Introduction

With the deepening of global climate change and the increasing severity of environmental pollution,
the traditional high-input, high-output agricultural model has gradually exposed serious drawbacks, such as
excessive use of chemical pesticides and fertilizers, degradation of soil quality, and reduction of biodiversity,
which have posed a serious threat to sustainable agricultural development and ecological security
(FAO, 2024). Sustainable agriculture, aiming at ,high yield, high quality, ecological, and safe, requires
crop breeding to not only improve crop yield and quality to meet food demand, but also enhance crop
adaptability to green production systems, reduce environmental pressure, and improve resource utilization
efficiency (Zhang et al., 2025).

Traditional crop breeding methods, such as cross-breeding and mutagenesis, have made important
contributions to crop yield improvement, but they have the disadvantages of long breeding cycle, low

precision, and difficulty in coordinating multiple traits, which are difficult to meet the needs of sustainable
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agricultural development. Transgenic technology has realized the transfer of foreign excellent genes, but it
has the problems of complex operation, high cost, and public concern about safety, which limits its large-
scale application in green agriculture (Riaz et al.,, 2025). The emergence of CRISPR-Cas genome editing
technology has brought a revolutionary change to crop breeding. It can realize precise modification of
crop endogenous genes without introducing foreign genes, efficiently improve target traits, and avoid the
negative impact of traditional breeding and transgenic technology, which is highly consistent with the
concept of green and sustainable agriculture (Movahedi & Yang, 2025).

The Agro-Biotechnolog journal focuses on the intersection of agricultural biotechnology and
sustainable agriculture, and pays great attention to the research and application of green breeding
technologies. In line with the journal‘s positioning, this review focuses on the precision improvement and
green application of CRISPR-Cas technology in crop breeding. We systematically summarize the application
progress of CRISPR-Cas technology in improving crop yield, quality, and nutritional value, and its role in
reducing pesticide and fertilizer dependence, improving resource utilization efficiency. We also analyze
the technical bottlenecks and solution strategies in the green application of CRISPR-Cas technology,
and discuss its integration potential with green agricultural technologies. This review aims to provide a
comprehensive reference for researchers engaged in sustainable crop breeding and green agriculture, and
promote the integration of CRISPR-Cas technology and green agriculture to achieve sustainable agricultural

development.

2. Precision Improvement of Crop Agronomic Traits by CRISPR-Cas
Technology

Precision improvement of crop agronomic traits is the core goal of sustainable crop breeding, which
mainly includes yield, quality, and nutritional value improvement. CRISPR-Cas technology, with its high
precision and efficiency, can target specific genes related to agronomic traits for modification, realize the
precise improvement of single or multiple traits, and avoid the linkage drag and trait separation caused by

traditional breeding, which has significant advantages in precision crop breeding.

2.1 Precision Improvement of Crop Yield Traits

Crop yield is determined by multiple agronomic traits, such as tiller number, grain number per panicle,
thousand-grain weight, and lodging resistance. CRISPR-Cas technology can edit key genes related to these
traits, realize the precision improvement of yield traits, and break through the yield bottleneck of crops.

Rice, as the main food crop in the world, its yield improvement is crucial to global food security.
Researchers have used CRISPR-Cas9 technology to edit key genes related to rice yield traits, achieving
significant yield improvement. For example, the OsSPL14 gene is a key transcription factor regulating rice
tiller number and panicle size. By editing the OsSPL14 gene using CRISPR-Cas9 technology, researchers
obtained rice lines with appropriate tiller number, large panicle, and high thousand-grain weight, which
increased the yield by 10%-15% compared with the wild type (Zhang et al., 2024). In addition, the OsDEP1
gene is involved in regulating rice panicle density and grain number per panicle. By knocking out the
OsDEP1 gene using CRISPR-Cas9 technology, researchers obtained rice lines with dense panicles and more
grains per panicle, significantly improving rice yield (Li et al., 2023).

Wheat yield is seriously affected by tiller number, spikelet number, and lodging resistance. CRISPR-Cas
technology has been used to edit key genes related to wheat yield traits, improving wheat yield and lodging
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resistance. For example, the TaAGL6 gene is involved in regulating wheat spikelet number and grain number
per spike. By editing the TaAGL6 gene using CRISPR-Cas9 technology, researchers obtained wheat lines
with increased spikelet number and grain number per spike, improving wheat yield (Wang et al., 2024). In
addition, the TaGB1 gene is related to wheat stem strength and lodging resistance. By overexpressing the
TaGB1 gene using CRISPR-Cas9-mediated gene activation technology, researchers obtained wheat lines with
stronger stems and better lodging resistance, reducing yield loss caused by lodging (Zhang et al., 2025).
Maize yield is determined by ear length, row number per ear, and grain number per row. CRISPR-Cas
technology has been used to edit key genes related to maize yield traits, achieving yield improvement. For
example, the ZmRAVL1 gene is a key gene regulating maize ear length and grain number per row. By editing
the ZmRAVL1 gene using CRISPR-Cas9 technology, researchers obtained maize lines with longer ears and
more grains per row, increasing the yield by 8%-12% (Li et al., 2024). In addition, the ZmDWF4 gene is
involved in regulating maize plant height and lodging resistance. By knocking out the ZmDWF4 gene using
CRISPR-Cas9 technology, researchers obtained dwarf maize lines with better lodging resistance and no

significant reduction in yield (Movahedi & Yang, 2025).

2.2 Precision Improvement of Crop Quality Traits

Crop quality, including edible quality, processing quality, and commercial quality, is an important index
of sustainable crop breeding. CRISPR-Cas technology can edit key genes related to crop quality traits, realize
the precision improvement of quality, and meet the diverse needs of consumers and processing industries.

Rice edible quality is mainly determined by amylose content, amylopectin structure, and gel
consistency. CRISPR-Cas technology has been used to edit key genes related to rice edible quality, improving
rice taste and quality. For example, the Wx gene is the key gene regulating rice amylose content. By editing
the Wx gene using CRISPR-Cas9 technology, researchers obtained rice lines with moderate amylose content
(15%-20%), which had better taste and cooking quality compared with the wild type (Zhang et al., 2023).
In addition, the SBEIIb gene is involved in regulating rice amylopectin structure. By knocking out the
SBEIIb gene using CRISPR-Cas9 technology, researchers obtained rice lines with high amylopectin content,
improving the softness and taste of rice (Li et al., 2024).

Wheat processing quality is mainly determined by gluten content and quality. CRISPR-Cas technology
has been used to edit key genes related to wheat gluten quality, improving wheat processing quality. For
example, the Glu-1D gene is a key gene encoding wheat high-molecular-weight glutenin subunit (HMW-GS),
which is closely related to wheat gluten strength. By editing the Glu-1D gene using CRISPR-Cas9 technology,
researchers obtained wheat lines with improved gluten strength, which were more suitable for making
bread and other processed products (Wang et al., 2023). In addition, the TaLpx-1 gene is involved in wheat
lipid oxidation, which affects wheat storage quality. By knocking out the TaLpx-1 gene using CRISPR-Cas9
technology, researchers improved wheat storage quality and reduced the occurrence of rancidity (Zhang et
al,, 2025).

Tomato commercial quality is mainly determined by fruit color, shape, and shelf life. CRISPR-Cas
technology has been used to edit key genes related to tomato commercial quality, improving tomato
commercial value. For example, the SIMYB12 gene is a key gene regulating tomato fruit color and flavonoid
content. By editing the SIMYB12 gene using CRISPR-Cas9 technology, researchers obtained tomato lines
with bright red fruit color and high flavonoid content, improving tomato commercial quality and nutritional
value (Li et al., 2023). In addition, the SIACS2 gene is involved in tomato fruit ripening and shelf life. By
knocking out the SIACS2 gene using CRISPR-Cas9 technology, researchers obtained tomato lines with
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extended shelf life, reducing post-harvest loss (Movahedi & Yang, 2025).

2.3 Precision Improvement of Crop Nutritional Value

Improving crop nutritional value is an important part of sustainable crop breeding, which can help
solve the problem of malnutrition and improve human health. CRISPR-Cas technology can edit key genes
related to crop nutritional component synthesis, realize the precision improvement of nutritional value, and
develop nutrient-enriched crops.

Rice nutritional value can be improved by increasing the content of vitamins, amino acids, and trace
elements. For example, the OsHPPD gene is involved in vitamin E synthesis. By overexpressing the OsHPPD
gene using CRISPR-Cas9-mediated gene activation technology, researchers obtained rice lines with high
vitamin E content, improving rice nutritional value (Zhang et al., 2024). In addition, the OsASP1 gene
is involved in lysine synthesis. By editing the OsASP1 gene using CRISPR-Cas9 technology, researchers
obtained rice lines with high lysine content, making rice a more balanced nutritional food (Li et al., 2023).

Wheat nutritional value can be improved by increasing the content of iron, zinc, and dietary fiber. For
example, the TaNAS2 gene is involved in iron and zinc transport in wheat. By overexpressing the TaNAS2
gene using CRISPR-Cas9-mediated gene activation technology, researchers obtained wheat lines with high
iron and zinc content, which can help alleviate iron and zinc deficiency in humans (Wang et al,, 2024). In
addition, the TaAXS1 gene is involved in dietary fiber synthesis. By editing the TaAXS1 gene using CRISPR-
Cas9 technology, researchers obtained wheat lines with high dietary fiber content, improving wheat
nutritional value and health benefits (Zhang et al., 2025).

Soybean is an important oil crop and protein crop, and its nutritional value is mainly reflected in oil
content and protein quality. CRISPR-Cas technology has been used to edit key genes related to soybean oil
and protein synthesis, improving soybean nutritional value. For example, the GmFAD2 gene is involved
in soybean oil fatty acid synthesis. By knocking out the GmFAD2 gene using CRISPR-Cas9 technology,
researchers obtained soybean lines with high oleic acid content, which had better nutritional value and
storage stability (Li et al,, 2024). In addition, the GmGy1 gene is involved in soybean glycinin synthesis.
By editing the GmGy1 gene using CRISPR-Cas9 technology, researchers improved soybean protein quality,

making it more suitable for human digestion and absorption (Movahedi & Yang, 2025).

3. Green Application of CRISPR-Cas Technology in Crop Breeding

Green breeding is the core of sustainable agricultural development, aiming at reducing the dependence
on chemical pesticides and fertilizers, improving resource utilization efficiency, and protecting the ecological
environment. CRISPR-Cas technology, as a precision breeding tool, can improve crop resistance to diseases
and pests, nutrient utilization efficiency, and stress tolerance, thereby reducing the use of chemical inputs

and promoting green agricultural development.

3.1 Reducing Pesticide Dependence by Improving Crop Disease and Pest Resistance

The excessive use of chemical pesticides in crop production has caused serious environmental
pollution and food safety problems. Improving crop disease and pest resistance through CRISPR-Cas
technology can reduce the use of chemical pesticides, realizing green pest control.

In rice production, rice blast and bacterial blight are major diseases that require a large amount of
pesticides for control. CRISPR-Cas technology has been used to improve rice resistance to these diseases,

reducing pesticide use. For example, the Pi54 gene is a broad-spectrum rice blast resistance gene. By editing
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the Pi54 gene using CRISPR-Cas9 technology, researchers obtained rice lines with enhanced blast resistance,
which reduced the use of fungicides by 30%-50% under field conditions (Zhang et al., 2023). In addition,
the OsSWEET13 gene is a susceptibility gene for rice bacterial blight. By knocking out the OsSWEET13 gene
using CRISPR-Cas9 technology, researchers obtained rice lines with enhanced bacterial blight resistance,
reducing the use of bactericides (Li et al., 2024).

In cotton production, cotton bollworm and cotton aphid are major insect pests that require a large
amount of insecticides for control. CRISPR-Cas technology has been used to improve cotton resistance to
these insect pests, reducing insecticide use. For example, the GhBt gene is an insecticidal gene that can
produce toxins that kill cotton bollworm. By introducing the GhBt gene into cotton using CRISPR-Cas9-
mediated gene insertion technology, researchers obtained cotton lines with enhanced bollworm resistance,
which reduced the use of insecticides by 40%-60% (Wang et al., 2024). In addition, the GhMIR166 gene
is involved in cotton aphid resistance. By editing the GhMIR166 gene using CRISPR-Cas9 technology,
researchers obtained cotton lines with enhanced aphid resistance, further reducing insecticide use (Zhang
etal, 2025).

In tomato production, tomato yellow leaf curl virus (TYLCV) and tomato bacterial spot are major
diseases that cause significant yield losses. CRISPR-Cas technology has been used to improve tomato
resistance to these diseases, reducing pesticide use. For example, by designing sgRNAs targeting the TYLCV
genome using CRISPR-Cas9 technology, researchers obtained tomato lines with enhanced resistance
to TYLCV, which reduced the use of antiviral agents by more than 50% (Li et al., 2023). In addition, the
SISWEET4 gene is a susceptibility gene for tomato bacterial spot. By knocking out the SISWEET4 gene
using CRISPR-Cas9 technology, researchers obtained tomato lines with enhanced bacterial spot resistance,
reducing the use of bactericides (Movahedi & Yang, 2025).

3.2 Reducing Fertilizer Dependence by Improving Crop Nutrient Utilization Efficiency

The excessive use of chemical fertilizers in crop production has caused soil salinization, water
eutrophication, and other environmental problems. Improving crop nutrient utilization efficiency through
CRISPR-Cas technology can reduce the use of chemical fertilizers, realizing green nutrient management.

Nitrogen is an important nutrient element for crop growth, and the nitrogen utilization efficiency of
crops is generally low (only 30%-40%), resulting in a large amount of nitrogen fertilizer waste. CRISPR-Cas
technology has been used to improve crop nitrogen utilization efficiency, reducing nitrogen fertilizer use.
For example, the OsNRT1.1B gene is a key gene regulating rice nitrogen uptake and utilization. By editing
the OsNRT1.1B gene using CRISPR-Cas9 technology, researchers obtained rice lines with high nitrogen
utilization efficiency, which could reduce nitrogen fertilizer use by 20%-30% without reducing yield
(Zhang et al., 2024). In addition, the TaNRT2.1 gene is involved in wheat nitrogen uptake and transport. By
overexpressing the TaNRT2.1 gene using CRISPR-Cas9-mediated gene activation technology, researchers
obtained wheat lines with high nitrogen utilization efficiency, reducing nitrogen fertilizer dependence (Li et
al,, 2023).

Phosphorus is another important nutrient element for crop growth, and most phosphorus in soil
is difficult to be absorbed and utilized by crops, resulting in a large amount of phosphorus fertilizer
waste. CRISPR-Cas technology has been used to improve crop phosphorus utilization efficiency, reducing
phosphorus fertilizer use. For example, the OsPHR2 gene is a key gene regulating rice phosphorus uptake
and utilization. By editing the OsPHR2 gene using CRISPR-Cas9 technology, researchers obtained rice

lines with high phosphorus utilization efficiency, which could absorb and utilize soil phosphorus more
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efficiently, reducing phosphorus fertilizer use by 25%-35% (Wang et al,, 2024). In addition, the ZmPHR1
gene is involved in maize phosphorus uptake and transport. By overexpressing the ZmPHR1 gene using
CRISPR-Cas9-mediated gene activation technology, researchers obtained maize lines with high phosphorus
utilization efficiency, improving phosphorus resource utilization (Zhang et al., 2025).

Potassium is an important nutrient element regulating crop growth and stress tolerance, and the
potassium utilization efficiency of crops is also relatively low. CRISPR-Cas technology has been used to
improve crop potassium utilization efficiency, reducing potassium fertilizer use. For example, the OsHAK5
gene is a key gene regulating rice potassium uptake and transport. By editing the OsHAK5 gene using
CRISPR-Cas9 technology, researchers obtained rice lines with high potassium utilization efficiency, which
could absorb more potassium from soil, reducing potassium fertilizer use by 20%-25% (Li et al., 2024). In
addition, the GhHAK1 gene is involved in cotton potassium uptake and utilization. By overexpressing the
GhHAK1 gene using CRISPR-Cas9-mediated gene activation technology, researchers obtained cotton lines
with high potassium utilization efficiency, improving potassium resource utilization (Movahedi & Yang,
2025).

3.3 Improving Crop Stress Tolerance to Adapt to Green Production Systems

Green agricultural production systems, such as organic agriculture and conservation agriculture,
require crops to have strong stress tolerance (drought, salinity, low nutrient stress) to adapt to the low-
input production environment. CRISPR-Cas technology can improve crop stress tolerance, enabling crops to
adapt to green production systems and reduce the need for artificial inputs.

Drought stress is a major limiting factor in organic agricultural production, and improving crop
drought tolerance can reduce the dependence on irrigation water. CRISPR-Cas technology has been used to
improve crop drought tolerance, adapting to water-saving green production. For example, the OsDREB1A
gene is a key gene regulating rice drought tolerance. By overexpressing the OsDREB1A gene using CRISPR-
Cas9-mediated gene activation technology, researchers obtained rice lines with enhanced drought tolerance,
which could grow normally under moderate drought conditions without irrigation, adapting to water-
saving organic agriculture (Zhang et al.,, 2023). In addition, the TaDREB1B gene is involved in wheat drought
tolerance. By editing the TaDREB1B gene using CRISPR-Cas9 technology, researchers obtained wheat lines
with enhanced drought tolerance, adapting to dryland green production (Li et al.,, 2024).

Salinity stress is a major problem in saline-alkali land green utilization, and improving crop salt
tolerance can realize the development and utilization of saline-alkali land. CRISPR-Cas technology has been
used to improve crop salt tolerance, promoting saline-alkali land green utilization. For example, the 0sSOS2
gene is a key gene regulating rice salt tolerance. By editing the OsSOS2 gene using CRISPR-Cas9 technology,
researchers obtained rice lines with enhanced salt tolerance, which could grow normally in moderate
saline-alkali land, realizing the green utilization of saline-alkali land (Wang et al., 2024). In addition, the
GhSOS3 gene is involved in cotton salt tolerance. By overexpressing the GhSOS3 gene using CRISPR-Cas9-
mediated gene activation technology, researchers obtained cotton lines with enhanced salt tolerance,
adapting to saline-alkali land green production (Zhang et al., 2025).

Low nutrient stress is a common problem in organic agricultural production, and improving crop
tolerance to low nutrient stress can reduce the dependence on chemical fertilizers. CRISPR-Cas technology
has been used to improve crop tolerance to low nitrogen, low phosphorus, and low potassium stress,
adapting to organic agricultural production. For example, the OsNAC4 gene is involved in rice tolerance
to low nitrogen stress. By editing the OsNAC4 gene using CRISPR-Cas9 technology, researchers obtained
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rice lines with enhanced tolerance to low nitrogen stress, which could grow normally under low nitrogen
conditions in organic agriculture (Li et al.,, 2023). In addition, the ZmPHT1 gene is involved in maize
tolerance to low phosphorus stress. By overexpressing the ZmPHT1 gene using CRISPR-Cas9-mediated gene
activation technology, researchers obtained maize lines with enhanced tolerance to low phosphorus stress,

adapting to organic agricultural production (Movahedi & Yang, 2025).

4. Latest Advances in Green Application of CRISPR-Cas Technology

In recent years, with the continuous development of CRISPR-Cas technology, a series of new editing
systems and strategies have been developed, which have further improved the precision and efficiency of
CRISPR-Cas technology in green crop breeding, and expanded its application scope in green agriculture.
This section introduces the latest advances in CRISPR-Cas technology in green crop breeding, including

multi-gene editing, tissue-specific editing, and editing technology integration.

4.1 Multi-Gene Editing Technology for Synchronous Improvement of Multiple Green
Traits

Green crop breeding requires the synchronous improvement of multiple traits, such as disease and
pest resistance, nutrient utilization efficiency, and stress tolerance. Multi-gene editing technology based on
CRISPR-Cas system can edit multiple key genes simultaneously, realizing the synchronous improvement of
multiple green traits, which significantly improves the efficiency of green breeding.

Researchers have developed a variety of multi-gene editing strategies based on CRISPR-Cas9 and
CRISPR-Cas12a systems, which can edit 2-10 genes simultaneously. For example, in rice, researchers used
CRISPR-Cas9-mediated multi-gene editing technology to edit three key genes (OsSWEET14, OsNRT1.1B,
OsDREB1A) simultaneously, obtaining rice lines with enhanced bacterial blight resistance, high nitrogen
utilization efficiency, and drought tolerance, which could reduce the use of pesticides and nitrogen
fertilizers by more than 30% under field conditions (Zhang et al., 2024). In wheat, researchers used CRISPR-
Cas12a-mediated multi-gene editing technology to edit four key genes (TaNAC69, TaLpx-1, TaNAS2, TaGB1)
simultaneously, obtaining wheat lines with enhanced drought resistance, good storage quality, high iron and
zinc content, and strong lodging resistance, which are suitable for green agricultural production (Wang et
al,, 2025).

In recent years, the development of high-efficiency multi-gene editing vectors and sgRNA expression
systems has further improved the efficiency and specificity of multi-gene editing. For example, the
development of tRNA-sgRNA expression system can realize the simultaneous expression of multiple sgRNAs
in a single vector, simplifying the operation of multi-gene editing (Li et al., 2023). In addition, the use of
Cas protein variants with high editing efficiency (such as Cas9-HF1, Cas12a-V4) can improve the editing

efficiency of multiple genes, reducing the occurrence of off-target effects (Movahedi & Yang, 2025).

4.2 Tissue-Specific Editing Technology for Reducing Unintended Effects

In green crop breeding, some target traits are only required in specific tissues or developmental stages
of crops. Tissue-specific editing technology based on CRISPR-Cas system can restrict the editing activity
to specific tissues or developmental stages, reducing unintended effects on other tissues and traits, and
improving the safety and precision of green breeding.

Tissue-specific editing technology is mainly realized by using tissue-specific promoters to drive

the expression of Cas proteins or sgRNAs. For example, in cotton, researchers used the cotton boll-
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specific promoter to drive the expression of Cas9 protein, and edited the GhSWEET10 gene (bacterial
blight susceptibility gene) specifically in cotton bolls, obtaining cotton lines with enhanced boll bacterial
blight resistance, while not affecting the growth and development of other tissues (Zhang et al., 2023). In
rice, researchers used the root-specific promoter to drive the expression of Cas9 protein, and edited the
OsNRT1.1B gene (nitrogen utilization gene) specifically in rice roots, obtaining rice lines with high root
nitrogen uptake efficiency, while not affecting the nutritional quality of rice grains (Li et al., 2024).

In recent years, the development of inducible tissue-specific editing technology has further expanded
the application of tissue-specific editing in green breeding. For example, the development of drought-
inducible promoter-driven CRISPR-Cas9 system can realize the editing of drought-resistant genes only
under drought stress, reducing the energy consumption of crops under normal growth conditions (Wang et
al,, 2024). In addition, the development of temperature-inducible editing technology can realize the editing
of temperature-resistant genes only under extreme temperature conditions, improving the adaptability of

crops to green production systems (Zhang et al., 2025).

4.3 Integration of CRISPR-Cas Technology with Other Green Agricultural Technologies

The integration of CRISPR-Cas technology with other green agricultural technologies can give full play
to the advantages of various technologies, further promote green agricultural development, and realize the
high-quality and efficient development of agriculture.

The integration of CRISPR-Cas technology with precision agriculture can realize precise breeding and
precise management. For example, combining CRISPR-Cas technology with remote sensing technology and
big data technology can accurately identify the key traits that need to be improved in crops, design targeted
editing strategies, and realize the precise improvement of crops. At the same time, through precision
fertilization and irrigation based on big data, the use of chemical inputs can be further reduced, realizing
green and efficient agricultural production (Li et al., 2023). In addition, combining CRISPR-Cas technology
with gene sequencing technology can quickly identify the editing effect and off-target sites, ensuring the
safety and precision of green breeding (Movahedi & Yang, 2025).

The integration of CRISPR-Cas technology with organic agriculture can improve the adaptability of
crops to organic production systems. For example, combining CRISPR-Cas technology with organic fertilizer
application technology can improve crop nutrient utilization efficiency and stress tolerance, enabling crops
to grow normally under organic production conditions, and improving the yield and quality of organic
crops (Zhang et al., 2024). In addition, combining CRISPR-Cas technology with biological control technology
can further reduce the use of chemical pesticides, realizing the green control of crop diseases and pests in
organic agriculture (Wang et al., 2025).

The integration of CRISPR-Cas technology with conservation agriculture can improve the adaptability
of crops to conservation tillage systems. For example, combining CRISPR-Cas technology with no-tillage
technology can improve crop lodging resistance and drought tolerance, enabling crops to adapt to no-tillage
production conditions, reducing soil erosion and water loss, and protecting the ecological environment (Li
etal., 2024). In addition, combining CRISPR-Cas technology with crop rotation technology can improve crop
disease and pest resistance, reducing the occurrence of soil-borne diseases and pests, and promoting the

sustainable use of soil resources (Movahedi & Yang, 2025).

5. Technical Bottlenecks and Solution Strategies in Green Application of
CRISPR-Cas Technology
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5.1 Existing Technical Bottlenecks

Although CRISPR-Cas technology has made significant progress in green crop breeding and has been
widely applied, there are still some technical bottlenecks that need to be solved to promote its large-scale
green application.

First, the editing efficiency in different crops and tissues is uneven. CRISPR-Cas technology has high
editing efficiency in model crops (such as rice, Arabidopsis), but the editing efficiency in some cash crops
(such as cotton, soybean) and woody crops is still low. In addition, the editing efficiency in some tissues (such
as reproductive organs) is lower than that in vegetative organs, which limits the application of CRISPR-Cas
technology in improving reproductive-related green traits (Zhang et al., 2025).

Second, the off-target effect still exists in green breeding. Although various strategies have been
developed to reduce off-target effects, the off-target problem still exists in multi-gene editing and tissue-
specific editing, which may lead to unintended genetic mutations, affect crop traits, and even reduce crop
adaptability to green production systems (Riaz et al., 2025).

Third, the functional verification of edited genes is time-consuming and laborious. In green breeding,
the edited genes are often related to multiple traits (such as nutrient utilization efficiency, stress tolerance),
and the functional verification of these genes requires long-term field trials under green production
conditions, which takes a long time and consumes a lot of manpower and material resources, limiting the
breeding efficiency (Movahedi & Yang, 2025).

Fourth, the delivery efficiency of editing tools in green crops is low. For some crops suitable for green
production (such as dryland crops, saline-alkali land crops), the existing delivery methods (Agrobacterium-
mediated transformation, particle bombardment) have low delivery efficiency, which limits the application
of CRISPR-Cas technology in these crops (Li et al.,, 2024).

5.2 Solution Strategies

Aiming at the above technical bottlenecks, researchers have proposed a series of solution strategies to
improve the green application effect of CRISPR-Cas technology.

To solve the problem of uneven editing efficiency, we can optimize the CRISPR-Cas system according
to different crops and tissues. For example, selecting Cas protein variants suitable for specific crops (such
as Cas12a for wheat, Cas9 for rice) and optimizing sgRNA design (adjusting GC content, distance from
PAM sequence) can improve editing efficiency. In addition, using tissue-specific promoters to drive the
expression of Cas proteins and sgRNAs can improve the editing efficiency in specific tissues (Zhang et al.,
2024). For woody crops, developing new delivery methods (such as viral vector-mediated delivery) can
improve editing efficiency (Wang et al., 2025).

To solve the off-target problem, we can adopt high-specificity editing strategies. For example,
using high-specificity Cas protein variants (such as Cas9-HF1, eSpCas9) and designing sgRNAs with
high specificity can reduce off-target effects. In addition, using double-nicking strategy and base editing
technology can further improve editing specificity, avoiding unintended genetic mutations (Li et al., 2023).
Meanwhile, developing high-efficiency off-target detection methods (such as GUIDE-seq, whole-genome
sequencing) can timely detect off-target sites and eliminate edited lines with serious off-target effects
(Movahedi & Yang, 2025).

To solve the problem of time-consuming and laborious functional verification, we can integrate multi-
omics technology and artificial intelligence technology to accelerate gene functional verification. For

example, combining transcriptomics, metabolomics, and proteomics technology can quickly analyze the
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expression changes of edited genes and their impact on crop traits. Using artificial intelligence technology
to predict the function of edited genes and their adaptability to green production systems can reduce the
number of field trials and shorten the verification cycle (Zhang et al.,, 2025). In addition, establishing a
rapid verification system based on model plants can quickly verify the function of edited genes, improving
breeding efficiency (Riaz et al., 2025).

To solve the problem of low delivery efficiency, we can develop new delivery methods suitable for
green crops. For example, developing nanomaterial-mediated delivery technology can improve the delivery
efficiency of editing tools in dryland crops and saline-alkali land crops, and avoid the damage of traditional
delivery methods to crop cells (Li et al,, 2024). In addition, optimizing the existing delivery methods (such
as improving Agrobacterium transformation efficiency, adjusting particle bombardment parameters) can

also improve the delivery efficiency of editing tools (Wang et al., 2024).

6. Challenges and Prospects of CRISPR-Cas Technology in Green Crop
Breeding

6.1 Existing Challenges

In addition to the above technical bottlenecks, CRISPR-Cas technology also faces some other challenges
in green crop breeding, which limit its large-scale application.

First, the problem of regulatory policies. The regulatory policies for gene-edited crops vary in different
countries and regions, which brings difficulties to the international trade of green gene-edited crops. Some
countries have strict regulations on gene-edited crops, which increases the cost and cycle of green breeding
(Lubie Nie Chi et al,, 2025). In addition, there is no unified regulatory standard for green gene-edited crops,
which limits the promotion and application of CRISPR-Cas technology in green agriculture.

Second, the problem of public acceptance. Although green gene-edited crops have the advantages of
reducing chemical inputs and protecting the environment, the public still has concerns about their food
safety and ecological risks. The lack of public acceptance has affected the promotion and application of
green gene-edited crops, and further affected the application of CRISPR-Cas technology in green breeding
(Molitorisova et al,, 2025).

Third, the problem of intellectual property rights. The intellectual property rights of CRISPR-Cas
technology are concentrated in a few countries and enterprises, which increases the cost of green breeding
for researchers and enterprises in developing countries, limiting the popularization and application of
CRISPR-Cas technology in global green agriculture (Zhang et al., 2025).

Fourth, the problem of technology popularization. CRISPR-Cas technology requires professional
technical personnel and equipment, which is difficult to popularize in small-scale farmers and developing
regions. The lack of technical support and training limits the application of CRISPR-Cas technology in green

breeding in these regions (Movahedi & Yang, 2025).

6.2 Future Prospects

Despite the existing challenges, CRISPR-Cas technology has broad application prospects in green crop
breeding and sustainable agricultural development. With the continuous development and optimization of
technology, it will play an increasingly important role in green agriculture.

First, the continuous optimization of CRISPR-Cas technology will improve its green application effect.

In the future, researchers will continue to develop new Cas protein variants, editing strategies, and delivery
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methods to improve editing efficiency, specificity, and delivery efficiency, solving the existing technical
bottlenecks. For example, the development of universal Cas proteins suitable for various crops can improve
the editing efficiency of non-model crops. The development of precise editing technologies (such as prime
editing, base editing) can further reduce off-target effects, ensuring the safety of green gene-edited crops
(Riaz etal., 2025).

Second, the integration of CRISPR-Cas technology with other green agricultural technologies will be
further deepened. The integration of CRISPR-Cas technology with precision agriculture, organic agriculture,
and conservation agriculture will give full play to the advantages of various technologies, realize the precise
improvement of crops and the efficient use of resources, and promote the high-quality development of
green agriculture. For example, combining CRISPR-Cas technology with artificial intelligence and big data
technology can realize intelligent green breeding and intelligent agricultural management, improving the
efficiency and level of green agriculture (Zhang et al., 2024).

Third, the improvement of regulatory policies and public acceptance will promote the large-scale
application of CRISPR-Cas technology. In the future, with the continuous accumulation of safety data of
green gene-edited crops, the regulatory policies of various countries will become more scientific and
reasonable, and the unified regulatory standards will be gradually established, reducing the regulatory
barriers. At the same time, through science popularization and public participation, the public's
understanding and acceptance of green gene-edited crops will be improved, promoting the promotion and
application of CRISPR-Cas technology in green breeding (Molitorisova et al., 2025).

Fourth, the popularization of CRISPR-Cas technology will be strengthened. In the future, through
the training of technical personnel, the development of simple and easy-to-operate editing tools, and the
support of policies, CRISPR-Cas technology will be popularized in small-scale farmers and developing
regions, enabling more people to benefit from green breeding technology. In addition, the sharing of
intellectual property rights and technical achievements will reduce the cost of green breeding, promoting
the popularization and application of CRISPR-Cas technology in global green agriculture (Movahedi & Yang,
2025).

7. Conclusion

Sustainable agricultural development is an inevitable choice to address global food security and
environmental degradation, and green crop breeding is the key to promoting sustainable agriculture.
CRISPR-Cas genome editing technology, with its advantages of high precision, high efficiency, and low cost,
has become an important tool for precision crop improvement and green agricultural development. This
review systematically summarizes the application of CRISPR-Cas technology in precision improvement
of crop agronomic traits (yield, quality, nutritional value) and green application (reducing pesticide and
fertilizer dependence, improving crop stress tolerance to adapt to green production systems).

The review also introduces the latest advances in green application of CRISPR-Cas technology,
including multi-gene editing, tissue-specific editing, and integration with other green agricultural
technologies, and analyzes the technical bottlenecks and solution strategies in its green application process.
Furthermore, the challenges (regulatory policies, public acceptance, intellectual property rights, technology
popularization) and future prospects of CRISPR-Cas technology in green crop breeding are discussed. The
application of CRISPR-Cas technology in green crop breeding has achieved significant progress, providing a

new way for reducing chemical inputs, protecting the ecological environment, and improving crop yield and
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quality.

In the future, with the continuous optimization of CRISPR-Cas technology, the deepening of integration
with other green agricultural technologies, the improvement of regulatory policies and public acceptance,
and the strengthening of technology popularization, CRISPR-Cas technology will play an increasingly
important role in green crop breeding and sustainable agricultural development, making greater

contributions to solving global food security and environmental problems.
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ABSTRACT

The expansion of saline-alkali land area and the aggravation of soil secondary salinization have become major
constraints affecting global agricultural sustainability and food security. Agricultural biotechnology, as an innovati-
ve means to break through the bottleneck of traditional saline-alkali land improvement, has achieved remarkable
breakthroughs in recent years in the aspects of salt-alkali tolerant crop breeding, soil microecological regulation,
and integrated improvement of saline-alkali land. This paper focuses on the innovative progress of agricultural bio-
technology in crop improvement on saline-alkali lands, including the innovative application of gene editing techno-
logy, the development of functional microbial resources, the optimization of multi-omics joint analysis technology,
and the construction of integrated improvement models of biotechnology and agronomic measures. On this basis,
the practical challenges faced by the industrialization application of agricultural biotechnology in saline-alkali land
crop improvement are deeply analyzed, such as technical localization, cost control, industrial chain construction,
and policy support. Finally, targeted countermeasures and suggestions are put forward to promote the industriali-
zation development of agricultural biotechnology in saline-alkali land crop improvement, and its application pro-
spects in ensuring food security and promoting sustainable agricultural development are prospected. This study
provides a new perspective and practical reference for the in-depth application of agricultural biotechnology in
saline-alkali land governance and crop improvement.

Keywords: agricultural biotechnology; saline-alkali land; crop improvement; gene editing; microbial resources; industrializati-

on application; practical challenges

1. Introduction

Saline-alkali land is a widespread land type on Earth, which is formed by the accumulation of
soluble salts and alkaline substances in the soil under the combined action of natural factors and
human activities. According to the latest data released by the Food and Agriculture Organization of
the United Nations (FAO, 2025), the global saline-alkali land area has exceeded 1.2 billion hectares,
accounting for 8.0% of the total global land area, and the annual expansion rate is 1.5-2.0%. Among
them, the cultivated land affected by salinization accounts for 22% of the total cultivated land, which
directly leads to a reduction of 10-25% in global crop yield every year. In China, the total area of
saline-alkali land is about 105 million hectares, distributed in 17 provinces (autonomous regions and
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municipalities directly under the Central Government), of which 20.3 million hectares are cultivated
saline-alkali land. With the acceleration of urbanization and the irrational use of water and soil
resources, the secondary salinization of cultivated land in arid, semi-arid and coastal areas is becoming
increasingly serious, which further exacerbates the contradiction between China‘s limited cultivated
land resources and the growing demand for food.

Traditional saline-alkali land improvement technologies, such as physical drainage, chemical
amendment and agronomic regulation, have certain limitations in practical application: physical
improvement has high engineering cost and easy recurrence; chemical amendment may cause
secondary environmental pollution; agronomic regulation has a long cycle and slow effect, which is
difficult to meet the demand of rapid improvement of saline-alkali land and efficient crop production.
In recent years, with the rapid development of modern biotechnology, agricultural biotechnology
has gradually become the core force in the field of saline-alkali land crop improvement due to its
advantages of high efficiency, precision, environmental protection and sustainability. Unlike the
traditional ,passive adaptation” improvement mode, agricultural biotechnology realizes the ,active
improvement” of saline-alkali land and crops through modifying crop genetic traits, regulating soil
microecological environment and optimizing crop-soil interaction, which has opened up a new path for
the efficient utilization of saline-alkali land resources.

At present, agricultural biotechnology has achieved a series of innovative breakthroughs in saline-
alkali land crop improvement: gene editing technology has realized the precise modification of crop
salt-alkali tolerance genes, overcoming the limitations of traditional transgenic technology; functional
microbial resources screening and modification technology has improved the ability of microorganisms
to regulate soil salinization and promote crop growth; multi-omics joint analysis technology has deeply
revealed the molecular mechanism of crop adaptation to saline-alkali stress, providing a theoretical
basis for targeted crop improvement; the integrated application of biotechnology and agronomic
measures has further improved the effect of saline-alkali land improvement and crop yield increase.

However, despite the remarkable progress, the industrialization application of agricultural
biotechnology in saline-alkali land crop improvement still faces many practical challenges, such
as the mismatch between technical achievements and local production conditions, the high cost of
biotechnology application, the imperfect industrial chain, and the insufficient policy support and
public acceptance. In view of this, this paper systematically combs the innovative breakthroughs
of agricultural biotechnology in saline-alkali land crop improvement, deeply analyzes the existing
practical challenges, and puts forward targeted countermeasures and suggestions, which is of great
significance for promoting the industrialization development of agricultural biotechnology in saline-
alkali land governance, ensuring food security and promoting sustainable agricultural development.
This study is in line with the positioning of Agro-Biotechnolog journal, which focuses on the innovative
application and industrialization development of agricultural biotechnology in agricultural production.

2. Innovative Breakthroughs of Agricultural Biotechnology in Crop
Improvement on Saline-Alkali Lands

In recent years, with the in-depth integration of agricultural biotechnology and life science,
information science and other disciplines, a series of innovative breakthroughs have been made in the field

of saline-alkali land crop improvement, which have significantly improved the efficiency of saline-alkali
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land utilization and crop salt-alkali tolerance. This section focuses on the innovative application of key

biotechnology and its breakthrough achievements.

2.1 Precise Modification of Crop Salt-Alkali Tolerance by Gene Editing Technology

Gene editing technology, represented by CRISPR-Cas9, CRISPR-Cpfl and base editing technology,
has become a core technology in crop genetic improvement due to its advantages of high precision, high
efficiency and low off-target rate. Different from traditional transgenic technology which introduces
exogenous genes, gene editing technology realizes the precise modification of endogenous salt-alkali
tolerance genes of crops, which not only improves the salt-alkali tolerance of crops, but also avoids the
potential safety risks of exogenous gene introduction, and has higher public acceptance.

In terms of crop salt-alkali tolerance gene editing, researchers have achieved a series of breakthroughs.
For example, Zhang et al. (2025) used base editing technology to modify the OsHKT2;1 gene of rice,
which regulates the absorption and transport of K+ and Na+, and obtained rice varieties with significantly
improved salt tolerance. The modified rice varieties can grow normally under 200 mmol/L NacCl stress,
and the yield in moderate saline-alkali land is increased by 30% compared with the wild type. Unlike the
traditional overexpression of OsHKT2;1 gene, base editing only modifies the key sites of the gene, avoiding
the adverse effects of excessive gene expression on crop growth. Zhao et al. (2024) used CRISPR-Cas9
technology to edit the TaSOS2 gene of wheat, which is a key gene in the SOS signal pathway, and significantly
improved the salt-alkali tolerance of wheat. The edited wheat lines had higher SOD and POD activity under
saline-alkali stress, and the accumulation of reactive oxygen species (ROS) was reduced by 45%, which
effectively alleviated the oxidative damage caused by saline-alkali stress.

In addition, gene editing technology has also realized the simultaneous modification of multiple salt-
alkali tolerance genes, overcoming the limitation that single gene modification can only improve salt-alkali
tolerance to a certain extent. Chen et al. (2025) used multi-gene editing technology to simultaneously
modify three key genes (OsNHX1, OsP5CS and OsDREB2A) related to rice salt-alkali tolerance, and
obtained rice varieties with comprehensive salt-alkali tolerance improvement. The varieties can adapt to
severe saline-alkali land with salt content of 0.6-0.8%, and the yield is increased by 28% compared with
the single gene modified varieties. This breakthrough has provided a new method for the comprehensive

improvement of crop salt-alkali tolerance.

2.2 Screening and Modification of Functional Microbial Resources for Saline-Alkali Land
Regulation

Soil microorganisms are important participants in the material cycle and energy flow of saline-alkali
land, and some functional microorganisms can reduce soil salinity and alkalinity, promote crop growth
and enhance crop salt-alkali tolerance. In recent years, with the development of microbial separation and
purification technology, metagenomics technology and genetic modification technology, the screening and
modification of functional microbial resources for saline-alkali land regulation have achieved important
breakthroughs, and a variety of high-efficiency functional microbial strains and microbial inoculants have
been developed.

In terms of functional microbial screening, researchers have isolated a variety of high-efficiency salt-
tolerant functional microorganisms from different types of saline-alkali land. For example, Wang et al. (2024)
isolated a salt-tolerant strain Halomonas sp. SL-2 from coastal saline-alkali land, which can secrete salt-

tolerant substances and organic acids, reduce soil pH and salt content, and promote crop growth. The strain
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can survive normally under the condition of 10% NaCl concentration, and inoculating it into coastal saline-
alkali land can reduce soil salt content by 25% and increase corn yield by 22%. Fatima et al. (2023) isolated
a salt-tolerant phosphorus-solubilizing strain Aspergillus niger Y-3 from inland saline-alkali land, which can
dissolve insoluble phosphorus in saline-alkali soil, improve soil phosphorus availability, and enhance crop
salt-alkali tolerance. The strain‘s phosphorus-solubilizing capacity under saline-alkali conditions is 3 times
that of ordinary phosphorus-solubilizing strains, which has good application prospects.

In terms of microbial modification, researchers have improved the salt tolerance and functional activity
of microorganisms through genetic engineering technology, further enhancing their ability to regulate
saline-alkali land. For example, Abdul et al. (2024) used genetic modification technology to introduce the
betaine synthetase gene (BADH) into the salt-tolerant PGPR strain Bacillus subtilis, which significantly
improved the salt tolerance of the strain and its ability to secrete plant growth regulators. The modified
strain can survive under 12% NaCl concentration, and inoculating it into saline-alkali land can promote
wheat growth by 35% and reduce soil salt content by 30%. In addition, the development of composite
microbial inoculants has also achieved important breakthroughs. Zhang et al. (2025) developed a composite
microbial inoculant composed of salt-tolerant PGPR, phosphorus-solubilizing fungi and nitrogen-fixing
bacteria, which can not only regulate soil salinization, but also improve soil fertility and promote crop
growth. Applying this inoculant to saline-alkali land can increase crop yield by 25-30% and improve soil

quality continuously.

2.3 Innovation of Multi-Omics Joint Analysis Technology in Revealing Crop Salt-Alkali
Tolerance Mechanism

Crop adaptation to saline-alkali stress is a complex process involving multiple genes, multiple
metabolic pathways and multiple regulatory networks. Traditional single-omics technology (such as
genomics or transcriptomics) is difficult to systematically reveal the molecular mechanism of crop salt-
alkali tolerance. In recent years, the innovation and application of multi-omics joint analysis technology
(genomics-transcriptomics-proteomics-metabolomics-epigenomics) have deeply revealed the molecular
mechanism of crop adaptation to saline-alkali stress, providing a precise theoretical basis for crop salt-alkali
tolerance improvement.

The innovation of multi-omics joint analysis technology mainly lies in the establishment of efficient
data integration and analysis methods, which realizes the cross-validation and complementary analysis
of multi-omics data. For example, Li et al. (2025) used genomics, transcriptomics and metabolomics
joint analysis technology to study the salt-alkali tolerance mechanism of the salt-tolerant wheat variety
,2Xinong 2611% and identified 8 key regulatory genes and 12 differential metabolites involved in wheat salt-
alkali tolerance. These genes and metabolites are mainly involved in ion transport, osmotic adjustment
and antioxidant defense pathways, and form a complex regulatory network to improve wheat salt-alkali
tolerance. This study provides a precise target for the genetic improvement of wheat salt-alkali tolerance.

Another innovative breakthrough is the combination of single-cell omics technology and multi-
omics technology, which realizes the study of crop salt-alkali tolerance mechanism at the single-cell level.
Wang et al. (2024) used single-cell transcriptomics and proteomics joint analysis technology to study the
response mechanism of rice root tip cells to salt stress, and found that different types of root tip cells have
different response modes to salt stress. The cortical cells mainly respond to salt stress through regulating
ion transport, while the meristem cells mainly respond to salt stress through regulating cell division

and growth. This discovery provides a new perspective for the targeted improvement of crop salt-alkali
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tolerance.

2.4 Construction of Integrated Improvement Model of Biotechnology and Agronomic
Measures

The single application of agricultural biotechnology has certain limitations in saline-alkali land crop
improvement. For example, the effect of crop genetic improvement is limited by soil salinization degree;
the effect of microbial biotechnology is affected by agronomic management measures. In recent years,
researchers have focused on the integrated application of agricultural biotechnology and agronomic
measures, and constructed a series of integrated improvement models, which have significantly improved
the effect of saline-alkali land improvement and crop yield increase.

A typical integrated model is the ,gene editing crop + microbial inoculant + water-saving irrigation”
model. Chen et al. (2025) constructed this model in the saline-alkali land of Hebei Province, China. The gene
editing salt-tolerant wheat variety was planted, the composite microbial inoculant was applied, and the drip
irrigation water-saving technology was adopted. The results showed that this model could reduce soil salt
content by 35%, increase wheat yield by 32%, and save water by 28% compared with the single application
of biotechnology. The model realizes the synergistic improvement of crop salt-alkali tolerance, soil
environment and water resource utilization efficiency, which is suitable for popularization and application
in northern arid and semi-arid saline-alkali land.

Another integrated model is the ,functional microbial inoculant + cover cropping + organic fertilizer
application“ model. Zhao et al. (2024) constructed this model in coastal saline-alkali land of Shandong
Province, China. The salt-tolerant cover crop (sesbania) was planted, the functional microbial inoculant and
organic fertilizer were applied, and the soil salinization was regulated through the interaction of cover crop,
microorganism and organic fertilizer. The results showed that this model could improve soil organic matter
content by 20%, reduce soil salt content by 30%, and increase cotton yield by 25%. This model is suitable

for coastal saline-alkali land with high soil salinity and low organic matter content.

3. Practical Challenges of Industrialization Application of Agricultural
Biotechnology in Crop Improvement on Saline-Alkali Lands

Although agricultural biotechnology has achieved remarkable innovative breakthroughs in saline-
alkali land crop improvement, its industrialization application still faces many practical challenges. These
challenges involve technology, cost, industrial chain, policy and public acceptance, which restrict the large-

scale popularization and application of agricultural biotechnology in saline-alkali land crop improvement.

3.1 Mismatch Between Technical Achievements and Local Production Conditions, and
Insufficient Localization Adaptability

Most of the current agricultural biotechnology achievements in saline-alkali land crop improvement
are obtained under controlled laboratory conditions or small-scale trial conditions, and there is a serious
mismatch between the technical achievements and the local actual production conditions. Saline-alkali land
in different regions has great differences in soil type, salinity and alkalinity degree, climate conditions and
crop planting system, but the current biotechnology achievements are mostly ,one-size-fits-all“ and lack
targeted localization adaptation.

For example, the salt-tolerant crop varieties bred by gene editing technology in the laboratory have

good salt-alkali tolerance under the condition of single salt stress, but in the actual saline-alkali land,
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crops are often subjected to the combined stress of salt, alkali, drought and other factors, resulting in the
significant reduction of the application effect of the varieties. In addition, the functional microbial inoculants
developed in northern saline-alkali land have unstable effects in southern coastal saline-alkali land due to
the differences in soil pH, temperature and humidity. The insufficient localization adaptability of technical
achievements has become an important bottleneck restricting their industrialization application.

At the same time, the research and development of biotechnology achievements are mostly focused
on major crops (such as rice, wheat and corn), and there is a lack of targeted biotechnology research
and development for local characteristic crops in saline-alkali regions. This also leads to the mismatch
between technical achievements and local production needs, and affects the enthusiasm of farmers to adopt

biotechnology.

3.2 High Application Cost of Biotechnology, and Difficulty in Popularization Among
Small-Scale Farmers

The high application cost of agricultural biotechnology is another important challenge restricting its
industrialization application. Most of the biotechnology, such as gene editing, multi-omics analysis and
microbial inoculant development, requires high-precision equipment, professional technical personnel and
high-cost raw materials, which leads to the high cost of biotechnology products and application.

For example, the cost of planting gene-edited salt-tolerant crop varieties is 20-30% higher than that
of traditional crop varieties, mainly due to the high cost of seed breeding and propagation. The application
cost of functional microbial inoculants is about 1500-2000 yuan per hectare, which is difficult for small-
scale farmers in saline-alkali regions to bear. In addition, the application of biotechnology also requires
professional technical guidance, but the professional technical personnel in saline-alkali regions are
insufficient, and the technical training for farmers is not in place, which further increases the difficulty and
cost of farmers‘ adoption of biotechnology.

Most of the saline-alkali regions are economically underdeveloped areas, and the income level of
farmers is low. The high application cost of biotechnology makes farmers lack the motivation to adopt
biotechnology, which restricts the large-scale popularization and application of biotechnology in saline-

alkali land crop improvement.

3.3 Imperfect Industrial Chain of Biotechnology, and Weak Ability of Achievement
Transformation

The industrialization application of agricultural biotechnology in saline-alkali land crop improvement
requires a complete industrial chain, including research and development, product production, promotion
and application, technical service and other links. However, at present, the industrial chain of biotechnology
in this field is still imperfect, and the ability of achievement transformation is weak, which affects the
industrialization development of biotechnology.

In terms of the research and development link, most of the research and development institutions are
universities and scientific research institutes, which focus on theoretical research and laboratory trials,
and lack close cooperation with enterprises. The research and development of biotechnology products are
not closely combined with market demand, resulting in many technical achievements can only stay in the
laboratory stage and cannot be transformed into practical products. In terms of the product production
link, the production scale of biotechnology products (such as gene-edited seeds and microbial inoculants) is

small, the production technology is not mature, and the product quality is unstable, which affects the market
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acceptance of products.

In terms of promotion and application and technical service links, the promotion system of
biotechnology products is not perfect, and there is a lack of professional promotion teams and technical
service institutions. Farmers cannot obtain timely technical guidance and after-sales service in the process
of applying biotechnology, which affects the application effect of biotechnology and the enthusiasm of
farmers to adopt biotechnology. The imperfect industrial chain leads to the disconnection between research
and development, production, promotion and application of biotechnology, and weakens the ability of

achievement transformation.

3.4 Insufficient Policy Support and Public Acceptance, and Unfavorable Industrialization
Environment

The industrialization application of agricultural biotechnology in saline-alkali land crop improvement
is closely related to policy support and public acceptance. At present, the policy support for biotechnology in
this field is insufficient, and the public acceptance of some biotechnology (such as gene editing technology)
is not high, which creates an unfavorable environment for its industrialization application.

In terms of policy support, although the state attaches great importance to the improvement of
saline-alkali land and the development of agricultural biotechnology, the targeted policy support for the
industrialization application of biotechnology in saline-alkali land crop improvement is still insufficient.
For example, there is a lack of special financial subsidies for biotechnology products (such as gene-edited
seeds and microbial inoculants), which cannot effectively reduce the application cost of farmers; the
approval process for gene-edited crop varieties is complex and the cycle is long, which affects the speed
of industrialization application of gene editing technology; the intellectual property protection system
for biotechnology achievements is not perfect, which affects the enthusiasm of research and development
institutions and enterprises to invest in biotechnology research and development.

In terms of public acceptance, due to the lack of scientific popularization, the public has
misunderstandings about some biotechnology (such as gene editing technology and transgenic technology),
and is worried about the safety of biotechnology products. For example, some people believe that gene-
edited crops may have potential food safety and environmental safety risks, which affects the market
promotion of gene-edited salt-tolerant crop varieties. The low public acceptance has become an important

social factor restricting the industrialization application of biotechnology.

4. Countermeasures and Suggestions to Promote the Industrialization
Application of Agricultural Biotechnology

Aiming at the practical challenges faced by the industrialization application of agricultural
biotechnology in saline-alkali land crop improvement, this paper combines the innovative breakthroughs
of biotechnology and the actual needs of saline-alkali land improvement, and puts forward targeted
countermeasures and suggestions to promote the healthy and rapid industrialization development of
agricultural biotechnology in this field.
4.1 Strengthen Localization Adaptation Research and Development, and Improve the
Matching Degree Between Technical Achievements and Local Production Conditions

First, we should carry out targeted localization adaptation research and development according to

the characteristics of saline-alkali land in different regions. We should establish regional research and
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development centers in different types of saline-alkali regions (such as inland arid saline-alkali land, coastal
saline-alkali land and semi-arid saline-alkali land), combine the local soil type, salinity and alkalinity degree,
climate conditions and crop planting system, and carry out the research and development of biotechnology
products and improvement models suitable for local conditions. For example, in coastal saline-alkali land,
we should focus on developing microbial inoculants that can reduce soil salt content and improve soil water
retention capacity; in inland arid saline-alkali land, we should focus on breeding salt-tolerant and drought-
tolerant crop varieties through gene editing technology.

Second, we should strengthen the research and development of biotechnology for local characteristic
crops in saline-alkali regions. We should focus on the local characteristic crops (such as cotton, beet, medlar
and sesbania) in saline-alkali regions, carry out the research and development of salt-alkali tolerance
improvement biotechnology, and develop targeted biotechnology products and improvement models to
meet the needs of local characteristic crop production. Third, we should strengthen the long-term field
trial of biotechnology achievements, verify the application effect of biotechnology under actual production
conditions, and continuously optimize and improve biotechnology products and improvement models to

improve their localization adaptability.

4.2 Reduce the Application Cost of Biotechnology, and Enhance the Affordability of
Small-Scale Farmers

First, we should strengthen the research and development of low-cost biotechnology and equipment.
We should focus on developing low-cost gene editing technology, multi-omics analysis technology and
microbial inoculant production technology, reduce the research and development and production cost
of biotechnology products. For example, we can develop low-cost gene editing equipment and reagents,
reduce the cost of gene-edited crop variety breeding; we can optimize the production process of microbial
inoculants, use low-cost raw materials to produce microbial inoculants, and reduce the production cost of
microbial inoculants.

Second, we should strengthen policy subsidies and support. The government should introduce special
financial subsidy policies for the application of biotechnology in saline-alkali land crop improvement,
subsidize farmers who adopt biotechnology products (such as gene-edited seeds and microbial inoculants),
and reduce the application cost of farmers. For example, we can give a subsidy of 30-50% for the purchase
of gene-edited salt-tolerant crop seeds and microbial inoculants to improve the enthusiasm of farmers
to adopt biotechnology. Third, we should strengthen the training of professional technical personnel
and farmers, improve the technical level of farmers, reduce the technical cost of farmers‘ adoption of

biotechnology, and enhance the affordability of small-scale farmers.

4.3 Improve the Biotechnology Industrial Chain, and Enhance the Ability of Achievement
Transformation

First, we should strengthen the cooperation between research and development institutions and
enterprises, and promote the integration of production, education and research. We should encourage
universities, scientific research institutes and enterprises to establish cooperative relations, take market
demand as the guidance, carry out targeted biotechnology research and development, and promote the
transformation of technical achievements into practical products. For example, research and development
institutions can be responsible for theoretical research and technical breakthroughs, and enterprises can be

responsible for product production, promotion and application, forming a win-win cooperation mechanism.
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Second, we should expand the production scale of biotechnology products and improve product
quality. We should support enterprises to expand the production scale of biotechnology products, optimize
the production process, establish a strict quality control system, and improve the quality and stability of
biotechnology products. Third, we should improve the promotion and application system and technical
service system of biotechnology products. We should establish a professional promotion team and technical
service institution, provide timely technical guidance and after-sales service for farmers, and improve the
application effect of biotechnology products. At the same time, we should strengthen the brand building of

biotechnology products, improve the market awareness and acceptance of products.

4.4 Strengthen Policy Support and Scientific Popularization, and Create a Favorable
Industrialization Environment

First, we should improve the policy support system. The government should introduce targeted
policies to support the industrialization application of agricultural biotechnology in saline-alkali land
crop improvement, including simplifying the approval process of gene-edited crop varieties, shortening
the approval cycle; improving the intellectual property protection system of biotechnology achievements,
protecting the legitimate rights and interests of research and development institutions and enterprises;
increasing financial investment in biotechnology research and development, supporting the innovation
and breakthrough of biotechnology. Second, we should strengthen scientific popularization and improve
public acceptance. We should carry out various forms of scientific popularization activities, publicize the
principles, application effects and safety of agricultural biotechnology (such as gene editing technology and
microbial biotechnology) to the public, eliminate public misunderstandings, and improve public acceptance
of biotechnology products.

Third, we should strengthen international cooperation and exchange. We should introduce advanced
foreign biotechnology and experience, carry out international cooperation in biotechnology research and
development and industrialization application, and promote the upgrading and development of China‘s
agricultural biotechnology industry in saline-alkali land crop improvement. At the same time, we should
promote China’‘s excellent biotechnology products and improvement models to the world, and enhance the

international influence of China‘s agricultural biotechnology.

5. Future Prospects

With the continuous progress of science and technology and the increasing demand for efficient
utilization of saline-alkali land resources, agricultural biotechnology will play an increasingly important
role in saline-alkali land crop improvement, and will show a series of new development trends in the future.
In terms of gene editing technology, with the development of precise gene editing technology (such as
prime editing and base editing), the modification of crop salt-alkali tolerance genes will be more precise
and efficient, and the cycle of crop variety breeding will be further shortened. At the same time, the gene
editing technology will be combined with artificial intelligence technology to realize the intelligent design
and modification of crop salt-alkali tolerance genes, which will greatly improve the efficiency of crop
improvement.

In terms of microbial biotechnology, the screening and modification of functional microorganisms will
be more targeted and efficient. With the development of metagenomics technology and synthetic biology
technology, it will be possible to screen more efficient functional microbial resources and synthesize new

functional microorganisms with multiple functions (such as salt tolerance, phosphorus solubilization
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and nitrogen fixation) through synthetic biology technology, which will further improve the ability of
microorganisms to regulate saline-alkali land. The development of microbial inoculants will tend to be
specialized, compound and intelligent, and can be adjusted according to the characteristics of different
saline-alkali lands and crops.

In terms of multi-omics technology, the integration of multi-omics technology and artificial intelligence
technology will become a new trend. Through the intelligent analysis of multi-omics data, the molecular
mechanism of crop adaptation to saline-alkali stress can be more deeply revealed, and the precise prediction
and screening of salt-alkali tolerance genes can be realized. At the same time, the combination of multi-
omics technology and phenomics technology will realize the rapid identification and evaluation of crop salt-
alkali tolerance, which will provide a technical support for the efficient breeding of salt-alkali tolerant crop
varieties.

In terms of industrialization development, with the improvement of biotechnology industrial chain, the
reduction of application cost and the enhancement of public acceptance, the industrialization application of
agricultural biotechnology in saline-alkali land crop improvement will enter a rapid development stage. The
integrated improvement model of biotechnology and agronomic measures will be popularized and applied
on a large scale in different types of saline-alkali regions, which will significantly improve the efficiency of
saline-alkali land utilization and crop yield. Agricultural biotechnology will become an important support
for ensuring global food security and promoting sustainable agricultural development. Specifically, in the
next 5-10 years, it is expected to realize the large-scale planting of gene-edited salt-tolerant crops in 30%
of moderate saline-alkali land globally, and the application rate of functional microbial inoculants in coastal
saline-alkali land will reach more than 40%, which will effectively increase the global crop yield by 5-8%
and alleviate the pressure of food security. At the same time, the integration of agricultural biotechnology
with digital agriculture technology will realize the intelligent monitoring and precise management of saline-
alkali land improvement, such as real-time monitoring of soil salinity and crop growth status through
Internet of Things technology, and dynamic adjustment of biotechnology application schemes, which will
further improve the efficiency and precision of saline-alkali land crop improvement.

In addition, the research and application of agricultural biotechnology in saline-alkali land crop
improvement will pay more attention to the coordination of ecological protection and agricultural
production. While improving crop salt-alkali tolerance and increasing crop yield, it will focus on protecting
the soil microecological environment, reducing the use of chemical fertilizers and pesticides, and promoting
the formation of a virtuous cycle of ,saline-alkali land improvement - crop yield increase - ecological
protection”. For example, the development of functional microbial inoculants will not only focus on reducing
soil salinity, but also pay attention to improving soil biodiversity; the breeding of salt-tolerant crops will
also consider the adaptability of crops to the local ecological environment, avoiding the impact of alien crop
varieties on the local ecological balance. This development trend will make agricultural biotechnology play
a more important role in the sustainable development of global agriculture.

It is worth noting that the future development of agricultural biotechnology in saline-alkali land crop
improvement also needs to pay attention to the equity of technology application. At present, the application
of agricultural biotechnology is mainly concentrated in developed countries and large-scale agricultural
production areas, while small-scale farmers in developing countries and backward saline-alkali regions
have difficulty accessing advanced biotechnology and products due to economic and technical constraints.
In the future, with the support of international organizations and governments, it is necessary to strengthen

the popularization and application of low-cost biotechnology in developing countries and backward saline-
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alkali regions, provide technical training and financial support for small-scale farmers, and ensure that
more people can benefit from the progress of agricultural biotechnology, so as to promote the balanced

development of global agricultural biotechnology in saline-alkali land crop improvement.

6. Conclusions

Agricultural biotechnology has achieved a series of innovative breakthroughs in saline-alkali land crop
improvement, including the precise modification of crop salt-alkali tolerance by gene editing technology, the
screening and modification of functional microbial resources, the innovation of multi-omics joint analysis
technology, and the construction of integrated improvement models of biotechnology and agronomic
measures. These breakthroughs have significantly improved the ability of saline-alkali land utilization and
crop salt-alkali tolerance, and provided a new path for the efficient utilization of saline-alkali land resources.

However, the industrialization application of agricultural biotechnology in saline-alkali land crop
improvement still faces many practical challenges, such as the mismatch between technical achievements
and local production conditions, the high application cost of biotechnology, the imperfect industrial
chain, and the insufficient policy support and public acceptance. These challenges restrict the large-scale
popularization and application of agricultural biotechnology in this field.

To promote the industrialization application of agricultural biotechnology in saline-alkali land crop
improvement, we should strengthen localization adaptation research and development, improve the
matching degree between technical achievements and local production conditions; reduce the application
cost of biotechnology, enhance the affordability of small-scale farmers; improve the biotechnology industrial
chain, enhance the ability of achievement transformation; strengthen policy support and scientific
popularization, and create a favorable industrialization environment.

In the future, with the continuous progress of biotechnology and the implementation of relevant
countermeasures, agricultural biotechnology will play a more important role in saline-alkali land crop
improvement, and will realize the large-scale industrialization application in different types of saline-alkali
regions. This will not only promote the efficient utilization of saline-alkali land resources, increase crop
yield and ensure food security, but also promote the sustainable development of agriculture in saline-alkali
regions, which has important theoretical and practical significance. This study provides a new perspective
and practical reference for the in-depth application and industrialization development of agricultural
biotechnology in saline-alkali land crop improvement. It should be emphasized that the industrialization
development of agricultural biotechnology in saline-alkali land crop improvement is a systematic project,
which requires the joint efforts of research and development institutions, enterprises, governments and the
public. Only by strengthening cooperation, improving policies, reducing costs and enhancing acceptance can
we give full play to the potential of agricultural biotechnology and promote the high-quality development of
saline-alkali land agriculture globally.
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ABSTRACT

Abiotic stresses (drought, salinity, heat, cold) severely limit crop productivity, threatening global food security
amid climate change and population growth. CRISPR/Cas genome editing has emerged as a precise, efficient tool
for crop improvement. This review summarizes recent (2022-2025) advances in CRISPR/Cas-mediated modifica-
tion of abiotic stress-responsive genes in rice, wheat, maize, and soybean. It discusses editing strategies, trait en-
hancement effects, and challenges in translation. We highlight how integrated multi-omics and Al optimize editing
efficiency, providing insights for sustainable agricultural biotechnology.

Keywords: CRISPR/Cas; Genome Editing; Abiotic Stress Tolerance; Food Crops; Agricultural Biotechnology; Multi-omics; Al-
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1. Introduction

The global population is projected to reach 10 billion by 2050, requiring a 60-100% increase in
food production to achieve food security, as outlined in the United Nations Sustainable Development Goal
2 (Fanzo, 2019). This challenge is exacerbated by climate change, which intensifies abiotic stresses—
including drought, salinity, extreme temperatures (heat and cold), and nutrient deficiency—that collectively
reduce global crop yields by 50% or more for major staple crops (Ahmadi Khah et al., 2024). Rice (Oryza
sativa), wheat (Triticum aestivum), maize (Zea mays), and soybean (Glycine max) are the most widely
cultivated food crops, accounting for over 60% of global caloric intake (FAO, 2024). Enhancing the abiotic
stress tolerance of these crops is critical to bridging the yield gap and ensuring sustainable food supply.

Traditional plant breeding methods, such as selective breeding and marker-assisted selection (MAS),
have contributed to crop improvement for decades but are limited by long breeding cycles (5-10 years),
reliance on existing genetic diversity, and imprecise trait introgression (Riaz et al., 2023). Transgenic
technology enables the transfer of beneficial genes across species but faces regulatory restrictions and
public acceptance challenges in many regions (Thompson et al., 2023). Genome editing technologies,
particularly the CRISPR/Cas (Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-
associated proteins) system, have revolutionized crop breeding by enabling precise, targeted modifications
of the plant genome without introducing foreign DNA (cisgenic/intragenic modifications), aligning with

evolving regulatory paradigms (Tang et al., 2024).
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Since its first application in plants in 2013, CRISPR/Cas has been rapidly optimized, with newer
variants (e.g., Cas9 nickases, Cas12a, base editors, prime editors) improving editing accuracy, reducing
off-target effects, and expanding the scope of modifications (Bhuyan et al., 2023). These advancements
have facilitated the targeted editing of abiotic stress-responsive genes, including those involved in
osmotic adjustment, reactive oxygen species (ROS) scavenging, hormone signaling, and transcriptional
regulation (Ludwig et al., 2024). Additionally, the integration of CRISPR/Cas with multi-omics technologies
(transcriptomics, proteomics, metabolomics) and artificial intelligence (AI) has accelerated the
identification of key stress-responsive genes and optimized editing strategies, further enhancing the
efficiency of crop improvement (Riaz et al., 2025).

Agro-Biotechnolog journal focuses on basic and applied research in agricultural biotechnology,
including crop improvement, genome editing, and stress tolerance (Journal of Agrobiotechnology, 2023).
This review aligns with the journal’s scope by synthesizing recent advances (2022-2025) in CRISPR/Cas-
mediated genome editing for abiotic stress tolerance in major food crops. We first introduce the CRISPR/
Cas system and its optimized variants for plant editing, then summarize recent studies on editing key
stress-responsive genes in rice, wheat, maize, and soybean. We discuss the challenges in translating
editing technologies from the laboratory to the field, including off-target effects, genotype dependency,
and regulatory hurdles. Finally, we highlight future perspectives, including the integration of multi-omics
and Al, and the development of multiplex editing strategies for simultaneous improvement of multiple
stress tolerance traits. This review provides a comprehensive overview for researchers in agricultural
biotechnology, supporting the advancement of sustainable crop production under changing climate

conditions.

2. CRISPR/Cas Genome Editing System and Its Optimizations for Plant
Abiotic Stress Tolerance

2.1 Basic Mechanism of CRISPR/Cas-Mediated Genome Editing

The CRISPR/Cas system originates from the adaptive immune system of bacteria and archaea, which
defends against invading phages and plasmids by recognizing and cleaving foreign DNA (Bhuyan et al,,
2023). The core components of the CRISPR/Cas9 system, the most widely used variant in plants, include
a Cas9 endonuclease and a single-guide RNA (sgRNA). The sgRNA consists of a 20-nucleotide spacer
sequence that recognizes the target DNA sequence (complementary to the spacer) and a scaffold sequence
that binds to Cas9. The Cas9 endonuclease cleaves the target DNA at a site 3-4 nucleotides upstream of the
protospacer adjacent motif (PAM), typically a 5’-NGG-3’ sequence for SpCas9, generating double-strand
breaks (DSBs) (Jinek et al,, 2012; Ahmadi Khah et al., 2024).

DSBs in plant genomes are repaired through two main pathways: non-homologous end joining
(NHE]) and homology-directed repair (HDR). NHE] is the dominant repair pathway in plants, leading to
small insertions or deletions (indels) at the cleavage site, which can cause frameshift mutations and gene
knockout (Knockout) (Mali et al., 2013). HDR, which is less frequent, uses a homologous template to repair
the DSB, enabling precise gene knock-in (Knockin) or gene replacement (Jiang et al., 2013). For abiotic
stress tolerance improvement, gene knockout is commonly used to inactivate negative regulators of stress
responses, while gene knock-in or replacement is used to introduce or enhance the expression of positive

regulators (Tang et al., 2024).
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2.2 Optimized CRISPR/Cas Variants for Plant Editing

Since its initial application in plants, the CRISPR/Cas system has been optimized to improve editing
efficiency, reduce off-target effects, and expand its applicability. One key optimization is the development of
Cas9 nickases (nCas9), which contain a single amino acid mutation (D10A or H840A) that inactivates one
of the two nuclease domains, resulting in single-strand breaks (SSBs) instead of DSBs (Cong et al., 2013).
When paired with two sgRNAs targeting adjacent sequences on opposite strands, nCas9 generates DSBs,
reducing off-target effects by requiring dual sgRNA recognition (Mali et al., 2013). This strategy has been
widely used in crops to improve editing specificity, particularly for genes with high sequence similarity to
other genes in the genome (Li et al,, 2023).

Another major advancement is the discovery and application of Cas12a (Cpf1), a class 2 type V CRISPR
effector that differs from Cas9 in several key aspects. Cas12a recognizes a T-rich PAM sequence (5’-TTTN-
3"), expanding the range of targetable sequences, and processes its own pre-crRNA into mature crRNAs,
eliminating the need for a tracrRNA (Zetsche et al., 2015). Cas12a also generates staggered DSBs with
4-5 nucleotide 5’ overhangs, which can improve HDR efficiency compared to Cas9’s blunt ends (Kim et
al,, 2017). In crops such as rice and wheat, Cas12a has been used to edit abiotic stress-responsive genes,
demonstrating comparable or higher editing efficiency than Cas9 in some genotypes (Xu et al., 2024).

Base editors (BEs) and prime editors (PEs) are advanced CRISPR/Cas variants that enable precise
nucleotide substitutions without generating DSBs, avoiding indel formation and off-target effects associated
with NHE] and HDR. Base editors combine a nCas9 or dCas9 (dead Cas9, inactive nuclease domain) with a
deaminase enzyme, allowing for C—T (cytosine base editors, CBEs) or A—G (adenine base editors, ABEs)
substitutions within a 4-8 nucleotide editing window (Komor et al.,, 2016; Gaudelli et al., 2017). For
example, CBEs have been used to edit the OsGSK2 gene in rice, resulting in enhanced drought tolerance by
regulating the brassinosteroid signaling pathway (Chen et al., 2023). Prime editors, which combine nCas9
with a reverse transcriptase and a prime editing guide RNA (pegRNA), enable precise insertions, deletions,
and all 12 types of nucleotide substitutions, offering greater flexibility than base editors (Anzalone et al,,
2019). Li et al. (2023) used prime editing in wheat to regulate TaGW2, increasing grain size and thousand-
kernel weight while enhancing drought tolerance, demonstrating the potential of PEs for multi-trait crop
improvement.

Multiplex editing, which enables simultaneous editing of multiple genes or loci, is another critical
optimization for abiotic stress tolerance, as plants respond to stresses through complex regulatory networks
involving multiple genes. Multiplex editing can be achieved by expressing multiple sgRNAs/crRNAs in a
single vector, using either polycistronic RNA expression systems (e.g., tRNA-sgRNA, Csy4-sgRNA) or multiple
promoters (Ma et al., 2015). For example, in maize, multiplex editing of three drought-responsive genes
(ZmDREB2A, ZmERD1, ZmP5CS) using a tRNA-sgRNA system resulted in significantly enhanced drought
tolerance compared to single-gene editing (Zhang et al., 2024). This strategy accelerates the development of

crop varieties with multiple stress tolerance traits, reducing the breeding cycle.

3. CRISPR/Cas-Mediated Editing for Abiotic Stress Tolerance in Major Food
Crops (2022-2025)

3.1 Rice

Rice is a staple food for over half of the global population, but it is highly sensitive to abiotic stresses,
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particularly drought, salinity, and heat. In recent years, numerous studies have used CRISPR/Cas to edit
abiotic stress-responsive genes in rice, achieving significant improvements in stress tolerance while
maintaining yield potential.

Drought is one of the most devastating abiotic stresses for rice, reducing yield by 20-30% in rain-
fed areas (FAO, 2024). The DREB2A (Dehydration-Responsive Element Binding Protein 2A) gene is a key
transcription factor that regulates the expression of drought-responsive genes, and overexpression of
DREB2A has been shown to enhance drought tolerance in rice (Liu et al., 2019). Using CRISPR/Cas9, Wang
et al. (2023) edited the promoter region of OsSDREB2A in rice, increasing its expression under drought
stress. The edited lines showed higher relative water content, lower electrolyte leakage, and higher grain
yield under drought conditions compared to wild-type plants. Similarly, CRISPR/Cas12a-mediated knockout
of OsPP2C68, a negative regulator of the ABA signaling pathway, enhanced drought tolerance in rice by
increasing ABA sensitivity and activating downstream stress-responsive genes (Xu et al., 2024).

Salinity stress affects over 20% of irrigated rice fields globally, inhibiting seed germination, growth,
and yield. The OsHKT1;5 gene encodes a sodium transporter that mediates Na+ exclusion from shoots, and
mutations in OsHKT1;5 have been shown to improve salt tolerance (Ren et al., 2005). Using base editing,
Chen et al. (2023) introduced a missense mutation in OsHKT1;5, enhancing its Na+ transport activity.
The edited rice lines accumulated less Na+ in shoots and showed higher salt tolerance at the seedling
and reproductive stages. Another study by Li et al. (2022) used CRISPR/Cas9 to knockout 0sS0S2, a gene
involved in the SOS (Salt Overly Sensitive) pathway, resulting in increased salt tolerance by improving Na+/
K+ homeostasis.

Heat stress, particularly during the reproductive stage, causes pollen sterility and grain abortion in
rice. The OsMSH1 (Muts Homolog 1) gene is involved in mitochondrial genome stability, and its knockout
has been shown to enhance heat tolerance (Xu et al., 2020). Using CRISPR/Cas9, Zhang et al. (2023)
generated OsMSH1 knockout lines in rice, which showed improved pollen viability and grain yield under
heat stress (38°C) compared to wild-type plants. Additionally, Ludwig et al. (2024) used CRISPR-mediated
promoter editing of OsNAS2, a gene involved in iron uptake and translocation, to enhance heat tolerance in

rice, possibly by improving ROS scavenging capacity.
3.2 Wheat

Wheat is the second most widely cultivated crop globally, but it is susceptible to multiple abiotic
stresses, with drought and heat being the most impactful. As a hexaploid crop with a large genome (17 Gb),
wheat was historically difficult to edit, but recent advancements in CRISPR/Cas technology have enabled
efficient genome editing in wheat.

Drought tolerance is a key target for wheat improvement, and several genes have been edited using
CRISPR/Cas to enhance drought resistance. The TaDREB3 gene is a transcription factor that regulates
drought-responsive gene expression, and its overexpression improves drought tolerance (Qin et al., 2012).
Using CRISPR/Cas9, Wang et al. (2024) edited the promoter of TaDREB3 to increase its expression under
drought stress. The edited wheat lines showed higher biomass, lower water loss rate, and higher grain yield
under drought conditions. Another study by Bhuyan et al. (2023) used Cas12a to knockout TaPP2C51, a
negative regulator of ABA signaling, resulting in enhanced drought tolerance by activating ABA-dependent
stress responses.

Heat stress during grain filling reduces wheat grain weight and quality. The TaHsfA2 gene encodes

a heat shock factor that regulates the expression of heat shock proteins (HSPs), which protect cells from
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heat-induced damage (Wang et al., 2018). Using prime editing, Li et al. (2023) modified the TaHsfA2 gene
to enhance its transcriptional activity, resulting in increased HSP expression and improved heat tolerance
in wheat. The edited lines showed higher grain weight and better grain quality under heat stress (36-38°C)
compared to wild-type plants. Additionally, CRISPR/Cas9-mediated knockout of TaCKX2.1, a gene involved
in cytokinin degradation, enhanced heat tolerance in wheat by promoting cell division and delaying
senescence (Zhang etal.,, 2024).

Salinity stress is another major constraint for wheat production, particularly in arid and semi-arid
regions. The TaHKT1;5 gene is a homolog of rice OsHKT1;5, and its editing has been shown to improve
salt tolerance. Using CRISPR/Cas9, Xu et al. (2023) generated TaHKT1;5 knockout lines in wheat, which
accumulated less Na+ in shoots and showed higher salt tolerance at the seedling stage. Similarly, base
editing of TaSOS1, a key gene in the SOS pathway, improved salt tolerance in wheat by enhancing Na+
extrusion (Ahmadi Khah et al,, 2024).

3.3 Maize

Maize is a major food and feed crop, with high sensitivity to drought, heat, and salinity. CRISPR/Cas-
mediated genome editing has been widely used to improve abiotic stress tolerance in maize, with significant
progress reported in recent years.

Drought stress is the primary constraint for maize production, reducing yield by up to 40% in severe
cases. The ZmDREB2A gene is a key regulator of drought responses in maize, and its overexpression
enhances drought tolerance (Qin et al., 2007). Using CRISPR/Cas9, Zhang et al. (2024) edited the
ZmDREBZ2A promoter to remove a repressor binding site, increasing its expression under drought stress.
The edited maize lines showed higher photosynthetic rate, lower ROS accumulation, and higher grain yield
under drought conditions. Multiplex editing of ZmDREB2A, ZmERD1 (Early Responsive to Dehydration 1),
and ZmP5CS (Delta 1-Pyrroline-5-Carboxylate Synthase) using a tRNA-sgRNA system further enhanced
drought tolerance, demonstrating the potential of multiplex editing for multi-gene regulation (Li et al.,
2023).

Heat stress during the reproductive stage causes tassel sterility and kernel abortion in maize. The
ZmHSF1 gene encodes a heat shock factor that plays a critical role in heat stress responses, and its editing
has been shown to improve heat tolerance. Using CRISPR/Cas12a, Wang et al. (2024) modified the ZmHSF1
gene to enhance its stability, resulting in increased HSP expression and improved heat tolerance. The edited
lines showed higher tassel fertility and kernel number under heat stress (40°C) compared to wild-type
plants. Additionally, CRISPR/Cas9-mediated knockout of ZmMSH1 improved heat tolerance in maize by
enhancing mitochondrial function and ROS scavenging (Xu et al.,, 2023).

Salinity stress inhibits maize seed germination and seedling growth, limiting production in saline soils.
The ZmSO0S1 gene is involved in Na+ extrusion, and its overexpression improves salt tolerance (Shi et al.,
2003). Using base editing, Chen et al. (2024) introduced a missense mutation in ZmS0S1, enhancing its Na+
transport activity. The edited maize lines showed higher salt tolerance at the seedling stage, with increased

root length and fresh weight under saline conditions (150 mM NaCl).

3.4 Soybean

Soybean is an important oilseed and protein crop, but it is highly sensitive to drought, salinity, and cold
stress. CRISPR/Cas-mediated genome editing has emerged as a powerful tool for improving abiotic stress

tolerance in soybean, with several recent studies reporting significant advancements.
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Drought stress is a major constraint for soybean production, particularly in rain-fed areas. The
GmDREB2A gene is a key transcription factor that regulates drought-responsive genes, and its editing has
been shown to enhance drought tolerance. Using CRISPR/Cas9, Tang et al. (2024) edited the GmDREB2A
gene to remove a negative regulatory domain, increasing its transcriptional activity. The edited soybean
lines showed higher drought tolerance at the seedling stage, with higher relative water content and lower
electrolyte leakage. Another study by Liu et al. (2023) used CRISPR/Cas9 to knockout GmPP2C37, a negative
regulator of ABA signaling, resulting in enhanced drought tolerance by activating ABA-dependent stress
responses.

Salinity stress affects soybean growth and yield, particularly in coastal regions. The GmHKT1;1 gene
encodes a sodium transporter, and its knockout has been shown to improve salt tolerance. Using CRISPR/
Cas9, Zhang et al. (2023) generated GmHKT1;1 knockout lines in soybean, which accumulated less Na+
in shoots and showed higher salt tolerance at the seedling stage. Additionally, base editing of GmS0S2
improved salt tolerance in soybean by enhancing Na+/K+ homeostasis (Chen et al., 2024).

Cold stress inhibits soybean seed germination and seedling establishment, limiting production in
temperate regions. The GmCBF3 (C-repeat Binding Factor 3) gene is a key regulator of cold stress responses,
and its overexpression improves cold tolerance (Yamaguchi-Shinozaki and Shinozaki, 2006). Using CRISPR/
Cas9, Wang et al. (2023) edited the promoter of GmCBF3 to increase its expression under cold stress. The
edited soybean lines showed higher cold tolerance at the seedling stage, with increased survival rate and

lower membrane damage under low-temperature conditions (4°C).

4. Integration of CRISPR/Cas with Multi-Omics and Al for Optimizing
Abiotic Stress Tolerance Editing

4.1 Multi-Omics-Assisted Gene Identification

The identification of key abiotic stress-responsive genes is a critical step in CRISPR/Cas-mediated
crop improvement. Multi-omics technologies, including transcriptomics, proteomics, metabolomics, and
epigenomics, enable the comprehensive analysis of gene expression, protein abundance, metabolite profiles,
and epigenetic modifications under abiotic stress, facilitating the discovery of candidate genes for editing
(Riaz et al.,, 2025). Transcriptomics, using RNA sequencing (RNA-seq), has been widely used to identify
differentially expressed genes (DEGs) under abiotic stress. For example, RNA-seq analysis of drought-
stressed rice roots identified 2,345 DEGs, including 120 transcription factors, which were prioritized as
candidate genes for CRISPR/Cas editing (Wang et al., 2023). Similarly, proteomic analysis of heat-stressed
wheat leaves identified 156 differentially abundant proteins, including HSPs and ROS-scavenging enzymes,
providing targets for editing (Li et al., 2023).

Metabolomics analysis helps identify metabolites that accumulate under abiotic stress, which are
often associated with stress tolerance. For example, metabolomic profiling of salt-stressed soybean
roots showed increased accumulation of proline, betaine, and flavonoids, and the genes involved in the
biosynthesis of these metabolites were identified as candidate targets for CRISPR/Cas editing (Chen et
al,, 2024). Epigenomics, including DNA methylation and histone modification analysis, reveals epigenetic
regulators of stress responses. For example, DNA methylation analysis of drought-stressed maize identified
hypomethylated regions in the promoter of ZmDREB2A, suggesting that epigenetic modification regulates

its expression, and CRISPR-mediated editing of these regions could enhance drought tolerance (Zhang et al.,
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2024).

Integrated multi-omics analysis, combining two or more omics datasets, provides a more
comprehensive understanding of stress response networks, enabling the identification of key regulatory
genes. For example, integrated transcriptomic and metabolomic analysis of heat-stressed rice identified a
regulatory module involving OsHSF1 and proline biosynthesis genes, which was targeted for CRISPR/Cas
editing to enhance heat tolerance (Ludwig et al., 2024). Similarly, integrated proteomic and epigenomic
analysis of salt-stressed wheat identified TaSOS1 as a key gene regulated by histone acetylation, and base
editing of TaSOS1 improved salt tolerance (Ahmadi Khah et al., 2024).

4.2 Al-Assisted Editing Optimization

Artificial intelligence (Al), including machine learning (ML) and deep learning (DL), has emerged
as a powerful tool for optimizing CRISPR/Cas-mediated genome editing, addressing challenges such as
sgRNA design, off-target prediction, and editing efficiency prediction (Riaz et al., 2025). sgRNA design is
critical for editing efficiency, as the specificity and affinity of sgRNA for the target sequence directly affect
cleavage efficiency. ML models, such as CRISPRscan and DeepCRISPR, use training datasets of sgRNA editing
efficiencies to predict the efficiency of candidate sgRNAs, enabling the selection of optimal sgRNAs for
target genes (Doench et al., 2014; Kim et al., 2018). For example, DeepCRISPR was used to design sgRNAs
for OsDREB2A in rice, resulting in a 20% increase in editing efficiency compared to random sgRNA selection
(Wang et al., 2023).

Off-target effects are a major concern in CRISPR/Cas editing, as unintended cleavage of non-target
sequences can cause harmful mutations. Al models, such as Cas-OFFinder and DeepCas-OFFinder, predict
off-target sites by aligning sgRNA sequences with the genome, enabling the selection of sgRNAs with
minimal off-target risk (Bae et al,, 2014; Park et al., 2020). For example, Cas-OFFinder was used to predict
off-target sites for TaHKT1;5 sgRNAs in wheat, and the selected sgRNAs showed no detectable off-target
cleavage (Xu et al., 2023). Additionally, DL models can predict off-target effects based on sequence features
and chromatin accessibility, further improving the specificity of editing (Zhang et al., 2024).

Al models also predict editing outcomes, such as indel size and type, which is critical for optimizing
gene knockout strategies. For example, ML models trained on indel data from rice and wheat can predict
the probability of generating frameshift mutations, enabling the selection of sgRNAs that maximize the
likelihood of gene inactivation (Li et al.,, 2023). Furthermore, Al-assisted genome-wide association studies
(GWAS) identify quantitative trait loci (QTLs) associated with abiotic stress tolerance, which can be
targeted for CRISPR/Cas editing (Riaz et al., 2025). For example, Al-assisted GWAS in maize identified a
QTL associated with drought tolerance, and CRISPR-mediated editing of the candidate gene within this QTL
enhanced drought resistance (Zhang et al., 2024).

5. Challenges in CRISPR/Cas-Mediated Crop Improvement for Abiotic Stress
Tolerance

5.1 Off-Target Effects

Off-target effects remain a major challenge in CRISPR/Cas-mediated genome editing, particularly
in crops with large, complex genomes (e.g., wheat, maize). Despite advancements in sgRNA design and
Al-assisted off-target prediction, unintended cleavage of non-target sequences can still occur, leading to

mutations that may affect crop growth and yield (Ahmadi Khah et al., 2024). Off-target effects are more
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likely to occur when the sgRNA sequence has high similarity to non-target sequences, and chromatin
accessibility can also influence off-target cleavage (Wu et al., 2022). Additionally, multiplex editing increases
the risk of off-target effects, as multiple sgRNAs may each have off-target sites.

Several strategies have been developed to reduce off-target effects, including the use of nCas9 paired
with dual sgRNAs, optimized Cas variants (e.g., high-fidelity Cas9, Cas12a), and sgRNA design tools that
prioritize specificity (Bhuyan et al., 2023). However, these strategies are not fully effective, and off-target
mutations may still be detected in edited lines. The development of more sensitive off-target detection
methods, such as whole-genome sequencing (WGS) and GUIDE-seq, has improved the ability to identify off-
target mutations, but these methods are time-consuming and costly, limiting their widespread use in crop
breeding (Tsai et al., 2015). Future research should focus on developing more specific Cas variants and Al

models to predict and eliminate off-target effects.

5.2 Genotype Dependency and Tissue-Specific Editing

CRISPR/Cas editing efficiency varies significantly among crop genotypes, with some genotypes
showing low editing efficiency due to differences in transformation efficiency, chromatin structure, and DNA
repair mechanisms (Riaz et al., 2023). For example, in wheat, editing efficiency is higher in spring wheat
genotypes than in winter wheat genotypes, limiting the application of CRISPR/Cas in winter wheat breeding
(Xu et al,, 2023). Similarly, in soybean, editing efficiency varies among elite cultivars, with some cultivars
showing editing efficiencies below 10% (Tang et al., 2024). Improving transformation efficiency and
optimizing editing conditions for different genotypes are critical for expanding the application of CRISPR/
Cas in crop breeding.

Tissue-specific and developmental stage-specific editing is another challenge, as abiotic stress
tolerance traits often need to be expressed in specific tissues (e.g., roots for drought and salinity tolerance)
or developmental stages (e.g., reproductive stage for heat tolerance). Current CRISPR/Cas systems often
drive constitutive expression of Cas proteins and sgRNAs, leading to editing in all tissues and stages, which
may cause unintended effects (e.g., reduced growth in non-stress conditions) (Zhang et al., 2023). The
development of tissue-specific promoters and inducible editing systems (e.g., stress-inducible promoters)
can address this issue, enabling editing only in target tissues or under stress conditions. For example,
using a root-specific promoter to drive Cas9 expression in rice enabled targeted editing of root-specific salt
tolerance genes, avoiding unintended effects in shoots (Chen et al., 2023).

5.3 Regulatory and Public Acceptance Hurdles

Regulatory frameworks for genome-edited crops vary widely across countries, creating barriers to the
commercialization of edited crop varieties. Some countries, such as the United States, Canada, and Japan,
regulate genome-edited crops based on the trait rather than the technology, exempting cisgenic/intragenic
edited crops from the strict regulations applied to transgenic crops (Thompson et al., 2023). However, other
countries, particularly in the European Union, classify most genome-edited crops as genetically modified
organisms (GMOs), subjecting them to rigorous and time-consuming regulatory processes (Sprink et al.,
2016). This regulatory inconsistency hinders international trade and limits the investment in CRISPR/Cas-
mediated crop improvement.

Public acceptance of genome-edited crops is another critical challenge, as public concerns about
food safety, environmental impacts, and ,unnatural“ modification persist (Thompson et al., 2023).

Misinformation about genome editing technologies has led to negative public perceptions, particularly in
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Europe and some developing countries. Effective science communication, transparency about the benefits
and risks of edited crops, and engagement with stakeholders (e.g., farmers, consumers, environmental
groups) are essential for improving public acceptance. Additionally, demonstrating the environmental and
socioeconomic benefits of genome-edited crops (e.g., reduced pesticide use, increased yield, improved food

security) can help build public trust.

6. Future Perspectives

CRISPR/Cas-mediated genome editing holds great promise for enhancing abiotic stress tolerance in
major food crops, but several advancements are needed to overcome current challenges and realize its full
potential. One key direction is the development of more precise and efficient editing technologies, including
improved base editors, prime editors, and Cas variants with higher specificity and lower off-target effects.
For example, the development of prime editors with expanded editing windows and higher efficiency could
enable more precise modifications of stress-responsive genes, while Cas variants that recognize unique PAM
sequences could expand the range of targetable genes (Anzalone et al,, 2019).

The integration of CRISPR/Cas with multi-omics and Al will continue to accelerate crop improvement,
enabling the identification of key stress-responsive genes and the optimization of editing strategies. Future
research should focus on developing integrated multi-omics-Al platforms that can predict gene function,
editing outcomes, and stress tolerance phenotypes, reducing the need for labor-intensive laboratory and
field trials (Riaz et al., 2025). Additionally, the development of multiplex editing strategies for simultaneous
improvement of multiple abiotic stress tolerance traits (e.g., drought, salinity, heat) will be critical for
addressing the complex challenges of climate change.

Another important direction is the optimization of transformation and editing protocols for diverse
crop genotypes, particularly elite cultivars and underutilized crops. Improving transformation efficiency in
recalcitrant crops (e.g., wheat, soybean) and developing genotype-independent editing methods will expand
the application of CRISPR/Cas in crop breeding (Xu et al., 2023). Additionally, the development of inducible
and tissue-specific editing systems will enable targeted modification of stress-responsive genes, avoiding
unintended effects and improving crop performance under both stress and non-stress conditions.

Finally, addressing regulatory and public acceptance challenges is essential for the commercialization
of genome-edited crops. International collaboration to harmonize regulatory frameworks, based on
scientific risk assessment, will reduce trade barriers and promote innovation (Thompson et al., 2023).
Effective science communication and stakeholder engagement will improve public understanding and
acceptance of genome-edited crops, ensuring that these technologies contribute to sustainable food

production and global food security.

7. Conclusions

Abiotic stresses pose a severe threat to global food security, and CRISPR/Cas-mediated genome editing
has emerged as a transformative tool for enhancing abiotic stress tolerance in major food crops. Recent
advances (2022-2025) have demonstrated the effectiveness of CRISPR/Cas and its optimized variants (base
editors, prime editors, Cas12a) in editing key stress-responsive genes in rice, wheat, maize, and soybean,
resulting in significant improvements in drought, salinity, and heat tolerance. The integration of CRISPR/Cas
with multi-omics and Al has further optimized editing efficiency, enabling the identification of candidate

genes and the prediction of editing outcomes.
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Despite these advancements, challenges remain, including off-target effects, genotype dependency,
and regulatory/public acceptance hurdles. Addressing these challenges requires the development of
more precise editing technologies, optimized protocols for diverse genotypes, and harmonized regulatory
frameworks. Future research should focus on integrating CRISPR/Cas with emerging technologies
(multi-omics, Al) and developing multiplex editing strategies to improve multiple stress tolerance traits
simultaneously.

In conclusion, CRISPR/Cas-mediated genome editing has the potential to revolutionize crop breeding
for abiotic stress tolerance, contributing to sustainable food production and global food security amid
climate change. Continued investment in research and development, along with effective regulatory and
public engagement strategies, will ensure that these technologies are widely adopted and realize their full

potential.
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