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Abstract
Main conclusion Application of the recently developed CRISPR/Cas tools might help enhance cereals’ growth and 
yield under biotic and abiotic stresses.

Abstract Cereals are the most important food crops for human life and an essential source of nutrients for people in devel-
oped and developing countries. The growth and yield of all major cereals are affected by both biotic and abiotic stresses. 
To date, molecular breeding and functional genomic studies have contributed to the understanding and improving cereals’ 
growth and yield under biotic and abiotic stresses. Clustered, regularly inter-spaced, short palindromic repeats (CRISPR)/
CRISPR-associated protein (Cas) system has been predicted to play a major role in precision plant breeding and developing 
non-transgenic cereals that can tolerate adverse effects of climate change. Variants of next-generation CRISPR/Cas tools, 
such as prime editor, base editor, CRISPR activator and repressor, chromatin imager, Cas12a, and Cas12b, are currently used 
in various fields, including plant science. However, few studies have been reported on applying the CRISPR/Cas system to 
understand the mechanism of biotic and abiotic stress tolerance in cereals. Rice is the only plant used frequently for such 
studies. Genes responsible for biotic and abiotic stress tolerance have not yet been studied by CRISPR/Cas system in other 
major cereals (sorghum, barley, maize and small millets). Examining the role of genes that respond to biotic and abiotic 
stresses using the CRISPR/Cas system may help enhance cereals’ growth and yield under biotic and abiotic stresses. It will 
help to develop new and improved cultivars with biotic- and abiotic-tolerant traits for better yields to strengthen food security. 
This review provides information for cereal researchers on the current status of the CRISPR/Cas system for improving biotic 
and abiotic stress tolerance in cereals.
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Abbreviations
CRISPR/Cas  Clustered, regularly inter-spaced, short 

palindromic repeats (CRISPR)/CRISPR-
associated protein

CRISPRa  CRISPR activation
CRISPRi  CRISPR interference

dCas9  Dead Cas9
TALENs  Transcription activator-like effector 

nucleases
ZFNs  Zinc-finger nucleases

Introduction

Cereals are considered staple food crops in both developed 
and developing countries. Its whole grain contains rich 
sources of vitamins, minerals, carbohydrates, fats, oils, and 
protein. Cereal foods reduce the risk of certain diseases, 
including diabetes, colon cancer, coronary heart disease, and 
diverticular disease (Sarwar et al. 2013; Maharajan et al. 
2021a). More than 50% of the world’s daily caloric intake is 
derived directly from cereal consumption (Awika 2011). The 
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growth and yield of cereals are severely affected by biotic 
(fungi, bacteria, and viruses) and abiotic (drought, salinity, 
heat, heavy metals, nutrient deficiency, and cold) stresses. 
These stresses reduce cereals’ productivity by up to > 75% 
depending on the cereal and geographic location. Among 
cereal diseases, blast, sheath blight, sheath rot, brown leaf 
spot, bacterial leaf blight, tungro virus, bakanae disease, leaf 
scald, false smut, and grain discoloration are more preva-
lent in all cereals, particularly in rice (Oryza sativa) (Sumit 
et al. 2020). Among these, bacterial leaf blight disease is 
caused by Xanthomonas oryzae pv. Oryzae most severely 
affects rice growth and yield. Approximately, 50% of rice 
yield is estimated to be lost due to this disease worldwide 
(Fiyaz et al. 2022). In wheat (Triticum aestivum), leaf streak 
and black chaff diseases are caused by X. translucens pv. 
undulosa. These diseases reduce annual wheat production 
by up to 40% (Tambong 2022). Fungal diseases such as tan 
spot, fusarium head blight, stripe rust, septoria leaf blotch, 
spot blotch, and powdery mildew are the most common fun-
gal diseases of cereals, reducing yield by 15–20% and in 
extreme cases, up to 60% (Rozewicz et al. 2021). Among 
abiotic stresses, drought stress reduces the morphological 
traits (leaf size and width, shoot length, plant height), physi-
ological and biochemical processes, including respiration, 
photosynthesis, carbohydrates, and nutrient metabolism of 
maize (Zea mays)(Zhang et al. 2018a), barley (Hordeum vul-
gare) (Sallam et al. 2019), sorghum (Sorghum bicolor) (Que-
iroz et al. 2019) and other cereals (Rakkammal et al. 2022; 
David et al. 2021). Salinity is another major stress and poses 
a threat to crop production. About 20% of the agricultural 
land worldwide is affected by saline soils, increasing daily 
(Shrivastava and Kumar 2015). Salinity stress reduced wheat 
yield by more than 45% (Ali et al. 2009). It also reduces the 
grain per spike, 1000-grain weight, and wheat yield (Hasan 
et al. 2015). Nutrient deficiency (macro and micronutrient 
deficiency) reduces plant biomass, growth, and nutrient con-
tents in below and above-ground traits and yield by > 50% 
in various cereals, including rice (Muthukumararaja and 
Sriramachandrasekharan 2012), wheat (Plenet et al. 2000; 
Bagci et al. 2007; Maharajan et al. 2021b), sorghum(Afzal 
et al. 2012), barley (Shafi et al. 2011), maize (Hong and 
Jin 2007), and small millets (Maharajan et al. 2019; Ceasar 
et al. 2014; Roch et al. 2020). These reports indicate that 
both biotic and abiotic stresses considerably reduce cereal 
production. Researchers try to develop new cultivars tolerant 
to biotic and abiotic stresses through various biotechnologi-
cal approaches, including genome editing.

Genome editing is a technique used to create defined/
desired changes in the genetic composition of an organism. 
The main scope of this technology is the use of site-based 
nuclei that precisely target specific DNA sequences. There 
are various tools such as zinc-finger nucleases (ZFNs), tran-
scription activator-like effector nucleases (TALENs), and 

clustered, regularly inter-spaced, short palindromic repeats 
(CRISPR)/CRISPR-associated protein (Cas) system are used 
for genome editing. Genome editing using the CRISPR/Cas 
system was first reported for model plants in 2013 (Feng 
et al. 2013). Since then, genomes of many plants have been 
edited through CRISPR/Cas system. All approaches other 
than the CRISPR tool are expensive and include complex 
procedures for construct design and delivery. This review 
summarizes the details of CRISPR/Cas-based tools and 
their applications. We also enlist detailed information on the 
CRISPR/Cas system to improve cereals’ biotic and abiotic 
stress tolerance. We also draw insights and future direction 
on harnessing the outputs of functional genomics studied 
for the potential application of the CRISPR/Cas system to 
improve biotic and abiotic stress tolerance in cereals. This 
review will help cereal researchers to know about the appli-
cation of various CRISPR/Cas tools to improve the growth 
and yield of cereals under biotic and abiotic stresses.

Effect of biotic and abiotic stresses in cereals

Plant biotic stresses are caused by various organisms such as 
bacteria, fungi, insects, and viruses. Drought, salinity, heat, 
cold, nutrient deficiency, and heavy metals stresses are major 
factors causing abiotic stresses in plants. Several reports 
have proved that biotic and abiotic stresses severely reduce 
the growth and yield of cereals. Bacterial leaf blight dis-
ease reduced rice yield and grain quality at different growth 
stages (panicle formation, booting stage, and milk stage) 
(Noh et al. 2007). Fusarium stalk rot and charcoal rot disease 
reduced total seed weight, 100-seed weight, and seeds per 
panicle of sorghum (Bandara et al. 2017). In cereals, blast 
disease is the most devastating disease caused by Magna-
porthe oryzae. Blast disease affects all cereals’ leaf, stem, 
collar, node, neck, and panicle growth. It has also reduced 
the growth and yield of all economically important cere-
als such as rice (Kihoro et al. 2013), foxtail millet (Setaria 
italica) (Sharma et al. 2014), finger millet (Eleusine cora-
cana) (Gashaw et al. 2014), barley (Aghnoum et al. 2019), 
and wheat (Cruz and Valent 2017). Yellow dwarf virus 
reduced the yield of barley and wheat by > 40% (Edwards 
et al. 2001; Perry et al. 2000). In rice, drought stress reduced 
yield and yield-related traits such as, panicle length, number 
of grains, and spikelet per panicle, spikelet fertility, number 
of ear bearing tillers and biological yield per plant (Singh 
et al. 2012). Drought stress reduced barley yield (56.8%) 
due to a reduction in the number of spikes, tillers, and grains 
per plant (Samarah 2005). The grain number of wheat was 
reduced by > 51% due to pollen sterility under drought stress 
(Dong et al. 2017). Drought stress also reduces the morpho-
logical traits (leaf size and width, shoot length, plant height), 
physiological and biochemical processes, including respi-
ration, photosynthesis, carbohydrates, nutrient metabolism, 
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and growth promoters in maize (Wang et al. 2019a), bar-
ley (Alghabari and Ihsan 2018), sorghum (Maharajan et al. 
2021c) and finger millet (David et al. 2021). Many research-
ers reported that salinity stress decreases spikelet number, 
kernel weight, grain yield, and the number of fertile tillers in 
wheat (Saddiq et al. 2021; Izadi et al. 2014). In rice, salinity 
stress inhibits seed germination and leaf area development; 
reduces plant growth, biomass, and grain yield components 
(Hussain et al. 2017). Salinity stress also reduced the con-
centration of phosphorus, potassium, fat, protein, and fiber 
in wheat grain (Abbas et al. 2013). Under salt stress, pani-
cle sterility is a major issue during grain development in 
rice (Pruthi et al. 2022). For example, several studies have 
shown that salt stress causes panicle sterility in rice, which 
leads to decreased grain setting, pollen-bearing capacity, 
and stigmatic surface (Gerona et al. 2019). The salt stress 
reduced the panicle length, the number of florets, the number 
of tillers, and the 1000-grain weight of rice (Rahman et al. 
2015; Aref and Rad 2012). The number of grains per pani-
cle, 1000-grain weight, panicle length, and total rice yield 
decreased under cold stress at the heading and flowering 
stages (Li et al. 2022). Macro- and micronutrients are essen-
tial for cereals’ growth and development. Nutrient deficiency 
altered root architecture and reduced plant biomass and yield 
in all cereals (Maharajan et al. 2018, 2019; Krishna et al. 
2017). All these studies confirmed that biotic and abiotic 
stresses reduced grain yield and their components in cereals.

Genome‑editing tools

Genome editing is the process of changing the genetic code 
of an organism. In conventional genome-editing systems, 
enzymes were guided by proteins to cut DNA at the spe-
cific and targeted location and create the double-standard 
break (DSB). DSB repair occurs by either Non-Homologous 
End Joining (NHEJ) or homology-directed repair (HDR). 
The NHEJ produces random mutations (gene knockout), 
while HDR uses additional DNA to generate a desired 
sequence within the genome (gene knockin). However, apart 
from simple breaks, various other forms of genome edit-
ing have evolved from CRISPR/Cas. Three types of tools, 
including ZFNs, TALENs, and CRISPR/Cas, are used for 
genome-editing technology. ZFNs are custom-designed and 
targetable DNA cleavage proteins that cut DNA sequences 
at specific sites (Carroll 2011). They facilitate targeted gene 
editing by inducing the DSB in DNA to replace the gene 
by homologous recombination. ZFN contains two domains: 
DNA binding and cleaving (Gupta et al. 2012). The DNA 
binding domain recognizes a unique 6-base pair in the DNA 
sequence, while the DNA cleaving domain consists of a FokI 
nuclease (Asmamaw and Zawdie 2021). These two domains 
are linked together to form a zinc-finger protein. When both 
domains are fused, they form a highly specific genomic 

scissor. The ZFNs are expensive, difficult to handle, and 
time-consuming, thus limiting their widespread use, espe-
cially in high-throughput studies.

CRISPR is a family of repetitive DNA sequences found in 
the genomes of archaea (84%) and bacteria (45%). It was first 
detected downstream of the alkaline phosphatase isozyme 
gene in Escherichia coli (Ishino et al. 1987). It is formerly 
known as short, regularly spaced repeats (SRSRs) and helps 
to detect and destroy the DNA of the virus. The CRISPR 
system uses small guide RNAs (gRNAs) for sequence-
specific interference with invading nucleic acids. CRISPR 
is an array of short repeated sequences (repeats) separated 
by unique sequences (spacers). The spacers and repeats 
are derived from the virus’s nucleic acid and plasmids. 
Some of the proteins involved in the CRISPR mechanism 
are called CRISPR/Cas, which can search, cut, and finally 
transform phage DNA in a specific way. Cas is a protein with 
an enzymatic activity that plays a distinct role in the DNA 
sequences and CRISPR arrays with nuclease activity. In gen-
eral, CRISPR/Cas mechanism can be separated into three 
steps (1) insertion of unique sequences into the CRISPR 
locus (spacer acquisition or adaptation); (2) transcription 
of CRISPR locus and processing of gRNA (expression or 
gRNA biogenesis); (3) detection and degradation of nucleic 
acids by gRNA and Cas proteins (target interference) (Cong 
et al. 2013; Mali et al. 2013; Liu et al. 2017). The CRISPR/
Cas system has been classified into two classes (Classes I 
and II) (Makarova and Koonin 2015; Makarova et al. 2020). 
Both classes of CRISPR systems could be used for genome 
editing; however, the class II system is more desirable for 
genome editing because the methods of class II systems are 
due to a much-simplified protocol. The class II CRISPR/
Cas systems are categorized by three signature proteins, 
Cas1, 2, and 9, which include three subtypes (II-A, II-B, and 
II-C). Of the three proteins, Cas9 is the most widely used 
CRISPR system for genome editing in various organisms. 
The recently developed CRISPR/Cas12a and Cas12b come 
under class VA and VB, respectively.

Mechanism and variants of CRISPR/Cas system

CRISPR/Cas system is a user-friendly genome-editing tool 
with many advantages over other genome-editing systems. It 
contains two essential components: gRNA and Cas protein. 
Cas protein is an RNA-dependent DNA endonuclease that 
forms a complex with gRNA to target the specific location in 
the genome (Jinek et al. 2012). The idea of using gRNA and 
exploiting CRISPR as a genome-editing tool was introduced 
by the collaborative work of Emmanuelle Charpentier and 
Jennifer A. Doudna (Jinek et al. 2012), for which they were 
also awarded the Nobel Prize in 2020. The gRNA is made 
of two parts, CRISPR RNA (crRNA), and trans-activating 
CRISPR RNA (tracrRNA). The length of crRNA is 18–20 
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base pairs which bind to the target DNA by attaching to the 
target sequence, whereas tracrRNA is a long extension of 
the loops that act as a binding scaffold for the Cas protein. 
The designed gRNA activates Cas9 and recognizes the target 
sequence in the gene of interest by its 5ʹcrRNA comple-
ment base pair component. In general, the widely used Cas9 
from Streptococcus pyogenes (SpCas9) primarily recognizes 
the PAM sequence at 5ʹ-NGG-3" (N can be any nucleotide 
base). Once gRNA detects a target site with the suitable 
PAM, it subsequently forms the RNA–DNA hybrid. The 
complementary and non-complementary strands of target 
DNA are cut by HNH and RuvC domains of Cas9, respec-
tively. Many researchers have used the CRISPR/Cas system 
to improve plant growth under various biotic and abiotic 
stresses (Ceasar et al. 2016; Hillary and Ceasar 2019; Alt-
peter et al. 2016; Krishna et al. 2022a). Therefore, several 
reports are now available to review and predict this method 
for crop improvement. There were some limitations with 
the first generation CRISPR/Cas9 system, especially due to 
off-target effects caused by the wild Cas9 from S. pyogenes, 
randomly digested DNA at off-target sites (Yang et al. 2021). 
Several improvements were made to overcome this prob-
lem, and many high-fidelity Cas9 with engineered residues 
were introduced, such as HF-Cas9, eSpCas9, HypaCas9, and 
Sniper Cas9, with reduced off-target effects (Lee et al. 2018, 
2019; Chen et al. 2017; Hu et al. 2018).

To improve the CRISPR/Cas9 system, Qi et al. (2013) 
developed the dead Cas9 (dCas9) system. In dCas9, H840A 
and D10A mutations were introduced in HNH and RuvC 
domains of Cas9, respectively, to inactivate the nuclease 
activity (Qi et al. 2013). The dCas9 system cannot cleave 
DNA but can target and bind DNA with the same specific-
ity when guided by gRNA. Many gene-editing technologies 
have emerged based on dCas9. Currently, the dCas9 system 
is used in various molecular genetic applications, such as 
regulation of gene expression, base editing, primer editing, 
chromatin topology, epigenome editing, chromatin imaging, 
and reducing the off-target effects (Fig. 1). The CRISPR-
dCas9 components, dCas9, and effectors (activator and 
repressor) help to enhance the efficiency of transcriptional 
regulation (Xu and Qi 2019). When the dCas9 protein is 
fused with transcriptional activators (VP64), it regulates/
activates the gene’s transcription, a process called CRISPR 
activator (CRISPRa). When dCas9 binds to the target site of 
the gene, it effectively inhibits the expression of the target 
gene. This process is called CRISPR interference (CRIS-
PRi). In general, gRNAs play a significant role in CRISPRa 
and CRISPRi because dCas9 activators and repressors are 
guided by gRNA, which may enhance or inhibit the tran-
scription of the target gene (Moradpour and Abdulah 2020). 
When the target gene is activated or suppressed by dCas9 
activators or repressors, gRNAs must be targeted to the 
gene’s promoter region of interest.

CRISPR/Cas-mediated base editing system allows direct 
conversion of one target DNA base into another base without 
DSB. Therefore, base editing technology does not require 
DSB, donor DNA templates, and HDR. Two base editors 
(cytosine base editor (CBE) and adenine base editor (ABE)) 
have been developed through protein engineering (Molla and 
Yang 2019). All four types of transition mutations (C-T, 
G-A, A-G, and T-C) can be installed or corrected at target 
positions in DNA without making DSB by CBE and ABE. 
The dCas9 fused with ABE allows A-T to G-C conversion, 
while dCas9 fused with CBE allows C-G to T-A change 
(Bharat et al. 2020). This editing will be reflected in the 
proteins, so hence it will be highly useful in introducing 
the point mutations in proteins and will help to alter the 
functions of the protein in plants. Many base editor systems 
have also been introduced, such as dual base editor/saturated 
targeted endogenous mutagenesis editor (STEME), trans-
version base editor, PAMless base editor and multiplex base 
editor (Azameti and Dauda 2021). STEME allows C-G to 
T-A and A-T to G-C conversion. It consists of four enzymes 
such as APOBEC3A (cytidine deaminase), ecTadA (adeno-
sine deaminase), D10A (nCas9) and uracil DNA glycosylase 
inhibitor (UGI). The STEME converts cytidines and aden-
osines to uridine and inosines, respectively. Manipulating 
DNA by CRISPR/Cas system (including ABE and CBE) 
requires the recognition of PAM sequences. Therefore, the 
CRISPR/Cas system is highly constrained. To overcome this 
constraint, the PAMless base editor was created by Walton 
et al. (2020), called as SpRY-base editor. They have engi-
neered specific variants of the SpCas9 enzyme, named SpG 
and SpRY, that can potentially edit any gene independent of 
PAMs requirement. Multiplex base editing modifies two or 
more specific loci in a genome with high precision (Abdel-
rahman et al. 2021). Prime editing has many advantages over 
other methods due to its precise sequence deletion, addition, 
and substitution (Hillary and Ceasar 2022). The prime edit-
ing consists of a SpCas9 nickase (HB40A), reverse tran-
scriptase fusion protein, and prime editing gRNA (pegRNA) 
instead of a deaminase (Wang et al. 2022). The development 
of prime editing was a breakthrough because it does not 
require a PAM sequence near the target site. In addition, 
it can perform not only all 12 types of point mutations but 
also involves insertions (up to 44 bp) and deletions (up to 
80 bp). Prime editing showed less off-target activity than 
other CRISPR/Cas systems. Thus, it may help to improve 
the biotic and abiotic stress tolerance in cereals.

Epigenetic control of the plant’s response to stress is a 
complex phenomenon. Epigenetic changes not only induce 
stress but also cause changes in gene expression, which may 
remain over many generations. CRISPR/Cas-mediated epi-
genetic engineering could be used to target epigenetic fac-
tors (histones) (Pulecio et al. 2017). DNA methyltransferase 
(DNMT3a and b) fused with dCas9 activates methylation 
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or demethylation at the target site. Histone modification can 
also be achieved by combining dCas9 and histone modifiers. 
Gene structure and folding of chromatin within the nucleus 
are considered important factors for gene expression stud-
ies. CRISPR/Cas-mediated chromatin topology modifier 
system helps to target and manipulate chromatin structure 
and DNA loop formation, which alters gene expression. The 
CRISPR/Cas protein and a catalytically inactive or dCas9 
system provide a powerful genetic manipulation tool that can 
steer biological studies based on the ability to achieve tar-
geted modifications, which is critical for phenotypic altera-
tion. Levels of gene expression can be changed through the 
fusion of dCas9 to transcriptional regulators. Recruitment 
of these transcriptional modulators to the promoter region 
close to the transcriptional start site alters the expression of 
the desired downstream genes. Similarly, fusing dCas9 to 

epigenetic modulators such as methylation and deacetyla-
tion enzymes will establish dCas9-based DNA-chromatin-
modifying enzymes for precise epigenome editing directed 
by gRNA.

Moreover, Cas12a (previously called Cpf1) and Cas12b 
(previously called C2c1) systems have been identified. Com-
pared to CRISPR/Cas9, CRISPR/Cas12a is better due to its 
short gRNA nucleotide length and reduced size of the Cas 
protein (Matres et al. 2021). CRISPR/Cas12a prefers T-rich 
PAMs and does not require tracrRNA and crRNA because its 
gRNA only requires crRNA (Haroon et al. 2021). In Cas12a, 
the DSB are also different from Cas9 because it creates stag-
gered cuts. Identification of the CRISPR/Cas12a system 
expands the application of genome editing, as it enables the 
editing of AT-rich regions (such as untranslated and pro-
moter regions) (Zafar et al. 2020). The PAM requirement for 

Fig. 1  Applications of various CRISPR/Cas tools to improve the 
biotic and abiotic stress tolerance in cereals. When the dCas9 is fused 
with appropriate repressors, activators, and epigenetic engineer-
ing, it helps to find the accurate role of each gene by transcriptional 
regulation, as indicated in the image. The dCas9 fused with various 
modulators targeting many potential genes might help enhance cere-
als’ biotic and abiotic stress tolerance. Abbreviations: ABE, Adenine 
base editors (facilitates A to G substitution in the DNA); AID, cyti-
dine deaminase (enables C to T/G substitution); APOBEC1, cytidine 
deaminase enzyme (enables C to T substitution); CBE, cytosine base 
editors (facilitates C to T substitution in the DNA); DNMTs, DNA 

methyltransferases (induces site-specific promoter methylation, which 
results in gene silencing and is heritable across mitotic division); 
EZH2, histone methyltransferase (facilitates gene silencing); GFP, 
green fluorescent protein (gene visualization), HDAC3, histone dea-
cetylase 3 (induces locus-specific histone deacetylation that results in 
gene silencing); LSD1, histone demethylases (allows transcriptional 
silencing); KRAB, Kruppel associated box domains of Kox1 (tran-
scriptional repression); p65AD, p65 activation domain VPR which 
is a combination of VP64, p65 and Rta (enhances the transcriptional 
activity); SMYD3, SET and MYND domain-containing protein 3 
(facilitates the trimethylation of histone)
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Cas12a is “TTTV” or “TTV,” which favors targeting promot-
ers and AT-rich regions in gene coding regions (Gao et al. 
2017). However, this system has a drawback because other 
sites lacking TTTN motifs cannot be identified and edited, 
thus limiting their use in plants. CRISPR/Cas12b also has an 
RNA-guided endonuclease like CRISPR/Cas12a. However, 
CRISPR/Cas12b is smaller in protein size than CRISPR/
Cas9 and CRISPR/Cas12a. Like CRISPR/Cas9, CRISPR/
Cas12b requires crRNA and tracrRNA for targeting any gene 
or DNA. CRISPR/Cas12b has the most extended sticky ends 
of all CRISPR systems, creating DSB with 6–8 nucleotide 
sticky ends. It can be temperature-inducible; therefore, it 
helps develop plants’ resistance to high temperatures.

Improving biotic stress tolerance in cereals 
by CRISPR/Cas system

Cereals are susceptible to a wide range of pathogens that 
cause several diseases. Different types of pesticides, herbi-
cides, and fungicides control cereals’ diseases, but they all 
pollute the environment and are toxic to human and animal 
health. The use of pesticides, herbicides, and fungicides also 
affects the metabolic pathway of cereals. Hence, CRISPR/
Cas technology induces plant resistance against pathogens 
such as bacteria, viruses, fungi, and insects. Cereal research-
ers have already targeted some biotic stress-responsive genes 
by CRISPR/Cas variants, which are discussed below.

Bacterial disease tolerance

Bacteria cause several diseases in cereals, reducing the 
growth and yield of all cereals. In rice, bacterial blight 
is a major disease in South Asia and West Africa. Some 
researchers reported that sucrose family (SWEET) transport-
ers enhanced rice growth and yield when plants are affected 
by bacterial blight disease. Knockout of the OsSWEET13 
gene by CRISPR/Cas9 improved rice growth against bacte-
rial blight disease (Table 1) (Zhou et al. 2015). In another 
study, three SWEET family genes (SWEET11, 13, and 14) 
edited by CRISPR/Cas9 system helped to reduce bacterial 
blight infection and enhance the plant height and panicle 
length of rice (Oliva et al. 2019). CRISPR/Cas system has 
yet to target only one family transporter. Several bacterial 
blights (BB) and resistance (R) family genes were identified 
and functionally characterized in cereals. Targeting BB and 
R family genes by CRISPR/Cas variants helps to enhance 
the cereal’s growth under bacterial disease.

Fungal disease tolerance

Agriculture relies on chemical fungicides to prevent losses 
from fungal diseases. Developing cereals resistant to fungal 
diseases without using fungicides help to improve sustain-
able agriculture and the environment. Wang et al. (2014) 
edited mildew resistance locus (MLO) genes (TaMLO-A1, 
B1, and D1) with the help of the CRISPR/Cas9 system to 
develop powdery mildew wheat-resistant plants. CRISPR/
Cas9 system was used to knockout the ethylene-responsive 
factor 22 (OsERF922) gene in rice, which enabled the devel-
opment of blast the disease-resistant rice variety without 
affecting the typical growth of the rice (Wang et al. 2016). 
Disruption of the subunit exocyst complex 3A (OsSEC3A) 
gene in rice by the CRISPR/Cas9 system enhanced rice plant 
growth against blast disease (Ma et al. 2018). Zhang et al. 
(2017) generated powdery mildew resistance wheat using 
the enhanced disease resistance1 (EDR1) gene with the help 
of the CRISPR/Cas9 system. Control of viruses by chemical 
methods is challenging due to the virulence of pathogenesis. 
Therefore, targeting the fungal disease tolerance genes by 
CRISPR/Cas system may inhibit the virulence of pathogens, 
which helps to control fungi diseases during plant growth.

Insects or pesticide tolerance

Insects are the primary source of virus infection trans-
mission in cereals, so intensive pesticide use is necessary 
to avoid transmission. The pesticide application is insuf-
ficient to control the insects in cereals and not good for 
human health and the environment. In rice, tungro disease 
is a severe constraint to rice production throughout tropical 
Asia, which is caused by the interaction between tungro 
spherical virus and the tango bacilliform virus. Previously, 
the translation initiation factor 4 gamma (eIF4G) gene 
was found to help control tungro spherical viruses in rice 
(Table 1) (Lee et al. 2010). Gene for eIF4G was mutated 
by CRISPR/Cas9 system in rice, resulting in the develop-
ment of rice lines resistant to the tungro spherical virus 
(Macovei et al. 2018). Among biotic stress, weeds and 
insects also affect cereals’ growth and yield. Weeds cause 
maximum damage to cereals. They increase the competi-
tion for food, space, shelter, sunlight, water, and fertiliz-
ers, inhibiting cereals’ proper growth and development. 
Many cost-effective herbicides are used against weeds, 
although repeated applications of the same herbicide can 
lead to resistance in weeds. A better way to achieve herbi-
cide resistance in plants may be through genome editings, 
such as base editing and prime editing. We can alter or 
introduce point mutation in the plants’ genome through 
the base editor, which helps to develop herbicide-resist-
ant plants. Herbicide-resistance rice plant was developed 
when acetolactate synthase (OsALS) gene was altered with 
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the help of a base editor (Kuang et al. 2020). In another 
study, the same OsALS gene was targeted by CBE (edit-
ing efficiency 37.5–61.5%) enhanced rice growth against 
the five herbicides (nicosulfuron, imazapic, pyroxsulam, 
flucarbazone and bispyribac) (Zhang et al. 2020). Prime 
editing has been used to develop herbicide-resistance 
in plants, including cereals (rice and wheat). In cereals, 
prime editing was first implemented in rice by Butt et al. 
(2020). Through prime editing, they have targeted OsALS 
and ideal plant architecture 1 (OsIPA1) genes in rice. 
Among these, the OsALS gene (editing efficiency 26%) 
enhanced rice growth against Bispyribac sodium’s her-
bicide. In addition, the targeted OsIPA1 gene reduced the 
number of unproductive tillers and improved rice yield. 
Jiang et al. (2020) have developed herbicide-tolerant maize 
with higher editing efficiency (53.2%) with the help of two 
ZmALS genes (ZmALS1 and ZmALS2) by base editing. The 
development of herbicide-tolerant cereals by genome edit-
ing can help to control weeds during cereals cultivation. 
Functional genomics approaches in cereals characterized 
the role of many weeds and insect stress-responsive genes. 

However, the exact role of insect and weed genes in any 
cereals has yet to be identified by the current CRISPR/
Cas system.

Further studies are required to identify the exact role 
of weed and herbicide-responsive genes, which may help 
develop non-polluted cereals. In addition, most biotic 
responsive genes have been functionally characterized only 
in rice. With rice, researchers should apply the CRISPR/
Cas system in other cereals that will help to enhance food 
production worldwide. Various biotic and abiotic stress-
responsive genes have been targeted by CRISPR/Cas vari-
ants (ABE, CBE, NG-CBE, SpRY-CBE, and primed edit-
ing) to improve tolerance against biotic and abiotic stresses 
(Table 2). Most of the analysis revealed that all the variants 
have higher editing efficiency. Therefore, further pheno-
typic and exploitation of CRISPR/Cas variants may help to 
develop biotic and abiotic stress resistance cereals.

Table 1  Details on the CRISPR/Cas system-based study used to study the role of biotic stress-responsive genes in various plants

eIF4G Translation Initiation Factor 4 Gamma, EDR1 Enhanced Disease Resistance1, MLO Mildew Resistance Locus

Name of the 
diseases

Plant name Genotypes Target gene Effect Plasmid Result References

Bacteria blight Rice Nipponbare, 
Kitaake, and 
IR24

OsSWEET13 Gene knockout pCAMBIA1300 Enhanced 
growth against 
bacterial blight 
disease

Zhou et al. (2015)

Kitaake, IR24 
and IR64

SWEET11, 13, 
and 14

Gene knockout pBY02 Reduce the 
bacterial blight 
infection and 
enhanced the 
plant height 
and panicle 
length

Oliva et al. (2019)

Powdery mildew Wheat Kenong199 TaMLO Gene knockout pAHC20 Enhanced 
growth against 
powdery mil-
dew disease

Wang et al. (2014)

Powdery mildew Wheat Kenong199 TaEDR1 Gene knockout pAHC25 Enhanced 
growth against 
powdery mil-
dew disease

Zhang et al. 
(2017)

Blast disease Rice Kuiku131 OsERF922 Gene knockout pYLCRISPR/
Cas9Pubi-H

Enhanced 
growth against 
blast disease

Wang et al. (2016)

Kitaake OsSEC3A Gene knockout pCAMBIA1305 Enhanced 
growth against 
blast disease

Ma et al. (2018)

Tungro spherical 
viruses

Rice IR64 eIF4G Gene knockout pMOD_A1110 Enhanced 
growth against 
tungro spheri-
cal viruses

Macovei et al. 
(2018)
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Table 2  Details of biotic and abiotic stress-responsive genes targeted by CRISPR/Cas variants

Name of 
the cereal

Type of editing Target genes Gene ID Editing efficiency (%) References

Rice CBE OsPDS Os03g0184000 1.0 to 19.2 Li et al. (2017)
CBE OsCDC48 ABF94017 8.35 Zong et al. (2017)

OsNRT1;1B Os10g40600 5.58
OsSPL14 Os08g39890 3.51

CBE OsALS Os02g30630 6–89% Shimatani et al. (2017)
CBE OsCDC48 ABF94017 82.9 Zong et al. (2018)

OsNRT1;1B Os10g40600 44.1
CBE OsALS AB049822 37.5–61.5 Zhang et al. (2020)
CBE OsALS1 Os02g30630 10 Kuang et al. (2020)
ABE OsACC Os05g22940 6.9 -20.6 Li et al. (2018)

OsALS Os02g30630 8.7–21.4
OsCDC48 ABF94017 9–33
OsNRT1.1B Os10g40600 38.3–59.1
OsDEP1 Os09g0441900 3.2–46.5

ABE OsSPL14 Os08g0509600 26–45.2 Hua et al. (2018)
OsSPL16 Os08g41940 17–19
OsSPL17 Os09g32944 61.3
OsSPL18 Os09g0507100 19–23.4
OsSLR1 Os03g49990 12.5

ABE OsWSL5 Os04g315500 1.34–2.81 Molla et al. (2020)
OsZEBRA3 Os03g05390 14–38.92

ABE OsSPL14 Os08g0509600 37.5–70.6 Hua et al. (2020b)
OsSLR1 Os03g49990 17.5–35
OsSERK2 Os04g38480 66.7–77.8
OsNRT1.1B, Os10g40600 72.9–96.3
OsACC1 Os05g22940 69.4–73.8
OsDEP1 Os09g0441900 71.4–80.0

STEME OsACC Os05g22940 NA Li et al. (2020a)
NG-CBE OsSPL14 Os08g0509600 65.7–87.9 Hua et al. (2019)

OsLF XP_015638480 23.8–81.8
OsIAA13 Os03g0742900 80–89.7
OsSPL7 OSNPB_040551500 74.2–85.7
OsMADS57 Os02g0731200 NA

NG-CBE OsGS3 Os03g0407400 11.1 Zhong et al. (2019)
OsDEP1 Os09g0441900 6–56.3
OsPDS Os03g0184000 3.5–33.3

NG-CBE OsWaxy AB008794 9.1–45.5 Zeng et al. (2020b)
SpRY-CBE OsMPK7 DQ826424 3.2–25.0 Ren et al. (2019)

OsMPK8 Os01g0665200 4.5
OsMPK10 Os01g43910 21.4
OsMPK11 Os06g0367900 16.6–82.1

SpRY-CBE OsPDS Os03g0184000 5.3–95.7 Ren et al. (2021)
OsDEP1 Os09g0441900 4.09–100

SpRY-CBE OsACC1, OsIPA1, 
OsTAC1, OsSPL3

OsACC1-Os05g22940
OsIPA1-AF220610
OsTAC1-Os09g35980
OsSPL3-Os02g0139400

 > 5–50% Li et al. (2021)

SpRY-CBE OsGSK4 Os06g35530 10–52.6 Xu et al. (2021)
OsCERK1 Os08g0538300 11.1–46.3
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Improving abiotic stress tolerance in cereals 
by CRISPR/Cas system

Like biotic stress, abiotic stresses are the most imminent 
threat to crop production. Several abiotic stress-responsive 
genes help cereals to survive and produce sufficient yields 
under abiotic stresses. Various researchers have made sub-
stantial efforts to improve crop productivity with the help of 
abiotic stress-responsive genes through functional genomics 
approaches. However, the progress has been slow due to its 
limitations. Genome-editing tools (particularly CRISPR/Cas 
system) have brought opportunities for precise and efficient 
manipulation of desired genes to enhance abiotic stress toler-
ance in cereals. The role of various abiotic stress-responsive 
genes has already been identified in cereals by CRISPR/

Cas system (Table 3). The genome-editing tool has predomi-
nantly been applied in rice, and few reports are available in 
maize, wheat, and barley.

Drought stress tolerance

The role of some drought-responsive genes has been identi-
fied in cereals by the CRISPR/Cas system. Stress-activated 
protein kinase (SAPK) family members of SNF1-related 
protein kinase 2 (SnRK2) are activated by abscisic acid. 
The SAPK family members help to enhance plant growth 
(particularly at initial stages) under various abiotic stresses, 
including salinity, osmatic, and drought stresses. Lou et al. 
(2017) generated sapk2 mutants in rice through CRISPR/
Cas9 system to characterize the functional properties of 

Table 2  (continued)

Name of 
the cereal

Type of editing Target genes Gene ID Editing efficiency (%) References

OsETR2 Os04g08740 2.2–5.2
OsRLCK185 Os05g0372100 2.0–2.5

AFID OsAAT 
OsCDC48
OsNRT1;1B

OsAAT-AK120257
OsCDC48-ABF94017
OsNRT1;1B—Os10g40600

 > 3–40 Wang et al. (2020b)

Prime editing OsEPSPS KR135155 9.38% Li et al. (2020b)
Prime editing OsALS Os02g30630 9.1 Hua et al. (2020a)
Prime editing OsCDC48 ABF94017 2.6–21.8 Lin et al. (2020)

OsALS Os02g30630 14.3
Prime editing OsPDS Os03g0184000 31.3 Xu et al. (2020a)

OsACC1 Os05g22940 10.4–16.7
Prime editing OsALS Os02g30630 1.1–26 Xu et al. (2020b)

OsACC Os05g22940 1.4–1.7
OsDEP1 Os09g0441900 9.1
OsEPSPS KR135155 2.2

Mize CBE ZmCENH3 AF519807 4.47 Zong et al. (2017)
Wheat CBE TaLOX2 GU167921 3.42–12.48 Zong et al. (2017)

CBE TaALS TraesCS6A02G288000 25–78 Zhang et al. (2019c)
TaACCase TraesCS2A02G069400 22

CBE TaALS TraesCS6A02G288000 22.5 Zong et al. (2018)
TaMTL TraesCS4A02G018100 16.7

ABE TaDEP1 FJ039902 1.1 Li et al. (2018)
TaGW2 KY264770 0.4

AFID TaF3H
TaGASR6
TaMYB10
TaPMK
TaVRN1

TaF3H-AB223025
TaGASR6-TraesCS1A01G270100
TaMYB10-AB191459
TaPMK-TraesCS5A02G449000
TaVRN1-AY747603

 > 1.5–30 Wang et al. (2020b)

AAT  Amino acid transporters, ACC  Acetyl-CoA carboxylase 2, ACCase A carboxylase, ALS Acetolactate synthase, CDC Cell division cycle, 
CERK Chitin elicitor receptor kinase, DEP Dense and erect panicle, EPSPS Swarna 5-enolpyruvylshikimate-3-phosphate synthase, ETR Eth-
ylene receptor, F3H Flavanone 3-hydroxylase, GASR Gibberellic acid-stimulated regulator, GS Grain size, GSK Shaggy-related protein kinase, 
IAA Indole acetic acid-induced protein, IPA Pollen allergen, LF leaf flowering, MADS MADS-box transcription factor, MPK Mitogen-activated 
protein kinase, MTL Matrilineal, MYB Myeloblastosis transcription factor, PDS Phytoene desaturase/dehydrogenase, RLCK Receptor-like cyto-
plasmic kinase, SERK Somatic embryogenesis receptor kinase, SLR1 Della protein slender, SPL Squamosa promoter-binding-like protein, TAC  
Tiller angle control, VRN Triple dirk B line, WSL5 White stripe leaf 5



 Planta (2022) 256:106

1 3

106 Page 10 of 17

Ta
bl

e 
3 

 D
et

ai
ls

 o
n 

th
e 

C
R

IS
PR

/C
as

 sy
ste

m
-b

as
ed

 st
ud

y 
us

ed
 to

 st
ud

y 
th

e 
ro

le
 o

f a
bi

ot
ic

 st
re

ss
-r

es
po

ns
iv

e 
ge

ne
s i

n 
va

rio
us

 c
er

ea
ls

An
n 

an
ne

xi
n,

 A
RG

O
S 

au
xi

n-
re

gu
la

te
d 

ge
ne

 in
vo

lv
ed

 in
 o

rg
an

 s
iz

e 
co

nt
en

t, 
CA

T  
ca

ta
la

se
, D

ST
 d

ro
ug

ht
 a

nd
 s

al
t t

ol
er

an
ce

, E
RA

 e
nh

an
ce

d 
re

sp
on

se
 to

 a
bs

ci
si

c 
ac

id
, H

SA
 h

ea
t s

en
si

tiv
e 

al
bi

no
1,

 
m

iR
 m

ic
ro

 R
N

A
, O

TS
 o

ve
rly

 to
le

ra
nt

 to
 sa

lt,
 P

RP
 p

ro
lin

e-
ric

h 
pr

ot
ei

ns
, P

YL
 p

yr
ab

ac
tin

 re
si

st
an

ce
 li

ke
, R

R 
re

sp
on

se
 re

gu
la

to
r, 

SA
PK

 st
re

ss
-a

ct
iv

at
ed

 p
ro

te
in

 k
in

as
e,

 S
O

D
 su

pe
ro

xi
de

 d
is

m
ut

as
e,

 
SR

L 
se

m
i-r

ol
le

d 
le

af

N
am

e 
of

 th
e 

str
es

s
Pl

an
t n

am
e

G
en

ot
yp

es
Ta

rg
et

 g
en

e
Eff

ec
t

Pl
as

m
id

Re
su

lt
Re

fe
re

nc
es

D
ro

ug
ht

R
ic

e
Ja

po
ni

ca
SA

PK
2

G
en

e 
kn

oc
ko

ut
pY

LC
R

IS
PR

/C
as

9 
Pu

bi
-H

En
ha

nc
ed

 sh
oo

t a
nd

 ro
ot

 g
ro

w
th

, p
ro

lin
e 

co
nt

en
t a

nd
 so

lu
bl

e 
su

ga
r c

on
te

nt
 u

nd
er

 d
ro

ug
ht

 st
re

ss
. U

pr
eg

ul
at

ed
 th

e 
ex

pr
es

-
si

on
 le

ve
ls

 o
f O

sR
ab

16
b,

 O
sR

ab
21

, O
sb

ZI
P2

3,
 O

sL
EA

3,
 

O
sO

RE
B1

 O
sS

LA
C

1 
an

d 
O

sS
LA

C
7

Lo
u 

et
 a

l. 
(2

01
7)

G
X

U
16

, 
G

X
U

20
, a

nd
 

G
X

U
28

SR
L1

 a
nd

 2
G

en
e 

kn
oc

ko
ut

pY
LC

R
IS

PR
/C

as
9 

Pu
bi

-H
En

ha
nc

ed
 su

rv
iv

al
 ra

te
, g

ra
in

 fi
lli

ng
 p

er
ce

nt
ag

e,
 a

bs
ci

si
c 

ac
id

 
co

nt
en

t a
nd

 a
ct

iv
iti

es
 o

f S
O

D
 a

nd
 C

A
T 

un
de

r d
ro

ug
ht

 c
on

di
-

tio
n

Li
ao

 e
t a

l. 
(2

01
9)

Ja
po

ni
ca

O
sE

RA
1

G
en

e 
kn

oc
ko

ut
pR

G
EB

31
In

cr
ea

se
d 

th
e 

pr
im

ar
y 

ro
ot

 g
ro

w
th

, l
ea

f l
en

gt
h 

an
d 

ab
sc

is
ic

 a
ci

d 
co

nt
en

t u
nd

er
 d

ro
ug

ht
 c

on
di

tio
n

O
ga

ta
 e

t a
l. 

(2
02

0)

IR
-9

6
O

sP
YL

9
G

en
e 

kn
oc

ko
ut

pY
LC

R
IS

PR
/C

as
9 

Pu
bi

-H
Im

pr
ov

ed
 th

e 
yi

el
d 

un
de

r d
ro

ug
ht

 c
on

di
tio

ns
 u

pr
eg

ul
at

ed
 d

iff
er

-
en

tia
lly

 e
xp

re
ss

ed
 p

ro
te

in
s r

el
at

ed
 to

 c
irc

ad
ia

n 
cl

oc
k 

rh
yt

hm
, 

dr
ou

gh
t r

es
po

ns
e,

 a
nd

 re
ac

tiv
e 

ox
yg

en
 sp

ec
ie

s

U
sm

an
 e

t a
l. 

(2
02

0)

Ja
po

ni
ca

O
sN

AC
00

6
G

en
e 

kn
oc

ko
ut

pZ
H

Y
98

8
En

ha
nc

ed
 p

la
nt

 g
ro

w
th

 u
nd

er
 d

ro
ug

ht
 st

re
ss

. U
pr

eg
ul

at
ed

 th
e 

ex
pr

es
si

on
 le

ve
ls

 o
f s

tim
ul

i, 
ox

id
or

ed
uc

ta
se

 a
ct

iv
ity

, c
of

ac
to

r 
bi

nd
in

g,
 a

nd
 m

em
br

an
e-

re
la

te
d 

pa
th

w
ay

s g
en

es

W
an

g 
et

 a
l. 

(2
02

0a
)

Ja
po

ni
ca

O
sm

iR
53

5
G

en
e 

kn
oc

ko
ut

pY
LC

R
IS

PR
/C

as
9 

Pu
bi

-H
In

cr
ea

se
d 

th
e 

su
rv

iv
al

 ra
te

 u
nd

er
 d

ro
ug

ht
 c

on
di

tio
n

Y
ue

 e
t a

l. 
(2

02
0)

M
ai

ze
H

i-I
I

AR
G

O
S8

G
en

e 
kn

oc
ki

n
pY

LC
R

IS
PR

/C
as

9 
Pu

bi
-H

In
cr

ea
se

d 
gr

ow
th

 a
nd

 g
ra

in
 y

ie
ld

 u
nd

er
 d

ro
ug

ht
 c

on
di

tio
n

Sh
i e

t a
l. 

(2
01

7)
Sa

lin
ity

R
ic

e
Ja

po
ni

ca
O

sR
R2

2
G

en
e 

kn
oc

ko
ut

pY
LC

R
IS

PR
/C

as
9 

Pu
bi

-H
In

cr
ea

se
d 

pl
an

t h
ei

gh
t a

nd
 fr

es
h 

an
d 

dr
y 

w
ei

gh
t o

f s
ho

ot
 u

nd
er

 
sa

lin
ity

 c
on

di
tio

n
Zh

an
g 

et
 a

l. 
(2

01
9a

)

K
ita

ak
e

O
sO

TS
1

G
en

e 
kn

oc
ko

ut
pY

LC
R

IS
PR

/C
as

9 
Pu

bi
-H

En
ha

nc
ed

 b
io

m
as

s o
f s

ho
ot

 a
nd

 ro
ot

 u
nd

er
 sa

lin
ity

 c
on

di
tio

n
Zh

an
g 

et
 a

l. 
(2

01
9b

)
K

ita
ak

e
O

sR
R9

 a
nd

 1
0

G
en

e 
kn

oc
ko

ut
pC

A
B

25
5

In
cr

ea
se

d 
sh

oo
t a

nd
 ro

ot
 b

io
m

as
s a

nd
 u

pr
eg

ul
at

ed
 p

ot
as

si
um

 
tra

ns
po

rte
rs

 (O
sH

K
T1

;1
 a

nd
 O

sH
K

T2
;1

) u
nd

er
 sa

lin
ity

 
co

nd
iti

on

W
an

g 
et

 a
l. 

(2
01

9b
)

M
TU

10
10

O
sD

ST
G

en
e 

kn
oc

ko
ut

pC
A

M
B

IA
13

00
In

cr
ea

se
d 

ch
lo

ro
ph

yl
l c

on
te

nt
 a

nd
 g

ra
in

 y
ie

ld
 sa

lin
ity

 c
on

di
tio

n
K

um
ar

 e
t a

l. 
(2

02
0)

H
ea

t
R

ic
e

N
ip

po
nb

ar
e

O
sH

SA
1

G
en

e 
kn

oc
ko

ut
pC

A
M

B
IA

13
00

D
el

ay
ed

 c
hl

or
op

la
st 

ac
tiv

ity
Q

iu
 e

t a
l. 

(2
01

8)
C

ol
d

Ta
ip

ei
30

9
O

sA
nn

3
G

en
e 

kn
oc

ko
ut

pS
K

51
En

ha
nc

ed
 g

ro
w

th
 u

nd
er

 c
ol

d 
str

es
s

Sh
en

 e
t a

l. 
(2

01
7)

G
U

X
2-

44
O

sP
RP

1
G

en
e 

kn
oc

ko
ut

pY
LC

R
IS

PR
/C

as
9 

Pu
bi

-H
Th

e 
re

du
ce

d 
su

rv
iv

al
 ra

te
, f

re
sh

 a
nd

 d
ry

 w
ei

gh
t o

f s
ho

ot
 a

nd
 

ro
ot

, p
ro

lin
e,

 a
bs

ci
si

c,
 a

nd
 a

sc
or

bi
c 

ac
id

 c
on

te
nt

s i
n 

le
af

 a
nd

 
ro

ot
 ti

ss
ue

s, 
an

d 
ac

tiv
iti

es
 o

f a
nt

io
xi

da
nt

 e
nz

ym
es

N
aw

az
 e

t a
l. 

(2
01

9)

N
ip

po
nb

ar
e

O
sP

IN
5b

, O
sG

S3
 

an
d 

O
sM

YB
30

G
en

e 
kn

oc
ko

ut
pY

LC
R

IS
PR

/C
as

9 
Pu

bi
-H

En
ha

nc
ed

 p
an

ic
le

 le
ng

th
 a

nd
 g

ra
in

 si
ze

 u
nd

er
 c

ol
d 

str
es

s
Ze

ng
 e

t a
l. 

(2
02

0a
)



Planta (2022) 256:106 

1 3

Page 11 of 17 106

SAPK2. They have reported that the sapk2 mutants were 
more sensitive to drought stress and reactive oxygen species 
(ROS) than the wild-type plants. This result revealed that 
SAPK2 is important for responding to drought conditions in 
rice. In the same study, the additional investigation revealed 
that the expression level of some abiotic stress-responsive 
genes was higher in spak mutants. These findings suggest 
that SAPK2 might be a potential candidate gene for future 
crop improvement. Developing and cultivating new crops 
utilizing the SAPK2 locus might help overcome the drought 
stress in rice. Leaf rolling determines plant architecture, sig-
nificantly affecting crop yields and subsequent dry matter 
accumulation. Leaf rolling decreases stomatal conductance 
and water loss under drought stress. Developing semi-rolled 
leaf genotypes may provide a source to enhance crop yield 
under drought stress. Semi-rolled leaf 1 (SRL1) and SRL2 
genes play key roles in leaf rolling by severely affecting epi-
dermal growth and structure. CRISPR/Cas9 system was used 
to develop semi-rolled leaf mutant rice by targeting SRL1 
and SRL2 genes (Liao et al. 2019). Knockout of SRL1 and 
SRL2 genes in rice showed a higher survival rate than the 
wild type under drought stress (Table 3). Proteomic analysis 
revealed that 107 proteins were upregulated in the mutant 
line compared to wild-type plants under drought stress 
(Liao et al. 2019). They also developed a semi-rolled leaf 
genotype derived from wild-type and mutant rolled leaves, 
which increased panicle number, grain number per panicle, 
and yield per plant under drought stress (Liao et al. 2019). 
Based on this experiment, we assume that both SRL1 and 
SRL2 genes contribute to developing unrolled leaf genotypes 
under drought stress, which help enhance the photosynthesis 
process.

The drought and salt tolerance (DST) gene encodes a 
zinc-finger transcription factor that improves leaf width 
and stomatal closure (by modulation of  H2O2 homeostasis) 
and reduces stomatal density in rice. Knockout of OsDST 
gene in rice via CRISPR/Cas9 exhibited enhanced flag 
leaf growth, leaf water retention, and reduced stomatal 
density under drought stress (Kumar et al. 2020). There-
fore, the OsDST gene might play a key role in developing 
new drought-tolerant Indica rice cultivars in the future. 
Enhanced response to abscisic acid (ERA) encodes the 
β-subunit of the farnesyltransferase gene, which regu-
lates abscisic acid signaling and the dehydration response. 
CRISPR/Cas9 system was used to develop the rice mutant 
lines to identify the role of the OsERA1 gene under drought 
stress (Ogata et al. 2020). Knockout of the OsERA1 gene 
enhanced stomatal conductance under drought stress. This 
result revealed that the knockout of the OsERA1 gene 
enhanced drought tolerance in rice. The abscisic acid 
receptor of the pyrabactin resistance like (PYL) gene regu-
lates plant growth and development under abiotic stresses. 
Usman et al. (2020) used CRISPR/Cas9 system to develop 

Ospyl9 mutants in rice to elucidate the role of OsPYL9 
under drought stress. The mutant plants showed higher 
plant height, panicle numbers, panicle length, flag leaf 
length and width, grain number per panicle, grain weight, 
grain length and width, and yield per plant under drought 
stress (Table 3). The result of this study may lay a practi-
cal foundation for the development of drought-tolerant and 
high-yielding rice cultivars in the future. No apical meris-
tem (NAC) genes are involved in plant growth and develop-
ment under biotic and abiotic stresses. When OsNAC006 
was knockout via CRISPR/Cas9 in rice, the mutants 
enhanced drought sensitivity in rice. MicroRNAs (miR-
NAs) are involved in various biological processes associ-
ated with plant growth, development, and abiotic stress 
responses. The OsmiR535 modulates plant height, panicle 
architecture, and grain length under abiotic stresses in rice. 
Under drought stress, OsmiR535’s function was identified 
in rice through CRISPR/Cas9 system. The knockout of the 
OsmiR535 gene significantly increased the survival rate of 
seedlings under drought stress (Table 3). The epidermal 
patterning factor-like 9 (OsEPFL9) gene is a developmen-
tal gene that helps regulate the leaf’s stomatal density. 
Knockout of OsEPFL9 gene in rice by CRISPR/Cas12a 
system reduced stomatal count and increased water use 
efficiency under drought stress (Yin et al. 2019).

The CRISPR/Cas9 system in maize has exploited the 
role of only one gene under drought stress. Auxin-regu-
lated gene involved in organ size (ARGOS) members are 
negative regulators of ethylene responses, regulating eth-
ylene signal transduction and enhancing drought tolerance. 
Shi et al. (2017) used the HDR pathway to insert the maize 
native GOS2 promoter into the 5’ untranslated region of 
the ARGOS8 gene, which helped to develop two mutants 
(ARGOS8-v1 and ARGOS8-v2). These two mutants were 
used to develop hybrids, and their growth and yield were 
evaluated in multi-location fields. The hybrid plants 
increased the growth and yield of maize under drought 
stress compared to the wild type (Shi et al. 2017). This 
study reveals that the CRISPR/Cas system improves maize 
growth under drought stress and may lead to the develop-
ment of new cultivars. However, more research must be 
done to dissect the roles of other key genes responsible for 
drought tolerance to help develop better maize varieties 
conferring tolerance to multiple stresses. The CRISPR/
Cas system has not been used in other cereals to identify 
the role of drought-responsive genes. Among the abiotic 
stresses, many genes and transcription factors have been 
identified and functionally characterized in most cereals 
under drought stress. Therefore, targeting other genes and 
transcription factors by CRISPR/Cas variants in other 
cereals could help improve the growth and yield of all 
cereals under drought stress.
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Salinity stress tolerance

As in drought stress, the functions of some salt-responsive 
genes in rice were identified by CRISPR/Cas system. The 
two-component response regulator (RR) gene encodes 
the B-type response regulator transcription factor and is 
involved in cytokinin signal transduction and metabolism. 
The OsRR22 gene loss of function has significantly increased 
salt tolerance. Knockout of OsRR22 gene through CRISPR/
Cas9 system in rice enhanced the salinity tolerance (Zhang 
et al. 2019a). The transgenic plants showed significant toler-
ance to salinity at the seedling stage. Another group used the 
CRISPR/Cas9 system to characterize the roles of OsRR9 and 
10 genes under salt stress (Wang et al. 2019b). They have 
generated double mutants of osrr9 and 10 genes through 
multiplexed CRISPR/Cas9 system, which enhanced salinity 
tolerance. The same study further validated the two potas-
sium transporter (OsHKT1;1 and 2;1) genes in rice leaves 
under salt stress. Both genes were highly expressed in the 
leaf of transgenic plants. This result revealed that OsRR9 and 
10 genes enhanced tolerance to salinity stress by regulating 
HKT family transporters. This study indicates that we can 
develop a new rice cultivar using these genes to grow bet-
ter under salt stress and potassium deficiency soils. Zhang 
et al. (2019b) applied CRISPR/Cas9 system to produce a 
knockout of overly tolerant to salt1 (OsOTS1) (Small Ubiq-
uitin‐like Modifier (SUMO) protease family member) gene 
in rice. The transgenic lines enhanced salinity tolerance and 
biomass of shoot and root, indicating that the OsOTS1 gene 
plays an essential role in salt stress tolerance in rice. These 
examples demonstrate that CRISPR/Cas system could effec-
tively identify the role of genes that can respond to salt stress 
in other cereals.

Heat and cold stress tolerance

High temperature affects chloroplast activity, reducing pho-
tosynthesis and yields in plants. Qiu et al. (2018) charac-
terized the role of heat sensitive albino1 (HSA1) gene in 
rice through CRISPR/Cas9. Knockout of HSA1 gene in 
rice significantly delayed chloroplast activity at high tem-
peratures compared to wild type (Qiu et al. 2018). These 
results implied that the HSA1 gene plays an essential role in 
chloroplast activity under heat stress. Malzahn et al. (2019) 
targeted two genes (rice outermost cell-specific (OsROC5) 
and dense and erect panicle 1 (OsDEP1)) by CRISPR/
Cas12a system in rice and maize, enhancing their growth 
under higher temperature conditions. Cold stress affects 
seed germination, seedling growth, tillering, and yield (due 
to delayed heading and pollen sterility). Developing cold-
stress-tolerant cereals by CRISPR/Cas system could help to 
overcome this problem. Knockout of the annexin 3 (OsAnn3) 
gene in rice enhanced rice growth under cold stress (Shen 

et al. 2017). In another report, the role of proline-rich pro-
tein 1 (OsPRP1) was identified in rice through CRISPR/
Cas9 under cold stress. Knockout of OsPRP1 in mutant 
rice reduced survival rate, fresh and dry weight of shoot 
and root, proline, abscisic, and ascorbic acid contents in 
leaf and root tissues, and activities of antioxidant enzymes 
under cold stress compared to wild type (Nawaz et al. 2019). 
This study reveals that the OSPRP1 enhances rice growth 
under cold stress. Three genes, such as OsPIN5b (a panicle 
length gene), OsGS3 (a grain size gene), and OsMYB30 (a 
cold tolerance gene), were targeted by CRISPR/Cas9 sys-
tem in rice enhanced panicle length and grain size under 
cold stress (Zeng et al. 2020a). Among CRISPR/Cas vari-
ants, CRISPR/Cas12b system has been reported to develop 
temperature-tolerant cereals. Hence, targeting heat stress-
responsive genes by CRISPR/Cas12 system may enable the 
development of heat tolerance cereals over other CRISPR/
Cas variants.

Nutrients (macro‑ and micro‑) stress tolerance

Both macro- and micronutrients play an essential role in 
plants’ physiological and biochemical processes. Vari-
ous macro and micronutrients transporters such as nitrate 
transporter (NRT), phosphate transporters (PHT), potas-
sium transporters  (K+ transporters), sulfate transporters 
(SULTR), ammonium transporters (AMT), iron transport-
ers (IRT), copper transporters (COPT), zinc regulated and 
iron-regulated transport like proteins (ZIP), copper trans-
porter (COPT), iron-regulated transporter (IRT), cation 
diffusion facilitator (CDF), ATP-binding cassettes (ABC), 
heavy metal ATPase (HMA), molybdate transporter type 
1 (MOT1), natural resistance-associated macrophage pro-
tein (NRAMP) and yellow stripe-like proteins (YSL) have 
been functionally characterized in various cereals (Maha-
rajan et al. 2022; Krishna et al. 2020, 2022b; Roch et al. 
2019). The NRT1 family gene (OsNRT1;1b) has been tar-
geted by base editing (Li et al. 2018; Lu and Zhu 2017). The 
role of other nutrient transporters has not yet been identi-
fied in any cereal through any genome editing tool. More 
recently, two review articles have discussed improving the 
plant nutrient transporters with the help of the CRISPR/
Cas system (Ceasar et al. 2022; Sathee et al. 2022). The 
role of antioxidant protein 1 (ATX1) has been identified in 
rice through CRISPR/Cas9. Knockout of the OsATX1 gene 
in rice increased the accumulation of Cu in root and older 
leaves (Zhang et al. 2018b). These results indicate that the 
OsATX1 plays a key role in facilitating the translocation of 
Cu from root to shoot and remobilizing Cu from old leaves 
to developing tissues. Some micronutrients (Cd, Cr, Pb, Al, 
and Hg) are not involved in any physiological and biochemi-
cal processes in plants; therefore, they are considered non-
essential micronutrients. These non-essential micronutrients 
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are very toxic for plants, even at very low concentrations. 
The presence of non-essential micronutrients causes com-
mon toxic effects on plants, such as reduced biomass, growth 
and photosynthesis process, induced chlorosis, altered water 
balance, and nutrient assimilation, which ultimately cause 
plant death. A study revealed that knockout of OsNramp5 
gene using the CRISPR/Cas9 system in rice reduced Cd 
accumulations in shoots and roots of mutant plants more 
than in wild-type plants without affecting yield under Cd 
contaminated soil (Tang et al. 2017). Knockout of arsenate 
(As) responsive MYB1 (OsARM1) in rice enhanced plant 
height and root length under high (40 µM) As stress (Wang 
et al. 2017). In the same study, the knockout rice plants 
increased the As concentrations in shoot and root tissues 
compared to wild-type plants under low (2 µM) As condi-
tions. Based on these results, OsARM1 gene may be involved 
in the translocation of As from root to shoot (under low 
As condition) and enhanced plant growth (under high As 
condition).

Conclusion and future direction

The world population is expected to reach around 10 bil-
lion by 2050, and the demand for food will increase. The 
ever-increasing global population and food demand forced 
agriculturists, industrialists, soil chemists, scientists, plant 
breeders, government officials, and farmers to promote 
integrated and sustainable crop production. The growth and 
yield of all cereals are severely affected by both biotic and 
abiotic stresses. Plant breeding and functional genomic fields 
have played a major role in developing new varieties toler-
ant to growing under biotic and abiotic stresses. Both these 
technologies take a long time to develop a new crop. The 
recently developed CRISPR/Cas technology will enable us 
to create new crops in a short period due to their simplicity, 
versatility, accuracy, and sophistication. In cereals (mainly 
rice), the role of many biotic and abiotic stress-responsive 
genes and transcription factors have been characterized by 
CRISPR/Cas system. The role of genes and transcription 
factors that respond to biotic and abiotic stresses have not 
yet been identified in other cereals by CRISPR /Cas system. 
Many other CRISPR/Cas-mediated genome-editing tools 
such as CRISPRi, CRISPRa, base editors, epigenetic engi-
neering, chromatin imaging, and prime editors have been 
discovered and used in crop improvement programs. All 
these tools are becoming popular among plants because of 
their accuracy and robustness. Identifying the role of each 
biotic and abiotic stress-responsive gene through CRISPR/
Cas-mediated tool may help improve cereals’ growth and 
yield under biotic and abiotic stresses. Plants developed 
by CRISPR-based genome-editing tools may also become 

safe and transgenic-free since marker-free crops could be 
developed by introducing CRISPR reagents (Cas and gRNA) 
without conventional transformation and selection under 
antibiotics. This will also help overcome the hurdles scien-
tists face in commercializing biotech crops. Researchers may 
focus on these lines to develop new genome-editing methods 
to develop transgenic crops that are generally accepted by 
all. Hence, the government should play its part in future 
policies related to the CRISPR/Cas system and not consider 
CRISPR-edited transgenic or genetically modified plants for 
large-scale cultivation. This will help to improve the saline 
and drought tolerance in cereals strengthening food security.
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