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ABSTRACT

The population of world is increasing at an alarming rate which requires a high amount of food to feed
them. Climatic conditions are also changing year by year which causes a lot of losses in case of quality with
quantity of product and also resurgence of a lot of insect and pests. Traditional breeding methods were the
primary approach until the 20th century. Now, plant genome editing technologies offer a significant
opportunity to modify specific genes linked to desired traits. This makes it possible to develop crop varieties
with higher yields, resilient to changing harsh environments, resistance to pests and have the potential to
accelerate crop development significantly. This review delves deeply into the investigation of genome
editing techniques, while also addressing the obstacles and prospects associated with utilising this
cutting-edge technology for the specific enhancement of various crop traits, boosts yield and strengthens
the crop’s resistance against various pests.
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Introduction

Since the discovery of recombinant DNA technology
in 1972 in Paul Berg’s lab (Singer, 1979), genetic en-
gineering has advanced significantly and accom-
plished amazing feats. As a result of extensive re-
search into numerous molecular and genetic sys-
tems and occurrences, scientists are now able to rep-
licate tests in vitro. Many years of research into the
molecular genetics and biochemistry of bacteria and
viruses have allowed scientists to develop new tools
for manipulating genomic DNA through the devel-
opment of various vector mechanisms and instru-
ments for their entry into cells. All of these advance-
ments enable the successful generation of transgenic

higher creatures, such as different plant and crop
species, in addition to transgenic microbes creation
of practical tools. The intricacy involved with ma-
nipulating the huge genomes of higher plants is one
of the problems and restrictions with conventional
genetic engineering technique. An area where ge-
netic engineering is used, has attracted substantial
attention is the creation of new tools for biotechnol-
ogy and plant breeding, which has speed up the
development of practical instruments. The intricacy
involved with manipulating the huge genomes of
higher plants is one of the problems and restrictions
with conventional genetic engineering technique.
(Nemudryi et al., 2014). Currently, scientists have
access to a number of technologies that aid in resolv-
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ing issues associated with accurate plant genome
editing. Zinc finger nucleases (ZFNs), which cleave
the DNA in vitro in precisely specified locations,
were originally demonstrated to work as site-spe-
cific nucleases in 1996. They connect “zinc fingers”
protein domains with FokI endonuclease domains
(Kim et al., 1996). Due to the fact that each “zinc fin-
ger” domain of this chimeric protein recognizes a
single triplet of nucleotides, it has a modular struc-
ture. The foundation for editing cultured cells, in-
cluding model and non-model plants, was estab-
lished using this technique. (Gaj et al., 2013 and
Weeks et al., 2016). As a result of ongoing research
and development advanced genome editing tools
like TALENs (transcription activator-like effect or
nucleases) and CRISPR/Cas (clustered regularly
interspaced short palindromic repeats) have been
created. The current availability of repeat combina-
tion modules has streamlined the design procedure
for TALENs, reducing the necessity for extensive
cloning, and necessitating the engineering of a new
protein for each target. CRISPR, in contrast, offers
simplicity and versatility, functioning effectively in
crops, animal, and human cells, and has the poten-
tial to tackle various complex challenges, including
the development of transgenic and mutant plants.
(Noman et al., 2016 and Zhang et al., 2014). More-
over, chimeric proteins made of zinc finger domains,
activation domains of other proteins, and proteins
derived from the TALE DNA-binding domain were
used in studies on epigenetics, gene transcription
regulation, and the movement of chromosome dur-
ing the cell cycle (Cong et al., 2013; Petolino et al.,
2013; Wang et al., 2013 and Lowder et al., 2016). His-
torically, crop variety primarily resulted from spon-
taneous mutations, a gradual process, until the con-
cept of “induced mutation” surfaced, offering a
faster alternative. Following this, Capecchi devel-
oped a novel idea for genome editing in the 1980s
that permits the addition, deletion, or modification
of genetic material at specific genomic loci (Sedeek
et al., 2019; Capecchi 1980 and Chen et al., 2019).
These steps generate dsDNA (double stranded
DNA) breaks by sequence-specific endonucleases,
which are expressed momentarily within the cell
and either persist as non-heritable proteins or
quickly degrade once their role is fulfilled (Marton et
al., 2010; Baltes et al., 2014; Ali et al., 2015; Ilardi et al.,
2015 and Yin et al., 2015). In this review, we pro-
vided a concise overview of functioning behind
various genome editing tools and their application

in enhancing crops. Additionally, we emphasized
the numerous benefits and uses of engineered nu-
cleases, along with addressing the biosafety and
regulatory considerations concerning plants pro-
duced through engineered nuclease technologies.

Genome Editing Technologies

The utilization of sequence-specific nucleases in ge-
nome editing has gained popularity in plant re-
search, enabling the development of high-yield
crops, enhancing crop resilience to environmental
challenges, and improving their nutritional content
(Chen et al., 2019). To date, there are four genome
editing techniques, namely meganucleases, ZFNs,
TALENs and CRISPR-associated (Cas) protein sys-
tems.

Meganucleases

Larger DNA sequences (>12 bp) can be cleaved se-
quence-specifically by specialised endonucleases
called meganucleases, which are present in a variety
of organisms such as bacteria, archaebacteria, fun-
gus, yeast, algae and some plant species with a
single recognition site (Chapdelaine et al., 2010 and
Suzuku et al., 2020). Additionally, minor polymor-
phisms at the target location can be tolerated by
meganucleases (Arnould et al., 2011). They are also
referred to as homing endonucleases, and it is be-
lieved that they act as parasite elements on the host
DNA. While their exact role remains uncertain, it
induces dsDNA breaks at specific position within
the host genome and then they spread throughout
the target genome by leveraging the host’s homolo-
gous repair system (Silva et al., 2011). It has been
classified into five families on the basis of their se-
quence and motifs structure i.e., LAGLIDADG, PD-
(D/E) XK, His- Cys box, GIY-YIG, and HNH (Silva
et al., 2011 and Danilo et al., 2022). The LAGLIDADG
meganuclease (LMN) family, broadly employed in
genome editing, derives its name from the distinc-
tive motif sequence found within the protein family
to which this enzyme belongs. (Suzuki et al., 2020
and Silva et al., 2011). In unicellular eukaryotes,
LMNs are typically expressed in the mitochondria
and chloroplast, majorly as dimeric proteins, that
play two distinct roles: function as specialised endo-
nucleases to cleave exon sequences and as RNA
maturases to splice their own introns. (Arnould et
al., 2011). The NHEJ mechanism is used to fix
dsDNA breaks caused by meganucleases, that re-
sults in erroneous insertions or deletions at the tar-
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get site. (Arnould et al., 2011 and Liang et al., 1998).
I-SceI and I-CreI are the members of this family fre-
quently used in genome editing. I-SceI, located in
Saccharomyces cerevisiae mitochondrial DNA’s 21S
rRNA gene, is hailed as the “gold standard” in ge-
nome editing for its precision and efficiency in rec-
ognizing the 18 bp sequence 52-
TAGGGATAACAGGGTAAT-32. I-CreI, found
within the 23S rRNA gene, was originally found in
the chloroplast of the algae Chlamydomonas
reinhardtii, having two aspartic acid residues in its
catalytic region and it functions as a homodimer to
recognize the 22 bp target sequence 52-
CAAAACGTCGTGAGACAGTTTG-32. (Arnould et
al., 2011 and Prieto et al., 2018). Meganucleases have
been employed in specialized gene therapy for en-
donuclease engineering but face limitations in ge-
nome editing because it is puzzling to reengineer
them to target another new DNA sequences
(Arnould et al., 2011; Maeder et al., 2016 and Zess et
al., 2021).

Zinc-Finger Nuclease

Zinc finger proteins (ZFNs) are made up of a DNA
recognition domain and the cleavage domain of the
FokI endonuclease. Each zinc finger recognises three
base pairs (bp), which enables them to function by
focusing on particular DNA sequences. ZFNs must
be built in pairs because FokI needs dimerization to
function properly, requiring the right orientation

and spacing (Lee et al., 2018). ZFN-mediated gene
editing has been successful in a various crops like
maize, rice, soybeans, and wheat (Bonawitz et al.,
2019, Shukla et al., 2009; Ran et al., 2018 and Jung et
al., 2018). However, the expense and difficulty of
creating a protein for each target site as well as the
possibility of cytotoxicity from off-target cleavage
limit the utilization of ZFN-mediated gene editing in
crop editing (Rasheed et al., 2021).

The Central Repeat Domain (CRD), a DNA-bind-
ing domain made up of 33–35 amino acid repeats, is
used by the pathogenic gamma proteobacterial ge-
nus Xanthomonas in nature to identify and interact
with particular single-base pairs in the substrate
DNA in order to deliver TAL effectors into the host
plant cell (Miller et al., 2011). The susceptibility S
gene in the promoter region, in particular, is acti-
vated by TAL effectors using the type III secretion
system to enter the host plant and change gene ex-
pression in favour of the bacterium’s survival strat-
egy. This promotes pathogenesis and increases the
bacterial population for the development of disease
(Song et al., 2013).

Similar to ZFNs, TALENs consist of customized
arrays of TALEs fused with the FokI cleavage do-
main. Except for the two hypervariable residues at
12 and 13 positions. The specific nature of TALEs is
assessed by repeat variable di-residues (RVDs), with
their identification in tobacco facilitated by using a
â-glucuronidase (GUS) reporter (Lei et al., 2012). The

Fig. 1. Flowchart Showing Meganuclease activity of Genome Editing
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twelfth residue plays a role in soothing the interac-
tion with the nucleotide, whereas the thirteenth resi-
due is responsible for recognition. The DNA target
specificity in TALEs governed by CRD, which can
differ based on the amount of repeats and the ar-
rangement of RVDs, while the N- and C-termini of
TALE repeats are flanked by secretion signals, with
the C-terminus functioning as an acidic transcrip-
tional activating domain.

The four distinct domains that are commonly
found on customised TALE repeat arrays are NI (as-
paragine and isoleucine), NN (two asparagines), NG
(asparagine and glycine) and HD (histidine and as-
partic acid). These domains are each linked to the
recognition of adenine guanine, thymine and cy-
tosine, respectively. By producing recombinant ar-
rays of RVDs that are particular to the intended ge-
nomic section, researchers have the opportunity to
develop powerful genome editing tools. The bacte-
ria Paraburkholderia rhizoxinica and Ralstonia
solanacearum are useful for bioengineering because
they have a better-quality of RVDs and TALE-like
proteins. (Dahlem et al., 2012).

The introduction of TALENs, which offer recom-
penses over ZFNs, has propelled genome editing
technology forward due to their less toxic nature
and easier customization, due to single-base recog-
nition capability of TALE DNA-binding repeats.
However, because of these repetitive sequences,
PCR cloning of TALE is difficult but can be solved
by techniques like golden gate cloning (Song et al.,

2013). One major drawback of TALENs is that they
are larger than ZFNs, which makes it more difficult
and inefficient for injecting them into the nucleus
(Dunn et al., 2014). Genome editing using TALEN
technology has been used in various animals like
Xenopus (Christian et al., 2013), rabbit (Ansai et al.,
2013), Zebrafish (Clasen et al., 2016), pig (Li et al.,
2012), mouse (Shan et al., 2013) and Medaka (Char et
al., 2015 and Li et al., 2016). It has also been used for
targeted mutation in plants like Arabidopsis (Ma et
al., 2015), rice (Shan et al., 2015; Haun et al., 2014, Li
et al., 2016; Ma et al., 2015 and Haun et al., 2014),
Brachypodium (Haun et al., 2014), potato (Clasen et
al., 2016) and maize (Char et al., 2015). In soybean,
researchers conducted gene targeting on the fatty
acid desaturase 2 (FAD2) gene to enhance the oil
quality (Haun et al., 2014).

CRISPR/Cas9 Genome Editing System

Several bacteria, including SaCas9 from Staphylo-
coccus aureus, NmCas9 from Neisseria meningiti-
des, CjCas9 from Campylobacter jejuni and StCas9
from Streptococcus thermophiles, have recently
been discovered and used for plant gene editing,
SpCas9 is still the method that is used the most.
CRISPR is made up of conserved repeat sequences
and spacers, which are distinctive variable se-
quences. When plasmid or phage DNA, or a spacer,
get integrated into the CRISPR section of the host
genome, it activates the system and grants protec-
tion against future encounters with phages or plas-

Fig. 2. Working of ZFN



S150 Eco. Env. & Cons. 30 (October Suppl. Issue) : 2024

mids sharing similar sequences. These elements are
subsequently processed to generate precursor
crRNA (pre-crRNA), a primary transcript consisting
of a spacer segment flanked by repeat sequences,
typically vary in length from 23 to 47 base pairs. The
processing endonuclease within the CRISPR system
not only cleaves the invader’s targeted sequence but
also identifies these distinctive CRISPR repeat se-
quences, which play a dual role in safeguarding
against foreign DNA and contributing to crRNA
maturation (Richter et al., 2014; Marraffini et al., 2010
and Stern et al., 2010). Following the complete inte-
gration of crRNA with Cas protein, crRNA pairs up
with trans-activating crispr RNA (tracrRNA) and
engages with host RNase, allowing the detection of
the invading sequence, ultimately leading to its
cleavage. Following the final incorporation of
crRNA with Cas protein, the intrusive sequence for
further cleavage is identified by hybridising crRNA
with trans-activating crispr RNA (tracrRNA) to host
RNase (Karyelis et al., 2013). The protospacer-en-
coded portion of crRNA instructs Cas9 to cleave the
targeted complementary DNA sequence in accor-
dance with the RNA-DNA complementary base
pairing rule (Sander et al., 2014). The protospacer
adjacent motif (PAM) sequence, typically derived
from an invading virus or plasmid and required for
CRISPR-Cas9 targeting, must be situated next to the
target sequences (protospacers), with the PAM for
SpCas9 specifically comprising the NGG sequence
and allowing for any nucleotide in its composition.

A crRNA-tracrRNA duplex is artificially fused

into a particular chimeric RNA known as a single-
guide RNA (sgRNA or gRNA) in order to direct it to
a particular target site. Cas9 undergoes conforma-
tional changes that change it from an inactive to an
active DNA-binding system when it interacts with
gRNA to form a nucleoprotein complex. When Cas9
cleaves the targeted DNA, which is located 3-4
nucleotides upstream of the PAM sequence, DSBs
are produced. DNA repair in the cell is activated as
a result of double strand break (DSB) formation,
possibly through an non-homologous end joining
(NHEJ) or homology directed repair (HDR) mecha-
nism. NHEJ primarily leads to insertion or deletion
mutations (INDEL), resulting in gene knockouts
within coding regions, whereas genetic modification
through HDR necessitates the presence of a homolo-
gous DNA template near DSB. SaCas9 from S.
aureus is shorter (1053 residues) than SpCas9 from
S. pyogenes (1368 residues), which makes it more ef-
ficient for delivery (Schaeffer et al., 2016). CRISPR-
Cas9 was employed by Sanchez-Leon to target parts
of the wheat gliadin gene family (Sanchez-Leon et
al., 2018). This gene family encodes the major
immunodominant peptide in persons with coeliac
disease, caused by consuming wheat gluten pro-
teins. They developed several sgRNAs that specifi-
cally target the DNA sequences, resulting in 21 mu-
tant lines with a significant drop in -gliadins.

One significant achievement of this study was the
screening of transgene-free lines, which resulted in
the mutation of up to 35 different genes in one of the
lines without any observed off-target effects. Simi-

Fig. 3. Working of TALENs
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larly, this technique was applied to rice to assess the
functionality of miR396 genes, specifically targeting
MIR396e and MIR396f without affecting other
isoforms, resulting in enhanced panicle branching,
larger grain size, increased grain yield and increased
biomass even in nitrogen-deficient conditions
[Zhang et al., 2020]. These results also suggested that
rice genome editing could target miR396ef, reducing
the plant’s need for nitrogen fertiliser. Nishitani con-
ducted a significant genome editing study by target-
ing the apple phytoene desaturase (PDS) gene,
which is crucial for fruit plants in the Rosaceae fam-
ily (Nishitani et al. 2016). Rodriguez made signifi-
cant progress in the CRISPR-Cas9 system
(Rodriguez et al., 2017), who utilized multiple
sgRNAs to target different regions of the promoters
of three tomato genes controlling inflorescence pat-
tern (COMPOUND INFLORESCENCE), fruit size
(CLAVATA3), and branching architecture (SELF
PRUNING), resulting in the creation of new cis-
regulatory alleles and variations in polygenic traits.
This study proved that Cas9 can be utilised to per-
form complicated gene manipulation for fine-tuning
quantitative features rather than just simple gene
knockouts. The CRISPR tool has been used to pro-
duce numerous plants with desired gene edits, (Shi
et al., 2017) with enhancing maize production under
drought stress through the creation of ARGOS8 ge-
nome-edited variants using this technology in rice
(Cas9p) (Ma et al., 2015), Arabidopsis (pcoCas9) (Li et
al., 2013), Medicago truncatula, and Glycine max
(GmCas9) (Michno et al., 2015). CRISPR can address
hybrid sterility and cross-incompatibility by knock-
ing out relevant genes, potentially resolving these
issues and even enabling the production of haploid
plants by focusing on genes related to cell division
and spindle fiber formation (Bhowmik et al., 2018).
Developing male sterile plants through the use of
this technology is an emerging and valuable ap-
proach for gaining insights into gene functionality
and regulation (Zhou et al., 2016). To overcome one
of the primary limitations of SpCas9 system, which
necessitates a strict NGG PAM sequence at the tar-
get site, researchers have developed SpCas9 variants
with broader PAM specificity.

Hu employed phage-assisted continuous evolu-
tion to create xCas9, a modified SpCas9 variant ca-
pable of recognizing diverse PAM sequences such
as GAA, GAT, and NG (Hu et al., 2018), offering
enhanced PAM compatibility and reduced off-target
action compared to SpCas9 (Ni et al., 2020). Using

xCas9, Hu successfully introduced mutations in rice
containing specific PAM sequences like GAT and
NG (Hua et al., 2019), while Ge evaluated xCas9’s
effectiveness in Arabidopsis (Ge et al., 2019) for tar-
geting the FERONIA (FER) gene with different
PAMs (NGA, NGG, NGT, or NGC). Customized
Cas9 nuclease domain variations, such as Nickase
Cas9 (nCas9) and Nuclease catalytically dead Cas9
(dCas9), represent two examples in this context.
Single-nucleotide polymorphisms (SNPs) are impor-
tant for determining many agricultural traits and
provide a more efficient way to protect against un-
desirable mutations since they can modify proteins
function by introducing stop codons or substituting
amino acids. The initial application of the CRISPR/
dCas9 or nCas9 system in combination with cytidine
deaminase to create point mutations employed by
Komor (Komor et al., 2016). Within this system, sub-
stituting specific bases in the genome does not trig-
ger the formation of DSBs, instead, it results in pre-
cise knockout of specific amino acids or the inactiva-
tion of a gene through the introduction of an early
stop codon.

The cytidine deaminase and uracil glycosylase
inhibitor (UGI) fusion domains are combined in the
current generation of base editors, nCas9 and dCas9,
within CRISPR systems. These are produced when
the enzymatic function of the Cas9 RuvC and HNH
domains, or just the RuvC domain, is blocked
(Wang et al., 2015). The complementary strand of the
targeted DNA is cut by the HNH nuclease domain,
whereas the non-complementary strand is cut by the
RuvC domain, which results in the production of
blunt ends (Belhaj et al., 2013). Even in single-
stranded regions, nCas9 can be guided by sgRNA to
target and create a nick in a single DNA strand, with
cytidine deaminase subsequently changing cytosine
(C) within the single-stranded DNA to uracil (U),
eventually leading to its conversion into thymine (T)
during the DNA repair process. Crop enhancement
has been expedited by introducing gene modifica-
tions involving replacements or deletions, leading to
improvements in crucial agronomic characteristics,
and Cytosine-Based Editors (CBEs) and Adenine-
Based Editors (ABEs), which induce C-G to T-A and
A-T to G-C transitions deprived of the double-
strand breaks (DSBs) or external DNA achieve this.

Recent research successfully achieved the prime
genome of cereals such as rice and wheat by intro-
ducing desired gene modifications using pegRNA
(prime editing-guide RNA) in conjunction with
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specialised nCas9-reverse transcriptase fusion pro-
teins (Lin et al., 2020). A modified nCas9 (H840A),
pegRNA, and a customised M-MLV reverse tran-
scriptase were used to create the plant prime editor
(PPE) system. The maize Ubiquitin-1 (Ubi-1) pro-
moter was used to activate optimised PPE genes for
cereal crops, and the TaU3 and OsU3 (or TaU6) pro-
moters were utilised to initiate sgRNA transcription
and direct pegRNA production, respectively. They
further customized pOsU3-BFP-peg01 by incorpo-
rating an RT template, enabling the conversion of
ACC CAC (threonine-histidine) to ACG TAC (threo-
nine-tyrosine) within the pegRNA-induced nick.
They next created prime-edited plants with point
mutations, deletions, and insertions, which can has-
ten crop enhancement in elite lines, by introducing
PPE, pOsU3-BFP-peg01, and pUbi-BFP with sgRNA
into wheat and rice protoplasts.  In maize, wheat,
and rice, similar research has been conducted using
nCas9-PBE and dCas9-PBE to precisely exchange
cytosine with thymine (Zong et al., 2017).

Hao developed the ABE-nCas9 tool, enabling the
precise induction of A to T and G to C mutations in
the rice genome without causing unintended InDels
or off-target effects (Hao et al., 2019). Additionally,
Qin et al. (2020) employed this system to perform
accurate base editing, converting C to T and G in the
cotton. They achieved this by incorporating a cyti-
dine deaminase sequence (APOBEC) along with
UGI and nCas9 into the CRISPR/Cas9 plasmid to
target three specific location in the cotton genome.
The integration of nCas9 (D10A), human
APOBEC3A (Apolipoprotein B mRNA editing en-
zyme catalytic polypeptide-like 3A), a cytidine
deaminase-based base editor, and uracil glycosylase
inhibitor (UGI) allowed for the groundbreaking ap-
plication of cytidine deamination editing in potatoes
in a recent study (Zong et al., 2018). This technique
makes it possible to substitute C with T with a mini-
mum number of undesired edits and indels. Ge-
nome editing can be employed to confer virus resis-
tance in plants by introducing mutations which pro-
vide resistance to viruses in plants lacking natural
eIF4E alleles, which play a significant role in plant
viral resistance (Wang et al., 2012). By introducing
Pisum sativum eIF4E virus resistance alleles into the
susceptible eIF4E1 gene of Arabidopsis, researchers
(Bastet et al., 2019) improved resistance in
Arabidopsis thaliana against clover yellow vein vi-
rus. In addition, they used CRISPR-Cas9 cytidine
deaminase editing to trigger the N176K substitution

in Arabidopsis wild-type plants, leading to
transgene-free, virus resistant seedlings. In a manner
similar to this, citrus plants resistant to citrus canker
can be developed using CRISPR/Cas9-mediated
editing of the CsLOB1 promoter (Peng et al., 2017).
The study demonstrated the utilization of pathogen
susceptibility factors to evaluate genome editing
techniques, which hold significant promise for the
production of transgenes free and genetically resis-
tant crop varieties.

Addressing weed control, scientists are exploring
gene editing as a promising avenue to develop her-
bicide-tolerant crop varieties for sustainable agricul-
ture. Zhang focused on the TaALS gene, responsible
for encoding the essential enzyme acetolactate syn-
thase (ALS) vital for branched chain amino acid syn-
thesis, to develop herbicide-tolerant wheat (Zhang et
al., 2019). Specifically, they aimed at the TaALS-P174
site, a CCC codon encoding proline found in all
wheat subgenomes, by employing pnCas9-plant
base editor (PBE)15 along with sgRNA TaALS-P174
constructs in the embryo of the Kenong199 wheat
variety. Multiple subgenome mutations were cre-
ated that gave wheat resistance to herbicides based
on aryloxyphenoxy propionate, imidazolinone, and
sulfonyl urea. By combining adenosine deaminase
with CRISPR-nCas9, Li were able to convert A·T to
G·C and develop rice plants that are resistant to her-
bicides (Li et al., 2018). Comparable studies have
also been carried out in a variety of plants, including
as Arabidopsis (Chen et al., 2017), rice (Shimatani et
al., 2018 and Shimatani et al., 2017), maize (Li et al.,
2019), rapeseed (Veillet et al., 2019), tomato, potato
(Veillet et al., 2019), and watermelon (Tian et al.,
2018), with the aim of creating mutations that confer
herbicide resistance. In order to achieve gene silence,
Maeder and Gilbert developed a catalytically inac-
tive variant of Cas9 known as dead Cas9 (dCas9)
(Maeder et al., 2013 and Gilbert et al., 2013). Rather
than causing gene disruption, this dCas9 results in
sequence-specific constitutive activation or gene si-
lencing when combined with transcription activa-
tion or repression effectors. This strategy, called
CRISPR interference (CRISPRi), minimises its effect
on the transcription of non-targeted genes while
permitting combinatorial control or repression of
genes in a way akin to RNA interference. Moreover,
Piatek effectively suppressed the transcription of
protein-coding genes in Nicotiana benthamiana by
employing the CRISPRi pathway in conjunction
with dCas9 (Piatek et al., 2015). Several investiga-
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tions in the field of plant research have explored
how different activators interact with dCas9 (Li et
al., 2017, Lowder et al., 2015 and Venzquer et al.,
2016).

The CRISPR-dCas9 system seems to be a multi-
purpose tool because it is also showing potential as
a method for targeted epigenome editing. In addi-
tion to its primary editing function, the CRISPR-
dCas9 system is being repurposed for precise ge-
nome regulation, with its utility further extended by
enabling the silencing of transcription through the
targeting of regulatory regions instead of the gene
itself (Dominguez et al., 2016). The potential applica-
tion of dCas9 as a tool to modify gene function by
stimulating and inhibiting transcription in different
organisms through epigenetic changes like histone
methylation and acetylation was made possible by
its ability to efficiently suppress transcription in bac-
teria (Qi et al., 2013). Thakore by integrating nu-
clease-deficient dCas9 with the Kruppel-associated
box (KRAB) transcription repression domain—a
naturally occurring element involved in assembling
a complex that generates heterochromatin were able
to induce gene silence by dCas9 integration with an
epigenetic effector (Thakore et al., 2015). This re-
sulted in the mediation of histone methylation and
deacetylation, ultimately leading to the suppression
of globin gene expression. In another study, Neis-
seria meningitidis dCas9 was combined with
Lysine-Specific Histone Demethylase 1 (LSD1) to
achieve gene expression repression, highlighting the
system’s early-stage flexibility in transcription ma-
nipulation (Kearns et al., 2015). Table 1 provides a
brief comparison of CRISPR/Cas, TALENs, ZFNs,

and meganucleases.

Application of Genome Editing in Crop
Improvement

Significant real-world applications for genome edit-
ing technologies exist in the field of crops improve-
ment, such as the development of high-yielding,
high nutritious, and resistant to biotic and abiotic
stresses crop varieties (Osakabe et al., 2016, Xiong et
al., 2015, Kissoudis et al., 2014, Liu et al., 2014, Jain,
2015, Andolfo et al., 2016, Khatodia et al., 2016 and
Nongpiur et al., 2016). In plant breeding, the genome
editing methods has been employed for various pur-
poses, including (1) incorporating foreign genes, (2)
making small alterations to gene function, (3) intro-
ducing point mutations resembling natural SNPs,
(4) controlling gene expression by either repression
or activation, (5) gene knockout and gene
pyramiding and (6) performing epigenetic editing.
For instance, the application of ZFN technology in
Arabidopsis (Osakabe et al., 2010, Zhang et al., 2010
and Townsend et al., 2009) and maize (Shukla et al.,
2009) has resulted in the successful creation of her-
bicide-tolerant plant varieties by inserting herbicide
resistance genes into specific region within the ge-
nome (Shukla et al., 2009). Additionally, the endog-
enous malate dehydrogenase (MDH) gene was pre-
cisely altered in plants using ZFN, leading to en-
hanced crop yields in the modified MDH-containing
plants (Shukla et al., 2013).

The ODM technique has been greatly improved
by the Cibus Rapid Trait Development System
(RTDS) (Sauer et al., 2016). This technology has been
successfully applied in several crops for a variety of

Fig. 4. Working of CRISPR/Cas9
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purposes, including improved disease resistance
(both bacterial and viral), insect resistance, herbicide
tolerance, enhanced nutritional value, and increased
yield. All of these goals have been achieved without
the insertion of foreign genes, as has historically
been the case in conventional genetic engineering
for crop improvement (Sauer et al., 2016). Using
ODM RTDS technology, precise editing of CAC to
TAC allows for the non-transgenic conversion of the
amino acid histidine (H66) in BEP to tyrosine (Y66)
in GFP, a useful tool for crop breeding. (Sauer et al.,
2016 and Abdurakhomonov, 2016).

Jiang engineered Camelina sativa seeds using
CRISPR/Cas9 technology, producing a
biotechnologically improved oil with an improved
fatty acid composition that is more oxidation-resis-
tant, healthier for human consumption, and more
suitable for the production of particular chemicals
like biofuels (Jiang et al., 2017).

Targeted mutation of the SP5G gene was used by
Soyk to develop tomato plants with faster flowering
and a denser bush structure, which eventually re-
sulted in an earlier harvest (Soyk et al., 2017). By us-
ing CRISPR-induced mutation of the OST2 gene in
Arabidopsis, Osakabe were able to confer salt stress
resistance in plants and resulting in the generation
of new alleles with this beneficial trait (Osakabe et
al., 2016). Dwarf fruit trees with significant potential
for increased productivity have been made possible
by the use of genome editing techniques to modify
gibberellin biosynthesis. This has allowed for denser
planting and less labour, as well as a decrease in the
demand for fertilisers, pesticides, and water re-
sources (Peng et al., 1999).  Furthermore, utilizing
genome editing to suppress ethylene biosynthesis, a
pivotal factor in fruit ripening or its signaling path-

ways, opens the door to creating novel varieties with
extended shelf lives (Hollender et al., 2015) (Xiong et
al., 2015). Genome editing techniques are actively
used in plant breeding to develop pest and patho-
gen resistant plant varieties by modifying essential
stages of plant immunity across a range of crops. To
accomplish this objective, one can make modifica-
tions in (1) resistance genes (R-genes), (2) suscepti-
bility genes (S-genes), (3) genes which govern how
effectors and their respective targets interact and (4)
the genes responsible for maintaining the balance of
plant hormones (Andolfo et al., 2016). For example,
by focusing on the mildew resistance locus O
(MLO), genome editing methods like TALEN and
CRISPR/Cas9 were used to create wheat types resis-
tant to powdery mildew disease (Wang et al., 2014).
Similarly, by focusing on the susceptibility gene
Os11N3 (also known as OsSWEET14), it has been
exploited to generate plants resistant to bacterial leaf
blight brought on by Xanthomonas oryzae pv. Oryzae
(Li et al., 2012). By employing single guide RNA/
Cas9 (sgRNA/Cas9) to implement a transient trans-
formation system and degrade or suppress the ge-
nome of the curly top virus in N. benthamiana, the
effectiveness of the CRISPR/Cas9 system has been
evaluated with respect to its capacity to interfere
with geminiviruses (Ji et al., 2015). The CRISPR/
Cas9 system was shown to produce mutations in-
side the targeted sequences in addition of focusing
on destroying viruses in previous investigations.
This happened because it interfered with the ability
of viruses to replicate freely when specific sgRNAs
matching sequences of the bean yellow dwarf virus
(BeYDV) or tomato yellow leaf curl virus (TYLCV)
were inserted into N. benthamiana plants that ex-
pressed the Cas9 endonuclease and then exposed to

Table 1. Comparison between different genome edition techniques (Eid et al., 2016, Guha et al., 2017, Li et al., 2020 and
Janik et al., 2020).

Feature Meganucleases ZFNs TALENs CRISPR/Cas

Target site length 12-40 bp 18-36 bp 28-40 bp 20-22 bp
Recognition Protein recognize Protein recognize Protein recognize RNA protein complex

DNA DNA DNA recognizes DNA
Dimerization Not required Required Required Not Required
Multiplexing Challenging Challenging Challenging Feasible
Nuclease protein I-SceI FokI FokI Cas
Repair events HDR NHEJ HDR NHEJ
Efficiency Moderate Low Moderate High
Cost High High Moderate Low
Ease of engineering Low Low Moderate High
Specificity High Moderate High Low
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the corresponding viruses (Andolfo et al., 2016).
The inactivation of ethylene-responsive factor

(ERF) is a crucial tactic used by genome editing tech-
nologies to alter metabolic pathways that control
hormonal balance, thereby improving the
immunomodulatory component of the plant im-
mune system. For example, CRISPR/Cas9-mediated
mutations of the rice target OsERF922 gene have ef-
fectively altered the gene, leading to heightened re-
sistance against Magnaporthe oryzae (Liu et al., 2012
and Wang et al., 2016). To make Cucumis sativus re-
sistant to viruses including Papaya ring spot mosaic
virus-W (PRSV-W), cucumber vein yellowing virus
(CVYV), and zucchini yellow mosaic virus (ZYMV),
it was used to remove the eIF4E gene, which en-
codes the eukaryotic translation initiation factor
(Fang et al., 2016). Furthermore, the effectiveness of
CRISPR/Cas9 was illustrated as a swift and efficient
genome editing system in Phytophthora sojae, an

oomycete pathogen that affects soybeans. This was
accomplished through the modification of the
pathogenicity gene (Avr4/6), offering a promising
avenue for conducting essential functional genomics
research in Phytophthora sojae, ultimately contribut-
ing to efforts aimed at controlling this pathogen
(Fang et al., 2016). In a similar vein, it has been used
to create plants resistant to herbicides. For instance,
by modifying the ALS2 gene, a crucial component of
plant amino acid biosynthesis, a mutant maize plant
resistant to chlorsulfuron was created (Svitashev et
al., 2015). One exciting area of biotechnology where
the CRISPR/Cas9 system has great potential is the
development of plants that can produce human pro-
teins like albumin, which is used to treat conditions
like burns, hemorrhagic shock, cirrhosis and hypo-
proteinemia, or insulin for patients with diabetes
mellitus (Hasting et al., 1992).

In response to the increasing global demand of

Table 3. Some examples of gene editing for abiotic and biotic stress resistance

Crop Gene SDN Phenotypic Change Remarks

Wheat TaMLO-A1, TALEN Powdery mildew Edited plants resistant to powdery
B1, D1 resistance mildew, resistance broad-based

Maize ARGOS8 CRISPR-Cas9 Drought resistance Increased yields under drought
stress at flowering time

NLB18 CRISPR-Cas9 Resistance to northern Sequence replacement by HDR
leaf blight

Rice OsERF922 CRISPR-Cas9 Resistance to rice blast Decreased lesion size
EPSPS CRISPR-Cas9 Resistance to herbicide Two mutations introduced

Glyphosate in the second exon of the gene by
intron targeting

Tomato SLMLo1 CRISPR-Cas9 Powdery Mildew Resistance
Cucumber eIF4E CRISPR-Cas9 Virus resistance

Table 2. Agronomic traits -improved by gene-editing technologies

Crop Locus/Gene SDN Phenotypic Change Remarks

Maize MTL TALEN Haploid Production Maternal haploid induction when
used as pollinator

Rice CSA CRISPR-Cas9 Reverse photo-period Male fertility in short-day conditions
sensitive genic male in comparison to the long-day
sterility (rPGMS) requirements for the initial PGMS

line discovery
Tms CRISPR-Cas9 Temperature-sensitive TGMS lines comparable to the

genic male sterility parental lines in morphology,
(TGMS) promising for hybrid seed production

Tomato SP5G CRISPR-Cas9 Early flowering Located in a QT, suppresses
flowering, compact and determinate
in habit

SLS CRISPR-Cas9 Inflorescence branching A range of different inflorescence
branching patterns generated
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500 tons per year for albumin, despite the limited
supply of human plasma used for its production,
genomic engineering techniques have been utilized
to insert the human albumin gene into the rice ge-
nome to address the growing requirements (He et
al., 2011). When these proteins are produced and
refined, they can be extracted from the tissues of
plants and animals and used in medicine. As such,
these novel genome editing techniques are widely
used for agricultural improvement, including the
development of new bioenergy crops (Bosch et al.,
2013). Table 2 describing agronomic traits -im-
proved by gene-editing technologies. Table 3 de-
scribing some examples of gene editing for abiotic
and biotic stress resistance. Table 4 representing list
of institutes in India working on genome editing.

Challenges for Genome Editing

Whole plantlets are regenerated  from the trans-
formed cells after the SDNs are introduced into

plant cells or protoplasts. But in many crops species,
dependable protocols for plantlet regeneration are
not available.

SDNs do induce off target effects albeit at low or
even negligible frequencies. Whenever such effects
are produced, additional time, effort and cost will be
imposed by the breeding schemes used for eliminat-
ing these effects form the mutant lines.

Conclusion

Genome editing techniques have emerged as a
prominent choice within the realm of molecular bi-
ology, offering valuable tools for both understand-
ing plant biology at a functional level and elevating
crop improvement efforts. This trend is underscored
by numerous ongoing endeavors where gene edit-
ing systems are employed to facilitate comprehen-
sive investigations into diverse aspects of plant biol-
ogy. Additionally, they play a pivotal role in en-

Table 4.  List of institutes in India working on genome editing

Institutions Specific areas of interest

National Institute of CRISPR-Cas9-mediated genome editing for nutritional enhancement of Indian
Plant Genome Research mustard. RICE/Maize-CRISPR/Cas9/Cpf1 based genome editing technology to
(NIPGR) enhance and modify root architecture and the response of the plant to abiotic stress

and nutrients.
Biofortification of banana for a-carotene, b-carotene and lutein. (Collaboration with
NABI, Mohali)

Bose Institute, Kolkata Developing an enhanced toolkit for inducible genome editing and regulating gene
expression in tomato: consequences for modifying complex traits through synthetic
biology methods

Junagadh Agricultural Genome editing in groundnut for high oleic acid and low linoleic acid. Gene editing
University in Saurashtra’s main field crops: a breeding programme utilising CRISPR-Cas9

technology
ICAR-National Institute Genome editing of potatoes to produce true potato seeds (TPS) specific to a variety
for Plant Biotechnology Genome editing using CRISPR-Cas9 of several negative regulators for rice blast

resistance
IARI—New Delhi Genetic improvement of rice through RNA guided genome editing (CRISPR/Cpf1)
(cooperating centres for yield, WUE,NUE, biotic and abiotic stress resistant. Incorporation of known/novel
ICGEB, New Delhi, alleles of TB1, CKX2, DEP1, SPL14, DST, PP2Cs, Os8N3, miR169a and eF4g genes
NRRI, Cuttack through genome editing in elite mega rice varieties which will be beneficial for

donors in breeding programmes or directly released for commercial cultivation.
International Crops Utilising a two-pronged strategy to develop double herbicide-tolerant Arhar
Research Institute for (Cajanuscanjan) for better weed management: haplotype mining in native
the Semi-Arid Tropics germplasm and genome editing by CRISPR/Cas9.
(ICRISAT)
Tamil Nadu Agricultural Using genome editing to improve rice’s nutritional value and resistant to disease
University (TNAU) Coordination with ICAR-NASF to develop “Thermo-sensitive genic male sterile lines

(TGMS)” in rice by CRISPR-mediated genome engineering: locus of TMS5
National Agri-Food LCY- bananas are rich in beta-carotene, the team is concentrating on metabolic
Biotechnology Institute engineering of banana and wheat to improve their nutritional value. Pro-vitamin A
(NABI) (beta-carotene) biofortification of bananas
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hancing crop yields through the rapid and precise
introduction of mutations and the subsequent utili-
zation of associated breeding methods. The remark-
able attributes of genome editing, including its sim-
plicity, efficiency, high accuracy, and versatility in
multiplexing applications, are fundamentally re-
shaping the landscape of crop breeding. These tech-
niques are not just a leap forward but a quantum
leap in the realm of crop improvement, setting the
stage for the next generation of breeding innova-
tions.

Conflict of Interest: None

References

Ali, Z., Abul-Faraj, A., Li, L., Ghosh, N., Piatek, M. and
Mahjoub, A., Aouida, M., Piatek, A., Baltes, N.J.,
Voytas, D.F., Kumar, S.D. and Mahfouz, M.M. 2015.
Efficient virus-mediated genome editing in plants
using the CRISPR/Cas9 system.  Molecular Plant.
8(8): 1288-1291.

Arnould, S., Delenda, C., Grizot, S., Desseaux, C., Paques,
F., Silva, G.H. and Smith, J. 2011. The I-CreI
meganuclease and its engineered derivatives: appli-
cations from cell modification to gene therapy. Pro-
tein Engineering, Design& Selection. 24(1-2): 27-31.

Andolfo, G., Iovieno, P., Frusciante, L. and Ercolano, M.R.
2016. Genome-editing technologies for enhancing
plant disease resistance. Frontiers in Plant Science.7:
1813.

Ansai, S., Sakuma, T., Yamamoto, T., Ariga, H., Uemura,
N., Takahashi, R. and Kinoshita, M. 2013. Efficient
targeted mutagenesis in medaka using custom-de-
signed transcription activator-like effector nu-
cleases. Genetics. 193: 739-749.

Abdurakhmonov, I.Y. 2016. Genomics Era for Plants and
Crop Species-Advances Made and Needed Tasks
Ahead,” in Plant Genomics, I. Abdurakhmonov, Ed.,
In Tech, Croatia, Balkans.

Ali, Z., Abulfaraj, A., Idris, A., Ali, S., Tashkandi, M. and
Mahfouz, M.M. 2015. CRISPR/Cas9-mediated viral
interference in plants. Genome Biology. 16(1): 238.

Baltes, N.J., Hummel, A.W. and Konecna, E.. 2015. Confer-
ring resistance to gemini viruses with the CRISPR-
Cas prokaryotic immune system. Nature Plants. 1:
15145.

Baltes, N.J., Gil-Humanes, J., Cermak, T., Atkins, P.A. and
Voytas, D.F. 2014. DNA replicons for plant genome
engineering. The Plant Cell. 26(1): 151-163.

Belhaj, K., Chaparro-Garcia, A., Kamoun, S. and Nekrasov,
V. 2013. Plant genome editing made easy: Targeted
mutagenesis in model and crop plants using the
CRISPR/Cas system. Plant Methods. 9: 39.

Boch, J., Scholze, H., Schornack, S., Landgraf, A., Hahn, S.,

Kay, S., Lahaye, T., Nickstadt, A. and Bonas, U. 2019.
Breaking the code of DNA binding specificity of
TAL-type III effectors. Science. 326 :1509–1512.

Bhowmik, P., Ellison, E., Polley, B., Bollina, V., Kulkarni,
M., Ghanbarnia, K., Song, H., Gao, C., Voytas, D.F.
and Kagale, S. 2018. Targeted mutagenesis in wheat
microspores using CRISPR/Cas9. Science and Re-
ports. 8: 1-10.

Bonawitz, N.D., Ainley, W.M., Itaya, A., Chennareddy,
S.R., Cicak, T., Effinger, K., Jiang, K., Mall, T.K.,
Marri, P.R., Samuel, J.P., Sardesai, N., Simpson,
M.S., Folkerts, O., Sarria, R., Webb, S.R., Gonzalez,
D.O., Simmonds, D.H. and Pareddy, D.R. 2019. Zinc
finger nuclease-mediated targeting of multiple
transgenes to an endogenous soybean genomic lo-
cus via non-homologous end joining. Plant
Biotechnol. J. 17: 750-761.

Bastet, A., Zafirov, D., Giovinazzo, N., Guyon-Debast, A.,
Nogue, F., Robaglia, C. and Gallois, J.L. 2019. Mim-
icking natural polymorphism in eIF 4E by CRISPR-
Cas9 base editing is associated with resistance to
potyviruses. Plant Biotechnology Journal. 17: 1736-
1750.

Bosch, M. and Hazen, S.P. 2013. Lignocellulosic feedstocks:
Research progress and challenges in optimizing bio-
mass quality and yield. Frontiers in Plant Science.  4:
article no. 474.

Cong, L., Ran, F.A, Cox, D., Lin, S., Barretto, R., Habib, N.,
Hsu, P.D., Wu, X., Jiang, W., Marraffini, L.A. and
Zhang, F. 2013. Multiplex genome engineering us-
ing CRISPR/Cas systems. Science. 339 (6121):819–
823.

Chen, Y., Wang, Z., Ni, H., Xu, Y., Chen, Q. and Jiang, L..
2017. CRISPR/Cas9-mediated base-editing system
efficiently generates gain-of-function mutations in
Arabidopsis. Science China Life Sciences.  60:520-523.

Clasen, B.M., Stoddard, T.J., Luo, S., Demorest, Z.L., Li, J.,
Cedrone, F., Tibebu, R., Davison, S., Ray, E.E. and
Daulhac, A. 2016. Improving cold storage and pro-
cessing traits in potato through targeted gene knock-
out. Plant Biotechnology Journal. 14: 169-176.

Char, S.N., Unger-Wallace, E., Frame, B., Briggs, S.A.,
Main, M., Spalding, M.H., Vollbrecht, E., Wang, K.
and Yang, B. 2015. Heritable site-specific mutagen-
esis using TALEN s in maize. Plant Biotechnology
Journal. 13: 1002-1010.

Capecchi, M.R. 1980. High efficiency transformation by
direct microinjection of DNA into cultured mamma-
lian cells. Cell. 22(2): 479-488.

Chen, K., Wang, Y., Zhang, R., Zhang, H. and Gao, C. 2019.
CRISPR/Cas genome editing and precision plant
breeding in agriculture. Annual Review of Plant Biol-
ogy. 70: 667–697.

Chapdelaine, P., Pichavant, C., Rousseau, J., Paques, F. and
Tremblay, J.P. 2010. Meganucleases can restore the
reading frame of a mutated dystrophin. Gene



S158 Eco. Env. & Cons. 30 (October Suppl. Issue) : 2024

Therapy. 17(7): 846-858.
Chen, K., Wang, Y., Zhang, R., Zhang, H. and Gao, C. 2019.

CRISPR/Cas genome editing and precision plant
breeding in agriculture. Annual Review of Plant Biol-
ogy. 70(1): 667–697.

Carroll, D. 2011. Genome engineering with zinc-finger
nucleases. Genetics Society of America. 188(4): 773-782.

Carlson, D.F., Tan, W., Lillico, S.G., Stverakova, D.,
Proudfoot, C., Christian, M., Voytas, D.F., Long,
C.R., Whitelaw, C.B.A. and Fahrenkrug, S.C. 2012.
Efficient TALEN-mediated gene knockout in live-
stock. Proceedings of the National Academy of Sciences
of the United States of America. 109: 17382–17387.

Christian, M., Qi, Y., Zhang, Y. and Voytas, D.F. 2013.
Targeted mutagenesis of Arabidopsis thaliana using
engineered TAL effector nucleases. G3 Genes Ge-
nomes Genetics. 3: 1697–1705.

Clasen, B.M., Stoddard, T.J., Luo, S., Demorest, Z.L., Li, J.,
Cedrone, F., Tibebu, R., Davison, S., Ray, E.E. and
Daulhac, A. 2016. Improving cold storage and pro-
cessing traits in potato through targeted gene knock-
out. Plant Biotechnology Journal.14: 169–176.

Char, S.N., Unger-Wallace, E., Frame, B., Briggs, S.A.,
Main, M., Spalding, M.H., Vollbrecht, E., Wang, K.
and Yang, B. 2015. Heritable site-specific mutagen-
esis using TALEN s in maize. Plant Biotechnology
Journal. 13: 1002–1010.

Dahlem, T.J., Hoshijima, K., Jurynec, M.J., Gunther, D.,
Starker, C.G., Locke, A.S., Weis, A.M., Voytas, D.F.
and Grunwald, D.J. 2012. Simple methods for gen-
erating and detecting locus-specific mutations in-
duced with TALENs in the zebrafish genome. PLoS
Genetics. 8(8): e1002861.

Dominguez, A.A., Lim, W.A. and Qi, L.S. 2016. Beyond
editing: Repurposing CRISPR–Cas9 for precision
genome regulation and interrogation. Nature Re-
views Molecular Cell Biology. 17: 5.

Dunn, D.A. and Pinkert, C.A. 2014.Gene editing.
Transgenic Animal Technology. Elsevier. 229-248.

Danilo, B., Montes, É., Archambeau, H., Lode, M.,
Rousseau-Gueutin, M., Chevre, Anne-Marie and
Mazier, M. 2022. I-SceI and customized
meganucleases-mediated genome editing in tomato
and oilseed rape. Transgenic Research. 31: 87–105.

Eid, A. and Mahfouz, M.M. 2016. Genome editing: the
road of CRISPR/Cas9 from bench to clinic. Experi-
mental & Molecular Medicine. 48(10): e265-e265.

El-Sayed, A.S., Abdel-Ghany, S.E. and Ali, G.S. 2017. Ge-
nome editing approaches: Manipulating of
lovastatin and taxol synthesis of filamentous fungi
by CRISPR/Cas9 system. Applied Microbiology and
Biotechnology. 101:3953–4397.

Fang, Y. and Tyler, B.M. 2016. Efficient disruption and
replacement of an effector gene in the oomycete
Phytophthora sojae using CRISPR/Cas9. Molecular
Plant Pathology. 17(1): 127– 139.

Guha, T.K. and Edgell, D.R. 2017. Applications of alterna-
tive nucleases in the age of CRISPR/Cas9. Interna-
tional Journal of Molecular Sciences. 18(12): 2565.

Gaj, T., Gersbach, C.A. and Barbas, C.F. 2013. ZFN,
TALEN, and CRISPR/Cas-based methods for ge-
nome engineering. Trends in Biotechnology. 31(7):397-
405.

Gilbert, L.A., Larson, M.H., Morsut, L., Liu, Z., Brar, G.A,
Torres, S.E., Stern-Ginossar, N., Brandman, O.,
Whitehead, E.H. and Doudn, J.A. 2013. CRISPR-
mediated modular RNAguided regulation of tran-
scription in eukaryotes. Cell. 154: 442-451.

Ge, Z., Zheng, L., Zhao, Y., Jiang, J., Zhang, E.J., Liu, T., Gu,
H. and Qu, L.J. 2019. Engineered xCas9 and SpCas9-
NG variants broaden PAM recognition sites to gen-
erate mutations in Arabidopsis plants. Plant Biotech-
nology Journal. 17: 1865-1867.

Hastings, G.E. and Wolf, P.G. 1992. The Therapeutic Use
of Albumin. Archives of Family Medicine. 1(2): 281-
287.

He, Y., Ning, T. and Xie, T. 2011. Large-scale production
of functional human serum albumin from transgenic
rice seeds. Proceedings of the National Academy of Sci-
ences of the UnitedStates of America  108(47): 19078-
19083.

Hu, J.H., Miller, S.M., Geurts, M.H., Tang, W., Chen, L.,
Sun, N., Zeina, C.M., Gao, X., Rees, H.A. and Lin, Z.
2018. Evolved Cas9 variants with broad PAM com-
patibility and high DNA specificity. Nature. 556: 57-
63.

Hua, K., Tao, X., Han, P., Wang, R. and Zhu, J.K. 2019.Ge-
nome engineering in rice using Cas9 variants that
recognize NG PAM sequences. Molecular Plant.
12:1003–1014.

Haun, W., Coffman, A., Clasen, B.M., Demorest, Z.L.,
Lowy, A., Ray. E., Retterath, A., Stoddard, T.,
Juillerat, A. and Cedrone, F. 2014. Improved soy-
bean oil quality by targeted mutagenesis of the fatty
acid desaturase 2 gene family. Plant Biotechnology
Journal. 12:934–940.

Hilton, I.B., D’ippolito, A.M., Vockley, C.M., Thakore, P.I.,
Crawford, G.E., Reddy, T.E. and Gersbach, C.A.
2015. Epigenome editing by a CRISPR-Cas9-based
acetyltransferase activates genes from promoters
and enhancers. Nature Biotechnology. 33: 510–517.

Hao, L., Ruiying, Q., Xiaoshuang, L., Shengxiang, L.,
Rongfang, X., Jianbo, Y. and Pengcheng, W. 2019
CRISPR/Cas9-mediated adenine base editing in rice
genome. Rice Science. 26: 125–128.

Hollender, C.A. and Dardick, C. 2015. Molecular basis of
angiosperm tree architecture. New Phytologist.
206(2): 541–556.

Ilardi, V. and Tavazza, M. 2015. Biotechnological strategies
and tools for Plum pox virus resistance: trans-, in-
tra-, cis-genesis, and beyond. Frontiers in Plant Sci-
ence. 6: 379.



DINKAR ET AL S159

Janik, E., Niemcewicz, M., Ceremuga, M., Krzowski, L.,
Saluk_Bijak, J. and Bijak, M. 2020. Various aspects
of a gene editing system —crispr–cas 9.  International
Journal of Molecular Sciences. 21(24): 9604.

Jain, M. 2015. Function genomics of abiotic stress tolerance
in plants: A CRISPR approach.  Frontiers in Plant
Science. 6(375): 1–4.

Jung, Y.J., Nogoy, F.M., Lee, S.K., Cho, Y.G. and Kang, K.
2018. Application of ZFN for site directed mutagen-
esis of rice SSIVa gene. Biotechnol. Bioproc. E 23: 108–
115.

Jacobs, T.B., LaFayette, P.R., Schmitz, R.J. and Parrott,
W.A. 2015. Targeted genome modifications in soy-
bean with CRISPR/Cas9. BMC Biotechnology. 1–10.

Jiang, W.Z., Henry, I.M., Lynagh, P.G., Comai, L., Cahoon,
E.B. and Weeks, D.P. 2017. Significant enhancement
of fatty acid composition in seeds of the
allohexaploid, Camelina sativa, using CRISPR/Cas9
gene editing. Plant Biotechnology Journal.  15(5): 648–
657.

Ji, X., Zhang, H., Zhang, Y., Wang, Y. and Gao, C. 2015.
Establishing a CRISPR-Cas-like immune system
conferring DNA virus resistance in plants. Nature
Plants. 1: 15144.

Karvelis, T., Gasiunas, G., Miksys, A., Barrangou, R.,
Horvath, P. and Siksnys, V. 2013. crRNA and
tracrRNA guide Cas9- mediated DNA interference
in Streptococcus thermophilus. RNA Biology. 10: 841–
851.

Kearns, N.A., Pham, H., Tabak, B., Genga, R.M.,
Silverstein, N.J., Garber, M. and Maehr, R. 2015.
Functional annotation of native enhancers with a
Cas9–histone demethylase fusion. Nature Methods.
12: 401-403.

Kim, Y.G., Cha, J. and Chandrasegaran, S. 1996. “Hybrid
restriction enzymes: zinc finger fusions to Fok I
cleavage domain,” Proceedingsof the National Acad-
emy of Sciences of the United States ofAmerica. 93(3):
1156-1160

Kumar, V. and Jain, M. 2015. The CRISPR-Cas system for
plant genome editing: Advances and opportunities.
Journal of Experimental Botany. 66(1): 47-57.

Komor, A.C., Kim, Y.B., Packer, M.S., Zuris, J.A. and Liu,
D.R. 2016. Programmable editing of a target base in
genomic DNA without double-stranded DNA
cleavage. Nature. 533: 420–424.

Khatodia, S., Bhatotia, K., Passricha, N., Khurana, S.M.P.
and Tuteja, N. 2016. The CRISPR/Cas genome-ed-
iting tool: Application in improvement of crops.
Frontiers in Plant Science. 7: 506.

Kissoudis, C., van de Wiel, C., Visser, R.G.F. and van der
Linden, G. 2014. Enhancing crop resilience to com-
bined abiotic and biotic stress through the dissection
of physiological and molecular crosstalk. Frontiers in
Plant Science. 5: 207.

Liu, L. and Fan, X.D. 2014. CRISPR-Cas system: A power-

ful tool for genome engineering. Plant Molecular Bi-
ology.  85(3): 209-218.

Lowder, L., Malzahn, A. and Qi, Y. 2016. Rapid evolution
of manifold CRISPR systems for plant genome ed-
iting. Frontiers in PlantScience. 7: 1683.

Li, C., Zong, Y., Wang, Y., Jin, S., Zhang, D., Song, Q.,
Zhang, R. and Gao, C. 2018. Expanded base editing
in rice and wheat using a Cas9-adenosine deami-
nase fusion. Genome Biology. 19: 59.

Liang, F., Han, M., Romanienko, P.J. and Jasin, M. 1998.
Homology- directed repair is a major double-strand
break repair pathway in mammalian cells. Proceed-
ings of the National Academy of Sciences. 95(9): 5172-
5177.

Lee, J.G., Sung, Y.H. and Baek, I.J. 2018. Generation of
genetically-engineered animals using engineered
endonucleases. Arch. Pharm. Res. 41: 885-897.

Lei, Y., Guo, X., Liu, Y., Cao, Y., Deng, Y., Chen, X., Cheng,
C.H., Dawid, I.B., Chen, Y. and Zhao, H. 2012. Effi-
cient targeted gene disruption in Xenopus embryos
using engineered transcription activator-like effec-
tor nucleases (TALENs). Proceedings of  the National
Academy of Sciences of the United States of America. 109:
17484-17489.

Li, Y., Zhu, J., Wu, H., Liu, C., Huang, C., Lan, J., Zhao, Y.
and Xie, C. 2019. Precise base editing of non-allelic
acetolactate synthase genes confers sulfonylurea
herbicide resistance in maize. Crop Journal. 8: 449-
456.

Li, T., Liu, B., Chen, C.Y. and Yang, B. 2016. TALEN-me-
diated homologous recombination produces site-
directed DNA base change and herbicide-resistant
rice. Journal of Genetics and Genomics. 43: 297-305.

Lin, Q., Zong, Y., Xue, C., Wang, S., Jin, S., Zhu, Z., Wang,
Y., Anzalone, A.V., Raguram, A. and Doman, J.L.
2020. Prime genome editing in rice and wheat. Na-
ture Biotechnology. 38: 582-585.

Li, T., Liu, B., Chen, C.Y. and Yang, B. 2016. TALEN-me-
diated homologous recombination produces site-
directed DNA base change and herbicide-resistant
rice. Journal of Genetics and Genomics. 43: 297-305.

Liu, D., Chen, X., Liu, J., Ye, J. and Guo, Z. 2012.The rice
ERF transcription factor OsERF922 negatively regu-
lates resistance to Magnaporthe oryzae and salt toler-
ance. Journal of ExperimentalBotany. 63(10): 3899-
3912.

Li, J.F., Norville, J.E., Aach, J., McCormack, M., Zhang, D.,
Bush, J., Church, G.M. and Sheen, J. 2013. Multiplex
and homologous recombination–mediated genome
editing in Arabidopsis and Nicotiana benthamiana us-
ing guide RNA and Cas9. Nature Biotechnology. 31:
688-691.

Li, Z., Zhang, D., Xiong, X., Yan, B., Xie, W., Sheen, J. and
Li, J.F. 2017. A potent Cas9-derived gene activator
for plant and mammalian cells. Nature Plants. 3: 930-
936.



S160 Eco. Env. & Cons. 30 (October Suppl. Issue) : 2024

Lowder, L.G., Zhang, D., Baltes, N.J., Paul, J.W., Tang, X.,
Zheng, X., Voytas, D.F., Hsieh, T.F., Zhang, Y. and
Qi, Y. A 2015. CRISPR/Cas9 toolbox for multiplexed
plant genome editing and transcriptional regula-
tion. Plant Physiology. 169: 971-985.

Ma, L., Zhu, F., Li, Z., Zhang, J., Li, X., Dong, J. and Wang,
T. 2015. TALEN-based mutagenesis of lipoxygenase
LOX3 enhances the storage tolerance of rice (Oryza
sativa) seeds. PLoSONE. 10(12): e0143877.

Marton, I., Zuker, A. and Shklarman, E. 2010.
Nontransgenic genome modification in plant cells.
Plant Physiology. 154(3):1079-1087.

Michno, J.M., Wang, X., Liu, J., Curtin, S.J., Kono, T.J. and
Stupar, R.M. 2015. CRISPR/Cas mutagenesis of soy-
bean and Medicago truncatula using a new web-tool
and a modified Cas9 enzyme. GM Crops Food. 6: 243-
252.

Maeder, M.L. and Gersbach, C.A. 2016. Genome-editing
technologies for gene and cell therapy. Molecular
Therapy. 24 (3): 430-446.

Malzahn, A., Lowder, L. and Qi, Y. 2017. Plant genome
editing with TALEN and CRISPR. Cell & Bioscience.
7: 21.

Moscou, M.J. and Bogdanove, A.J. 2009. A simple cipher
governs DNA recognition by TAL effectors. Science.
326: 1501-1501.

Maeder, M.L., Linder, S.J., Cascio, V.M., Fu, Y., Ho, Q.H.
and Joung, J.K. 2013. CRISPR RNA–guided activa-
tion of endogenous human genes. Nature Methods.
10: 977-979.

Miller, J.C., Tan, S., Qiao, G., Barlow, K.A., Wang, J., Xia,
D.F., Meng, X., Paschon, D.E., Leung, E. and
Hinkley, S.J.A. 2011. TALE nuclease architecture for
efficient genome editing. Nature Biotechnology. 29:
143.

Ma, L., Zhu, F., Li, Z., Zhang, J., Li, X., Dong, J. and Wang,
T. 2015. TALEN-based mutagenesis of lipoxygenase
LOX3 enhances the storage tolerance of rice (Oryza
sativa) seeds. PLoSONE. 10(12): e0143877.

Mao, Y., Zhang, H., Xu, N., Zhang, B., Gou, F. and Zhu, J.K.
2013. Application of the CRISPR-Cas system for ef-
ficient genome engineering in plants. Molecular
Plant. 6: 2008–2011.

Marraffini, L.A. and Sontheimer, E.J. 2010. Self versus
nonself discrimination during CRISPR RNA-di-
rected immunity. Nature.  463: 568-571.

Nongpiur, R.C., Singla-Pareek, S.L. and Pareek, A. 2016.
Genomics Approaches for Improving Salinity Stress
Tolerance in Crop Plants. Current Genomics. 17: 343–
357.

Nemudryi, A.A., Valetdinova, K.R., Medvedev, S.P. and
Zakian, S.M. 2014. “TALEN and CRISPR/Cas ge-
nome editing systems: tools of discovery,” Acta
Naturae. 6(22):19-40.

Noman, A., Aqeel, M. and He, S. 2016. CRISPR-Cas9: Tool
for qualitative and quantitative plant genome edit-

ing. Frontiers inPlant Science. 7: 1740.
Nishitani, C., Hirai, N., Komori, S., Wada, M., Okada, K.,

Osakabe, K., Yamamoto, T. and Osakabe, Y. 2016.
Efficient genome editing in apple using a CRISPR/
Cas9 system. Science and Reports. 6: 1-8.

Ni, X.Y., Zhou, Z.D., Huang, J. and Qiao, X. 2020.Targeted
gene disruption by CRISPR/xCas9 system in Droso-
phila melanogaster. Archives of Insect Biochemistry and
Physiology. 104: e21662.

Osakabe, Y., Watanabe, T. and Sugano, S.S. 2016. Optimi-
zation of CRISPR/Cas9 genome editing to modify
abiotic stress responses in plants. Scientific Reports.
6: Article ID26685.

Osakabe, K., Osakabe, Y. and Toki, S. 2010. Site-directed
mutagenesis in Arabidopsis using custom-designed
zinc finger nucleases. Proceedings of the National
Academy of Sciences of the UnitedStates of America.
107(26): 12034-12039.

Petolino, J.F. and Davies, J.P. 2013. Designed transcrip-
tional regulators for trait development. Plant Science.
201-202(1):128-136.

Piatek, A., Ali, Z., Baazim, H., Li, L., Abulfaraj, A., Al-
Shareef, S., Aouida, M and Mahfouz, M.M. 2015.
RNA-guided transcriptional regulation in planta via
synthetic dCas9-based transcription factors. Plant
Biotechnology Journal.  13: 578-589.

Prieto, J., Redondo, P. and López-Méndez, B. 2018. Under-
standing the indirect DNA read-out specificity of I-
CreI Meganuclease. Scientific Reports.  8(1): 1-9.

Peng, J., Richards, D.E. and Hartley, N.M. 1999. Green
revolution genes encode mutant gibberellin re-
sponse modulators. Nature. 400(6741): 256-261.

Peng, A., Chen, S., Lei, T., Xu, L., He, Y., Wu, L., Yao, L.
and Zou, X. 2017. Engineering canker-resistant
plants through CRISPR/Cas9-targeted editing of the
susceptibility gene Cs LOB 1 promoter in citrus.
Plant Biotechnology Journal. 15: 1509-1519.

Qi, L.S., Larson, M.H., Gilbert, L.A., Doudna, J.A.,
Weissman, J.S., Arkin, A.P. and Lim, W.A. 2013.
Repurposing CRISPR as an RNA-guided platform
for sequence-specific control of gene expression.
Cell. 152: 1173-1183.

Qin, L., Li, J., Wang, Q., Xu, Z., Sun, L., Alariqi, M.,
Manghwar, H., Wang, G., Li, B. and Ding, X. 2020.
High-efficient and precise base editing of C·G to T·A
in the allotetraploid cotton (Gossypium hirsutum)
genome using a modified CRISPR/Cas9 system.
Plant Biotechnology Journal. 18: 45-56.

Ran, Y., Patron, N., Kay, P., Wong, D., Buchanan, M., Cao,
Y.Y., Sawbridge, T., Davies, J.P., Mason, J. and
Webb, S.R. 2018. Zinc finger nuclease-mediated pre-
cision genome editing of an endogenous gene in
hexaploid bread wheat (Triticum aestivum) using a
DNA repair template. Plant Biotechnol. J.16 :2088-
2101.

Rasheed, A., Gill, R.A., Hassan, M.U., Mahmood, A., Qari,



DINKAR ET AL S161

S., Zaman, Q.U., Ilyas, M., Aamer, M., Batool, M.
and Li, H. 2021. A critical review: Recent advance-
ments in the use of CRISPR/Cas9 technology to
enhance crops and alleviate global food crises. Curr.
Issues Mol. Bio.43: 1950-1976.

Richter, C., Chang, J.T. and Fineran, P.C. 2014. Function
and regulation of clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR asso-
ciated (Cas) systems. Viruses. 4: 2291-2311.

Rodriguez-Leal, D., Lemmon, Z.H., Man, J., Bartlett, M.E.
and Lippman, Z.B. 2017. Engineering quantitative
trait variation for crop improvement by genome
editing. Cell. 171: 470-480.

Soyk, S., Muller, N.A., and Park, S.J.2017. Variation in the
flowering gene SELF PRUNING 5G promotes day-
neutrality and early yield in tomato. Nature Genet-
ics. 49(1): 162–168.

Shi, J., Gao, H., Wang, H., Lafitte, H.R., Archibald, R.L.,
Yang, M., Hakimi, S.M., Mo, H. and Habben, J.E.
2017. ARGOS 8 variants generated by CRISPR-Cas9
improve maize grain yield under field drought
stress conditions. Plant Biotechnology Journal.15: 207-
216.

Stern, A., Keren, L., Wurtzel, O., Amitai, G. and Sorek, R.
2010.Self-targeting by CRISPR: Gene regulation or
autoimmunity Trends in Genetics. 26: 335-340.

Singer, M.F. 1979. “Introduction and historical back-
ground,” in Genetic Engineering, J. K. Setlow and A.
Hollaender, Eds.  l(1):1-13. Plenum, New York, NY,
USA.

Shan, Q., Zhang, Y., Chen, K., Zhang, K. and Gao, C. 2015.
Creation of fragrant rice by targeted knockout of the
Os BADH 2 gene using TALEN technology. Plant
Biotechnology Journal. 13: 791-800.

Sedeek, K.E.M., Mahas, A. and Mahfouz, M. 2019. Plant
genome engineering for targeted improvement of
crop traits. Frontiers in Plant Science. 10: 114.

Suzuki, S., Ohta, K. and Nakajima, Y. 2020. Meganuclease-
based artificial transcription factors. ACS Synthetic
Biology. 9(10): 2679-2691.

Silva, G., Poirot, L. and Galetto, R. 2011. Meganucleases
and other tools for targeted genome engineering:
perspectives and challenges for gene therapy. Cur-
rent Gene Therapy.  11(1): 11-27.

Shen, H. and Li, Z. 2022. DNA double-strand break repairs
and their application in plant DNA integration.
Genes.13: 322.

Song, J., Zhong, J., Guo, X., Chen, Y., Zou, Q., Huang, J.,
Li, X., Zhang, Q., Jiang, Z. and Tang, C. 2013.Gen-
eration of RAG 1-and 2-deficient rabbits by embryo
microinjection of TALENs. Cell Research. 23: 1059-
1062.

Schandry, N., Jacobs, J.M., Szurek, B. and Perez-Quintero,
A.L. 2013.A cautionary TALE: How plant breeding
may have favoured expanded TALE repertoires in
Xanthomonas. Molecular Plant Pathology.19: 1297.

Shukla, V.K., Doyon, Y. and Miller, J.C. 2009. Precise ge-
nome modification in the crop species Zea mays us-
ing zinc-finger nucleases. Nature.  459: 437-441.

Shukla, V., Gupta, M., Urnov, F., Guschin, D., Jan, M. and
Bundock, P. 2013. Targeted modifcation of malate
dehydrogenase, “ WO Patent Publication Number:
WO 2013166315 A1.

Svitashev, S., Young, J.K., Schwartz, C., Gao, H., Falco, S.C.
and Cigan, A.M. 2015. Targeted mutagenesis, pre-
cise gene editing, and site specific gene insertion in
maize using Cas9 and guide RNA. Plant Physiology.
169(2): 931-945.

Sauer, N.J., Mozoruk, J. and Miller, R.B. 2016. Oligonucle-
otide directed mutagenesis for precision gene edit-
ing. Plant Biotechnology Journal. 14(2): 496-502.

Sander, J.D. and Joung, J.K. 2014.CRISPR-Cas systems for
editing, regulating and targeting genomes. Nature
Biotechnology. 32: 347.

Sharma, S., Kaur, R. and Singh, A. 2017. Recent advances
in CRISPR/Cas mediated genome editing for crop
improvement. Plant Biotechnology Reports. 11: 193-
207.

Schaeffer, S.M. and Nakata, P.A. 2016. The expanding
footprint of CRISPR/Cas9 in the plant sciences.
Plant Cell Reports. 35: 1451-1468.

Sanchez-Leon, S., Gil-Humanes, J., Ozuna, C.V., Gimenez,
M.J., Sousa, C., Voytas, D.F. and Barro, F. 2018.Low-
gluten, nontransgenic wheat engineered with
CRISPR/Cas9. Plant Biotechnology Journal.  16: 902-
910.

Shan, Q., Wang, Y., Chen, K., Liang, Z., Li, J., Zhang, Y.,
Zhang, K., Liu, J., Voytas, D.F. and Zheng, X. 2013.
Rapid and efficient gene modification in rice and
Brachypodium using TALENs. Molecular Plant. 6:
1365-1368.

Shimatani, Z., Fujikura, U., Ishii, H., Terada, R., Nishida,
K. and Kondo, A. 2018. Herbicide tolerance-assisted
multiplex targeted nucleotide substitution in rice.
Data in Brief.  20:1325-1331.

Shimatani, Z., Kashojiya, S., Takayama, M., Terada, R.,
Arazoe, T., Ishii, H., Teramura, H., Yamamoto, T.,
Komatsu, H. and Miura, K. 2017. Targeted base
editing in rice and tomato using a CRISPR-Cas9
cytidine deaminase fusion. Nature Biotechnology. 35:
441-443.

Tian, S., Jiang, L., Cui, X., Zhang, J., Guo, S., Li, M., Zhang,
H., Ren, Y., Gong, G. and Zong, M. 2018. Engineer-
ing herbicide resistant watermelon variety through
CRISPR/Cas9-mediated base-editing. Plant Cell
Reports.  37: 1353-1356.

Townsend, J.A., Wright, D.A. and Winfrey, R.J. 2009. High
frequency modification of plant genes using engi-
neered zincfinger nucleases. Nature. 459(7245): 442-
445.

Thakore, P.I., D’ippolito, A.M., Song, L., Safi, A.,
Shivakumar, N.K., Kabadi, A.M., Reddy, T.E.,



S162 Eco. Env. & Cons. 30 (October Suppl. Issue) : 2024

Crawford, G.E. and Gersbach, C.A. 2015. Highly
specific epigenome editing by CRISPR-Cas9 repres-
sors for silencing of distal regulatory elements. Na-
ture Methods. 12: 1143.

Veillet, F., Perrot, L., Chauvin, L., Kermarrec, M.P.,
Guyon_Debast, A., Chauvin, J.E., Nogue, F. and
Mazier, M. 2019. Transgene-free genome editing in
tomato and potato plants using Agrobacterium-me-
diated delivery of a CRISPR/Cas9 cytidinebase edi-
tor. International Journal of Molecular Sciences. 20:402.

Vazquez_Vilar, M., Bernabe_Orts, J.M.,
Fernandez_del_Carmen, A., Ziarsolo, P., Blanca, J.,
Granell, A. and Orzaez, D. 2016. A modular toolbox
for gRNA–Cas9 genome engineering in plants based
on the GoldenBraid standard. Plant Methods.  12: 10.

Weeks, D.P., Spalding, M.H. and Yang, B. 2016. Use of
designer nucleases for targeted gene and genome
editing in plants. Plant Biotechnology Journal.
14(2):483-495.

Wu, J., Chen, C., Xian, G., Liu, D., Lin, L., Yin, S., Sun, Q.,
Fang, Y., Zhang, H. and Wang, Y. 2020. Engineering
herbicide resistant oilseed rape by CRISPR/Cas9-
mediated cytosine baseediting. Plant Biotechnology
Journal.  18: 1857.

Wang, H., Yang, H. and Shivalila, C.S.2013. One-step gen-
eration of mice carrying mutations in multiple genes
by CRISPR/Casmediated genome engineering. Cell.
153(4): 910-918.

Wang, Y., Cheng, X. and Shan, Q. 2014. Simultaneous
editing of three homoeoalleles in hexaploid bread
wheat confers heritable resistance to powdery mil-
dew. Nature Biotechnol. 32:947-952.

Wefers, B., Panda, S.K., Ortiz, O., Brandl, C., Hensler, S.,
Hansen, J., Wurst, W. and Kuhn, R. 2013. Generation
of targeted mouse mutants by embryo microinjec-
tion of TALEN mRNA. Nature Protocols. 8: 2355.

Wang, A. and Krishnaswamy, S. 2012. Eukaryotic trans-
lation initiation factor 4E-mediated recessive resis-
tance to plant viruses and its utility in crop improve-
ment. Molecular Plant Pathology. 13: 795-803

Wang, H., La Russa, M. and Qi, L.S. 2015. CRISPR/Cas9
in genome editing and beyond. Annual Review of
Biochemistry.6; 85: 227-264.

Wang, F., Wang, C., Liu, P., Lei, C., Hao, W. and Gao, Y.
2016. Enhanced Rice Blast Resistance by CRISPR/
Cas9-Targeted Mutagenesis of the ERF Transcrip-
tion Factor Gene OsERF922. PLoS ONE 11(4):
e0154027. https://doi.org/10.1371/
journal.pone.0154027

Xiong, J., Ding, J. and Li, Y. 2015. Genome-editing tech-

nologies and their potential application in horticul-
tural crop breeding. Horticulture Research.  2: 15019.

Xu, R., Qin, R. and Li, H. 2016. Generation of targeted
mutant rice using a CRISPR-Cpf1 system. Plant Bio-
technology Journal. 14:1-5.

Xiong, Jin-Song, Jing Ding, and Yi Li. 2015. “Genome-ed-
iting technologies and their potential application in
horticultural crop breeding.” Horticulture research 2
.

Yin, K., Han, T. and Liu, G. 2015. A geminivirus-based
guide RNA delivery system for CRISPR/Cas9 me-
diated plant genome editing. Scientific Reports.  5(1):
1-10.

Zhang, F., Wen, Y. and Guo, X. 2014. CRISPR/Cas9 for
genome editing: Progress, implications and chal-
lenges. Human MolecularGenetics. 23(1): R40-R46.

Zess, E. and Begemann, M. 2021. CRISPR-Cas9 and be-
yond: what’s next in plant genome engineering. In
Vitro Cellular & Developmental Biology-Plant.
57(4): 584-594.

Zhang, J., Zhou, Z., Bai, J., Tao, X., Wang, L., Zhang, H. and
Zhu, J.K. 2020. Disruption of MIR396e and MIR396f
improves rice yield under nitrogen-deficient condi-
tions. National Science Review. 7: 102-112.

Zhang, R., Liu, J., Chai, Z., Chen, S., Bai, Y., Zong, Y., Chen,
K., Li, J., Jiang, L. and Gao, C. 2019. Generation of
herbicide tolerance traits and a new selectable
marker in wheat using base editing. Nature Plants.
5: 480-485.

Zhou, H., He, M., Li, J., Chen, L., Huang, Z., Zheng, S.,
Zhu, L., Ni, E., Jiang, D. and Zhao, B. 2016. Devel-
opment of commercial thermo-sensitive genic male
sterile rice accelerates hybrid rice breeding using the
CRISPR/Cas9-mediated TMS5 editing system. Sci-
ence and Reports. 6:1-12.

Zong, Y., Wang, Y., Li, C., Zhang, R., Chen, K., Ran, Y.,
Qiu, J.L., Wang, D. and Gao, C. 2017. Precise base
editing in rice, wheat and maize with a Cas9-cyti-
dine deaminase fusion. Nature Biotechnology.  35: 48.

Zong, Y., Song, Q., Li, C., Jin, S., Zhang, D., Wang, Y., Qiu,
J.L. and Gao, C. 2018. Efficient C-to-T base editing
in plants using a fusion of nCas9 and human
APOBEC3A. Nature Biotechnology. 36: 950–953.

Zhang, F., Maeder, M.L., Unger_Wallace, E., Hoshaw, J.P.,
Reyon, D., Christiana, M., Li, X., Pierick, C.J., Dobbs,
D., Peterson, T., Jong, K. and Voytas, D.F. 2010. High
frequency targeted mutagenesis in Arabidopsis
thaliana using zinc finger nucleases. Proceedings of the
National Academy of Sciences of the United States of
America.  107(26): 12028-12033.


