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Abstract

The emergence of genome editing methods promises a real revolution in genetic engineering. These technologies rely on
engineered nucleases that cleave DNA in a sequence-specific manner because of the presence of a sequence-specific DNA-
binding domain or RNA sequence. Genome editing by engineered nuclease have the potential to change the genomic
architecture of a genome at precise locations, with desired accuracy. Several engineered nucleases, including zinc finger
nucleases (ZFNs) and TAL effectors nucleases (TALENs) and CRISPR CAS 9 have been used in plants, promising to
revolutionize conventional methods of genetic engineering. Targeted editing of the genomes of an organism used to
improve productivity and quality of crops. Given the power of genome editing tools and the increasing number of
researchers using and developing these tools, a revolutionary change is taking place in crop that resistance to various
biotic and abiotic stresses to meet the increasing demand for food and ensure world food security in the future. The
review highlights the broad applicability of engineered Nuclease (ZFN, TALEN, and CRISPR CAS 9) mediated targeted plant
genome editing and their application for development of designer crops.

Keywords: Genome Editing; Talens; ZNF; CRSPR CAS9; Engineered Nucleas

Abbreviations: ZFNs: zinc finger nucleases; TALE: have been established by developing multiple
transcription  activator-like effector; TALENs: TAL experimental techniques. These include enzymes for in
effectors nucleases; OMM: oligonucleotide-mediated vitro DNA  manipulations ~ (such as  polymerases,
mutagenesis; SDNs: site-directed nucleases DSBs: double- restriction endonucleases and DNA ligases), recombinant
strand breaks; HDR: homologous Directed recombination; DNA technology, in vitro DNA synthesis, site-specific
T-DNA: transfer DNA; RNAi: RNA interference; HR: mutagenesis, and whole-genome sequencing. Nonetheless,
homologous recombination; CRISPR: clustered regularly site-specific modification within genomes has remained a
interspaced short palindromic repeats; PAM: protospacer major challenge [1].

adjacent motifs; FAD: Fatty acid desaturase
The earliest method of genome editing in higher plants

Introduction involved oligonucleotide-mediated mutagenesis (OMM) to
cause site-specific gene targeting using chemically

Since the discovery of the DNA double helix in 1953, synthesized oligonucleotides with base replacement or
many basic biological concepts such as gene transcription addition ca'lused by endogenous DN.A.-repai'r enzymes The
and translation, genetic code and epigenetic modification, method differs from genome editing with engineered
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nucleases approaches in that OMM does not deliver a
nuclease to the site of action. Optimized OMM trait
development systems are resulting in the first
genome-edited crops for commercial release [2]. Recent
discoveries in genome editing use site-directed nucleases
(SDNs) where engineering of the nuclease allows for
highly specific targeting to any given gene of interest.
Engineered nucleases create site-specific double-strand
breaks (DSBs) at specific locations in the genome of an
organism. The double-strand breaks are repaired
through non homologous end-joining (NHE])
or homologous Directed recombination (HDR).

Several engineered nucleases, including zinc finger
nucleases (ZFNs) and TAL effector nucleases (TALENS)
and CRISPR CAS 9 have been used in plants, promising to
revolutionize conventional plant breeding [3,4]. ZFNs and
TALENSs are artificial bipartite enzymes that consist of a
modular DNA-binding domain and the Fokl nuclease
domain. The DNA-binding domain can be engineered to
recognize a specific DNA sequence. In addition, there is a
high rate of failure, at least for ZFNs, to recognize and
cleave the intended DNA sequence [5]. The most rapidly
emerging tool is a Dbacterial monomeric DNA
endonuclease, known as Cas9 (CRISPR-associated protein
9), which can be targeted to a specific genomic sequence
by an easily engineered 20 base pair (bp) RNA guide
sequence that binds to its DNA target by Watson Crick
base-pairing [6].

Gene editing using programmable nucleases is
arguably a key component of the future in crop
improvement and will significantly contribute to
increasing crop yield without additional land, through
advancing plant biology research and directly editing
crops. A programmable nuclease binds a specific target
DNA sequence and makes a double-stranded break.
Erroneous repair of the break by non-homologous end
joining can induce insertion/deletion mutations whereas
homologous recombination can induce insertions or gene
repair from an exogenously supplied template [7].

Besides potential for boosting crop yields, genome
editing is now one of the best tools for carrying out
reverse genetics and is emerging as an especially versatile
tool for studying basic biology. Although genome editing
introduces foreign DNA into the genome, it may simply
involve changes of a few nucleotides in the plant’s own
DNA. These technologies are efficient as transgenic
methods and could be used to generate new varieties
without introducing foreign genes into the plant genome
in many cases. Therefore, new crop varieties generated
using these methods could be considered as non-
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transgenic and more acceptable in societies where
transgenic plants are rejected by the public. Gene editing
using programmable nucleases is a key component of the
future in crop improvement and will significantly
contribute to increasing crop yield without additional
land, Increase disease and herbicide resistance, addition
of nutritional value to crops through advancing plant
biology research and directly editing crops [7]. In this
review, | briefly described recent method of genome
editing systems and their application in plants and crop
improvement.

Genome Editing Tools

The use of synthetic biology requires a complete
understanding of the biological processes that need to be
integrated into the genome. Several DNA, RNA, and
protein-based tools have been developed to edit and
incorporate suitable agronomic traits into the desired
crops. Random integration of genes into the existing
genomes of target organisms to obtain a transgene
construct is one of the most common mechanisms for
gene targeting [8,9]. Hence, plant biologists used
transposons or retro-transposons to incorporate a
transfer DNA (T-DNA) insertion mutant, resulting in
random insertions [10]. Sometimes, the random insertion
fails to completely knockout the open reading frame of a
gene, leading to the increased possibility of obtaining
mutant plants with partial functions, dominant-negative
effects, or aberrant protein products. The introduction of
single nucleotides into the genes (or amino acids into the
proteins) cannot be completed using such methods.
Hence, chemical mutagenesis methods and target-induced
local lesions in genomes have been developed to
overcome such problems [11,12].

With the beginning of the first transgenic experiments
in the 1980s, strategies have been developed to establish
new traits in crop plants by combinatorial use of strong or
tissue-specific promoters fused to protein encoding genes.
After realizing that certain transgenes and even similar
endogenous genes were silenced, strategies were
established for knocking down genes responsible for
certain unwanted traits, which are based on RNA
interference (RNAi) [13]. However, these approaches did
not lead to complete gene knockouts in many cases and
have not been widely adopted in plant breeding so far.
Many efforts have been undertaken to develop
homologous recombination (HR) in plants, which was
widely used in bacteria, yeast and mouse for gene
replacements or corrections, but could not be established
in plants with a promising success rate [14]. A paradigm
shift was established in the middle of the 1990s with the
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introduction of double strand breaks (DSBs) by mega
nucleases that have a recognition site of 18 bp and were
first identified in yeast mitochondria. With induced DSBs
by mega nucleases, much higher numbers of HR events
could be observed [15] and finally DSBs have also lead to
induced mutations by incorrect repair mechanisms. With
the use of mega nucleases, the position for a HR or a
putative mutation was exactly predictable [16].

However, recognition sites are randomly scattered in
the genome and a redesign of recognition motifs for
specific target genes is very laborious. With the invention
of zinc finger nucleases (ZFNs), for the first time every
gene could be targeted. The discovery of transcription
activator-like effector (TALE) proteins, which are
channeled to plant cells by bacterial pathogens of the
genus Xanthomonas to activate plant genes and, thereby,
increasing the virulence of the pathogen allowed an even
easier targeting of genome editing sites [17]. In recent
years, we have the fastest spread of a method in biology
ever that achieves genome editing. It relies on an adaptive
immune response of bacteria and archae bacteria and is
based on clustered regularly interspaced short
palindromic repeats (CRISPR). This allows bacteria to
identify invading DNA by a small RNA encoded by the so-
called spacer, which was taken up by the species during a
historical or more recent attack of virus or plasmids [18].

Zinc Finger Nucleases

ZFNs are chimeric molecules with three to four zinc
finger DNA binding domains, from which each recognizes
a triplet of nucleotides by binding, and a FokI nuclease
[19]. Zinc finger nucleases are proteins bearing multiple
zinc finger domains that are capable of recognizing a
specific sequence of six to nine consecutive base pairs
within the genome of a particular organism. To the C-
terminal end of this DNA recognition molecule is added a
nonspecific nuclease domain from the restriction enzyme
FoklI to create one-half of a ZFN pair. The second half of
the pair has a similar structure and designed to recognize
and bind to a DNA sequence on the opposite DNA strand
approximately 6 nucleotides away from the first ZFN [20].

The DSB is often repaired by the nonhomologous end
joining (NHE]) DNA repair mechanism that is error-prone.
That is, during the repair process, usually small number of
nucleotides can be deleted or added at the cleavage site. If
this faulty repair is in the coding region of a gene, it can
disrupt the reading frame and create an inactive
(knockout) gene. Alternatively, if a DNA fragment with
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strong homology to the disrupted gene (but not the exact
same sequence) is present, the new DNA fragment can
bind and displace the original gene sequence by a process
called homologous recombination and result in ‘gene
replacement [21,22].

Successful use of ZFNs for gene editing in Arabidopsis
was first reported in 2005 [23]. Then reported in tobacco
2005 [24]. An important step forward in making gene
replacement through HR more facile was the recent
design of plasmids containing DNA replication origins
from Gemini viruses. These modified viruses allowed
delivery of ZFNs (or Cas9/sgRNA genes) and,
simultaneously, delivery of fragments of DNA that were
homologous to target gene sequences and that contained
a desired gene mutation [25]. Zinc finger nucleases have
also been utilized to demonstrate that several other gene
editing and chromatin modification techniques are
possible with designer nuclease technologies [26]. For
example, cell- and tissue-specific gene expression is
possible, as shown by the ability to localize gene
expression to the egg cell in Arabidopsis [27]. A designed
pairs of ZFNs have been effective in allowing creation of
both small and large [28,29] (Figure 1). Deletions of
chromosomal segments [30] (Table 1).
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Targeted gene relacement Targeted mutagenesis

Figure 1: A pair of ZFNs with three zinc finger bind to a
target DNA.
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Organism Method References
Danio rerio Embryo Injection Zygote [31]
Hemicentrotu pulcherrimus Injection [32]
Xenopustropicalis Embryo, injection [33]
Rattus norvegicus Zygote, injection [34]
Mus musculus Zygote, injection [35]
A. thaliana DNA transformation [36]
Nicotiana sp. Cell culture [37]
Zea mays Viral delivery [38]
Homo sapiens Viral delivery [39]
M. musculus DNA transformation [40]
Cricetulus griseus DNA transformation [41]
Sus domestica DNA transformation [42]

Table 1: Reported instances of successful ZFN-induced gene target

Transcription Activator-Like Effectors

Nucleases (Talens)

Transcription activator-like effectors nucleases are
engineered from fusing a TAL effectors DNA-binding
domain to a DNA cleavage domain (a nuclease which cuts
DNA strands). Transcription activator-like effectors
(TALEs) can be engineered to bind to practically any
desired DNA sequence, so when combined with a nuclease,
DNA can be cut at specific locations [43]. The restriction
enzymes can be introduced into cells, for use in genome
editing with engineered nucleases (Figure 2).
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Figure 2: General structure of TALENS.

TALENs have generated much interest and excitement
because they can be very easily and rapidly designed by
researchers using a simple ‘protein-DNA code’ that relates
modular DNA-binding TALE repeats domains to
individual bases in a target-binding site. Over the last
years, leveraging technologies and methodologies
previously developed for the use of ZFNs, several groups
have used TALENs to modify endogenous genes in yeast,
fruit fly, roundworm, crickets, zebra fish, frog, rat, pig,
cow, thale cress, rice, silkworm, and human somatic, and
pluripotent stem cells Supplementary and presumably the
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technique will continue to extend to additional
organisms[44]. Furthermore, a recent large-scale test
demonstrated that TALENs have a very high success rate
and can be used to target essentially any DNA sequence of
interest in human cells. Although ZFNs and TALENs have
not been directly compared, many studies have shown
that TALENs and ZFNs have comparable efficiencies when
targeted to the same gene [45]. Thus, the ease of design,
high rates of cleavage activity, and the essentially limitless
targeting range of TALENs make them suitable for the use
by non-specialist researchers.

Crispr/Cas9 Technology

The search for an evolutionary genome editing
approach results in to the advent of a system called
clustered Regularly Interspaced Short Palindromic Repeat
(CRISPR/Cas9). When compared with previous genome
editing systems (TALENs and ZFNs), CRISPR/Cas9’s
simplicity, efficiency, specificity, minimal off-target effects,
and amenability to multiplexing has brought hasty genetic
manipulation in almost all tested eukaryotes
CRISPR/Cas9 Technology. CRISPR/Cas9 system was first
discovered by Japanese scientist in bacteria as an
adaptive immune system by which enables the bacteria to
defend against invading foreign DNA, like bacteriophage.
Later on they were found in 40 % of sequenced bacterial
genomes and 90% of the archaea [46].

The CRISPR system is composed of CRISPR loci in the
genome and a Cas9 protein. The engineered CRISPR/Cas9
system contains the following three main components:
the CRISPR associated protein 9 (Cas9), and two
noncoding CRISPR RNAs (crRNAs). A trans-activating
crRNA (tracrRNA) and a precursor crRNA (precr RNA).
Cas9 contains an HNH nuclease domain and a RuvC-like
nuclease domain that involved in the crRNA maturation
process and crRNA-guided DNA cleavage. The tracrRNA is
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a small trans encoded RNA complementarity to the
repeats within the pre-crRNA. The pre-crRNAs are
transcribed from CRISPR loci. The palindromic repeats
(usually between 23 and 47 bp) are typically identical in
length and sequence within a CRISPR locus. The spacers
(typically 21-72 bp) are derived from invading viral DNA
and guide Cas9 to cleave an invading protospacer. The
pre-crRNA encompasses much of the CRSIPR repeat-
spacer array and is transcribed together with the
tracrRNA. Subsequently, the tracrRNA hybridizes with the
pre-crRNA to form an RNA duplex and associates with
Cas9. The mature crRNA: tracrRNA duplex directs Cas9 to
the DNA target sequence consisting of protospacer
adjacent motifs (PAM) and complementary protospacer
sequence. Finally, the Cas9 HNH nuclease domain cleaves
the DNA strand that is complementary to the RNA guide
while the RuvC-like nuclease domain cleaves the DNA
strand that is non-complementary to the target to create a
DSB within the protospacer about 3-4 nucleotides
upstream of the PAM [47-49]. A Protospacer Adjacent
Motif (PAM) downstream of the gRNA binding region is
required for Cas9 recognition and cleavage as illustrated
in (Figure 3) [50]. Cas9/gRNA cuts both strands of the
target DNA, triggering endogenous Double Strand Break
(DSB) repair. For a knockout experiment, the DSB is
repaired via the efficient but error -prone Non
Homologues End Joining (NHE]) pathway, which
introduces an indel at the DSB site that knocks out gene
function. In a knock -in experiment, the DSB is repaired by
Homology Repair (HR) using the donor template present,
resulting in the donor DNA sequence integrating into the
DSB site.
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Figure 3: Schematic of double strand break repair.

NHE] based genome editing by CRISPR-Cas9

Due to ease of engineering, CRISPR-Cas9 has been
widely adopted for genome editing in plants (Table 2).
CRISPR-Cas9 quickly moved beyond proof-of-concept;
promoting a reverse genetics revolution in plant research
and creating many desirable traits in major crops. Using
rice as an example, multiple yield-related genes have been
targeted in rice [50].

CRISPR-Cas9 has been widely used for functional
study on rice genes. In addition, environment induced
male sterility has been engineered to facilitate hybrid-
based breeding [51]. Disease resistance traits have been
developed by knocking out host genes in rice and
Arabidopsis [52] .The intrinsic property of CRISPR-Cas9
for targeting viral DNA for cleavage makes it a great tool
to increase plant immunity against DNA viruses (Table 3).

Plant species Target gene Modification Reference
Arabidopsis PDS3, FLS2, RACK1b, NHE] [53]
Arabidopsis BRI1, GA], JAZ1 NHE] [54]
Arabidopsis CHLI1, CHLIZ, TT4, NHE] [55]
Arabidopsis AP1 NHE] [56]
Barley GFP (transgene) NHE] [57]
Cabbage HvPM19 NHE] [57]
Camelina BolC.GA4.a NHE] [58]
C. reinhardtii FAD2 NHE] [59]
Cotton CpFTSY, ZEP NHE] [60]
Cotton GFP (transgene) NHE] [61]
Cotton MYB25-like A, MYB25 NHE] [58]
Dandelion DPT5 NHE] [62]
Flax CLA1,VP NHE], HDR [63]
Grape 1-FFT NHE] [64]
Lettuce EPSPS, BFP (transgene) NHE] [65]
Liverwort Rt3 NHE] [66]
Lotus IDN DH, BIN2, ARF1 NHE] [67]

Table 2: CRISPR-Cas9 mediated genome editing in plants.
Gudeta D. Genome Editing: Tools and Application in Plants. ] Copyright© Gudeta D.

Microbiol Biotechnol, 2019, 4(1): 000135.




Open Access Journal of Microbiology & Biotechnology

ZFN TALENS CRISPR CAS 9 References
Zn finger domains Nonspecific TALE DNA-binding domains
components 8 P Nonspecific FokI nuclease crRNA, Cas9 protein [63]
Fokl nuclease domain .
domain

Structural protein Dimeric protein Dimeric protein Monomeric protein [63]

catalytic domain | Restriction endonuclease FokI Restriction Endonuclease Fokl RUVC, HNH [7,63]
Endonuclease Fokl
Length of target 24-36 24-59 20-22 [68,30]
sequence
Protein . . Should not be complex
engineering step required required to test gRNA [26,69]
Cloning necessary necessary Not necessary [26,69]
gRNA production No applicable Not applicable Easy to produce [69,70]
. Double-strand breaks in target [Double-strand breaks in target| DSB or Single -strand

Mode of action DNA DNA nicks in target DNA | L0370

Mutation rate High middle low [63]
Multiplexing difficult difficult possible [70,71]

Table 3: Comparison of plant genome editing techniques.

Application of Genome Editing in Plants

Gene Knockout

At present, the most widely used and important
application of genome editing is to knockout target genes.
In plants, NHE] is the main pathway used to repair DSBs,
and the process can introduce small deletions or
insertions (indels), typically smaller than 100 bp.
Introduction of indels in a coding region mostly leads to
frame shift mutations resulting in the loss of gene
function. Most importantly, the mutations are stable and
heritable in future generations. Due to its simplicity and
high efficiency, CRISPR/Cas9 is now the dominant tool for
knocking out genes [72].

Genome editing has been used for simultaneous
targeting of multiple genes in many plant species,
including Arabidopsis, rice, maize, soybean and tobacco
Multiplex gene editing is not only useful for functional
genomics research, such as the study of redundant gene
families and functionally related genes but is also
important for crop improvement, allowing fast
pyramiding of multiple traits. For example, CRISPR/Cas9
was used to simultaneously knockout three negative
regulators of grain size in rice, GW2, GW5, and TGW6 and
the new varieties exhibited 20%-30% increases in grain
size and weight compared to the wild type [73].

When two DSBs are introduced on the same
chromosome at a certain distance, the two sites may
connect through the NHE] pathway resulting in the
deletion of the intervening sequence. Relatively large
deletions are useful for some purposes in research and
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crop improvement, such as the study of gene clusters and
non-coding RNAs. TALEN and CRISPR have been used to
produce large deletions in species such as rice,
Arabidopsis, and tobacco [74]. In rice, up to 245 kb has
been removed from the genome with a high frequency
using CRSIPR/ Cas9 and our group successfully deleted a
large genomic fragment in Arabidopsis containing the
CBF1, CBF2andCBF3genes [75].

Gene Targeting

Gene targeting refers to the use of genetic engineering
methods to produce a one-for-one substitution of a DNA
fragment (gene replacement) or the insertion of a new
sequence in a specific genomic locus (gene knock in).
Gene targeting has many applications in functional
genomics research, such as precise gene modifications
and epitope tagging of endogenous proteins. Gene
targeting has been the focus of research for a long time,
mostly based on homologous recombination, but the low
frequency of targeted integration limited its use to a very
few species such as tobacco and rice [76]. For many years,
ZFN, TALEN and CRSIPR/Cas9 have been successfully
used for gene targeting in tobacco, maize, Arabidopsis,
tomato, rice, barley, flax, moss soybean and wheat. One
drawback of HDR technique is low efficiency, but
theoretically possible to increase HDR-mediated gene
targeting efficiency by suppression of the NHE] pathway.
Another way to improve HDR-mediated gene targeting is
to deliver large amounts of repair template, donor DNA, to
the plant nucleus. Particle bombardment can provide
multiple copies of donor DNA and has been employed for
genome editing-assisted gene targeting in multiple plants
[63,77]. Gemini virus system is also another method to
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deliver abundant donor DNA which has the property of
excising a fragment of its genomic DNA once inside a cell
to produce a self-replicating plasmid.

Application of Genome Editing Systems in Crop
Improvement

In the last several years, genome editing has been used
to produce new crop varieties with improved traits,
including increased yield, enhanced disease resistance,
improved food quality and higher stress tolerance (Table
4).

Improved Yield

Grain yield is mainly determined by grain number, size
and weight, all of which are typical quantitative traits, and
many genes affecting crop yield have been characterized.
Knockout of genes known to negatively affect yield, such
as GS3, DEP1, GS5, GW2, Gnla, and TGWS6 in rice, is a
simple and direct way to improve crops. GS3, DEP1 and
Gnla have been individually mutated using CRISPR/Cas9,
and some of the predicted phenotypes were observed
[50]. Simultaneous knockout of GW2, GW5, and TGW6 in
rice resulted in a 29.8% increase in thousand-grain
weight in the triple mutant. In bread wheat, thousand-
kernel weight also exhibited an increase after the three
homo-alleles of GASR7, a negative regulator of kernel
width and weight, were knocked out using CRISPR/Cas9
[78]. It is nevertheless important to remark that increased
grain yield per plant and higher thousand-grain weight
does not necessarily translate into improved crop yield,
because large-scale field trials are necessary to verify the
potential agronomic improvements.

Improved Oil Composition

A high content of polyunsaturated fatty acids,
particularly linolenic acid, in oils results in poor oxidative
and frying stability which limits their applications. Fatty
acid desaturase (FAD) genes have been targeted to
change fatty acid composition and improve oil quality.
The FAD2 gene family is responsible for the conversion of
oleic acid (monounsaturated) into linoleic acid while
enzymes encoded by the FAD3 gene family catalyze the
production of linolenic acid from linoleic acid. TALENs
were used to simultaneously knock out two
soybeanFAD2genes, FAD2-1AandFAD2-1B, resulting in
vastly improved oil quality: oleic acid increased from 20%

to 80% and linoleic acid decreased from 50% to <4% [79].

To further improve oil composition, mutations in FAD3A
were introduced into the previously produced fad2-
la/fad2-1b soybean plants by TALEN, resulting in further
increased levels of oleic acid and decreased levels of
linolenic acid. Recently, two independent groups used
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CRISPR/Cas9 to simultaneously knock out all three FAD2
homeolog genes in the allohexaploid, camelina sativa,
producing a significant enhancement in oil composition
[77].

Biotic and a Biotic Resistance

Genome editing has been applied to increase disease
resistance by editing disease-related gene. In rice, Li, T. et
al (2012) [80] targeted the rice bacterial blight
susceptibility gene OsSWEET14 for TALEN-based
disruption and observed strong resistance to infection
with normal phenotypes. Moreover, Wang etal. (2016)
[81] modified OsERF922 and observed significantly
enhanced blast resistance with no effect on important
agronomic traits. In wheat, by inactivating all three
MILDEW-RESISTANCE LOCUS (MLO) genes, Wang etal.
(2014) [82] showed that the infection rates were
significantly reduced combined with a race non-specific
resistance. With a similar approach in cucumber, virus
resistance could be produced by editing the recessive
elF4E (eukaryotic translation initiation factor 4E), without
affecting plant development [83]. In terms of abiotic
stress tolerance, genome editing can be a valuable
weapon in generating novel allelic variation for breeding,
as demonstrated in maize. The generation of novel
ARGOS8 variants produced elevated expression across
multiple tissues and at different developmental stages
resulting in increased grain yield under drought stress
conditions in the field [84].

In more recent papers, a transgene integration-free
targeted mutagenesis has been developed for hexaploid
bread wheat and tetraploid durum wheat, as well as for
corn. Zhang etal. (2016) [78] used plasmids encoding
Cas9 and a conserved target site in the sgRNA for
targeting all TaGASR7 homoeologs. After particle
bombardment of immature embryos of two bread wheat
varieties, out of 2,400 bombarded embryos 101 mutants
were obtained out of which eight plants showed
simultaneous knock outs in all six alleles. In addition, they
targeted four more genes in bread wheat and TdGASR7 in
durum wheat and got also mutations in these genes. In a
second approach, Zhang etal. (2016) [78] used in vitro
synthesized RNA of the coding region of Cas9 and the
sgRNA to target all homoeologs of TaGWZ2, a gene which
controls grain weight. They bombarded the RNA into
immature embryos of bread wheat and could regenerate
plants that showed mutations in all homoeologs in the
first generation that were assumed to be free of
transgenes, whereas in the DNA-based approach most
plants carried the transgene [78]. Finally, a DNA-free
genome editing was established in maize and wheat
through biolistic delivery of rib nucleoprotein (RNP)
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complexes of Cas9 protein and in vitro synthesized sgRNA
to immature embryos of bread wheat and corn [85,86]. In
maize, target sites for four different genes were created
and the RNP complexes were bombarded into immature
embryos. From the regenerated plants, 2.4% to 9.7% had
mutated alleles [86]. In a similar approach in wheat, all
three homoeologs of TaGWZ2 were targeted with one
conserved target region. Regenerated mutants could be

obtained for single homoeologs in a frequency of about 4%

of the used embryos and, by deep sequencing, it was
shown that no off-target effects were present [85].

CsLOB1 is a host disease-susceptibility gene which
erumpent pustule formation in citrus [87]. Recently, two
groups generated canker-resistant citrus cultivars by
CRISPR/ Cas9-targeted modification of the CsLOB1
promoter. Knockout of the ERF transcription factor
OsERF922, a negative regulator of rice blast resistance,
resulted in enhanced resistance. Editing of the wheat
TaMLO gene is another good sample of the use of gene
editing to introduce disease resistance into susceptible
crop varieties. Loss-of-function mlo alleles in barley,
Arabidopsis and tomato produce broad-spectrum and
durable resistance to Blumeria graminisf. Sp. tritici (Bgt)
which cause powdery mildew TALEN-induced mutation
of all three TaMLO gene homolog’s produced heritable
broad-spectrum resistance to powdery mildew in bread
wheat [82]. Using the same approach, CRISPR/Cas9-
mediated gene disruption of the tomato SIMLO1 gene
resulted in rapid generation of tomato fully resistant to
powdery mildew [88].

Herbicide Tolerance

Herbicide tolerance is a very important trait in
agriculture worldwide. So far, only four glyphosate
tolerant crops are grown on a large scale: corn, soybean,
rapeseed and sugar beet. They are genetically modified
plants, as their tolerance results from the transformation
with a bacterial EPSPS gene. The EPSPS gene encodes a 5-
enolpyruvylshikimate-3-phosphate synthase, which is
necessary for the biosynthesis of aromatic amino acids
essential for plant survival. In plants, EPSPS is a target for
glyphosate, a widely used herbicide which binds to EPSPS
functional sites to prevent its activity. The usual method
to introduce glyphosate tolerance in plants is to modify
the EPSPS protein structure in order to disrupt herbicide
binding while maintaining its catalytic activity).
CRISPR/Cas9 has been used in Linum usitatissimum (Flax)
to substitute two nucleotides in the EPSPS glyphosate
binding site through HDR-based genome editing [63]. A
similar approach has been used to introduce base
substitutions in the rice EPSPS gene resulting in
glyphosate-resistant rice [50]. ALS encodes the
acetolactate synthase enzyme that participates in the
biosynthesis of branched-chain amino acids like valine,
leucine, and isoleucine. Inhibitors of ALS eventually
leading to inhibition of DNA synthesis, but specific point
mutations within the conserved region of ALS can confer
resistance to these herbicides. ALS is the target of
numerous herbicides including sulfonylurea,
imidazolinones, triazolopyrimidines, pyrimidinyloxy
benzoates, and sulfonyl amino carbonyl triazolinones [75].

Crop Gene Function Methods Tools References
Corn ALS1, ALs2 Herbicide resistance Promoter disruption CRISPR/Cas9 [89]
Cotton hppd, epsps Herbicide resistance Promoter disruption Meganucleas [90]
Flax EPSPS Herbicide tolerance HDR-mediated base change |CRISPR/Cas9 [63]
Rice 0OsALS Herbicide resistance Gene knockout CRISPR/Cas9 [91]
Rice OsEPSPS Herbicide resistance Gene knockout CRISPR/Cas9 [50]
Soybean ALS1 Herbicide resistance HDR-mediated base change |CRISPR/Cas9 [92]
Tomato ANT1 Anthocyanin accumulation Viral gene disruption CRISPR/Cas9 [93]
wheat TaMLO Disease resistence Gene knockout TALEN [82]
Tobacco |Region in viral genome Virus resistance Viral gene disiruption CRISPRCA9 [94]

Table 2: Examples of successful implementation of genome editing for crop improvement.

Conclusion

In the last several years, genome editing has emerged
as a technology and revolutionized the field of functional
genomics and crop improvement in various plants.
Genome editing tools are becoming popular molecular
tools of choice for crop improvement, especially
engineered nucleases, have had a revolutionary influence

Gudeta D. Genome Editing: Tools and Application in Plants. ]
Microbiol Biotechnol, 2019, 4(1): 000135.

on basic research in plants as well as crop improvement.
These technologies rely on engineered endonucleases to
generate double stranded breaks (DSBs) at target loci.
CRISPR/Cas9 has emerged as the most promising
approach due to its simplicity, ease of use, versatility,
accuracy and tolerable off-target effects. The genome
editing system holds great promise in generating crop
varieties with enhanced disease resistance, improved oil
composition, biotic and abiotic stress resistance,
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improved yield and quality and novel agronomic traits
which will be beneficial for farmers and consumers. The
technology has been successfully used for targeted
mutagenesis in various crops.
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