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Recently, most genomic research has focused on genome editing methods to develop new
technologies that could be easy, reliable, and feasible to edit plant genomes for highly productive
agriculture. Genome editing is based on alternating a specific target DNA sequence by adding,
replacing, and removing DNA bases. This newest technology called CRISPR/Cas9 seems to be less
time-consuming, more effective and used in many research areas of plant genetic research.
CRISPR/Cas9 systems have many advantages in comparison with ZFNs and TALENSs and has been
extensively used for genome editing to many crop plant species. Around 20 crop species are
successfully worked out for trait improvements, for example, yield improvement, disease resistance,
herbicide tolerance, and biotic and abiotic stress management. This review paper will overview
recent advances in CRISPR/Cas genome editing research in detail. The main focus will be on the
use of CRISPR/Cas9 technology in plant genome research.
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Son on yilda genomik arastirmanin ¢ogu; insan, bitki ve bakteri genomunu diizenlemek i¢in kolay,
giivenilir ve uygulanabilir yeni teknolojiler gelistirmesinde genom diizenleme yontemlerine
odaklanmustir. Genom diizenleme; DNA bazlarinin eklenmesi, degistirilmesi ve g¢ikarilmasiyla
genomun spesifik bir hedef DNA dizisinde degisiklik yapma temeline dayanan genis bir terimdir.
CRISPR / Cas9 olarak adlandirilan bu en yeni teknoloji daha az zaman alici, daha etkili ve tip,
bitkiler ve bakteriler gibi bircok arastirma alaninda kullanilmaktadir. CRISPR / Cas9 sistemi,
ZFN'er ve TALEN'ler ile karsilagtirildiginda bir¢ok avantaja sahip oldugunu kanitlamaktadir.
CRISPR/Cas9 sistemleri, ZFN'ler ve TALEN'lere kiyasla birgok avantaja sahiptir. Ornegin tarla
bitkilerinde genom diizenlemesi i¢in yaygin olarak kullanilmaktadir. Yaklagik olarak 20 tarla bitki
tiirlerinde verim iyilestirme, hastalik direnci, herbisit toleransi ve biyotik ve abiyotik stres ¢aligmalar
basariyla yapilmistir. Bu makalede, CRISPR/Cas genom diizenleme arastirmalarindaki son
gelistirmeler ayrintili olarak gézden gegirilmektedir. Ana odak noktasi, bitki genom aragtirmalarinda
CRISPR/Cas9 teknolojisinin kullanim1 olacaktir.
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Introduction

The genetic variations in plants was earlier achieved
through random mutagenesis methods such as EMS
mutagenesis and y-radiation. However, despite apparent
success with this approach, a need for a more precise
methodology arose. Thus, research has led to ways to
precisely manipulate specific genomic sequences. Recently,
targeted plant genome editing has emerged as the preferred
method for plant engineering, slowly but surely replacing
classical plant breeding and transgenic approaches. In order
to create specific, desirable mutants of a targeted gene,
double-strand breaks (DSB) are introduced in the DNA.
These DSBs will trigger one of the independent endogenous
DNA repair pathways: nonhomologous end joining or
homologous recombination, both resulting in chromosomal
changes. These changes can lead to a weakened gene
mutation or a loss-of-function gene mutation (Sonoda et al.,
2006). Several genetic tools have been developed in recent
years that can generate targeted DSBs (Gaj et al., 2013).
These tools use site-specific nucleases to introduce targeted
DSBs in DNA. The most prominent and successful tools are
the zinc-finger nucleases (ZFN's) and the transcription
activator-like effector nucleases (TALEN's). ZFN's and
TALEN's are artificial bipartite enzymes that consist of a
modular DNA binding domain that is programmable and the
Fokl nuclease cleavage domain that interacts to form
chimeric proteins. ZFN's and TALEN's have been used
extensively in site-specific genome editing with great
success (Wood et al., 2011; Jankele R., Svoboda P., 2014).
The TALENS were seen as a revolution in the field of site-
specific nucleases and were considered one of the ten
significant breakthroughs during the last decade (Alberts.,
2012). Despite the significant contribution, the application
of this method has revealed several drawbacks. These
drawbacks include very high technological demands, the
requirement of highly sophisticated designs, and demanding
assembly and delivery. All these requirements are the reason
TALEN's have not found wide usage in plant genome
editing. A wide variety of species, including many important
agricultural plants, have been left widely ignored due to the
sheer difficulty of applying TALEN's. However, a new
method is recently developed to utilize site-specific
nucleases and promises to cover most of TALEN's and
ZFN's drawbacks.

This new genome editing system is called the
CRISPR/Cas9 system (CRISPR being an acronym for
clustered regularly interspaced short palindromic repeats,
and Cas9 being an acronym for CRISPR associated protein
9). The CRISPR/Cas9 system was derived from the
adaptive immune system of Streptococcus pyogenes (Jinek
et al., 2012, Wright et al., 2016). The components of the
CRISPR/Cas9 system are given in Figure 1.

The double-stranded DNA stands for a specific
genomic locus. The irregular shape in orange refers to the
Cas9 endonuclease, which opens up the DNA double
stands for cleavage in the diagram. The single-strand
sequence is single guide RNA (sgRNA), but only the RNA
sequence in red (called a spacer, part of the crRNA)
specifies the Cas9 endonuclease involved in cut or a
double-strand break (DSB) in the genome. The target DNA
sequences are shown in black, which pairs with the spacer
sequence (in red). The required protospacer adjacent motif

(PAM) NGG (N refers to one of the four nucleotides A, T,
G, and C) next to the targeted genomic site is shown in
green (adapted from http://www.systembio.com/cas9).

In order to utilize the CRISPR/Cas9 system,
researchers first had to customize the initial system found
in bacteria and archaea. They reprogrammed the initial
system using customizable small non-coding RNAs (Jinek
M et al., 2012). This customization resulted in the initial
three-component system, consisting of Cas9, crRNA
(CRISPR RNA), and tracrRNA (transactivating crRNA),
reduced into a two-component system. The crRNA and
tracrRNA components were joined together into a single-
guide RNA (sgRNA) that can guide the Cas9 to a
predetermined site in the genome (Jiang and Doudna 2017,
Chen et al. 2019, Anzalone et al. 2020).
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Figure 1. A diagram for the RNA-guide endonuclease
system CRISPR/Cas9

Cas9 nuclease

Cas9 is a large multidomain, and multifunctional DNA
nuclease (1,368-amino acid- S. pyogenes Cas9) guided to
a DNA target sequence adjacent to the adjacent protospacer
motif (PAM) by sgRNA (a complex of two non-coding
RNA's: the crRNA and tracrRNA) (Anders et al. 2014,
Jiang and Doudna 2017, Anzalone et al. 2020).
The crystal structures of Cas9 endonucleases of different
sub-types revealed a conserved core and a bi-lobed
architecture with adjacent active sites and two nucleic acid
binding grooves. The two lobes include a large globular
recognition (REC) lobe connected to a small nuclease
(NUC) lobe. The REC lobe is a Cas9-specific functional
domain composed of REC1 and REC2, and a long a-helical
arginine-rich domain referred to as the Bridge Helix (Jiang
and Doudna 2017). The NUC lobe accommodates two
nuclease domains, RuvC and HNH, and a PAM-interacting
domain (Pl domain). Two nucleic acid binding grooves, a
wide major groove, and a narrow minor groove, are located
within the REC and NUC lobes, respectively (Figures 1
and 3). Cas9is a flexible protein that operates alone to bind
and cleave the DNA target sequence-dependent. Single-
particle electron microscopy revealed that Cas9 is
maintained in an auto-inhibited conformation in the
absence of nucleic acid ligands and switches to an active
form upon guide RNA loading (Jinek et al. 2014, Jiang
and Doudna 2017).
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For the application of the CRISPR/Cas9 technology, a
wide array of different optimized versions of codons of
Cas9 were used for different plant. In summary, all
versions tested were working, some with higher efficiency
than others (Figure 2).

Single-guide RNAs (sgRNAs)

SgRNAs used in the CRISPR/Cas9 system are chimeric
RNAs, created by fusing tracrRNA and crRNA (Chen et al.
2019, Anzalone et al. 2020). SgRNAs are designed to
match a 20 bp target sequence in the DNA followed by an
adjacent protospacer motif (PAM) sequence of NGG. This
NGG is required for cleavage, although it does not appear
in the sgRNA. The exact bases of the sgRNA and location
are very variable since they depend on the promoter used
and the target sequence DNA (Bandyopadhyay et al. 2020).

The sgRNA guide sequence is located on the 5' end of the
SgRNA and is the part of the sgRNA that confers target
specificity. This means that modification of this guide
sequence is the primary tool to create siRNA with various
target specificity. The guide sequence has a canonical length
of 20 bp. However, recent studies suggest that this length can
vary without compromising target specificity. SQRNA with a
deviation of 2 to 3 bp in length did not suffer from errors in
the target recognition, but the extent to which this deviation is
tolerable is unknown. It is reported that mismatches of a few
bp did not interfere with normal function; however, a study
revealed that these mismatches should be kept under 4 bp (Fu
et al., 2013). The Cas9 protein is then guided to specific
genomic sites by the sgRNAs that recognize the NGG-type
protospacer adjacent motif and targets DNA sequences
through Watson—Crick base pairing (Figure 3).

Cas9 protein (light blue) is guided by a structure formed
by a sgRNA, in green (composed of a crRNA containing 20-
nt segment which determine the target specificity, and a trans-
activating tracr RNA which stabilizes the structure and
activates Cas9 to cleave the target DNA-protospacer). PAM
sequence directly downstream from the target DNA
(protospacer-adjacent motif, in yellow) is required for DNA
cleavage by Cas9 (see Figure 3A). This DSB causes random
mutations when repaired by the error-prone NHEJ pathway or
precise gene modification repaired by the error-free HDR
pathway (see Figure 3B). Gene is modified in four different
ways, which are as follows: (a) Repair by NHEJ usually
results in the insertion (green) or deletion (red) of random base
pairs, causing gene knockout by disruption. (b) If a donor
DNA is available, which is simultaneously cut by the same
nuclease leaving compatible overhangs, gene insertion by
NHEJ can also be achieved. (c) HR with a donor DNA
template can be exploited to modify a gene by introducing
precise nucleotide substitutions or (d) to achieve gene
insertion Adapted from Bortesi and Fisher 2014) (Figure 3 B).

CRISPR/Cas Technology Using Transient Expression
Assays

Transient expression assays such as protoplast
transformation and in planta expression using Agrobacterium
tumefaciens transient expression (agroinfiltration) could be
used to test the CRISPR-Cas system in plants. Mutations
introduced via both NHEJ and HDR) pathways have been
reported. Several studies generated the whole plants that carry

mutations at the targeted loci (Belhaj et al. 2013, Lozano-Juste
and Cutler, 2014). In order to check for the presence of
Cas9/sgRNA-induced mutation, the restriction enzyme (RE)
site loss method would be the best choice for usage. This
method is a type of mutation detection system which could be
applied in many sequenced genes. By using this method, the
RE-resistant band can be cloned. The exact nature of the
mutations is then revealed by sequencing individual clones
(Belhaj et al., 2013).

Plant species Cas9
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Figure 2. Cas9 variants used for genome editing in plants
(Courtesy of Belhaj et al., 2013).
Cas9 was tagged with either FLAG or GFP and expressed in the plant
under the control of various constitutive promoters. NLS, nuclear-
localized signal.
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Figure 3. Genome editing in plants with site-specific
nucleases
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Advantages of CRISPR-Cas9 Technology over ZFNs
and TALENSs

Everything that could be done with CRISPR-Cas9
technology fundamentally could also be achieved to some
extent with ZFNs or TALENSs. An enormous increase in
research on CRISPR-Cas9 technology has proven to be of
great importance when studying its advantages. One of
such advantages is that CRISPR-Cas9 technology does not
require protein engineering steps, and thus it makes it
easier to check for target genes. Unlike ZFNs and
TALENS, the ease of multiplexing in CRISPR-Cas9
technology has proven to be one of its most significant
advantages, which means that several genes could be
edited simultaneously with the same technique, the study
on genomic deletions and inversions could also be
achieved. Multiplex editing with ZFNs and TALENSs
requires dimeric proteins, which need to be separated,
whereas in CRISPR-Cas9 technology, the monomeric
Cas9 protein, and some sequence-specific gRNAs are
required (Bortesi and Fischer, 2014). In comparison with
ZFNs and TALENSs, the CRISPR-Cas9 system can
differentiate between target DNA or RNA.

Target specificity of the CRISPR-Cas9 in plants

The ability to make specific changes at targeted
genomic sites in complex organisms is crucial in many
research areas, especially in plant research. There are many
successful applications where CRISPR-Cas9 technology
could be used because of its high efficiency and relatively
low cost. However, this technology has been of the biggest
concern because it can cause off-target mutagenesis. Target
specificity is an essential issue in all genome editing
methods. Several factors could affect Cas9/sgRNA
targeting specificity, which could be classified in following
categories: 1) intrinsic specificity, which is encoded in the
Cas9 protein, which resolves the relative importance of
each position in the sgRNA for target recognition, and 2)
approximate abundance of effective Cas9/sgRNA complex
concerning effective target concentration (Wu et al., 2014).
Targeting Cas9 to a specific region in the genome appears
to affect the specificity predominantly, and besides this, the
sequence of SgRNA alone also affects the specificity. Any
alterations of the sgRNA sequence may affect Cas9
specificity. Some of them include changes that cause the
off-target effect, alternations of concentration of sgRNA,
variations of alternations affecting the chromatin
environment of the target DNA sequence, etc. (Wu et
al.,2014, Azalone et al. 2020).

The CRISPR/Cas9 technology has been applied in
model plants (Nicotiana benthamiana, Arabidopsis
thaliana) and crops (rice, wheat). The Cas9 nuclease and
the sgRNA matching the gene of interest are co-expressed
using Agrobacterium tumefaciens as a vector in N.
benthamiana leaves. Then, the genomic DNA is extracted
from the leaf tissues or protoplasts and subjected to PCR
amplification. To check for the presence of Cas9/sgRNA-
induced mutation, the restriction enzyme (RE) site loss
method is used. The RE-resistant band can be cloned by
this method. The exact nature of the mutations can be
checked by sequencing individual clones (Belhaj et al.,
2013).

Applications of CRISPR-Cas9 in Crop Plants

Food insecurity and low dietary quality are responsible
for the impairments of physical and mental development,
several infectious diseases, and high numbers of premature
deaths (Development Initiatives 2018). Eliminating or
reducing these problems and achieving sustainable
development goals, zero hunger, and improved nutrition
require major global food systems transformations.
Classical plant breeding methods have considerably
impacted high yield, especially during the last 100 years
(Huang et al. 2002; Evenson and Gollin 2003). But despite
this, chronic hunger is still widespread in many poor and
developing countries, albeit the global proportion of
hungry people was reduced from over 50% in the first half
of the twentieth century to around 11% today (FAO).
Nowadays, new plant breeding technologies, including
genetically modified and gene-edited crops, are needed for
improving sustainable agricultural development and food
security while addressing the shortcomings of the Green
Revolution. These technologies could contribute to higher
crop yields, lower chemical fertilizers, pesticides, better
crop resilience to climate stress, reduced postharvest
losses, and better nutritious foods.

During the last 20 years, new breeding technologies
were developed, for example, genome editing, including
CRISPR/cas9, and is now widely used for crop
improvement. One of the purposes of the CRISPR-Cas9
technology is the improvement of plant breeding, which
could modify multiple traits. Beyond genome editing in
plants, CRISPR-Cas9 technology could be used for ectopic
regulation of gene expression, revealing the secrets of gene
functions. Another application that will be of great concern
in the future is the targeted insertion of transgenes in
molecular farming to produce specific proteins in plants.
The use of a catalytically inactive version of Cas9 known
as dead Cas9 (dCas9) has proven to have many vital roles
in regulating gene expression (Miki et al., 2021). The
ability of dCas9 to fuse either with transcriptional repressor
or activator has demonstrated the importance of dCas9 in
gene regulation processes. Delivery of specific cargos to
targeted genomic regulations is another use of dCas9
(Bortesi and Fischer, 2014; Wu. et al.,2014).
CRISPR/Cas9 techniques have been extensively used for
genome editing to many crop plant species; around 20 crop
species are successfully worked out for trait improvements,
for example, yield improvement, disease resistance,
herbicide tolerance, and biotic and abiotic stress
management (Chen et al. 2019, Bandyopadhyay et al.,
2020).

Numerous publications on CRISPR-Cas9 application in
tomato and other fruit crops have been reported (Chen et al.
2019, Wang et al. 2019). The research in CRISPR-Cas9 in
fruit crops is classified into four groups. 1. Resistance into
biotic stresses, 2. Resistance to abiotic stress, 3. Improvement
of fruit quality, 4. domestication of some fruit crops.

Concluding Remarks and Outlook

The simplicity and robustness of CRISPR/Cas9
technology make it an attractive genome editing tool in
plant research. The CRISPR/Cas9 system has been rapidly
and effectively adapted in both model and crop plants and
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demonstrated a desirable efficacy in site-specific gene
targeting. By its many applications, this technique has
become one of the most used and reliable techniques
recently. Some of the advantages of CRISPR/Cas9
technology include its accessibility, versatility, and cost.
Besides genome editing, this technique could be used in
many different research areas that cover gene discovery
and trait development. Our better understanding of this
system would lead to the discovery and design of new
genome editing tools and help further improve plant
genetic research.
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