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Abstract

The global demand for high-quality crops is continuously growing with time. Crop
improvement techniques have a long history and they had been applied since the begin-
ning of domestication of the first agricultural plants. Since then, various new techniques
have and are being developed to further increase the commercial value and yield of
crops. The latest crop improvement technique known as genome editing is a technique
that enables precise modification of the plant genome via knocking out undesirable genes
or enabling genes to gain new function. The variants generated from the genome editing
are indistinguishable from naturally occurring variation. It is also less time-consuming
and more readily accepted in the market commercially. The usage of genome editing has
proven to be advantages and plays a promising role in future crop improvement efforts.
Therefore, in this chapter, we aim to highlight the progress and application of genome
editing techniques, in particular, the CRISPR/Cas9 system as a powerful genome editing
tool for crop improvement. In addition, the challenges and future prospects of this tech-
nology for crop improvement will also be discussed.

Keywords: CRISPR/Cas9, crop improvement, genome editing, TALENs, ZFN

1. Introduction

As the agricultural commercial market continues to grow, development of new techniques
for crop improvement is always in high demand; conversely, traditional breeding practices
for crop improvement are phasing out as some techniques are far too time-consuming and
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laborious and usually result in little yield. Examples of such traditional breeding are the
selective crossbreeding between plants with the desired trait or classical breeding with
induced mutation via radiation or chemicals. Currently, a new methodology that involves
genetic engineering was developed and had paved the way to improve the quality of plants
with high specificity for the attribute of interest; the application of site-specific nucleases
(SSNs) [1].

SSNs are programmable nucleases that have the ability to produce DNA single-stranded or
double-stranded breaks (DSBs) that activate the endogenous DNA repair pathways of the
cells to repair the DNA damage and this usually leads to targeted mutagenesis [1, 2]. This
technology empowers plant scientists to precisely regulate any genes in any plant while
directly evaluating the function of that specific gene in the plant [3]. As a result, plants that
express characteristics such as higher yield, disease resistance or shorter maturation periods
can be generated through this methodology [4-6].

SSN-based genome editing system can be classified into three categories that are the zinc fin-
ger nuclease (ZFN), transcription-like effector nucleases (TALENSs) and, the recently devel-
oped, clustered regularly interspaced short palindromic repeats that are associated with the
RNA-guided Cas9 double-stranded DNA-binding protein (CRISPR/Cas9) [1]. The main dif-
ferences between the categories lie in their mechanism of the double-stranded break induc-
tion and their efficiency in targeting their desired sequences [7]. These SSN-based genome
editing systems are very powerful and they have undoubtedly revolutionized the agricul-
ture industry.

1.1. Site-specific nucleases (SSNs)

SSNs have two major components, which are the engineered nonspecific endonucleases and
the sequence-specific DNA-binding domains. The nonspecific nucleases have the ability to
produce DSBs in DNA but they are very random as they lack specificity. On the other hand,
DNA-binding domains are proteins that can specifically bind to DNA sequences that are
complementary to them [8]. Hence, when DNA-binding domains synergize with the endo-
nucleases, the paired components are able to introduce breaks at any specific target site [9, 10].

As shown in Figure 1, after the DNA break is induced, it will trigger the native DNA repair
mechanisms of the cell to fix the break either by the error-prone nonhomologous end joining
(NHE]) mechanism or by the homology-directed repair (HDR) mechanism [11]. The NHE]
mechanism can occur during any phases of the cell cycle and due to its high erroneous repair
rate, it occasionally forms frameshift mutation. Hence, this phenomenon can be exploited to
form what is known as “knocking out” of a specific gene where the functionality of the pro-
tein encoded by that gene is lost due to random insertion, deletion or inversion. However, if
provided an engineered DNA repair template that is homologous to the upstream and down-
stream of the target sequence, the HDR pathway can then be activated instead. The HDR
mechanism functions to repair the break differently from which it will insert a new strand of
DNA as a form of a desired mutation that resembles the DNA repair template [7]. This is also
known as gene “knocking in” where the genome now has a new gain-of-function to encode
a specific protein.
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Figure 1. Different DNA repair mechanisms for DSBs. Left: if a DNA repair template is provided, the repair will proceed
via the homology-directed repair mechanism where a desired mutation that is based on the template is introduced to the
DNA. Right: the double-stranded break can be repaired via error-prone nonhomologous end joining mechanism where
random mutation will be introduced to the DNA in the form of deletion or insertion. Adapted from Ott de Bruin et al. [12].

1.1.1. Zinc finger nuclease (ZFN)

One of the earliest SSNs developed for genome editing is known as the zinc finger nucle-
ase (ZFN). ZFN is constructed through the coupling of two major domains, which are the
eukaryotic-based DNA-binding domain known as the zinc finger protein (ZFP) and the endo-
nuclease domain of the Fok1 restriction enzyme (Figure 2). Consequently, this coupling com-
bines the quality of the DNA-binding specificity of the ZFP and cleaving activity of the Fok1
endonuclease into a single system, thus making ZFN a useful tool for genome editing [10].

Zinc finger proteins (ZFPs) have the ability to specifically bind to a discrete 3-base pairs (bp)
sequence of DNA known as codons [12]. In fact, recent studies have shown that each ZFNs
can use 3 zinc fingers to bind a 9-bp target sequence, and when made into a ZFN dimer, it can
recognize up to 18-bp of a DNA [9, 13]. Furthermore, there are up to 64 possible types of ZFPs
that can be produced as there are 64 codon combinations known today [10]. As a result, by
determining which type of ZFPs are to be linked into the ZFN, researchers are able to design
ZFNs in a way that they would only target desirable sequences. Additionally, studies have also
shown that more fingers (up to six per ZFN) can be added to recognize longer and rarer target
sequences [10].

Paired with the zinc fingers is the nonspecific Fok1l endonuclease domain, which is an enzyme
that can be found naturally in Flavobacterium okeanokoites and it has the ability to induce DNA
double-stranded breaks [14, 15]. By linking both domains together, they will now be known
as the zinc finger nuclease, and the ZFP domain will lead the Fokl endonuclease domain to
the desired DNA sequence to cleave the target site, which is adjacent to it; this equips ZFN
with the ability to precisely cut any targeted DNA sequences. In early studies, it has been
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Figure 2. ZFN dimer binding to DNA at each side of the sequence. Different shaded boxes represent the different zinc
fingers and each of them binds to a specific codon. Short dotted lines indicate 3-bp long codons. Shaded ellipses indicate
the Fokl endonuclease domain with the ability to induce DNA double-stranded breaks and they are coupled by the
zinc fingers to guide them to their cleavage site. The cleavage site will be between the dimer and it is about 4-bp long.
Adapted from Carroll [9].

known that the Fokl endonuclease domain must dimerize to produce the breaks on DNA
[13, 16]. However, the interaction between the dimer ZFN can be weak if it is not optimally
designed. Thus, the optimal design for ZFN to achieve DNA cleavage is to direct two sets of
fingers to neighboring sequences and join each to a Fokl DNA-cleaving domain. Once the
dimers bind to their respective sequences, adjacent cleavage factors will facilitate the dimer-
ization and cleavage of the DNA strand [9]. Nevertheless, the construction of ZFN has proven
to be difficult as there are many complicated interference in the interaction between the ZFPs
despite many attempts made in the past to simplify them [17-23].

1.1.2. Transcription activator-like effector nucleases (TALENSs)

It may seem that ZFN is the most practical method; nevertheless, the challenge lies in the con-
struction as mentioned in addition to less popularity as the success rate for the DNA repair
pathway via HDR is still considerably low [7]. Therefore, a more recent genome editing tool
known as transcription activator-like effector nucleases (TALENSs) had been developed with
better modularity [24, 25]. TALENSs are quite similar to ZFN in terms of the idea of directing
the same nonspecific endonuclease to a specific site with the help of DNA-binding motifs
(Figure 3).

Unlike ZFN, the DNA-binding domains for TALENs are known as the transcription activator-
like effector (TALE) proteins rather than ZFPs and they are found in pathogenic plant bacteria
(specifically of genus Xanthomonas) instead of in a eukaryotic cell. TALE protein is comprised
of a repetitive sequence of a series of 34 amino acid residues, where each TALE protein has
the ability to selectively bind to one nucleotide in the DNA target site [1]. Specifically, the pair
residue at the 12th and 13th position is the one that determines the nucleotide specificity of
the TALE proteins and they are known as the repeat variable domain (RVD).
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Figure 3. Transcription activator-like effector nuclease (TALEN) dimer bound to DNA. Like the ZFN, it has a Fok1
endonuclease domain that can cleave DNA. Indicated by small dotted lines, each TALE protein can specifically detect
a single nucleotide base pair and it can be linked with more TALE proteins to detect longer sequences. By coupling the
Fok1 endonuclease domain with the TALE proteins, it is now known as TALEN and it can specifically detect and cleave
DNA. Adapted from Gupta [73].

TALE proteins have a different method to detect DNA sequences. They recognize a single nucle-
otide instead of DNA triplets. In fact, TALE proteins can also be assembled in a way to recognize
virtually any DNA sequence that is desired by their users [26]. This attribute enables TALENs
to have a higher range of target sites to suit user specifications, making them significantly more
flexible and generally more straightforward. Like ZFN, the DNA-cleaving domain for TALENs
is the nonspecific Fokl endonuclease domain, which is highly dependent on the DNA-binding
domains to achieve higher specificity of DSBs [1]. In a nut shell, both ZFNs and TALENSs func-
tion as genome editing tools but they are considerably complex, a challenge to be constructed
and less efficient compared to newly developed genome editing tool like CRISP/Cas9 system.

1.1.3. CRISPR/Cas9

The most recently developed SSN in genome editing technology is known as the CRISPR/
Cas9 system. The CRISPR/Cas9 system was developed based on the bacterial type-II CRISPR/
Cas adaptive immune system that is deployed by the hosts to recognize and eliminate any
invading phage or plasmid DNA [27-29]. The three major components of the immune system
are the protospacer-containing CRISPR RNA (crRNA), transactivating crRNA (tracrRNA) and
the Cas9 endonuclease [27, 30].

During the invasion of foreign DNA, the bacterial type-II CRISPR/Cas system will integrate
a short fragment of the foreign DNA, called “spacers,” into the CRISPR genomic loci [31].
These spacers act as a form of an acquired immunity memory for the host. Then, the spacers
will be transcribed and processed in the form of crRNA. Thus, the CRISPR genome loci act as
the library where it can store information to enable the bacteria CRISPR/Cas9 system to retar-
get any known foreign DNA. In case of another attack by the invader, the crRNAs will then
bind to the tracrRNAs that have the ability to trigger the direction of the Cas9 endonuclease
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to the target site of the foreign DNA. After that, it will induce DSBs on the foreign DNA that
carries the same protospacer sequence, which is accompanied by the protospacer adjacent
motif (PAM) to disable the virus [7, 30]. As a matter of fact, recent studies have shown that the
specificity of Cas9 protein is highly dependent to the PAM sequence as it licenses the landing
of the crRNA-tracrRNA-Cas9 complex [32-34].

The CRISPR/Cas9 system has been redesigned to work more efficiently by fusing the Cas9
endonuclease with an artificial crRNA-tracrRNA chimera known as guide RNA (gRNA)
[35-37]. The gRNA maintains the function of both crRNA and tracrRNA where just by
itself is able to recognize the PAM-containing target sequence to direct the Cas9 protein for
DNA cleaving activity. In fact, studies have shown that the gRNA works more efficiently
compared to the combination of crRNA and tracrRNA [38, 39].

Compared to ZFNs and TALENS, the CRISPR/Cas9 system is potentially more efficient and
effective with three main advantages [40], which are:

1. Target design simplicity: the DNA sequence targeting system of the CRISPR/Cas9 system
is based on a formation of RNAs rather than protein or DNA recognition. RNA is much
more accessible as it is simple and readily produced to be used to target any sequence in
a genome.

2. Efficiency: the CRISPR/Cas9 system is a straightforward tool for genome editing. Modifica-
tion of the target genome can be carried out by directly introducing RNAs that encode the
Cas9 protein and gRNA to the host. This method allows researchers to skip all the long and
laborious processes of the classical homologous recombination techniques.

3. Multiplexed mutation: several targeted mutations can be carried out in multiple genes at
different locations at once by introducing multiple gRNAs at once. For example, Dr. Yang
H. and his team have successfully simultaneously introduced mutation in five different
genes in mouse embryonic stem cells [41-43].

2. Mechanism of CRISPR/Cas9 system

The CRISPR/Cas9 system is a type Il adaptive immune system in bacteria and archaea, pro-
tecting them against invading nucleic acid such as virus by cleaving the foreign DNA through
specific sequence recognition [29]. The immunity is acquired through the integration of short
fragment of the foreign DNA as spacer between two adjacent repeats at the proximal end of
a CRISPR locus [29]. The bacterial CRISPR/Cas9 system involves three stepwise processes,
namely acquisition, biogenesis and interference.

2.1. Bacterial adaptive immunity: acquisition, biogenesis and interference

The defense mechanism of CRISPR/Cas9 system can be divided into three stages, which are
spacer acquisition or adaptation, crRNA biogenesis and interference (Figure 4).
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Conceptually, the spacer acquisition process can be further divided into two steps, which
are protospacer selection and integration of the spacer into the CRISPR array to synthesize
new repeat [44]. The protospacer selection step of the spacer acquisition stage is guided by a
conserved DNA sequence element, namely protospacer adjacent motif (PAM), that is located
downstream of the DNA target, which has the sequence of 5'-NGG-3 [44]. Next, the selected
protospacer will be integrated into the leader-repeat boundary of CRISPR array as new spacer
and is duplicated in order to synthesize new repeats. Each repeat is a 29 nucleotide sequence,
and repeats are interspaced by five intervening 32-nucleotide nonrepetitive sequences [30].

Then, the CRISPR will be transcribed into a long precursor crRNA (pre-crRNA) with the help
of Cas proteins (Casl, Cas2, Cas9 and Cas4/casn2) or simply known as biogenesis. During
this process, the tracrRNA will be transcribed from the bacterial genome as it is needed for
processing of the pre-crRNA into a mature guide crRNA. Next, the antirepeat sequence of
tractRNA will enable the complementary base pairing with each pre-crRNA repeats, result-
ing in the formation of a crRNA-tracrRNA duplex [45].

During the target interference stage, the crRNA-tracrRNA duplex recognizes the PAM
sequence located downstream of the protospacer in the foreign DNA and triggers the ‘non—
self-activation,” which prevents self-targeting of CRISPR array. After that, the duplex guides
the Cas9 endonuclease to bind and cleave the DNA target, resulting in the formation of
DSBs. Additionally, the DNA target specificity duplex is provided by what is called the ‘seed
sequence,” which is located at approximately 12 bases upstream of the PAM sequence that
matches the RNA with the DNA target [29] (Figure 4).

2.2. Engineered CRISPR/Cas9 in plant genome editing

The CRISPR/Cas9 system for plant genome editing comprises four steps. First, a gene-specific
gRNA is designed and constructed by fusing crRNA and tracrRNA. Many online tools have
been developed for computer-based design of gRNA [46]. However, the in silico design of
gRNA has not been fully adapted for plants, and large-scale data collection and systematic
study of gRNA efficiencies in plant cells are needed to increase the accuracy of computational
gRNA selection [46]. Both gRNA and Cas9 expression cassettes are constructed separately.
The expression of gRNA is driven by U3 or U6 small nuclear RNA gene promoters with
defined initiation and termination site, facilitating the transcription of gRNA by RNA poly-
merase III. The first nucleotide in the guide sequence is a ‘G’ if U6 promoter is used or an
‘A’ if U3 promoter is used [47]. Guide sequence should match the target, except for the first
nucleotide (5" G or A) that does not have to match [47]. In Cas9 expression, nuclear localiza-
tion of Cas9 requires fusion of a single or dual nuclear localization signal (NLS) to the Cas9
coding sequence, which is 4107-bp in length. Both expression cassettes are then assembled
into a vector.

The next step involves the transformation of protoplasts with CRISPR in which the activity
of gRNA is best validated before being used in genome editing [46]. This step is followed by
the selection of active CRISPR using polymerase chain reaction (PCR) or restriction enzyme
digestion. Then, the CRISPR/Cas9 system in the form of vector is delivered into the target
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Figure 4. Type II adaptive immunity system by CRISPR/Cas9 in bacteria. The type II adaptive immunity system by
CRISPR/Cas9 involves three stages, which are acquisition, crRNA biogenesis and interference to cleavage the DNA
target, resulting in the formation of DSBs.

plant cell. The CRISPR/Cas9 system can be delivered via Agrobacterium-mediated transfor-
mation or particle bombardment [46]. Up to this stage, the expression cassettes are stably
integrated into plant genome. Finally, the transformed plants with targeted mutations are
screened by polymerase chain reaction (PCR) genotyping and confirmed by sequencing [46].

2.3. RNA-guided DNA cleavage by Cas9

The Cas9 protein consists of six domains, which are REC I, REC II, Bridge Helix, PAM inter-
acting, HNH and RuvC [47]. It remains inactive in the absence of gRNA. The gRNA binds to
Cas9 protein and induces a conformational change to form a riboprotein complex. This results
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in the activation of the Cas9 protein from a non-DNA-binding conformation into an active
DNA-binding conformation. Once the Cas9 protein is activated, it recognizes DNA target by
binding with DNA sequence that matches its PAM. Once the Cas9 protein finds a potential
target sequence with complementary PAM, it melts the bases immediately upstream of the
PAM and pairs them with the complementary sequence on the gRNA. RuvC and HNH nucle-
ase domains will then cleave the DNA target after the third nucleotide base upstream of the
PAM to generate blunt-ended DSBs.

2.4. Orthologues of CRISPR/Cas9

To date, the most common Cas9 protein used in plants is from the bacteria Streptococcus
pyrogens (SpCAs9), which recognizes the NGG-type PAM [46]. Even though this PAM
sequence is widely distributed across plant genomes, it does not cover the entire genome of
the plant [46]. Many naturally occurring Cas9 orthologues impose distinct crRNA-tracrRNA
duplex and PAM requirements [30]. Therefore, exploring orthologous Cas9 proteins with
cognate gRNA and PAM sequences would greatly expand possible target sequences in a
given genome and add new Cas9 orthologues with unique properties into the CRISPR/Cas
arsenal [30]. As the alternative orthologous Cas9 requires different PAM sequences, the total
number of possible target sites within a plant genome can be increased. Hence, the CRISPR/
Cas9 system is modified by cointroducing multiple Cas9 orthologue-based platforms with
different effectors such as nuclease, transcription activator or repressor into the same cell,
where they are guided by a specific group of gRNAs to carry out multiplex and complex
manipulation of gene activities [30]

3. Application and recent advances

Today, the application of the CRISPR/Cas9 system-based genome editing for crop improve-
ment has already begun its movement despite still being in its infancy. As a matter of fact,
there are already numerous publications that reported that this technology has been success-
fully implemented in a broad range of plant species (as shown in Table 1).

The applications of the CRISPR/Cas9 system in plants can be classified into three types, which
are the gene disruption, gene insertion and gene regulation.

3.1. Gene disruption

Gene disruption or simply known as gene knockout is a genetic technique that turns one of
the genes in an organism to become inoperative. This technique is very powerful as it can
inactivate any potential harmful or nonbeneficial gene that downgrades the quality of a plant.
Gene disruption is the most applied technique as it can knockout genes by simply introducing
small deletion or insertion via NHE] repair mechanism in CRISPR/Cas9 system [5, 7].

A good example that employed full use of the gene knockout mechanism is the Waxy (WX1)
gene of a maize plant. The maize WX1 gene encodes a starch-synthesizing protein that is
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Species name

Target gene(s)

Gene function

Description

Mode of
action

Arabidopsis thaliana

Brassica oleracea

Citrus sinensis

Cucumis sativus

Glycine max

Hordeum vulgare

Marchantia
polymorpha

Medicago truncatula

Nicotiana
benthamiana

Nicotiana tabacum

BR11, JAZ1, GAI

BolC.GA4.a

CsPDS

elF4E

Bar, GmFE11,

GmPFE12, etc.

HoPM19

ARF1

GUS

NbPDS

NtPDS

Growth regulators

Gibberellin
biosynthesis

Carotenoid
biosynthesis

Translation initiation
factor

Root hair growth
factors

Grain dormancy
regulator

Auxin response
factor

Fluorescence

Carotenoid
biosynthesis

Carotenoid
biosynthesis

Transgenic plants
displayed retarded
growth after being
subjected to targeted
mutagenesis

Transgenic plants
displayed dwarf
phenotype after being
subjected to targeted
mutagenesis

Transgenic plants
displayed albinism
expression after being
subjected to targeted
mutagenesis

Transgenic plants
developed resistance
toward a broad range
of virus

Transgenic plants
displayed higher root
hair growth induction
after being subjected to
targeted mutagenesis

Transgenic plants
displayed signs of
dormancy after being
subjected to targeted
mutagenesis

Transgenic plants
showed no response
toward auxins after
being subjected to
targeted mutagenesis

Transgenic plants
displayed no signs of
staining after being
subjected to targeted
mutagenesis

Transgenic plants
displayed albinism
expression after being
subjected to targeted
mutagenesis

Transgenic plants
displayed albinism
expression after being
subjected to targeted
mutagenesis

Gene
disruption

Gene
disruption

Gene
regulation

Gene
disruption

Gene
regulation

Gene
disruption

Gene
disruption

Gene
disruption

Gene insertion

Gene
disruption

[52]

[57]

[58]

[59]
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Species name Target gene(s) Gene function Description Mode of Ref.
action
Oryza sativa OsPDS, OsMPK2,  Carotenoid Transgenic plants Gene [60]
OsBADH?2, etc. biosynthesis, growth displayed albinism and disruption
regulator dwarfism after being
subjected to targeted
mutagenesis
Petunia hybrid PDS Carotenoid Transgenic plants Gene [61]
biosynthesis displayed albinism disruption
expression after being
subjected to targeted
mutagenesis
Populus tomentosa PtoPDS Carotenoid Transgenic plants Gene [62]
biosynthesis displayed albinism disruption
expression after being
subjected to targeted
mutagenesis
Solanum SIAGO7 Involved in RNA Transgenic plants Gene [63]
lycopersicum biogenesis regulation displayed needle-like or  disruption
lacking lamina leaves
after being subjected to
targeted mutagenesis
Solanum tuberosum  StALS1 Acetolactate Transgenic plants Gene insertion [64]
biosynthesis showed increased
resistance on herbicides
after being subjected to
targeted mutagenesis
Sorghum bicolor DsRED?2 Fluorescence Transgenic plants Gene insertion [65]
showed signs of red
fluorescence after being
subjected to targeted
mutagenesis
Triticum aestivum TaINOX, TaPDS Inositol metabolism  Transgenic plants Gene [66]
and carotenoid displayed albinism disruption
biosynthesis expression after being
subjected to targeted
mutagenesis
Vitis vinifera IdnDH Tartaric acid Transgenic plants Gene [67]
biosynthesis showed no signs of disruption
tartaric acid in their
fruits after being
subjected to targeted
mutagenesis
Zea mays ZmIPK Phytic acid Transgenic plants Gene [68]
biosynthetic showed reduction of disruption
pathway catalyst phytic acid level after

being subjected to

targeted mutagenesis

Table 1. List of CRISPR/Cas9 system-based genome-edited plants.

139



140 Next Generation Plant Breeding

involved in the kernel maintenance [48]. Today, there is a known mutant maize that has a
deletion in the coding sequence of the WX1 allele [49, 50] that causes it to have an altered grain
starch composition [51]. Waxy corns are highly sought after in the commercial market because
it provides a variety of benefit such as improved uniformity, stability and texture despite its
lower yield compared to elite corns [52]. Up until recently, there have been attempts to intro-
duce the mutant WX1 allele by crossbreeding a nonelite Waxy corn with an elite plant with
excellent agronomic qualities. However, this method was unsuccessful as some of the nonelite
alleles near the mutant WX1 gene may be carried along during the introgression process in
addition to increased time requirements [52].

Recently, an agricultural company known as DuPoint took this matter with an alternative
solution through gene disruption by using the CRISPR/Cas9 system [53]. The gene disruption
via CRISPR/Cas9 system is cheap, fast and, most importantly, precise as WX1 deletions can
now be generated directly in the genome of the elite plant to overcome the imperfections that
are associated with trait introgression. The gene disruption via CRISPR/Cas9 system works by
deleting the entire WX1 gene with the usage of two Cas9-gRNAs. Each of the Cas9-gRNAs will
target two sites, which are the upstream of the transcriptional start site and the downstream
of the stop codon. Then, the region is excised and the remaining DNA damage is repaired
through the NHE], which will bring about the WX1 null allele with the Waxy phenotype [52].

Another study that utilized the ability of gene disruption of CRISPR/Cas9 system was carried
out in wheat, an important staple food in many parts of the world [54]. The team reported
that the inositol oxygenase (INOX) and phytoene desaturase (PDS) gene of the wheat plant was
successfully deactivated at the same time, making it a multiplex mutagenesis. The applica-
tion of the CRISPR/Cas9 system to the gene causes the gene to have random insertion into its
sequence, resulting in gene disruption. Consequently, the phenotype of the wheat changes to
express albinism or etiolated leaves.

3.2. Gene insertion

Gene insertion or addition is another famous technique where more than one nucleotide base
pairs are added into a DNA sequence. The newly inserted sequence can be designed in such a
way where it can specifically encode proteins that bring crucial benefits. However, designing
the inserted-to-be DNA sequence is not an easy task as imperfection could pose a risk to the
health of the host cell or organism, or it can be simply nulled as it fails to function as predicted
[55]. In the terms of gene addition for crop improvement, the desired goal is usually the addi-
tion of beneficial traits such as pest resistance, high yield or quality.

In fact, adding multiple genes that confer different trait improvement in a single plant is a
common practice to produce elite cultivar. For instance, the TC1507 maize that contains both
the Bacillus thuringiensis (Bt) gene that confers insect resistance and acetyltransferase gene that
is herbicide tolerance [56]. To date, the most common and efficient method used is to collocate
all the desired genes into a single molecular stack, whereby all of the genes will now behave
as a single locus or better known as gene stacking [52]. The colocation is no easy task as it has
two major limitations. First, each of the genes may potentially affect each other if they are
placed adjacently too close [57]. Second, once the transgenes are collocated, they can no longer
be moved as they are placed too close to each other to the point where it acts as a single locus.
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There is another unconventional substitute to molecular stacks where it can only be gener-
ated through the CRISPR/Cas9 system. That substitute is known as complex trait loci (CTL) or
quantitative trait loci (QTL) and where transgenes can also be genetically collocated [58, 59]. An
example of CTLs is constructed through the CRISPR/Cas9 system by specifically inserting the
transgenes into the desired region in the genome through HDR. To start, the transgenes in the
CTL can be separated by a larger distance (50 kb to more than 1 Mb) compared to the molecular
stacks (few hundred or thousand bp) while retaining their genetic linkage [60]. The changes of
distance solves both the limitations of the molecular stacks as adjacent transgene will no longer
affect each of their function and they can now be individually moved and swapped.

Similarly, with the help of the CRISPR/Cas9 system, the DsRED2 gene, which encodes a pro-
tein that expresses red fluorescence, was also successfully inserted into the genome of an
immature sorghum embryo [61]. As a result, the plant now displays red fluorescence.

3.3. Gene regulation

Gene regulation is a technique whereby the gene encoding for its transcription factors is altered
to induce changes in its gene expression level [62]. Consequently, plant traits such as the fruit
color, size and shape can be controlled and adjusted according to the consumer demands.

The CRISPR/Cas9 system can also be used to regulate the expression of genes for plants [63]. It
was carried out by the usage of a catalytically inactive Cas9 known as dead Cas9 (dCas9). The
deactivation occurs when rare bacteriophages with anti-CRISPR protein AcrlIA4 binds to the
Cas9 of a gRNA that causes its cleaving activity to be disabled [64]. Consequently, the dCas9 is
unable to cleave DNAs but it can still bind to specific DNA sequences with gRNA. To be used in
gene regulation, the dCas9 must be fused with either a transcriptional activator or a repressor.

For transcriptional activation, dCas9 will be fused with a transcription activator domain such
as VP64. For example, there is a study that reported that the paired dCas9-VP64 couple suc-
cessfully activates the anthocyanin pigment 1 (AtPAP1) gene from Arabidopsis thaliana, which
encodes the protein involved in the production of anthocyanin pigment 1 [65]. Meanwhile, for
transcriptional repression, dCas9 will be fused with a transcription repressor domain such as
SRDX instead. Consistently, a study had reported the usage of dCas9-SRDX pair to success-
tully repress the A. thaliana cleavage stimulating factor 64 (AtCSTF64) gene of a plant of the same
species. This technique is still new compared to the previously mentioned gene disruption
and gene addition techniques.

3.4. CRISPR/Cas9 system-based genome-edited plants

As the aforementioned plants are successfully genetically modified in the lab, there are actu-
ally some of them that are almost readily available in the commercial market. These plants
may be new to the market but it is undeniable that they will eventually be able to monopolize
the market as they have much more improved traits compared to their relative wild-type
plants. As shown in Table 2, most of the plants such as the wheat and Ranger Russet potato
are important food staples in many parts of the world and this proves that the CRISPR/Cas9
system-based genome editing for crop improvement is definitely on its way to revolutionize
the agriculture industry.
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Crop Trait(s) improved Status Name of organization Ref.
White button Browning resistant Submitting for review to Food  Yinong Yang; Penn [74]
mushroom and Drug Administration State College of
(FDA) Agricultural Science
Waxy corn Disease resistant To be marketed within 5-10 DuPont Pioneer [75]
Drought tolerant years, pending field trlalsA and
applicable regulatory review
Wheat Produce gluten-free wheat by = Working with gliadin genes that Institute for [76]
eliminating gliadins in wheat  are still present Sustainable
Agriculture
Soybean Produce healthier oil with Inactivation of two genes in Institute for Basic [77]
reduced unsaturated fat soybean Research (IBS)

content by increasing the
percentage of oleic acid

Ranger Russet Longer freshness because it To be grown and sold in 2019 Dan Voytas; Cellectis ~ [78]
Potato does not accumulate sweet Plant Sciences

sugars at typical cold storage

temperature

Does not produce acrylamide
(carcinogen) when fried

Table 2. List of CRISPR/Cas9 system-based genome-edited plants that are making their way to the commercial market.

4. Social acceptance and regulation

Genome editing with engineered nucleases (GEEN) has evolved as a highly specific and effi-
cient tool for crop improvement with the potential to rapidly generate useful novel pheno-
types. This leads to the emergence of new plant breeding technologies such as to allow the
investigation of gene functions and inducing variations for crop improvement. Among these,
CRISPR/Cas9 system is now one of the trending applications in plant breeding. Besides the
CRISPR/Cas9 system, there are also other plant-breeding technologies that involve cis-genesis
and intra-genesis such as transgenic development, whereby unspecific mutagenesis is induced
by radiation or chemicals that are much faster and efficient than the conventional breeding
method [66]. A question arises as to how genetically edited plants with desired traits will
be received by the public and regulated within legislation on genetically modified organism
(GMO). According to a recent survey comparing scientist and citizen views on a range of sci-
ence, engineering and technology issues [67], the most pronounced difference obtained from
the study was found on the question addressing the safety of consuming genetically engi-
neered crops; whereby 37% of the public at large responded that GM foods are generally safe
to eat, whereas 88% of scientists interviewed recognized GM foods as generally safe [66].

There are two sides to this discussion. Those who take the view that new plant breeding tech-
nique (NPBT) such as CRISPR/Cas9 system should be exempted from GMO legislation argued
that the products are similar to the products generated from conventional breeding meth-
ods. The opponents contend that the process used to generate the plants is in fact genetically
modified. As stated in the European Law, the definition of GMO means an organism with the
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exception of human beings, in which the genetic material has been altered in a way that does not
occur naturally by mating and/or natural recombination.” Europe Commission (EC) has stressed
that the decision to include or exclude a technique from the scope of Directives 2001/18/EC and
2009/41/EC depends only on the interpretation of the definition of genetically modified organ-
isms and genetically modified microorganisms and of the conditions for exemption provided
for in the two directives [68]. There are regulators such as the German Consumer Protection
Association, or also known as Verbraucherzentrale Bundesverband (VZBV) and Swedish scien-
tists that call for the exclusion of such ‘gene editing’ from GMO regulation as long as such crops
do not contain any ‘foreign DNA’ [69]. The evaluation is sophisticated because the definition
of GMO under European Union (EU) law refers both to the characteristics of organisms and to
the techniques used. To date, a clarifying legal opinion of the EC is still pending. Until the legal
opinion is released, the legal status of living organisms as well as products deriving from NPBT
approaches is unclear [70].

In the United State, the Coordinated Framework for Regulation of Biotechnology (CFRB)
determined that it is the final product of genetic engineering that potentially poses a risk
to human health and the environment, not the process by which the product is made [71].
The engineered products could be channeled to and handled by regulatory net involving
Environmental Protection Agency (EPA), Food and Drug Administration (FDA) and US
Department of Agriculture (USDA) depending on what category it falls into [71]. In April
2016, a CRISPR edited, nonbrowning mushroom emerged as the first CRISPR-derived prod-
uct to be approved by USDA [72].

5. Future prospects

With all the studies done so far, it is undeniable that the CRISPR/Cas9 system is on its way
to change the pace and course in the agriculture industry. Perfect plants that have high yield,
quality and resistance toward any disease and pests will no longer be impossible with the
dawn of this technology. Moreover, CRISPR/Cas9-based gene editing for plants will also be
developed to the point where it can be used to replace any defective gene with a normal allele at
its natural location. Consequently, all plants will now no longer need to be in danger from any
traditional diseases as long as this technique is present and approved for human consumption.

There are still many uncertainties on the usage of plant genome editing. Therefore, in-depth
studies are required to ensure this technology will have zero risks while gaining maximum
benefits. Besides that, the idea of genome editing might also raise ethical questions from the
public; these need to be adequately addressed by researchers and scientists that are well adept
in genome engineering. Educational talk or workshop on genome editing should be given to
nonscientists to ensure they understand the basics and benefits of this technology. More laws
and regulations will also be required for the implementation to ensure CRISPR/Cas9 system
is used responsibly without slowing down its development and research. Only when the
CRISPR/Cas9 system is well understood and regulated, it will be possible for the application
of this technology to be maximized to its fullest potential to achieve previously envisioned
ideas in plant science.
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