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ABSTRACT

Background: It is a long-standing goal of scientists and breeders to precisely control a gene for studying
its function as well as improving crop yield, quality, and tolerance to various environmental stresses. The
discovery and modification of CRISPR/Cas system, a nature-occurred gene editing tool, opens an era for
studying gene function and precision crop breeding.

Aim of Review: In this review, we first introduce the brief history of CRISPR/Cas discovery followed the
mechanism and application of CRISPR/Cas system on gene function study and crop improvement.
Currently, CRISPR/Cas genome editing has been becoming a mature cutting-edge biotechnological tool
for crop improvement that already used in many different traits in crops, including pathogen resistance,
abiotic tolerance, plant development and morphology and even secondary metabolism and fiber develop-
ment. Finally, we point out the major issues associating with CRISPR/Cas system and the future research
directions.

Key Scientific Concepts of Review: CRISPR/Cas9 system is a robust and powerful biotechnological tool for
targeting an individual DNA and RNA sequence in the genome. It can be used to target a sequence for
gene knockin, knockout and replacement as well as monitoring and regulating gene expression at the
genome and epigenome levels by binding a specific sequence. Agrobacterium-mediated method is still
the major and efficient method for delivering CRISPR/Cas regents into targeted plant cells. However, other
delivery methods, such as virus-mediated method, have been developed and enhanced the application
potentials of CRISPR/Cas9-based crop improvement. PAM requirement offers the CRISPR/Cas9-targted
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genetic loci and also limits the application of CRISPR/Cas9. Discovering new Cas proteins and modifying

current Cas enzymes play an important role in CRISPR/Cas9-based genome editing. Developing a better

CRISPR/Cas9 system, including the delivery system and the methods eliminating off-target effects, and

finding key/master genes for controlling crop growth and development is two major directions for

CRISPR/Cas9-based crop improvement.

© 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Since crops were domesticated, scientists and breeders have
been attempting to improve different traits for making crops better
in growth, yield and quality as well as response to different envi-
ronmental factors, including pests and other pathogens as well as
various abiotic stress, such as drought and salinity. At the earliest
stage, people just selected the good characters from the population
growing in the field although they do not know what causes the
difference. Until 1800 s, Gregor Mendel discovered the fundamen-
tal laws of inheritance, human started to clearly know that each
crop trait is controlled by genes and that the combination of genes
from both sides of parents controls the phenotype of an individual
plant. Mendel’s Law of Inheritance provides the foundation for tra-
ditional breeding and then for molecular and transgenic breeding.
For a long period, breeders combine the good traits through cross
and backcross breeding. Then, as the development of gene cloning
and transformation technology, transgenic technology was become
a method for improving specific trait in plants by inducing a for-
eign gene. Although great progress has been made and many trans-
genic plants have been widely adopted around the world that are
also generating huge economic and environmental benefits, the
majority of transgenic crops used in the field are insect- and/or
herbicide-resistant crops due to the limitation of desirable foreign
genes [1,2]. Additionally, inserting these foreign genes into plant
genome is always random and it may also affect other genes that
results in gene silencing or altered expression [3]. Thus, more pre-
cision way is warranted to edit the genes for both gene function
study and crop improvement.

Genome editing is a dream method for accurately and precisely
recognizing and locating a specific sequence within a genome, and
then altering the targeted sequences for various purposes. Unlike
traditional transgenic technology that randomly inserts genetic
materials into a genome, genome editing technology works on a
specific genome sequence within the genome. To achieve this, gen-
ome editing requires a specific restriction nuclease that can recog-
nize the specific sequences; these nucleases not only locate the
genome position but also serve as molecule scissors to cut the
specific sequences. Up to now, there are four major families of
nucleases used for genome editing; these nucleases were devel-
oped at different time and they are meganucleases, zinc finger
nucleases (ZFNs), transcription activator-like effector-based nucle-
ases (TALEN), and the clustered regularly interspaced short palin-
dromic repeats associated nucleases (CRISPR/Cas) [4].
Meganucleases, discovered in the late 1980 s, are the first nucle-
ases used for genome editing, followed by discovering ZFNs and
TALENSs for genome editing [4-6]. All three technologies, particu-
larly ZFNs and TALENSs, have been extensively studied and applied
to edit a range of genes in both plants and animals, and even gen-
erated some commercial products or used in clinical trials in treat-
ing human genetic diseases [7]. However, all these systems are
difficult to use and all of them are lab- and cost-consuming. Later,
CRISPR/Cas system caught scientists’ attention and now become a
popular method for editing a genome/gene.

CRISPR is an extensive class of short palindromic repeat
sequences, which are widely existed in many prokaryotes, includ-
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ing most bacteria and Archaea. In prokaryotes, these short repeat
sequences complimentary with some foreign DNA sequences, such
as virus DNA, that invade bacteria or Archaea. When viruses infect
bacteria, bacteria will produce this type of DNA and bind to virus
DNAs; with working with one nuclease, called Cas, the Cas enzyme
will cut the invaded DNA into pieces. Thus, CRISPR/Cas is a type of
acquired immune defense mechanism for prokaryotes against
virus. It is also a naturally occurred genome editing tool.

The first CRISPR was cloned from E. coli by accident in 1987 [8].
Later the similar CRISPR sequences were also cloned from other
bacteria and Archaea [9-12]. However, at the first almost one dec-
ade, the scientists did not know the function of these special
repeated sequences and just thought they are a special sequence
among different species and used them as strain typing [13]. In
1995, Mojica and colleagues constructed plasmid containing frag-
ment of CRISPR sequences and then transformed into halophilic
Archaea Haloferax volcanii; their results demonstrated that extra
copies of CRISPR sequences resulted in the altered distribution of
H. volcanii genome [14]. This is the first time that shows the incom-
patibility between external plasmid CRISPR and Archaea. However,
their real function was unclear until that scientists found CRISPR-
associated protein (Cas) genes [12] and their functions in bacterial
defense mechanisms [15]. Since then, we understand that CRISPR/
Cas system is a naturally occurred and acquired immune defense
mechanism in bacteria and Archaea to against foreign DNA mate-
rial infection, majorly the viruses. This also allows scientists to
think a new way to edit a gene using this naturally occurred
immune defense system. In 2012, two independent research labo-
ratories reported that CRISPR/Cas system can be reconstructed
in vitro and the in vitro reconstructed CRISPR/Cas systems had bio-
logical functions and were capable to cut an individual DNA
sequence [16,17]. This provides foundation for using CRISPR/Cas
as a genome editing tool. Their studies and others also show that,
to make CRISPR/Cas system function on genome editing, there are
three required parts of components that are Cas enzyme, crRNA
and tracRNA. Jinek and colleagues (2012) show that CRISPR RNA
(crRNA) and trans-activating crRNA (tracRNA) can be constructed
together to form a single chimeric synthetic RNA molecule, called
single guide RNA (sgRNA) that work perfectly on the genome edit-
ing activities [17]. This research is significant to simply the DNA
construction for making CRISPR/Cas system as a biotechnological
tool for genome editing, that is always very simple compared with
previously used genome editing tools, such as ZFNs and TALENs.
Thus, these two studies opened the door and lead to the next levels
for using CRISPR/Cas system to edit genome sequences for a variety
of purposes. Followed these two studies, CRISPR/Cas systems were
immediately employed to test the feasible genome editing in
mammalian genomes. Cong and colleagues (2013) successfully
knockout several genes in both human and mouse cell lines by con-
structing CRISPR/Cas systems using S. pyogenes Cas9 (SpCas9). Mali
and colleagues (2013) also used Cas9 to knockout functional genes
in several human cell lines. Both studies modified the Cas9 enzyme
to allow its high function in human and mouse cells using a single
crRNA-tracRNA fusion sgRNA transcript. Both studies also intro-
duced multiple gRNAs for targeting multiple genes simultaneously
and show the flexibility of multiplex editing [18,19]. Following
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these two studies, CRISPR/Cas system have been quickly adopted
by the scientific community to edit, regulate, and/or monitor genes
in bacteria, animals, and plants.

CRISPR/Cas system working mechanisms and CRISPR/Cas family

The commonly used Cas endonucleases, Cas9, contain two
nuclease domains, RuvC and HNH, and a PAM-interacting domain
(PI) [20,21]. RuvC and HNH domains clave the double-strand
DNA and form a double-strand break (DSB). However, the function
of RuvC and HNH domains requires the Cas nuclease to bind a
specific DNA location that are protospacer adjacent motif (PAM)
dependent. After Cas cuts the DNAs, DSBs will be repaired using
the cell own DNA repair mechanisms. There are two repair path-
ways, one is non-homologous end joining (NHE]) repair and
another one is homology-directed repair (HDR). HDR usually
requires a template DNA for DSB repair, that can be a foreign
single- or double-strand exogenous DNA, the homologous chromo-
some, the sister chromatid, or even some sequences that are highly
related to the sequences with DSBs.

There are two reasons for that Cas nuclease can precisely cut a
specific sequence within the genome. One is that CRISPR/Cas sys-
tem needs one gRNA that contains both crRNA and tracRNA, in
which crRNA guides the Cas nuclease to the target sequence. In
an engineered CRISPR/Cas system, the gRNA or sgRNA is usually
a short synthetic RNA containing a scaffold tracRNA sequence
and a spacer with about 20 nucleotides. The tracRNA serves as scaf-
fold for Cas enzyme binding. The spacer is a sequence complemen-
tary with the target site, which is user-designed sequence and
commonly called gRNA when we design the CRISPR/Cas system
for gene editing. gRNA can target either strand of a gene due to
the Cas enzyme have two nuclease domains, one cuts sense strand
and another one cuts the anti-sense strand. However, not all
sequences can serve as a CRISPR/Cas target site; this is because
all target sites require a PAM sequence immediately adjacent to
its target. PAM is required for Cas enzyme function and PAM
sequence serves as a binding signal for Cas nuclease; without a
PAM sequence, Cas enzyme does not know where to bind and
where to cut the sequence. Thus, PAM sequence is required for
all current CRISPR/Cas systems used for genome editing.

CRISPR/Cas systems are a big family; according to a recent
study, it can be divided into 2 classes, 6 types and 33 subtypes
based on several criteria, including sequence similarity, distinct
features of the components and phylogenetic analysis [22]. As
more and more new CRISPR/Cas are discovered, this classification
will be expended in the future. The major difference between class
1 and class 2 CRISPR/Cas system is that, in the Class 1 CRISPR/Cas
system, multiple Cas proteins work together to form a functional
complex for degrading DNA sequences in which the complicate
complex binds crRNA and target together for function. However,
in class 2 CRISPR/Cas system, although there may be additional
Cas proteins, only one larger Cas protein is needed to play the same
function as the multiple Cas proteins in the class 1 system. Thus,
for CRISPR/Cas system as a genome editing tool, class 1 CRISPR/
Cas system is hard to be constructed and transformed into plant
or animal cells, it is rarely used as a genome editing tool. Currently,
all CRISPR/Cas genome editing is using the class 2 CRISPR/Cas sys-
tem because it is easy to construct with straightforward protocol in
which two components (one single Cas protein gene and a single
gRNA including the tracRNA and crRNA) are only needed. Actually,
for most commercially CRISPR/Cas systems, the only thing one
research lab do is to design a gRNA and insert it to the construct.
Thus, it is easy and simple with high successful potentials.

The class 2 CRISPR/Cas system currently contains 3 types (II, V
and VI) and 17 subtypes. Because of its usage, this class of
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CRISPR/Cas systems has quickly expanded in the last 5 years from
2 types and 4 subtypes in 2015 to 3 types and 17 subtypes in 2020
[22]. Among these Cas enzymes, there are two special ones, one is
Cas13 and another is Cas14. Cas 13 targets RNA sequences instead
of DNA sequence [23] and Cas14 target ssDNA sequences instead of
dsDNA sequences [24]. Cas14 is a family of Cas variants which
enable high-fidelity SNP genotyping instead of genome editing
[24]. Although there are many differences among these three
types, including CRISPR sequences, as considering the aspect of
genome editing tool, the major difference is that different type
contains different Cas proteins. This has been well reviewed in a
recent paper [22]. If you are interested in, please refer to that
paper.

Different Cas enzymes, even closely related Cas enzymes from
different species, recognizes different PAM sequences (Table 1)
and show their specificity. For example, the commonly used
SpCas9 only requires NGG PAM sequences, where N represent
any nucleotide [16,17]. However, the S. thermophilus Cas9 (StCas9)
recognizes NNAGAAW PAM sequences, where W is A or T [25,26].
Additionally, different CRISPR/Cas system also requires the PAM
sitting at different direction of the target DNA sequence. For the
majority of Cas enzymes, the required PAMs sit at the 3’ end of
the target DNA sequences; however, for certain Cas enzymes, such
as Cas12 (previous also known as cpf1), they require that the PAMs
are located at the 5’ end of the targeted DNA sequences. Thus,
when selecting a CRISPR/Cas system for genome editing, people
need to pay attention which Cas they will employ and then pay
more attention on guide RNA design to make sure that they target
the right location and the designed gRNA works well. Due to the
fact that sgRNAs are solely responsible for recruiting Cas9 and tar-
geting on a specific genomic location, it is steamy important to
optimize sgRNA design for successful gnome editing experiments.
For designing a good sgRNA, the DNA sequences must contain an
appropriate PAM and immediately adject to the gRNAs designed.
Other strong criteria for designing gRNAs with high activity
include: gRNAs are about 20 bp in length, gRNAs containing inter-
mediate GC content is better than high or low GC content, and that
a purine in the most PAM-proximal position can enhance Cas9 cut-
ting efficacy [27]. The good thing is that there currently are many
web-based computational programs we can use to design gRNAs in
which the program will automatically search the right DNA
sequences with right PAM requirement.

PAM requirements limited the DNA sequence accessible for
genome editing. To edit genome sequences as more as possible, sci-
entists have been attempted to expand the PAM sequences so we
can make more genome sequence accessible (Table 1). Although
different strategies have been employed, they can be divided into
two major approaches: 1) discovering new resources with different
PAM requirements, this strategy majorly focus on identifying new
Cas proteins from new organisms, this is also the major contribu-
tion for the expanding Cas family. Due to this, the CRISPR/Cas sys-
tem has been quickly expanding in the past couple of years [22].
Except the Cas binds to DNA sequences, the Cas binding to and
editing RNA sequences is also discovered. 2) Modifying current
Cas proteins, particularly on the currently commonly used SpCas9
proteins, to relax the PAM requirement. Nishimasu and colleagues
(2008) structurally engineered SpCas9 and allowed the Cas9 loss of
the base-specific interaction with the third nucleotide of PAMs,
and then developed the engineered SpCas9-NG variant; this new
variant relaxed the third nucleotide of SpCas9 PAM to become
NG PAM recognition [28]; their study also show that SpCas9-NG
can be used to edit DNA sequences with NG PAMs and induce indel
mutations in human cell lines [28]. Other formed PAM modifica-
tions were also ready to use; studies show that the newly modified
Cas9, such as SpCas9-NG and SpCas9-VQR can be accessible to the
new DNA sequences that WT Cas9 can not [28-30]. Recently, Wal-
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Table 1

Major naturally occurring and genetically modified Cas enzymes used for genome editing.
Name Cas Resources CRISPR/Cas PAM* PAM location Reference
SpCas9 Cas9 Streptococcus pyogenes Type Il NGG 3 [16,17]
SaCas9 Cas9 Streptococcus aureus Type I NNGRRT 3 [130]
FnCas9 Cas9 Francisella Novicida Type Il NGG 3 [131]
NmCas9 Cas9 Neisseria meningitidis Type I NNNNGATT 3 [132]
CjCas9 Cas9 Campylobacter jejuni Type 1l NNNNRYAC 3 [133]
St1Cas9 Cas9 Streptococcus thermophilus Type Il NNAGAAW 3 [25,26]
St1Cas9 Cas9 Streptococcus thermophilus Type I NGGNG 3 [25,26]
AsCas12a Cas12a(cpf1) Acidaminococcus sp. Type I TTTV 5’ [134]
LbCas12a Cas12a(cpf1) Lachnospiraceae bacterium Type II TTTV 5 [134]
FnCas12a Cas12a(cpf1) Francisella Novicida Type Il TTTN or YIN 5’ [134,135]
LsCas13# Cas13 (C2c2) Leptotrichia shahii Type VI [23]
Cas14% Cas14 Archaea [24]
FnCas9 variant Cas9 Modified FnCas9 Type 11 YG 3 [131]
Modified SpCas9 Cas9 Engineered SpCas9 Type I NGA or NAG 3 [136]
SaCas9-KKH Cas9 Engineered SaCas9 Type II NNNRRT 3 [29]
SpCas9-HF Cas9 Engineered SpCas9 Type Il NGG 3 [137]
eSpCas9 Cas9 Engineered SpCas9 Type II NGG 3 [138]
SpCas9-NG Cas9 Engineered SpCas9 Type I NG 3 [28]
xCas9 Cas9 Engineered SpCas9 Type II NG 3 [139]
Sniper-Cas9 Cas9 Engineered SpCas9 Type Il NGG 3 [140]
evoCas9 Cas9 Mutated SpCas9 Type I NGG 3 [141]
HypaCas9 Cas9 Mutated SpCas9-HF Type II NGG 3 [142]
Cas9-NRNH Cas9 Engineered SpCas9 Type II NRNH 3 [143]
SpG Cas9 Engineered SpCas9 Type I NGN 3 [31]
SpRY Cas9 Engineered SpCas9 Type Il NRN or NYN 3 [31]

* N is any nucleotide. Ris Aor G.His A, Cor T. Yis C or T. W is A or T. # Cas13 targets RNA sequences instead of DNA; $ Cas14 targets ssDNAs instead of dsDNAs, which

doesnot require a PAM.

ton and colleagues (2020) employed structure-guided engineering
approach to further modify the SpCas9 enzyme to SpG and SpRY
[31]. Their study show that the modified SpRY relaxed all the three
nucleotide requirement of PAM and allowed almost all DNA
sequences accessible for CRISPR/Cas editing without change the
Cas enzyme activities, including gene editing and base editing
[31]. This modified CRISPR/Cas system will boost the application
of CRISPR/Cas genome editing in both foundational and applied
research [32].

CRISPR/Cas delivery methods

CRISPR/Cas-based genome editing is based on genetic transfor-
mation, in which we need to deliver the Cas enzymes and gRNAs
into the cells and let them work together to edit the DNA
sequences. Thus, plant transformation is a necessary and an impor-
tant and first step for genome editing process. Thus, any tradition-
ally used methods for transgenic plants can be used to deliver Cas
and gRNAs.

Traditionally Agrobacterium-mediated gene transformation

As traditional transgenic technology, Agrobacterium-mediated
gene transformation is also the dominant method for delivering
both Cas protein genes and gRNAs into a plant cell, in which both
Cas gene and gRNAs are inserted into the Ti plasmid with different
promoters. To make sure both Cas and gRNAs are highly expressed
in the targeted cells, CaMV 35S promoter is commonly used pro-
moter to express Cas enzymes whereas U6 is commonly used pro-
moter for gRNAs. However, other promoters are also used to
express Cas proteins and/or gRNAs. To make each gene with high
expression, the promoters isolated from protein-coding genes
(e.g. CaMV 35S) are generally used for expressing Cas proteins;
the promoters isolated from small RNA genes (e.g. U6) are com-
monly used for gRNAs majorly due to that gRNA genes are usually
small sequences. Although most people use the promoters from
model plant species, such as Arabidopsis, some studies also show
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that cloning the promoters from the target plant species may be
better for high expression of the gRNAs with increase in genome
editing efficiency.

Due to the fact that the majority of CRISPR/Cas-based genome
editing is based on plant transformation that requires the trans-
formed cells develop into an entire plant. Plant tissue culture and
regeneration is still the major challenge for genome editing, which
limits the application of genome editing in all plant species. If there
is no plant tissue culture and regeneration system has been estab-
lished for an individual plant species, it is hard to edit a gene in
that species no matter how good you are on the genome editing.
To overcome this obstacle, some in planta transformation methods
have been adopted to obtain genome editing events. A recent study
obtained genome editing events by de novo induction of meris-
tems, in which they co-transferred CRISPR/Cas9 system with devel-
opmental regulators into tobacco plants [33]. Several studies show
that developmental regulators, particularly SHOOT MERISTEMLESS
(stm) and WUSCHEL (wus), allow the somatic cells reprogramming
and differentiate into shoots [34]. After co-transformation of
CRISPR/Cas9 system with developmental regulators in tobacco
plants, plant somatic cell can directly differentiate into shoot after
the genome editing events [33]. This method opens a new way to
obtain genome editing events. However, more studies may need
to be performed whether this method can used to obtain genome
editing events in other plant species, such as agriculturally impor-
tant crops. Currently, Agrobacterium-mediated CRISPR/Cas9 gen-
ome editing is the most commonly used delivery method; for the
majority of plant species, this method can achieve a high efficiency
compared with other delivery methods.

RNA and protein-level’s delivery enhances the application of CRISPR/
Cas system

Traditional transgenic technology, such as Agrobacterium-
mediated gene transformation, require inserting the gene (DNA)
sequences into plant genome for making it inheritable. For
CRISPR/Cas-mediated genome editing, we do not need to deliver
the final products into plant cell, we just need to deliver the molec-
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ular tool (both gRNAs and Cas protein) into the plant cells. Thus, it
is not required to let the gRNAs and Cas stably expressed in the
plant genomes. Thus, it becomes possible for scientists to directly
deliver functional products (gRNAs and Cas RNA and/or protein)
of gRNA genes and Cas genes for making CRISPR/Cas genome
editing.

RNAs have been directly delivered into plant cells. Both Cas pro-
teins and sgRNAs can be in vitro transcribed and even synthesized,
then the RNAs are ready to be delivered into plant cells using direct
methods, including protoplast transformation and particle
bombardment-mediated transformation. Zhang and colleagues
first coated golden particles using in vitro synthesized Cas9 RNAs
and sgRNA, then they employed gene gun to direct deliver the
RNAs into wheat immature embryos and successfully obtained
genome-edited mutants [35]. Some studies also tried to deliver
the Cas9 DNA/RNAs and sgRNAs using the plant virus vector and
successfully obtained genome-editing mutants in different plant
species [36,37]. Cody and colleagues (2017) employed tobacco
mosaic virus-derived vector to test the flexibility of delivering
sgRNAs into plant cells and obtained genome editing events for
all tested genes [38]. Mei and colleagues (2019) explored foxtail
mosaic virus (FoMV) vector for delivering sgRNAs into corn,
tobacco and other plant cell and also obtained genome editing
events [36]. Recently, significant progress has been achieved in
CRISPR/Cas9 genome editing using engineered virus to directly
deliver Cas9 and gRNAs into plant cells by virus infection in planta.
Ma and colleagues (2020) reported for the first time the delivery of
the entire CRISPR/Cas9 cassette into plant cells by virus infection
by an engineered plant negative-strand RNA virus, sonchus yellow
net rhabdovirus (SYNV), and then they obtained single, multiplex
mutagenesis, and chromosome deletions with a high frequency
in tobacco [39]. Additionally, Ellison and colleagues (2020) used
RNA viruses and mobile single guide RNAs to generate mutant pro-
geny in the second generation of tobacco plants at frequencies
ranging from 65 to 100% [40]. These two studies represent impor-
tant advances in developing virus-mediated CRISPR/Cas reagent
delivery methods. Combined these two methods may revolutionize
CRISPR/Cas9 genome editing in plants [41]. The DNA-free delivery
of CRISPR/Cas reagents by engineered virus vectors represents a
promising approach for genome/gene editing.

In 2015, Woo and colleagues attempted to deliver the pre-
assembled CRISPR/Cas9 ribonucleoprotein (RNP) complexes of
purified Cas9 protein and guide RNA into plant cells by protoplast
transformation and successfully obtained genome editing events
on several plant species, including Arabidopsis, tobacco, rice, and
lettuce [42]. Following, Malnoy and colleagues (2016) also investi-
gated the possibility of direct delivery of purified CRISPR/Cas9
ribonucleoproteins into grape and apple cells using protoplast
transformation treated by PEG6000; they successfully edited sev-
eral disease-related genes, including mlo-7 in grape and DIPM-1,
DIPM-2, and DIPM-4 in apple tree [43]. At almost the same time,
Svitashew and colleagues (2016) successfully delivered pre-
assembled Cas9-gRNA ribonucleoproteins into corn embryo cells
by using gene gun direct transformation technology; because
embryo cells have high potentials of plant regeneration, it is easy
for them to obtain genome editing corn plants after they derived
the CRISPR/Cas9 RNP complex into corn embryo cells [44]. This
method was also successfully employed to obtain CRISPR/Cas-
edited wheat [45], potato [46], Brassica [47], and rice [48].

Except gene knockout, RNP-mediated genome editing combing
with donor DNA was also successfully employed to obtain knockin
mutants by HDR. These studies and others suggest that RNP-
mediated genome editing is a robust method for obtaining genome
editing events in plants. One of the major advantage of RNP-
mediated genome editing is that all genome editing event are
transgene-free, that eliminates a lot of approval process and issues
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in which all transgenic products need to be federally approved
before they move to the field and markets. Another advantage of
RNP-mediated genome editing is that RNP transformation may
reduce the off-target effects of CRISPR/Cas system compared with
the Agrobacterium-mediated CRISPR/Cas genome editing [45].
Due to the short lifespan time of RNPs, the CRISPR/Cas system
more likely produce low possibility of cutting other DNA locations
except the real targeted sites.

Applications of CRISPR/Cas system on gene function study

CRISPR/Cas-mediated genome editing has many potential appli-
cations, depending on the Cas enzyme activities and DSB repair
mechanism. DSB repairs may cause several different consequences
that lead to different applications (Fig. 1).

Gene knockout for silencing an individual gene

Gene knockout/silencing is the dominant application of CRISPR/
Cas-based genome editing. Since its usability was recognized
[16,17], CRISPR/Cas system has been widely used in knockout of
an individual gene in many plant species. The major reason is
because of its gene editing and repair mechanisms. The most com-
monly used CRISPR/Cas9 and other CRSIPR/Cas systems usually cut
the double-stranded DNA and generate a DSB. In the most cases, a
DSB will be repaired by NHE]. Due to that fact that random one or
more nucleotides are deleted or added, it will interrupt the expres-
sion of the targeted gene because of the base frame shift if it is a
protein-coding gene, genome editing usually results in gene silenc-
ing or gene knockout. Compared to T-DNA mutagenesis, CRISPR/
Cas-caused gene silencing has many advantages. The most advan-
tage is the specificity for CRISPR/Cas-based gene editing; it can be
targeted on an individual gene without other side effects. Thus,
CRISPR/Cas system can quickly and precisely silence a gene on pur-
pose. This is particularly useful for studying a gene function and/or
removing some undesirable traits controlling by a specific gene.
Thus, since this method was developed, CRISPR/Cas system has
been widely employed to silence an individual gene. However, this
may majorly be used to study the function of a protein-coding gene
because base frame shift will cause nonsense mutation and/or code
a different protein. For non-coding RNA genes, particularly for
small RNAs, such as microRNAs (miRNAs), an extensive class of
small RNAs with versatile functions in almost all biological and
metabolic processes in both plant and animal kingdoms [49], it is
a little bit of difficult to silence them majorly due to that base
frame shift generally did not affect the targeting of a miRNAs on
a protein-coding gene. Thus, there are few studies on CRISPR/
Cas9-based on genome editing although designing multiple gRNAs
still can completely remove the miRNA genes.

Gene knock in for over-expressing an individual gene

Agrobacterium-mediated gene transformation is traditionally
used to over express an individual gene in a plant cell through T-
DNA insertion that contains the foreign DNA sequences. However,
the random insertion of a targeted gene into a plant genome
always causes many side impacts, including silencing other func-
tional genes. CRISPR/Cas genome editing can cut the DNA sequence
at a specific site and then HDR will insert a foreign DNA sequence
(targeted gene) into this cleavage site. Thus, CIRSPR/Cas can be
used to precisely insert a foreign gene into a specific location
within a genome without interrupting other genes, another word
avoiding position-effects. Compared with gene knockout, CRISPR/
Cas-based gene knockin is much more challenge and a little bit
of complicate with lower genome editing efficiency. By using gem-
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Fig. 1. Application of CRISPR/Cas genome editing in gene functional study. CRISPR/Cas system has a diversity of application in gene functional study. Based the DNA double
strand break (DSB) repair mechanism, CRISPR can directly cause gene knockout (silencing) by insertion or deletion of a couple of nucleotides and repaired by non-homologous
end join (EHE]); however, if the homologue-directed repair (HDR) happed, with a DNA donor, CRISPR/Cas genome editing can be used to replace an undesirable gene or over
express (knockin) and an individual gene. If deactivating the Cas9 enzyme, and with transcription effector or other enzymes fused with the dCas9, CRISPR/Cas system also can

be used to base editing, epigenome editing and imaging.

iniviral vectors to deliver enough amount of donor template DNAs
into rice cells, Wang and colleagues (2017) obtained about 19% of
gene knockin efficiency for CRISPR/Cas-based gene editing by using
a report gene gfp [50]. Recently, Kim and colleagues (2020) modi-
fied the CRISPR/Cas gene knockin delivery system and successfully
obtained gene knockin with high efficiency (37%) by using a com-
bination of ribonucleoprotein (RNP) complex and DNA fragment
(antibiotics resistance gene) that provided a selection marker for
selecting genome editing events [51]. However, CRISPR/Cas9-
based targeted insertion or replacement of long sequences and
genes is still challenging in plants. Recently, Lu et al. (2020) used
chemically modified donor DNA and CRISPR/Cas9 to knock in long
DNA sequences and achieved the insertion of up to 2,049 base pairs
(bp) into the rice genome at an efficiency of 25% [52]. They also
developed a method for gene replacement with up to 130-bp
sequences with 6.1% efficiency, which relied on homology-
directed repair, chemically modified donor DNA and the presence
of tandem repeats at target sites [52]. This study represents a
breakthrough in CRISPR/Cas-mediated targeted sequence insertion
and replacement in plants. As the modification of CRISPR/Cas-
based gene knockin efficiency, CRISPR/Cas-based gene knockin will
become another tool for over expressing certain genes without any
position effects.

Gene replacement for gene mutations or undesirable genes

Due to the nature of HDR, any sequence can be insert and
replace the original genome sequence around the DSB sites. Thus,
if the gene sequences have mutations, even point mutations and/
or any undesirable sequences, we can use a desirable gene/DNA
sequence with homologous arms with the original sequences to
replace them. As the same as CRISPR/Cas-based gene knockin,
CRISPR/Cas-based gene replacement also remains a lot of challeng-
ing with low efficiency for delivering donor DNA repair/placement
template and competing with NHE]. Recently, Li and colleagues
(2019) used transcript-template HDR to successfully obtain aceto-
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lactate synthase gene (ALS) replacement in rice through delivery of
a DNA-free ribonucleoprotein complex [53].

Recently developed prime editing technology opens a new era
for gene replacement for gene mutation and any undesirable gene.
Prime editing was developed in 2019 by the Liu group at Harvard
University [54], in which a reverse transcriptase is fused with
Cas9 nickase (nCas9) and a prime editing guide RNA (pegRNA)
was used to replace the traditional gRNA. nCas9 will cut the oppo-
site strand of DNA and form a single strand DNA break where the
broken DNA sequence will serve as a primer to bind the primer
binding site in the pegRNA and synthesize a new DNA sequence
using the CRISPR/Cas9-fused reverse transcriptase. Although the
prime editing technology was first developed in animal system, it
is quickly adopted to edit a specific gene sequence in plants. Cur-
rently, prime editing has been successfully to replace genes in sev-
eral important plant species, including rice [55-58], wheat [55],
tomato [59], and maize [60].

CRISPR/Cas-mediated base editing

Point mutants is a common phenomenon in plant genome and
genetics. Many plant traits, including resistance to different dis-
eases, are controlled/regulated by single nucleotide polymorphism
(SNP). Thus, it is important and also necessary to develop a geno-
mic tool for precisely changing a single nucleotide within a gen-
ome. Although HDR-based CRISPR/Cas9 can be used to induce
and/or create a single nucleotide change by inducing a DNA tem-
plate containing the desirable nucleotide substitution. However,
HDR is usually at a very low frequency and the change is very
low for repairing the point mutants, particularly in the undivided
cells. Due to the huge potentials of CRISPR/Cas9 system and the
wide application on single base genome editing, scientists quickly
modified CRISPR/Cas system to become a CRISPR/Cas base editor
for editing certain bases within a genome. Currently, CRISPR/Cas-
based base editing has become one of the major progresses and
application of this emerging cutting-edge technology.
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The principle of CRISPR/Cas9-based base editing is that gRNA
can recognize a specific DNA sequence and then covert a specific
base into a different base. To achieve this, Cas9 enzyme can not
generate DSBs. Thus, scientists modified the wide type of Cas9
enzymes into nickase Cas9 (nCas9) and later even deactivated
Cas9, called dead Cas9 or dCas9. Both nCas9 and dCas9 can bind
to the specific DNA sequence with the help of gRNAs. Then, scien-
tists fused a base conversion enzyme to change the specific DNA
base. Currently, there are two base covert enzymes used, one is
cytidine deaminase (CD) and another one is adenine deaminase
(AD). CD converts nucleotide substitution from C to U, and then
become T to achieve the substitution from C-G to T-A. AD converts
nucleotide substitution from A to I and then become G to achieve
the final substitution from AT to G-C. Cytidine deaminase-
mediated base editing (CBE) has been well studied in many plant
species, including major crops, such as wheat and corn [61,62].
CBE is also employed to create herbicide-resistant plants and also
for other proposes [63,64]. Recently, CRISPR/Cas9 base editing is
also employed to create knockout mutants by change the sense
code to nonsense code [65,66]. Compared with NHE] of CRISPR/
Cas9-generated knockout, CRISPR/Cas base editor-induced knock-
out has more advantages, including easy operation and high
efficiency.

CRISPR/Cas-mediated gene regulation

The reason of CRISPR/Cas9 system-mediating gene editing is
that there are two domains (HNH and RuvC) cutting the targeted
double stranded DNA sequences to generate DSBs. If letting one
domain loss activities by inducing mutation inside the functional
domains, Cas9 enzyme will not work appropriately in which
another domain still works and only generate a single strand break
of DNA. If both domains loss their cutting functions, there will be
no DNA cutting happened. Based on this principle, scientists have
been modified Cas enzyme and deactivated Cas9 or dead Cas9
(dCas9) can be used to other purposes, such as regulating gene
expression and epigenome editing as well as localization of a gene
for imaging.

Deactivating the nuclease function of Cas9 HNH and RuvC does
not affect the binding activity of dCas9 to the target DNA
sequences. Studies also show that after Cas9 binds to a target
DNA sequence, it will block other protein to bind the same DNA
sequence. Based on this principle, scientists have developed
CRISPR/dCas9 system as a CRISPR/dCas interference (CRISPRi) sys-
tem to inhibit transcriptional process and used as a gene knock-
down approach for regulating gene expression [67]. CRISPRi can
be used to knock down a gene expression by blocking transcription
initiation and or transcription elongation based on where the
CRISPR/dCas system binds to. If the system binds to the promoter
region, the CRISPR/dCas system will block transcription factor
and RNA polymerase (RNAP) binding to the promoter region and
inhibit transcription initiation; otherwise, if the CRISPR/dCas sys-
tem binds to the coding region, it will block RNAP binding and inhi-
bit transcription elongation [67]. In both cases, CRISPR/dCas will
serve as an RNA-guided DNA-binding complex that blocks the gene
expression at the transcriptional levels. More excitingly and use-
fully, when a repressor is fused to the dCas9 protein, the CRISPR/
dCas9 system inhibits gene initiation and elongation more strongly
[68]. At the same time, if a transcription activator binds to the
dCas9 protein, the CRISPR/dCas system will enhance the expres-
sion of the targeted genes [68]. Recently, Papikian and colleagues
(2019) employed CRISPR/dCa9-SunTag system, in which they fused
dCas9 with the transcriptional activator VP64, to drive robust and
specific activation of several loci in Arabidopsis; this system worked
very well in many genes, including protein coding genes and trans-
posable elements, in diverse chromatin contexts [69]. By fused
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transcription activator VP64 with dCas9, Lee and colleagues
(2019) targeted floral regulator FLOWERING LOCUS T (FT) gene
and they obtained Arabidopsis plants with early flowering pheno-
type [70]. Some editing plants even flowered at five leaf stage.
Gene expression analysis show that FT gene was strongly and sig-
nificantly unregulated by the CRISPR/dCas9-VP64 compared with
the wild type of Arabidopsis seedlings [70].

Thus, CRISPR/dCas system is also a great tool of regulating gene
expression at the transcription levels, and deep sequencing analy-
sis showed that CRISPR/dCas-based gene regulation is highly gene
specific [68].

CRISPR/Cas-mediated epigenome editing

Unlike the classical Mendelian genetics, epigenetic inheritance
generally can not be inherited from generations to generations
due to the factor that epigenetic change does not alter the DNA
sequences but modifying the DNA sequence for controlling their
expression levels. More and more evidence show that epigenetics
plays an equal important role on controlling plant traits. If it is said
that traditional genetics (DNA sequences) determine the traits,
then epigenetics can control whether the traits appear. Thus, epi-
genetic study has been becoming one of the hottest research topics
in the last couple of years. There are many layers for epigenetics to
regulate the gene expression, which majorly contain DNA methyla-
tion, histone modification, and non-coding RNAs.

DNA methylation is a common gene regulation mechanism. It is
a nucleotide at a specific location which is methylated or demethy-
lated. Generally speaking, a gene with methylation is usually
silenced. In plants, CG (or CpG), CHG, or CHH (H is A, T or C) are
three common sequence contexts with high frequency of methyla-
tion [71]. Regulating the methylation and demethylation of a gene
can be an efficient way to control the expression of this gene and
further control the trait controlled by this gene. Thus, as the
CRISPR/Cas system was approved to be an efficient genome-
editing tool, scientists have been attempting to modify this tool
to edit DNA methylation. In this case, dCas9 will be fused with a
methyltransferase or a demethylase. Due to dCas9 losing catalyzed
function but it still tightly binds to the target site, the enzyme
(methyltransferase or demethylase) can methylate or demethylate
the nucleotides. By utilizing the CRISPR/dCas-SunTag system with
the catalytic domain of the Nicotiana tabacum DRM methyltrans-
ferase, Papikian and colleagues (2019) developed a robust
CRISPR/Cas9-based methylation targeting system for plants and
this system can efficiently target DNA methylation to specific loci
in plants [69]. In another study, Devesa-Guerra and colleagues
(2020) linked the catalytic domain of Arabidopsis ROS1 5-
mrthylcytosine (5-meC) DNA glycosylase to dCas9 and they found
that dCas9-ROS1, but not dCas9-TET1, induced partially demethy-
lation of the methylation-silenced genes in a replication-
independent manner [72]. They also found dCas9-ROS1 as well
as two different CRISPR-based chromatin effectors (dCas9-VP160
and dCas9-p300) generally decreased the methylation density of
targeted DNA sequences [72].

Histone posttranslational modification is another major factor
epigenetically controlling gene expression. Histone protein is one
important part of DNA package and chromatin modeling. The
activities and structures of histone proteins significantly affected
the activities of genes associating with them in the structures.
Methylation and acetylation are two commonly modification of
an amino acid within a histone protein. Each modification will
affect the chromatin remodeling and further affect the gene func-
tion associating with the chromatin structures. Thus, employing
CRISPR/Cas system to change the status of histone proteins, includ-
ing methylation and acetylation, will change the epigenetic and
genetic features of chromatin and affect gene functions. Recently,
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Lee and colleagues (2019) fused p300 with dCas9, which is an
H3K27 histone acetyltransferase associating with gene activation.
After they expressed both histone-modified constructs in Ara-
bidopsis seedlings, they observed the altered flowering time in
transgenic Arabidopsis [70]. Chromatin immunoprecipitation
(ChIP) analysis showed that H3K27 acetylation (H3K27ac) was
increased by about two-folds in CRISPR/dCas9-p300 plants com-
pared with the wild type controls; however, no FT gene expression
change was observed between the CRISPR-edited lines and the
wildtype controls [70]. This suggests that CRISPR/dCas system is
efficient to modify histone marks and further affect plant traits.

Non-coding RNAs (ncRNAs) are an extensive class of regulatory
RNA molecules, which are divided into long non-coding RNAs
(IncRNAs) and small non-coding RNAs. There are many classes of
small ncRNAs, including well known microRNAs (miRNAs) and
small interfering (siRNAs) as well as piwi-interacting RNAs (piR-
NAs) and repeat associated small interfering RNAs (rasiRNAs). It
is already well studied that both small RNAs, particularly miRNAs,
and IncRNAs play a versatile role in regulating gene expression in
almost all biological and metabolic processes [73]. Unlike
protein-coding genes in which deletion and/or addition of several
nucleotides will result in base frameshift and further cause gene
silencing, CRISPR/Cas-caused deletion or addition do not change
too much on the non-coding RNA, particularly do not affect too
much on mature miRNA biogenesis which is the functional part
of miRNA genes [74]. Thus, there are few successful reports on
CRISPR/Cas9-based gene editing for miRNAs. Although there are
several reports, the majority of them designed two gRNAs and
completely removed the miRNA gene sequences [75,76]. The major
reason is that a miRNA sequence, particularly the seed region of a
miRNA, is too short, it is hard to find a PAM sequence that are
required for CRISPR/Cas genome editing. As more diversity of Cas
proteins are identified and continuously modifying current Cas
proteins, the PAM requirement will be relaxed, and more genetic
loci will become accessible by CRISPR/Cas system. For example, a
current research by Walton and colleagues structurally modified
the most commonly used SpCas9 to SpRY that completely relaxes
the NGG PAM to near-PAMless NRN or NYN PAM [31]. This modi-
fication allows the CRISPR/SpRY system accessible to almost all
genetic locations, including miRNA sequences and SNPs [32]. Thus,
engineered CRISPR/SpRY will boost genetic research and gene
function study for both fundamental and applied research [32].

Except base, gene, and epigenome editing, CRISPR/Cas system
also can be used to image the chromatin and localize the genes
[71]. As new discovery, more applications will become possible
on other gene function study.

Application of CRISPR/Cas on crop improvement

Since it was recognized as a cutting-edge tool for genome/gene
editing, CRISPR/Cas system has been quickly attracted attention
from both scientific researchers and industries for improving crop
breeding with promising achievement. In a short period since it
was applied on plants, the CRISPR/Cas-based genome editing sys-
tems have been established for almost all major crops, including
rice, wheat, and cotton [77]. Currently, the CRISPR/Cas genome
editing has become a mature biotechnological tool for improving
crop growth and development as well as response to various envi-
ronmental stress (Fig. 2).

CRISPR/Cas genome editing improves plant tolerance to pathogen and
insect infection

Pest- and pathogen-caused diseases are a big problem for many
plants, including the major crops, such as cotton and wheat. Biotic
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factors not only affect plant growth and development but also
decrease crop yield and quality, even result in complete yield loss
in certain cases.

It is a complicated process and mechanism for plant response to
various diseases; there are many genes associated with this pro-
cess. Although transgenic technology has been employed to over-
express certain genes for obtaining transgenic plants with high
tolerance to different pathogen, a little progress has been made
due to the fact that no single gene plays a significant dominant role
in plant response to diseases. However, it seems that knockout of
an undesirable gene offers plant tolerance to those pathogens.
Thus, since CRISPR/Cas9 was used as a genome editing tool, it
has been quickly employed to create genome editing mutants with
plant resistance to various diseases, caused by fungus, viruses, and
bacteria (Table 2).

Powdery mildew is a common disease caused by fungal patho-
gens in many plant species, including agriculturally important
crops, such as wheat and tomato [78]. A study shows that
MILDEW-RESISTANCE LOCUS (MLO) genes may be responsible to
respond powdery mildew infection and inhibition of mlo genes
repressed powdery mildew diseases in barley [79]. Just after
CRISPR/Cas9 system was applied in plant research, Wang and col-
leagues (2014) immediately adopted the CRISPR/Cas9 to knockout
mlo gene in hexaploid bread wheat and confirmed that transcrip-
tion activator-like effector nuclease (TALEN) knockout of three
mlo genes in wheat confers wheat resistance to powdery mildew
disease [80]. This is first report attempting to create disease resis-
tant materials in plants. Since then, more and more researches
have been performed by using CRISPR/Cas technology to obtain
genome editing materials in a wide variety of plant species. Mlo
gene was also CRISPR/Cas9 knocked out in tomato and
transgene-free tomato plants showed significantly resistance to
powdery mildew without affecting other agronomical traits [81].

Fusarium wilt is another most severe vascular fungal diseases in
many plant species, including watermelon, which is caused by
Fusarium oxysporum f.sp.niveum (FON). FON can cause up to 30-
80% and even more yield loss in watermelon [82]. However, there
are currently no FON-resistant germplasm that limits the tradi-
tional breeding for breeding FON resistant cultivars [83]. Recently,
Zhang and colleagues (2020) successfully employed CRISPR/Cas9
system to knockout Clpsk1 gene that encodes phytosulfokine
(PSK) precursor, a disulfated pentapeptide plant hormone regulat-
ing plant immunity [84]. Their results show that watermelon with
Clpsk1 knockout significantly enhanced plant resistance to Fusar-
ium wilt disease [83]. In rice, Wang and colleagues (2016) silenced
ERF transcription factor gene OsERF922 by CRISPR/Cas9, their
results show that all tested genome-editing rice plants were signif-
icantly enhanced in resistance to rice blast in both seedling and til-
lering stages [85]. CRISPR/Cas9 knockout of 14-3-3 genes conferred
plant tolerance to Verticillium dahliae in cotton with significant
decrease in both disease plant rate and disease index; the total fun-
gal biomass on the infected cotton leaves was also significantly
decreased by 80% [86].

CRISPR/Cas technology has also been employed to create
genome-editing plants with high resistance to viruses. Plant
viruses ubiquitously exist in natural environment and frequently
infect plants and cause significant effects on plant growth and
development. In 2016, Pyott and colleagues employed CRISPR/
Cas9 technology and successfully knocked elF(iso)4E gene out in
the model plant species, Arabidopsis. Their results show that elF
(iso )4E knockout mutants resisted to the infection of turnip mosaic
virus (TuMV), a major pathogen in field-grown vegetable crops,
without affecting other traits, including biomass and flowering
time [87]. Chandrasekaran and colleagues (2016) also demon-
strated that knockout of eif4e significantly improved cucumber
resistance to a broad range of disease, including Cucumber vein yel-
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Fig. 2. Application of CRISPR/Cas genome editing in crop improvement, CRISPR/Cas is a robust tool and have huge potentials on crop improvement. Though targeting an
individual DNA sequence, CRISPR/Cas can be used to add and/or change the expression of an individual gene that controls plant tolerance to abiotic and biotic stresses as well
as plant growth and development. CRISPR/Cas also can change the secondary metabolism for controlling the biosynthesis of protein, carbohydrate, oil, and functional

components. Partial figures are modified from previous publications [74,108].

Table 2
CRISPR/Cas-based crop improvement with resistance to virus, bacterial and fungal diseases.
Crop Targeted Disease Results CRISPR/Cas  Transformation  Type Of Reference
gene resistance system method mutation

Watermelon Clpsk1 Fungus Resistance to Fusarium oxysporum f.sp. niveum CRISPR/ Agrobacterium Stable [83]
Cas9

Arabidopsis  elF(iso)4E  potyvirus Resistance to Turnip mosaic virus (TuMV) CRISPR/ Floral dip Stable [87]
Cas9

Rice 0s8n3 Bacteria Resistance to Xanthomonas oryzae pv. oryzae (Xo0) CRISPR/ Agrobacterium Stable [90]
Cas9

Rice OsERF922  Fungus Resistance to Magnaporthe oryzae CRISPR/ Agrobacterium Stable [85]
Cas9

Tomato SJAZ2 Bacteria Resistance to Pseudomonas syringae pv. tomato (Pto) DC3000 CRISPR/ Agrobacterium Stable [93]
Cas9

Citrus CsLOB1 Bacteria Resistance to Xanthomonas citri subsp. citri (Xcc) CRISPR/ Agrobacterium Stable [91]
Cas9

Orange CsWRKY22  Bacteria Xanthomonas citri subsp. citri (Xcc) CRISPR/ Agrobacterium Stable [92]
Cas9

Cucumber eif4e Virus Resistance to Cucumber vein yellowing virus, Zucchini yellow CRISPR/ Agrobacterium Stable [88]

mosaic virus and Papaya ring spot mosaic virus-W Cas9

Cotton 14-3-3 Fungus Resistance to Verticillium dahliae CRISPR/ Agrobacterium Stable [86]
Cas9

Wheat mlo Fungus Resistance to powdery mildew CRISPR/ Gene gun and Stable [80]
Cas9 protoplast

Tomato SiMlo Fungus Resistance to powdery mildew CRISPR/ Agrobacterium Stable [81]
Cas9

lowing virus (Ipomovirus), potyviruses Zucchini yellow mosaic virus
and Papaya ring spot mosaic virus-W [88].

Many bacteria cause a variety of plant diseases. Such as, bacte-
rial blight is a globally devastating disease in rice, which is caused
by Xanthomonas oryzae pv. oryzae (Xoo). Xoo requires a specific
class of transcription activator-like (TAL) effectors to bind certain
host disease-susceptibility genes for infecting the plants. Rice
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0s8n3 (also called OsSweet11) gene is one of these susceptive
genes that Xoo TAL binds to and makes rice susceptive to Xoo
infection and further causes bacterial blight [89]. Kim and col-
leagues (2019) employed CRISPR/Cas9 to knockout Os8n3 gene in
rice, the genome-editing rice plants show significant resistance
to Xoo bacterial infection [90]. In citrus, Peng and colleagues
(2017) knocked out citrus susceptibility gene CsLOB1 by CRISPR/
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Cas9 and the genome editing citrus showed the enhanced resis-
tance to citrus canker, caused by Xanthomonas citri subsp. citri
(Xcc) [91]. Knockout of transcription factor CSWRKY22 gene also
show enhanced resistance to citrus canker in the Wanjincheng
orange [92]. Ortigosa and colleagues (2018) silenced SiJaz2 gene
in tomato using CRISPR/Cas9 and gene editing plants show resis-
tance to bacterial speck disease but not to the necrotrophic fungal
pathogen Botrytis cinerea [93].

Compared with creating disease-resistant plants by using
CRISPR/Cas9 technology, there are very few report on the applica-
tion of CRISPR/Cas technology on creating insect-resistant plants
although there are several reports on CRISPR/Cas-based editing of
insect genome for pest management [94].

CRISPR/Cas genome editing improves plant tolerance to abiotic
stresses

As global warming, abiotic stress is becoming more and more
serious for crop growth and development. The most common abi-
otic stresses include drought, salinity, extreme temperatures as
well as environmental pollutions. Each of them significantly affects
plant growth and development and further affect plant biomass,
yield, and quality.

Lots of structural and regulatory genes, including non-coding
RNAs, are involved in plant response to different environmental
stresses [95]. All these genes can be the target for improving crop
tolerance to abiotic stresses by using traditional transgenic tech-
nology and the currently advanced genome editing tools. However,
due to the fact that thousands genes may be associated with a sin-
gle stress condition in a plant and not a single gene plays a domi-
nant role during this process, unlikely as biotic stresses, a little
progress has been made in creating genome editing mutants for
improving plant tolerance to abiotic stresses by using CRISPR/Cas
technology [96]. Recently, CRISPR/Cas9-edited AGROS8 gene
enhanced maize tolerance to drought, in which ARGOS8 is a nega-
tive regulator of ethylene response [97]. This suggests the poten-
tials of CRISPR/Cas technology on improving plant tolerance to
abiotic stresses. SSAGAMOUS-Like 6 (SIAGL6) is an R gene, knock-
out of this gene by CRISPR/Cas9 technology allowed tomato plant
grew better and developed fruit even at the condition of heat stress
[98]. Under high temperature treatment that severely hampers
fertilization-dependent fruit set in the wild type tomato, genome
editing tomato plants demonstrated improved fruiting setting with
the capability of fruit production, and tomato sexual reproduction
capacity is maintained under heat stress [98]. A recent study shows
that CRISPR/Cas-edited Arabidopsis mutants of dpa4-sod7-aitr256
enhanced plant tolerance to drought treatment [99]. Knockdown
and knockout of ARF4 transcription factor gene improved the
water usage efficiency in tomato and allow the editing plants more
tolerance to salinity and osmotic stress [100]. CRISPR/Cas-
generated mutants of G protein genes gs3 and dep1 enhanced rice
tolerance to various abiotic stresses, especially for salinity stress
[101]. Knockout of ppa6 gene enhanced rice tolerance to alkaline
stress [102].

Although most studies show that CRISPR-edited plants show
improvement of plant tolerance to abiotic stresses, some studies
also show the opposite phenotype. For example, CRISPR/Cas9-
knockout of nonexpressor of pathogenesis-related gene 1 (nprl)
reduced plant tolerance to drought stress in tomato [103].
CRISPR/Cas9 knockout mutants of PtrADA2b-3 also show highly
sensitive to drought treatment in Populus trichocarpa [104].

CRISPR/Cas system not only be used to knockout an individual
gene, but also can be used to activate the expression of certain
genes. In a recent study, Roca Paixao and colleagues (2019) fused
a histone acetyltransferase with deactivated CRISPR/dCas9 system
to activate the endogenous promoter of abscisic acid (ABA)-
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responsive element binding protein gene 1 (AREB1), the results
show that the genome-edited plant were highly expressed in
AREB1 gene and improved drought stress response in Arabidopsis
[105].

CRIPSR/Cas genome editing improves plant growth and development

CRISPR/Cas system has been widely adopted to study the gene
function on plant growth and development, and it also has been
used as a robust tool for improving plant morphology for enhanc-
ing plant growth and development. Arginase (ARG) is an important
enzyme regulating root development by targeting nitric oxide syn-
thase (NOS). Over expression of ARG inhibited the formation of lat-
eral roots [106]. Recently, Wang and colleagues (2017) employed
CRISPR/Cas 9 technology to knockout out the ARG gene in cotton.
For T1 generation of genome knockout lines, no matter in high or
low nitrogen medium, the ARG knockout out lines show signifi-
cantly increases in the number of laterals roots by 25% and in the
total root surface area by 52% [107]. This suggests that CRISPR/
Cas9-edited ARG plants have better root development that will
enhance genome-edited plant absorb more water and nutrients
from the soil and finally enhance plant growth and development
and response to various environmental stresses [108].

CRISPR/Cas9-based genome editing demonstrated the essential
regulatory function of MADS box transcription factor gene MADS78
and MADS79 in endosperm cellularization and early seed develop-
ment in rice [109]. Single knockout mutant of MADS78 or MADS79
showed precocious endosperm cellularization and double mutants
inhibited seed development and failed to make viable seeds in rice
[109]. Rice hexokinase hxk5 gene mutant created by CRISPR/Cas9
results in male sterility on rice [110]. Knockout of COPII compo-
nents sarib and saric genes also altered pollen development and
caused male sterility in Arabidopsis [111]. Bnspl3 mutants, gener-
ated by CRISPR/Cas9 technology, exhibited developmental delay
phenotype in allotetraploid oilseed rape [112]. CRISPR/Cas9 knock-
out of terminal flower1 (tfl1) gene altered the phase change and
flowering timing in Brassica napus [113]. Knockout of tfll gene
altered plant architecture, particularly on plant height and branch-
ing in Brassica napus [113]. Inducing mutants in S and SP promoter
by CRISPR/Cas9 technology resulted in improved inflorescence and
plant architectures in tomato [114].

CRIPSR/Cas genome editing improves crop yield

It is always a long-term goal to improve crop yield through tra-
ditional breeding and transgenic technology. However, due to the
fact that yield trait is a complicated trait controlling by multiple
genes and gene network, scientists and breeders have not made
big progress by gene cloning and transgenic approach. Although it
is nearly impossible to find a single gene majorly controlling yield,
many studies do show that the expression of certain genes nega-
tively affect crop yield. If this type of genes were inhibited and even
removed, it may directly increase crop yield. The quickly developed
CRISPR/Cas system provides a perfect tool for knockout of genes
negatively controlling yield in plants. A study performed by Li and
colleagues (2016) shows that knockout of crop yield negative regu-
lators, gnla, dep1 or gs3 gene, significantly enhanced certain traits
associating rice yield, which include larger grain size, improved
grain weight, grain number, dense, and erect panicles [115].
Another study, also in rice, Xu and colleagues (2016) employed
CRISPR/Cas9 technology to knockout gw2, gw5 and tgw 6, grain
weight negative regulators; the genome editing mutants show
enhanced grain weight and size [116]. Rice seed weight and size
were also controlled by vacuolar invertase2 (vin2) gene; CRISPR/
Css9 knockout mutants show reduced seed size and grain weight
majorly due to controlling sucrose flux into developing seed grains
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[117]. Grain weight was improved in wheat by CRISPR/Cas9-edited
mutants of GASR7 [118]. Larger fruit size was achieved in tomato by
CRISPR/Cas-edited cis-regulatory element CLV-WUS [114].

A field test shows that transgenic corn with CRISPR/Cas-edited
AGROS8 gene increased grain yield by five bushels/acre under
drought treatment at the flowering stage compared with the con-
trols [97]. In rice, CRISPR/Cas9-edited variants at the 3’-end of
OsLOGL5’s coding sequence (CDS) significantly increased grain
yield under drought and low nitrogen treatment as well as well-
watered and normal nitrogen control condition, this increase was
consistence at multiple geographical locations [119]. Knockout of
G protein genes gs3 and dep1 allowed rice to grow more preferable
agronomic traits, including grain size and number per panicle
[101]. This suggests that CRISPR/Cas genome editing is becoming
a new approach for precision breeding for improving crop yield.

CRIPSR/Cas genome editing improves secondary metabolism and crop
quality

CRISPR/Cas technology was also employed to explore the possi-
bility to modify secondary metabolism in plants for improving crop
quality. Protein, carbohydrate, oil, and bioactive compounds are
the major functional compounds in food and their composition
decides the quality of a crop product. Lycopene is a well-known
functional bioactive component for treating several human dis-
eases, including cardiovascular diseases and certain cancers.
Recently, Li and colleagues (2018) enriched lycopene biosynthesis
and production in tomato fruits by CRISPR/Cas-mediated multiplex
genome editing, in which they edited several genes associated with
the carotenoid metabolic pathway [120].

Protein is a major nutrient in crop products. However, the com-
position of protein decides the quality of protein mixture. There are
about 1-2% of human population who are hypoimmunogenic sen-
sitive to gluten that are widely existed in wheat and some other
products. By employing CRISPR/Cas9 genome editing technology,
Sanchez-Leon and colleagues targeted one class of a-gliadin gene
and obtained low-gluten transgene-free wheat [121]. CRISPR/Cas-
based knockout of d-hordein gene resulted in increased protein
matrix surrounding the starch granules in barley [122]. CRISPR/
Cas9 genome editing of seed storage protein CRUCIFERIN C (CRUC)
gene altered the protein profiles in Camelina sativa seeds [123]; at
the same time, amino acid composition was significantly changed
in the genome editing plants with an increase in alanine, cysteine,
and proline and an decrease in isoleucine, tyrosine, and valine
[123].

CRISPR/Cas-based genome editing is also used to modify the
carbohydrate production and composition in crops. Grains with
high amylose content and resistant starch has human health ben-
efits. CRISPR/Cas9 genome editing shows that knockout of pat2/5
genes resulted in increased accumulation of starch in the mature
seeds of allotetraploid rapeseed [124]. Sun and colleagues (2018)
employed CRISPR/Cas technology to successfully knockout the
starch branching enzyme (SBE) gene SBEIIb and generated
genome-edited rice with high content of amylose, in which up to
25% of amylose was generated with higher proportion of long chain
in debranched amylopectin in rice seeds [125]. The similar results
were also obtained in sweet potato by knockout of SBEII gene using
CRISPR/Cas9 while the genome editing plant did not affect total
starch contain [126]. Altered starch quality was also achieved in
potato by CRISPR/Cas9-editing the granule-bound starch synthase
(GBSS) gene [127]. CRISPR/Cas-based knockout of d-hordein gene
resulted in decreased size of starch granules and a considerable
decrease in the prolamines and an increase in the glutenins in bar-
ley [122].

Oil is another major trait that scientists want to improve by
using CRISPR/Cas9 genome editing technology. Karunarathna and
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colleagues (2020) obtained enhanced seed oil content without
adverse effects on other agronomic traits, such as seed germination
and vigour in rapseed by simultaneous CRISPR knockout of several
BnSFAR4 and BnSFAR5 genes [128]. In Brassica napus, knockout of
tt8 gene enhanced oil and protein content as well as altered fatty
acid (FA) composition in the seed, but the genome editing plant
did not cause any serious defects in the yield-related traits [129].

Except the application of CRISPR/Cas technology are mentioned
here on crop improvement, CRISPR/Cas genome editing is also
employed to study crop domestication and certain unique traits
in a specific crop. For example, CRISPR/Cas9 was used to knock
out an MYB transcription factor gene and the edited cotton became
fibreless [77].

Future perspectives

Although it is a short period since the naturally occurred gen-
ome editing tool was recognized, CRISPR/Cas system has become
one of the most powerful tools in the history for molecular biology
study (Fig. 1). Quick development of CRISPR/Cas-based genome
editing holds great promise to both fundamental and applied
research, which has been becoming a powerful biotechnological
tool for addressing important biological and agricultural issues.
CRISPR/Cas-based genome editing will also be becoming one of
the major breeding technologies for crop improvement (Fig. 2). In
the past 8 years, no technology as the CRISPR/Cas made so quickly
developed and applied in biological and biomedical research. How-
ever, there are still many questions to be solved for wider applica-
tion of this powerful system.

Developing a PAM-independent CRISPR/Cas system will enhance its
potential application

All currently widely used CRISPR/Cas system requires a specific
PAM sequence. PAM sequences guide the editing sites of an indi-
vidual event and provide a specificity. However, PAM requirement
limits the genes that CRISPR/Cas can be accessible for efficient edit-
ing. Developing a PAM-independent CRISPR/Cas system will boost
the application of CRISPR/Cas on both fundamental and applied
research, including gene function study and precision breeding.
Although scientists have been attempting to identify new Cas pro-
teins and modifying current Cas enzymes for expanding PAM vari-
ants and the DNA sequences that CRISPR/Cas can target are still
very limited, more research is warranted. Exploring new Cas
resources may be the easiest and most useful way to expand
PAM variants. In the past 8 years, most PAM expansion is con-
tributed by finding new Cas resources, including finding CRISPR/
Cas can bind to RNA sequences for RNA editing [22]. There are
thousands of bacteria and Archaea, currently there are only limited
number of them explored; as timing and more research going, it is
undoubted that more Cas resources will be identified with differ-
ent PAM variants. Secondly, it is also a smart idea to continuously
modify current Cas variants, particularly the most commonly used
ones, including Cas9, Cas12, and Cas13. Many experiments show
that modification of Cas enzymes can relax the PAM requirement
and create new tool for gene function study, such as deactivated
Cas has lots of more application, including gene regulation, epigen-
ome target, and imaging.

Developing an efficient delivery method for CRRISPR/Cas system is
needed

No matter what purpose, CRISPR/Cas-based genome editing
event is a single cell editing event, it do requires the single cell
to become an entire plant for later study and application. Thus,
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plant regeneration from a single cell is required, even for some in
planta transformation. Currently, plant transformation and regen-
eration system are still the bottleneck for genome editing plants.
Thus, development of an efficient delivery and plant regeneration
system is important and necessary.

The success of transformation/genome editing mainly depends
on the ability of the recipient cells to regenerate plants. At the
early stage, it is hard for many plant species for obtaining regen-
erated plants, such as in rice, corn, and wheat. Later, scientists
have attempted to culture immature seeds/embryos that have
high potentials to become an entire plant and quickly develop
an efficient tissue culture and plant regeneration system in an
individual plant species. In the future, we may focus on more
immature seeds and even seeds for plant transformation and gen-
ome editing [108].

Delivery method of CRISPR/Cas system is also important. It
not only affects the transformation efficiency, but also impact
the off-target effect and later regulation purpose. Traditional T-
DNA-mediated transgenic and genome editing usually inserts
the T-DNA and/or targeted genes into plant genome; those genes
will be consistently expressed and inherited to the following
generations. If we deliver RNAs or proteins of CRISPR/Cas system
into a plant cell, unlikely CRISPR/Cas system will be inherited in
plant and thus transgene-free genome editing events will be
generated. This will avoid the regulation-related issues, which
usually take many years for safety test and government
approval.

Finding gene targets is the key for CRISPR/Cas-based genetic
improvement

Rapid development of CRISPR/Cas-based genome editing pro-
vides a new opportunity for crop improvement by using the
cutting-edge powerful tool for precision breeding. However, select-
ing and finding the desired genes for a desired trait is the key and
also the major challenge for precisely improving desired crop
traits, particularly for the traits with a complicated genetic back-
ground, such as crop yield and quality [108]. No matter for what
trait, genes, controlling each trait, can be classified into structural
and regulatory classes. Structural genes are usually protein-
coding gene and directly control crop trait, they usually directly
control the unique traits. Thus, finding a structural gene is the best
choice for genome editing for improving the trait controlled by
those genes. However, for many plant traits are not simply con-
trolled by certain structural genes; there are always lots of regula-
tory elements involving in that processes. There are many
regulatory genes in plants, which include but not only limit to
transcription factors and non-coding RNAs. Some transcription fac-
tors specifically respond to certain biological processes, such as
stress-responsible transcription factors. Thus, targeting on tran-
scription factor genes may control multiple downstream structural
genes for certain desirable traits; this is the reason for current gen-
ome editing research that focused on transcription factor genes for
improving plant tolerance to abotic and biotic stresses. Thus, in the
future, scientists need to find the major gene players that control
directly or indirectly desirable traits in plant, which will serve as
the targets for genome editing. Due to the fact that plant traits
are generally controlled by multiple structural genes and regula-
tory elements, CRISPR/Cas9-mediated multiple gene-editing may
be an alternative approach for crop improvement. Currently, there
are many successfully reports on editing multiple genes at the
same time using CRISPR/Cas9 technology. However, when using
this technology, it is better to make sure that no huge fragments
are removed from the chromosome that will significantly affect
other related traits.
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Off-target effect is a big concern for CRISPR/Cas application

Off-target effects are frequently reported and widely existed in
genome editing events although it is less happened in plant gen-
ome editing than that in animals. In human clinic research and
CRISPR/Cas gene therapy, off-target is really a big issue and should
be eliminated [7]. Although it is not so serious for the CRISPR/Cas
applications in plants, off-target effects may cause undesirable
results; thus, eliminating off-target effect is always needed for gen-
ome editing.

CRISPR/Cas delivery system affects off-target of genome editing.
Direct delivery of the protein or RNAs of Cas enzymes and sgRNAs,
such as RNP transformation, can significantly reduce off-target
effects. This is because that these functional molecules are not
inserted into plant genome; after their functions, they can be
quickly degraded; in which they only have a short life time in plant
cells, thus have a less chance to target other locations.

Conclusions

CRISPR/Cas9 system is a naturally occurred genome editing tool,
which was widely adopted and modified for precisely editing, reg-
ulating and monitoring an individual gene in plants and animals as
well as micorbes for a wide range of purposes, including improve-
ment of crop growth, development and further yield and quality as
well as tolerance to various environmental biotic and abiotic stress.
Developing a more efficiency and robust CRISPR/Cas system,
including CRISPR/Cas regent delivery system, with less off-target
effects is still the currently challenge for the majority of plant spe-
cies. Current multiple omics, including whole genome sequencing,
RNA-seq and small RNA-seq, will help to find more gene targets for
CRISPR/Cas9-based crop improvement.
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