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Rice (Oryza sativa) is an important staple food crop worldwide; to meet the growing

nutritional requirements of the increasing population in the face of climate change,

qualitative and quantitative traits of rice need to be improved. Stress-tolerant crop

varieties must be developed with stable or higher yields under stress conditions. Genome

editing and speed breeding have improved the accuracy and pace of rice breeding. New

breeding technologies including genome editing have been established in rice, expanding

the potential for crop improvement. Recently, other genome editing techniques such as

CRISPR-directed evolution, CRISPR-Cas12a, and base editors have also been used for

efficient genome editing in rice. Since rice is an excellent model system for functional

studies due to its small genome and close syntenic relationships with other cereal crops,

new genome-editing technologies continue to be developed for use in rice. In this review,

we focus on genome-editing tools for rice improvement to address current challenges

and provide examples of genome editing in rice. We also shed light on expanding the

scope of genome editing and systems for delivering homology-directed repair templates.

Finally, we discuss safety concerns and methods for obtaining transgene-free crops.

Keywords: genome editing, CRISPR-Cas9, crop improvement, rice, CRISPR-Cas12a, base editors, safety

concerns, transgene-free

INTRODUCTION

To address major issues including the growing population, environmental changes, and food
scarcity, rice (Oryza sativa) varieties must be developed with higher yields and tolerance to
environmental stress (Clarke and Zhang, 2013). Different strategies have been used to increase rice
quality and yields. For example, although conventional breeding methods have improved, there
have only been small increases in crop yields in recent years (Mann, 1999; Ansari et al., 2017).
Genetic engineering has also been accomplished in rice but engineered crops have not reached
end-users mainly due to public acceptance and political issues. Ultimately, genome engineering
technologies offer expanded potential for crop improvement because they allow specific alterations
of DNA sequences to be performed in vivo (Figure 1).
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FIGURE 1 | Developing disease-resistant rice: Comparison of conventional breeding, genetic engineering and genome editing. (A) In conventional breeding there will

be cross of a donor variety having disease resistance and commercial variety having high yield but susceptible to disease. The new variety developed in this way will

be disease resistant with high yield. However, undesired genes from the donor variety will be incorporated along with the desired gene. (B) For developing a

disease-resistant variety through genetic engineering, we need to isolate the desired gene from the donor variety and introduce into the commercial variety. This will

result in a GMO crop. (C) In genome editing the susceptible gene will be targeted and disrupted. So, the new variety created in this way will be disease resistant with

high yield.

Over the past several years, CRISPR (Clustered Regularly
Interspaced Short Palindromic Repeats) with CRISPR-associated
protein Cas9 (CRISPR-Cas9) has transformed the field of
genome engineering and emerges as novel system for genome
editing. This technique is versatile and simple compared to
other genome-editing tools such as zinc finger nucleases and
transcriptional activator like effector nucleases (TALENs) (Cong
et al., 2013; Miao et al., 2013; Ma X. et al., 2015). CRISPR-
Cas9 is economical, easy to use, highly accurate and effective
even when performing multiplex genome editing (Wang et al.,
2017b). Multiplex genome editing is important because it allows
multiple genes to be manipulated at several genomic locations.
CRISPR-Cas9 targets specific genes and creates double-stranded
breaks (DSBs) at the desired site. These DSBs are then repaired
by the host’s repair machinery, which performs homology-
directed repair (HDR) or non-homologous end joining (NHEJ)
to produce genomic alterations, gene knockouts and gene
insertions. In NHEJ, the repair is performed by the host without
the need for donor template, whereas in HDR, a donor template
is required to repair the DSB. The frequency of HDR is lower
than NHEJ, making the use of HDR in plants very challenging
(Puchta, 2004).

CRISPR-Cas9 has multiple uses and is a rapidly growing area
in the field of plant genome editing, especially in rice. Rice is an
excellent model system for studying functional genomics due to
its small genome size and close syntenic relationships with other
cereal crops. Therefore, various genome-editing technologies

viz., CRISPR-Cas9, CRISPR-Cas12a, and base editing continue
to be developed for use in rice (Li et al., 2012; Feng et al., 2013).
The current review focuses on different genome editing strategies
for improving rice and their potential for addressing current
challenges. We also focus on the safety concerns of rice genome
editing and methods for obtaining transgene-free crops.

GENOME-EDITING TECHNOLOGIES IN
RICE

In addition to the classic genome editing that requires the
generation of DSB and harnesses the NHEJ or HDR pathway for
the repair, new research continues to find innovative ways to alter
the rice genome such as base editors and prime editing.

CRISPR-Cas9
In CRISPR-Cas9 systems, the base pairing of the single guide
RNA (sgRNA) determines the specificity of Cas9-directed
DNA cleavage. The protospacer adjacent motif (PAM) NGG,
a nucleotide triplet, is required by Cas9 to create a DSB at
the target site (Figure 2) (Cong et al., 2013). This system
has been successfully exploited in plants. For example, as a
proof-of-concept, (Feng et al., 2013) used the CRISPR-Cas9
system to target the ROC5, SPP, and YSA genes in rice and
produced plants with an albino phenotype, indicating that this
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FIGURE 2 | Comparison of CRISPR/Cas9, CRISPR/Cas12a, and Base Editing. (A) In CRISPR/Cas9 system, Cas9 is a multicomponent protein and recognizes a

canonical G-rich PAM at the 3’ end of the target site. CRISPR RNA and trans-activating CRISPR RNAs are required to recruit Cas9. The Cas9 creates a DSB resulting

in blunt ends. (B) In the CRISPR/Cas12a System, Cas12a is a single-component protein which recognizes T-rich PAM at the 5’ end of the target sequence. No

trans-activating CRISPR RNA is required. The DSB results in staggered cuts. (C) In base editing cytidine deaminase fused with dCas9 is used to target the desired

location. There is no DSB, C is converted directly into U on the free strand, and during mismatch repair a C→ T substitution can be created when the modified strand

is used as template.

system can be successfully employed for targeted genome editing
in rice.

Targeting the same locus at multiple sites or targeting multiple
sites in different genes requires multiplex genome editing
systems. In an effort to develop multiplex genome editing in
rice, the tRNA processing system was used to generate multiple
gRNAs from a single gene. In this system, tandemly arrayed
tRNA–gRNA architecture is constructed [known as polycistronic
tRNA–gRNA (PTG)] and each gRNA is attached to the target
spacer sequence. The PTG primary transcript is processed and
cleaved by the endogenous RNase P and RNase Z. This releasing
multiple gRNAswith the desired sequence in vivowhich directing
Cas9 to edit multiple locations in the genome (Xie et al., 2015).
This system was highly effective in rice, with up to 100%
efficiency (Xie et al., 2015). This tRNA processing system was
also used to deliver the donor repair template (DRT) for HDR. A
chimeric sgRNA was used for dual purposes. This type of sgRNA
included specific sequences to generate DSBs and a DRT to direct
HDR. The chimeric sgRNA was synthesized as gRNA—gRNA
Scaffold—pre-tRNA—DRT—Terminator. This system was used
to generate herbicide resistance in rice and could potentially be
used for targeted genome editing to improve other rice traits
(Butt et al., 2017).

Expanding the Target Sites for Editing
CRISPR-Cas9 is generally limited to perform genome
editing at sites with canonical NGG PAMs. Much effort
has focused on overcoming this restriction. Numerous
Cas9 orthologs have been developed with altered
PAM specificities, such as Staphylococcus aureus Cas9
(SaCas9) and Cas9-VQR (D1135V/R1335Q/T1337R)

(Kleinstiver et al., 2015; Hu et al., 2016). The CRISPR-SaCas9
toolset was recently re-optimized by introducing three key
mutations and its activity analyzed in rice. The newly optimized
system performed genome editing with a mutagenesis efficiency
of up to 77% (Qin et al., 2019).

A VQR variant of Cas9 was developed in rice that cleaves
sites containing the PAM NGA, but the editing efficiency was
low. In an effort to improve the editing efficiency of the
VQR variant, the structure of the sgRNA was modified and
strong endogenous promoters were utilized. These modifications
significantly increased the editing efficiency of the VQR variant.
This improved CRISPR-Cas9-VQR system is an excellent tool for
genome editing, even at NGA PAM sites (Hu et al., 2018). Wild-
type streptococcus pyogenes Cas9 (SpCas9) is able to recognize
the NAG motif as well, making this PAM suitable for genome
editing in rice with relatively low off-target effects. The rice genes
RAD51A and DMC1 were selected for editing using NAG as
the PAM, and a mutation frequency of up to 85% was obtained
(Meng et al., 2018).

Other versions of Cas9 have also been tested in rice, including
expanded PAM SpCas9 (xCas9) and Cas9 that can recognize
relaxed NG PAMs (Cas9-NG) (Nishimasu et al., 2018; Zhong
et al., 2019). These enzymes can recognize a diversity of
PAMs, including NG and GAA. Although the xCas9 system
was successfully used for genome editing in rice, its efficiency
was relatively low (Endo M. et al., 2019; Wang et al., 2018).
Cas9-NG recognizes several non-canonical PAM sites such
as NAC, NTG, NTT, NCG in addition to NG and GAT,
GAA, and CAA (Ren et al., 2019; Zhong et al., 2019). These
studies have greatly increased the scope of genome editing
in rice.
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Base Editing
Although CRISPR-Cas9 and CRISPR-Cas12a systems have been
developed for use in rice, both of these tools require DNA
breakage in the form of DSBs. These breaks are then repaired
by HDR (for insertions or replacement) or NHEJ (to knock out
a gene), resulting in modification at the targeted sites (Jinek
et al., 2012; Zetsche et al., 2015). The use of base editors allows
precise editing to be performed at the desired location without
the need for DSBs or donor template, making it more efficient
than the other techniques for producing desirable mutations at
the target site (Hess et al., 2017; Yang et al., 2017). The fusion
of Cas9 nickase and cytidine deaminase enzyme facilitates the
alteration of cytidine (C) to uridine (U), allowing C→ T or
G→ A substitutions to be created at desired locations in the
genome (Figure 2) (Komor et al., 2016).

Base editing was performed in rice by Zong et al. (2017).
The authors targeted OsCDC48 (which regulates senescence and
cell death) to determine whether this system could be used to
create nucleotide substitutions in rice. The target regions were
successfully substituted, with a mutation frequency of 43.48%.
There were no off-target mutations and no indels in the target
region (Zong et al., 2017). In another study, a C-to-T substitution
was created in OsALS to confer herbicide resistance in rice. An
alanine-to-valine substitution at position 96 provided the rice
plants with resistance to the herbicide imazamox (Shimatani
et al., 2017). Additional base editing systems include BE4 (Komor
et al., 2017), Targeted-AID (Komor et al., 2017), and dCpf1-
BE (Li X. et al., 2018). All of these base editors use Cas9 or
Cas12a nickase fused with cytidine deaminases leading to specific
C-to-T substitutions.

Other established base editors include adenine base editors,
which were developed by fusing SpCas9 nickase with tRNA
adenosine deaminase. Adenine base editors were successfully
used to create A·T to G·C conversions at target sites in human
cells (Gaudelli et al., 2017). To examine the efficiency of
adenine base editors in rice, OsSPL14 was targeted. This gene is
important for creating ideal plant architecture. A point mutation
in OsSPL14 at the binding site for the microRNA OsmiR156
was created with adenine base editors and successfully disrupted
the cleavage of OsSPL14 transcripts, resulting in enhanced grain
yield and ideal plant architecture in rice (Hua et al., 2018a). This

system creates A∗T to G∗C substitutions at a frequency of up

to 59.1% in regenerated rice plants. Multiple endogenous rice

genes were targeted, including a gene for herbicide tolerance, and

herbicide-tolerant rice plants were developed by introducing a

gain-of-function point mutation. Adenine base editors expanded

the toolset for precise genome editing in rice (Li C. et al., 2018).

A new base editing systemwas developed in rice that combines

the use of cytosine and adenine base editors with engineered

SaCas9 and SpCas9 variants. This method increases the scope

of base editing, as a wide range of target sites can be edited

in the rice genome with different efficiencies. Cytosine and

adenine base editing were successfully performed simultaneously

in rice, highlighting the value of these new base editors for rice
improvement (Hua et al., 2018b). Zong et al. (2018) used this
system to modify the editing efficiency of base editors by fusing

human APOBEC3A with Cas9 nickase. This fusion protein,
which efficiently converts cytidine to thymidine, was used to
perform genome editing in rice with an increased editing window
size (Zong et al., 2018). The editing window was increased from
5 nucleotides using rat APOBEC1-based BE3 to a 17-nucleotide
sequence, providing another example of the successful use of
fusion proteins for efficient genome editing in rice. There are
many other recent examples where base editing toolkits have
been improved to increase editing efficiency, such as the rice-
codon optimized adenine base editor (ABE)-nCas9 tool (Hao
et al., 2019; Negishi et al., 2019), SpCas9-NGv1 (Negishi et al.,
2019), and ABE-P1S (Hua et al., 2020).

Improving HDR-Mediated Gene Knock-in
and Insertion
Efficient HDR is crucial for precise genome editing in rice.
Although CRISPR-Cas9 has become a promising genome-editing
tool in rice and other crops, NHEJ is still preferred over
HDR for DSB repair. The reason for that, is the difficulty of
delivering enough repair template and the short time stability
of the template inside the cell. Due to these difficulties, random
insertion/deletion (indels) are primarily created at precise
locations (Cong et al., 2013; Feng et al., 2013; Ma X. et al., 2015;
Gao et al., 2016).

It is quite challenging to deliver a donor repair template (DRT)
into a plant for HDR-mediated repair of a DSB. Various efforts
have been made to improve HDR-mediated genome editing in
rice and many of these center around the template for repair. For
example, a geminivirus-based donor template delivery system
was established in rice, which achieved a 19.4% gene knock-
in frequency (Wang et al., 2017a). RNA templates can also be
used for transcript-templated HDR (Li et al., 2019a). However,
primary transcripts are processed and transported to the cytosol,
making them unavailable for HDR (Li et al., 2019a). Coupling
CRISPR/Cas12a to CRISPR RNA flanked with ribozyme, and
a DRT flanked with either of these, produces specific primary
transcripts capable of self-processing and releasing crRNA and
the DRT in the nucleus. Stable rice lines were recently developed
in which the rice ACETOLACTATE SYNTHASE (OsALS) gene
was replaced with a mutated version harboring two specific
mutations (Li et al., 2019a). The ALS enzyme is targeted by
different herbicides and mutations at selected positions inOsALS
confer herbicide resistance. To improve HDR, another effort
was recently made in which Cas9 was fused with Agrobacterium
VirD2. The Cas9-VirD2 chimeric protein has the dual functions
of creating DSBs using Cas9 and bringing the DRT closer to the
site of the DSB using VirD2 relaxase. The close proximity of
the DRT facilitates HDR at the target site. This newly developed
Cas9-VirD2 system was used for the precise modification of the
OsALS allele in order to develop herbicide-tolerant rice plants
(Ali et al., 2020).

Gene Knock-in via Prime Editing
In plants, homology-directed repair (HDR) application is limited
by extremely low efficiency (Butt et al., 2017; Ali et al., 2020).
Many attempts have been made to improve it with little success
due to the difficulty of delivering enough concentration of the
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repair template at the cut site (Baltes et al., 2014; Gil-Humanes
et al., 2017; Wang et al., 2017a; Ali et al., 2020). Recently,
Anzalone et al. (2019) have presented a new elegant method
called prime editing that shows a great potential of generating
different types of precise editing in mammalian cells with high
efficiency. This method uses two components system, (1) an
RNA-programmable nickase (Cas9-H840A) fused to reverse
transcriptase (RT), and (2) a prime editing guide RNA (pegRNA)
that specifies the genomic target site and encodes the desired
edit. Compared to the HDR method, prime editing does not
require a donor repair template, in contrary, the desired edits
are incorporated into the pegRNA sequence. The RT uses the
pegRNA as a template to copy the desired edits into the genome
(Anzalone et al., 2019; Lin et al., 2020). Recently, several attempts
have been made to establish an efficient prime editing system
in rice and achieved herbicide-tolerant varieties (Li H. et al.,
2020; Lin et al., 2020; Xu et al., 2020). They successfully targeted
nucleotide substitution of the rice endogenous acetolactate
synthase (ALS) gene with frequencies of up to 26% (Xu et al.,
2020) and 14.3% (Lin et al., 2020) and 5-enolpyruvylshikimate-
3-phosphate synthase (EPSPS) gene with frequency 2.22% (Li H.
et al., 2020). This system is pretty new and few studies show its
promise of the precise targeted modification in plants, However,
it needs further optimization of the components and conditions.

CRISPR-Cas12a/Cpf1
CRISPR-Cas12a (previously CRISPR-Cpf1) is a genome editing
system that includes Cas12a, a class 2 CRISPR effector. Cas12a is
a single RNA-guided endonuclease that, unlike Cas9, facilitates
vigorous DNA interference. Cas12a recognizes T-rich PAMs
and does not require tracrRNA (Zetsche et al., 2015; Alok
et al., 2020). The DSBs created by Cas12a are also different
from those of Cas9, as it creates staggered cuts (shown in
Figure 2). The identification of this mechanism expands the
application of genome editing, as it enables the editing of AT-
rich regions (Like untranslated and promoter regions). However,
this possess a constraint, as other sites lacking TTTN motifs
cannot be recognized and edited with this system, thus limiting
its usage in plants. However, this constraint has been overcome by
developing modified Cas12a to identify other PAMs (Gao et al.,
2017). This system was successfully used to target two rice genes,
OsPDS and OsBEL. The plants were stably transformed at high
efficiency, generating heritable, specific mutations. Preferably,
can be utilized for different types of editing in rice genome
(Xu et al., 2017). The editing capability of CRISPR- Cas12a and
multiplexing in rice was also demonstrated using OsPDS and
OsSBEIIb, encoding a phytoene desaturase and starch branching
enzyme IIb, respectively. Mutating the target sites in these
genes led to a loss of function and plants with an albino
phenotype, confirming the potential of CRISPR-Cas12a for rice
improvement through genome editing (Miao et al., 2018). The
efficiency of the Cas12a system in rice was recently investigated
by knocking out OsEPFL9 gene, involved in regulating stomatal
density in leaves. The OsEPFL9 knockout rice lines showed
significant reduction in stomatal count and increased water
use efficiency under stress conditions (Yin et al., 2019). The
efficiency of CRISPR-Cas12a was further improved by analyzing

the temperature sensitivity of Cas12a. This system was highly
active at 28◦C, leading to a 93%mutagenesis frequency in To rice
lines (Malzahn et al., 2019).

CRISPR-Directed Evolution
In directed evolution, genetic diversity is increased artificially,
giving rise to protein variants that are screened and selected for
improved fitness. Enhanced plant traits and crop improvement
can be achieved by increasing genetic diversity using directed
evolution. A CRISPR-Cas9-based platform was established for
rice improvement using directed evolution. Several mutant
variants of SF3B1 conferring resistance to splicing inhibitors
have been generated using this platform as a proof-of-concept
for this technique. The successful production of SF3B1 variants
was confirmed using structural studies of the binding of splicing
inhibitors to these variants. The molecular functions of many
important biomolecules can be altered using the directed
evolution approach. Directed evolution can also be used to
engineer crop traits to improve plant performance and help
plants better adapt to climate change (Butt et al., 2019). A novel
saturated targeted endogenous mutagenesis editors (STEMEs)
was used to direct the artificial evolution of herbicide-resistant
rice. In which, two single-base editors (cytidine deaminase and
adenosine deaminase) are fused to produce simultaneous double-
base conversions (C→ T andG→ A) in the rice acetyl-coenzyme
A carboxylase gene (OsACC) (Li C. et al., 2020).

POTENTIAL USES OF GENOME EDITING
FOR RICE IMPROVEMENT

Many studies have demonstrated the successful use of
genome editing to improve rice. The general strategy for
rice improvement is shown in Figure 3. Below are some
examples of the improvement of rice traits through genome
editing (Figure 4, Table 1).

Improving Rice Yield
Grain yield is a complex yet crucial trait for rice improvement.
Grain yield is controlled by many genes known as quantitative
trait loci (QTLs). Various attempts have been made to improve
grain yield using CRISPR-Cas9 (Sedeek et al., 2019). Four yield-
related genes were successfully mutated in rice using CRISPR-
Cas9, including Gn1a (gene for grain number), DEP1 (DENSE
AND ERECT PANICLE1; controls panicle architecture), GS3
(regulates grain size), and IPA1 (gene for plant architecture).
Phenotypic variation was successfully generated due to the
presence of edited genes, highlighting the efficiency of CRISPR-
Cas9 for the targeted editing of genes regulating complex
traits such as grain yield (Li M. et al., 2016). In a study,
two important QTLs, GRAIN SIZE3 (GS3) and Grain number
1a (Gn1a) were disrupted using CRISPR-Cas9 in five widely
cultivated rice varieties. The same QTL was shown to have
various (even contrasting) effects on grain yield in different
genetic backgrounds (Shen et al., 2018). Similarly, three yield-
related QTL genes (OsGS3, OsGW2, and OsGn1a) were edited
simultaneously using multiplex genome editing. The resulting
triple mutants showed a 30–68% increase in yield per panicle.
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FIGURE 3 | General strategy for improving rice through genome editing. The first step is gRNA design and construct development. After confirmation of the construct

it is transferred either in Agrobacterium or coated on gold particles for biolistic bombardment. The construct is transformed to rice callus. The plants are regenerated

from this callus. The regenerated plants are confirmed through PCR and restriction digestion, followed by sequencing. The plants are then screened for desired

characteristics and moved to the greenhouse and then to field trials.

This type of approach can be used for the rapid breeding of QTLs
in elite crop varieties (Zhou et al., 2019).

In another study, superior alleles of yield-related genes were
developed using CRISPR-Cas9. The authors were interested in
determining whether alleles created by gene editing could have
stronger effects than natural alleles. Two yield-regulating genes,
Gn1a and DEP1, were edited to develop superior alleles in rice.
The mutant alleles of Gn1a and DEP1 conferred higher yields
than natural high-yield alleles, indicating that CRISPR-Cas9-
based genome editing can be used to create superior alleles to
improve current rice varieties (Huang et al., 2018).

Several phytohormones affect crop yields, including abscisic
acid (ABA), which controls plant growth and stress responses.
CRISPR-Cas9 was used to generate mutations in genes encoding
the ABA receptors PYRABACTIN RESISTANCE 1-LIKE 1
(PYL1), PYL4, and PYL6, which created a rice line that produced
up to 31% more grains than the original variety in field tests.
This work highlights the potential of modifying ABA receptors
to control growth and improve yields in rice (Miao et al., 2018).

IMPROVING RICE QUALITY AND
NUTRITION

Although much effort has been expended to improve key
agronomic traits such as yield, genome editing has also
been used to improve the quality and nutritional value of
rice. This includes altering the oil and starch compositions,

manipulating the aroma, decreasing heavy metal accumulation,
and biofortification efforts.

Production of High Oleic/Low Linoleic Rice
Oleic acid is a valuable component of rice bran oil. Increasing
the oleic acid content in rice bran oil would improve health and
help prevent diseases. Oleic acid is converted to linoleic acid
by the enzyme fatty acid desaturase 2 (FAD2) in plants. Rice
contains three functional FAD2 genes, with OsFAD2-1 exhibiting
the highest expression in seeds. By disrupting this gene, high
oleic/low linoleic rice bran oil could be produced. Targeted
mutagenesis of OsFAD2-1 via CRISPR-Cas9 led to the creation
of OsFAD2-1 knockout rice plants with a 2-fold increase in oleic
acid contents and no detectable linoleic acid, thereby improving
the fatty acid composition of rice bran oil (Abe et al., 2018).

Fragrant Rice
Fragrant rice is favored worldwide due to its high quality and
excellent market value. Betaine aldehyde dehydrogenase (Badh2)
is primarily responsible for fragrance in rice. The suppression
of Badh2 induces the biosynthesis of 2-acetyl-1-pyrroline (2AP).
TALEN-based genome editing was used to disrupt Badh2,
resulting in an increase in 2AP levels from 0.35 to 0.75 mg/kg.
This amount of 2AP is almost equal to that found in the aromatic
rice variety that was used as a positive control (Shan et al., 2015).
CRISPR-Cas9 based genome editing of Badh2 was also used to
develop fragrant rice in the Zhonghua 11 (indica rice variety)
background. The first exon of Badh2 was edited to include an
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FIGURE 4 | CRISPR-Cas mediated genome editing in rice for the improvement of different traits.

additional base (T), which led to an increase in 2AP contents.
Such studies could help fast-track the breeding process of fragrant
rice (Shao et al., 2017).

Rice With Increased β-Carotene
Accumulation
The biofortification of β-carotene is an important target for rice
improvement. The Osor gene, an ortholog of the Orange (Or)
gene in cauliflower, was targeted in rice using CRISPR-Cas9.Or is
responsible for β-carotene accumulation in cauliflower curd. The
directed modification of Osor via CRISPR-Cas9-based genome
editing resulted in enhanced β-carotene accumulation in rice
callus (Endo A. et al., 2019).

Rice With Increased Amylose Content
Cereals with high amylose contents represent a good source of
resistant starch (Regina et al., 2006). Foods with high resistant
starch contents are nutritious and may reduce the risk for many
diseases (Jiang et al., 2010). CRISPR-Cas9 technology was used
for directed mutagenesis of SBEI and SBEIIb in rice; these genes
control amylose content (Sun et al., 2017). Although there was
no clear difference between sbeI edited plants and wild type, the
sbeII edited rice plants showed considerably increased amylose
and resistant starch contents, with increases up to 25 and 9.8%,
respectively. This indicates the ability of CRISPR-Cas9 system to
create high-amylose rice by editing SBEIIb gene.

Low-Cadmium Rice
The presence of heavy metals in food can be harmful to human
health. Eliminating heavy metals from soil would lessen their
accumulation in rice grains. In addition, genome editing could
be exploited to reduce the levels of toxic metals in food crops.
Cadmium (Cd) is extremely toxic and dangerous for human
health (Clemens et al., 2013). Rice is a major source of calorie
intake, and its grains often contain excessive amounts of Cd.
Therefore, Cd accumulation should be controlled in rice. Since it
is challenging to develop low-Cd rice via conventional breeding,
there is a need to develop new strategies for generating low-Cd
rice lines. CRISPR-Cas9 has been used to develop low-Cd rice
lines by knocking out the metal transporter gene OsNramp5. The
OsNramp5 mutants showed dramatically reduced Cd contents
compared to the wild type. In field trials, the mutants contained
<0.05 mg/kg Cd compared to 0.33 to 2.90 mg/kg in the control
plants. The reduced Cd level was achievedwithout affecting yields
(Tang et al., 2017).

In another study, CRISPR/Cas9-based editing was used
to destroy OsNRAMP5 in two japonica rice varieties. Three
independentOsNRAMP5mutants were generated, and the effects
of the mutations on Cd accumulation and plant growth were
examined. Less Cd and Mn accumulated in the roots and
shoots of the mutants compared to wild-type plants. However,
in a paddy field experiment, many traits were affected in the
mutants, including plant height, leading to lower grain yields.
Therefore, the editing of OsNRAMP5 should be approached with
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TABLE 1 | Genes targeted by genome-editing systems in rice.

Sr.# Gene Effect of gene on plant Genome-editing system References

1 ROC5, SPP, YSA Disruption results in albino phenotype CRISPR-Cas9 Feng et al., 2013

2 OsPDS and OsSBEIIb Encodes phytoene desaturase and

starch branching enzyme

CRISPR-Cas12a Li C. et al., 2018

3 OsCDC48 Regulates senescence and cell death Base Editor

C-to-T substitution

Zong et al., 2017

4 OsALS Confers herbicide resistance Base Editor and

CRISPR-Cas9

Sun et al., 2016

Shimatani et al., 2017

Li et al., 2019a

5 OsSPL14 Gene for ideal plant architecture Base Editor Hua et al., 2018b

6 Gn1a, GS3 Grain yield CRISPR-Cas9 Shen et al., 2018

7 Gn1a, DEP1 Grain yield CRISPR-Cas9 Huang et al., 2018

8 PYL1, PYL4, PYL6 Control plant growth and stress

responses.

CRISPR-Cas9 Miao et al., 2018

9 OsFAD2-1 Converts oleic acid into linoleic acid CRISPR-Cas9 Abe et al., 2018

10 Badh2 Controls rice fragrance CRISPR-Cas9 Shan et al., 2015

Shao et al., 2017

11 SBEI, SBEIIb Control amylose contents CRISPR-Cas9 Sun et al., 2017

12 OsNramp5 Metal transporter gene CRISPR-Cas9 Tang et al., 2017

13 LOXs Affect seed storability TALEN-based genome editing Ma L. et al., 2015

14 TIFY1a, TIFY1b. Plant adaption to cold CRISPR-Cas9 Huang et al., 2017

15 SAPK2 Functions in ABA-mediated seed

dormancy

CRISPR-Cas9 Lou et al., 2017

16 OsSWEET11

OsSWEET13

OsSWEET14

Bacterial blight susceptibility genes TALEN-based genome editing

CRISPR-Cas9

Cai et al., 2017

Zhou et al., 2015

Jiang et al., 2013

17 eIF4G Candidate rice tungro disease

resistance gene

CRISPR-Cas9 Macovei et al., 2018

18 OsERF922 Responsible for rice blast resistance CRISPR-Cas9 Wang et al., 2016

19 BBM1 Enables embryo formation from a

fertilized egg

CRISPR-Cas9 Khanday et al., 2019

20 REC8, PAIR, OSD1, and

MTL

For heterozygosity fixation and haploid

induction

CRISPR-Cas9 Wang C. et al., 2019

21 SF3B1 Confers resistance to splicing inhibitors CRISPR-directed evolution Butt et al., 2019

22 OsEPFL9 Regulates stomatal density in leaves CRISPR-Cas12a Yin et al., 2019

caution. Factors such as pH, soil conditions, and water must
be considered, as they might influence the Mn level in the soil,
ultimately affecting grain yield (Yang et al., 2019). These findings
pave the way for investigating how genome editing could be used
to minimize heavy metal contamination in crops.

Red Rice
Red rice contains high levels of the health-promoting nutrients
proanthocyanidins and anthocyanins. Two genes, Rc and Rd, are
involved in determining the red coloration of rice grains. The
RcRd genotype of wild rice species Oryza rufipogon produces red
pericarp tissue, whereas many varieties of cultivated rice produce
white grains due to a frame-shift deletion of 14-bp in the 7th exon
of Rc. CRISPR-Cas9 was recently used to bring back the recessive
Rc allele by reversing the frame-shift deletion into an in-frame
mutation, thus converting white pericarp rice varieties into red
ones. The red grains obtained from the mutants contained high
levels of proanthocyanidins and anthocyanidins with no notable
difference in agronomic traits between the wild type andmutants,

indicating that reversing the functioning of Rc has no negative
effect on major agronomic traits in rice. This approach could
therefore be used for crop improvement (Zhu et al., 2019).

Improving Storability
Seed longevity and quality are compromised during storage
due to the deterioration of grains, causing severe economic
losses for farmers. Lipoxygenases (LOXs) negatively regulate seed
storability by catalyzing the dioxygenation of polyunsaturated
fatty acids to form hydroperoxide. TALEN-based genome editing
was successfully used to mutate LOX3 in rice, resulting in LOX3
deficiency and improved seed storability (Ma L. et al., 2015).

HERBICIDE AND ABIOTIC STRESS
TOLERENCE

Abiotic stresses such as cold, drought, and salinity cause
substantial yield reduction and pose challenges for crop
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production and feeding the growing world population.
Engineering cultivars that tolerate such stresses is the most
sustainable solution for this problem. The new advances in
genome editing technologies enable fast and precise traits
engineering for crop improvement.

Herbicide Tolerance
Important herbicides such as chlorsulfuron and bispyribac-
sodium (BS) are used to control a wide variety of grass and
dicot weeds. These herbicides, which target the OsALS enzyme,
are among the most widely used chemicals for weed control
(Zhou et al., 2007). The targeting of OsALS by these herbicides
results in the loss of enzymatic activity, hence blocking the
biosynthesis of branched chain amino acids (valine, leucine, and
isoleucine). TALEN-based genome editing was used to introduce
point mutations into OsALS with an efficiency of 6.3% (Li T. et
al., 2016). In a similar experiment, CRISPR-Cas9 was used to
introduce point mutations into targeted regions of OsALS (Sun
et al., 2016). The edited plants were screened phenotypically
by spraying with the herbicide bispyribac sodium. The wild-
type plants died 36 days after spraying with bispyribac sodium,
whereas the edited plants were tolerant to the herbicide and grew
normally. These experiments revealed the potential of genome
editing for developing herbicide-tolerant rice plants. Herbicide
resistance rice was also achieved by replacing the second exon of
the rice endogenous gene, 5-enolpyruvylshikimate-3- phosphate
synthase (EPSPS) with a new exon containing several nucleotide
substitutions using CRISPR/Cas9. The modified EPSPS has two
amino acid substitution (T102I and P106S) and confer resistance
to the herbicide glyphosate (Li J. et al., 2016).

Cold Tolerance
Rice is extremally sensitive to cold environment, especially at
the seedling stage, therefore, Low temperature is considered as
one of the major factors affecting rice growth and production.
Engineering cold tolerance rice is important for plant survival
and production. A recent study by Zeng et al. (2020) has
employed CRISPR/Cas9 to improve the rice cold tolerance.
They successfully knocked-out the endogenous MYB30, a cold
tolerance gene, simultaneously with other two yield related genes.
The triple mutant exhibited better cold tolerance and yield
compared with the wild type plants.

Drought Resistance
SNF 1-RELATED PROTEIN KINASE 2 (SnRK2), a member
of the plant-specific protein kinase family, is an important
regulator of osmotic stress responses and ABA signaling. The
role of SAPK2 was comprehensively studies using CRISPR-
Cas9. The edited mutants had non-functional SAPK2 and were
insensitive to ABA, indicating that SAPK2 plays a key role in
ABA-mediated seed dormancy. The SAPK2 mutants were more
sensitive to oxidative stress and drought than control plants,
demonstrating the importance of SAPK2 for drought tolerance
in rice. These findings suggest that SAPK2 should be targeted for
crop improvement in the future (Lou et al., 2017).

Salt Tolerance
One of the major problems affecting rice production worldwide
is salinity. The most environmentally friendly approach to
controlling salinity is the cultivation of salt-tolerant rice varieties.
CRISPR-Cas9 was used to target OsRR22 in rice to improve salt
tolerance (Farhat et al., 2019; Zhang et al., 2019). Themutant lines
were examined for agronomic traits as well as salinity tolerance.
The mutant lines showed enhanced salinity tolerance at the
seedling stage compared to wild-type plants.

BIOTIC STRESS RESISTANCE

Various bacterial, fungal, and viral pathogens attack rice plants,
causing diseases that result in significant losses in crop yields and
quality. Many strategies are used in the field to combat these
diseases (Heinrichs and Muniappan, 2017). Genome editing
technologies are also being applied to develop disease-resistant
rice varieties.

Bacterial Leaf Blight Resistance
Bacterial leaf blight (BLB) is a wide-ranging disease of rice
caused by Xanthomonas oryzae pv. oryzae (Xoo), which poses
a great threat to overall food security. Multiple strategies have
been used to fight BLB, including conventional and molecular
breeding to develop resistance against various Xoo strains
(Pradhan et al., 2015). Pathogens evolve very rapidly, giving rise
to new pathotypes to combat plant defensemechanisms, resulting
in the need to develop advanced approaches for increasing
disease resistance in rice. Xanthomonas contains type III effector
proteins known as transcription activator-like effectors (TALEs),
which target the SWEET gene family. SWEET proteins transport
sugar into the apoplast (Cohn et al., 2014). SWEET14 is the main
target, as geographically distinct Xoo strains target this gene via
different effectors such as AvrXa7, PthXo3, Tal5, and TalC. These
effectors activateOsSWEET14 to provide sugars for the pathogen.
TALEN technology was used to disrupt an effector-binding
element in the OsSWEET14 promoter to develop plant resistance
against bacterial blight (Li et al., 2012). The role of SWEET14
was studied comprehensively by editing different effector binding
elements in the SWEET14 promoter using TALEN-based genome
editing, revealing that the effector TalC also targets an effector
binding element in a gene other than SWEET14. However,
OsSWEET14 plays a major role in susceptibility to Xoo, as not
only PthXo3 but other effectors such as TalC and AvrXa7 target
OsSWEET14 (Blanvillain-Baufumé et al., 2017).

CRISPR-Cas9 based genome editing was also used to develop
indica rice lines with increased resistance to BLB by mutating
OsSWEET13 to prevent its interaction with pthXo2 (Zhou et al.,
2015). TALEN-based editing was used to alter the effector-
binding site of Tal7 in the promoter of Os09g29100, which
decreased the severity of BLB (Cai et al., 2017). In another effort
to develop BLB resistance, Cas9-gRNA constructs were designed
to target the promoters of OsSWEET14 and OsSWEET11,
resulting in decreased BLB symptoms (Jiang et al., 2013). The
same technology was then used to edit the effector binding
sites of SWEET genes to create a new germplasm with broad-
spectrum resistance against wide range of Xoo strains (Xu et al.,
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2019). Finally, in another study, elite mega varieties of rice
(IR64 and Ciherang-Sub1) were edited using CRISPR-Cas9 to
develop broad-spectrum resistance against BLB by introducing
five mutations in the promoter region of three SWEET genes
(Oliva et al., 2019). All of these efforts were fairly successful and
could ultimately lead to the development of rice cultivars with
resistance to Xoo.

Rice Tungro Disease Resistance
Rice production in Asia is also severely affected by rice tungro
disease. This disease is caused by the interaction of Rice
tungro bacilliform virus (RTBV) and Rice tungro spherical virus
(RTSV). Extensive studies to develop resistance to rice tungro
disease have revealed eIF4G (translation initiation factor 4
gamma) as a candidate gene for RTSV resistance and that the
Y1059V1060V1061 region of eIF4G interacts with RTSV (Lee
et al., 2010). CRISPR-Cas9 genome editing was used to target
eIF4G in an RTSV-susceptible rice variety in an effort to develop
resistance against rice tungro disease. The mutations created in
eIF4G were heritable, with no off-target effects. The edited plants
showed resistance to RTSV, representing important materials for
developing rice varieties with increased resistance to rice tungro
disease (Macovei et al., 2018).

Rice Blast Resistance
Rice blast, the most destructive disease of rice, is caused by
the filamentous fungus Magnaporthe oryzae. This disease poses
a serious threat to rice production worldwide (Liu et al.,
2014). The most economical way to deal with rice blast is
to develop rice varieties with resistance to this disease (Miah
et al., 2013). CRISPR-Cas9 was used to target OsERF922, a
gene responsible for rice blast resistance in rice. The targeted
mutagenesis was successful, and a 42% mutation frequency was
observed. The number of blast lesions was considerably reduced
in the edited lines compared to the control plants, highlighting
the value of CRISPR-Cas9 for improving rice blast resistance
(Wang et al., 2016).

OTHER TRAITS

Male-Sterile Lines for Hybrid Rice
Production
Disease-free male sterile lines have great potential for use
in hybrid rice breeding. Using CRISPR-Cas9, mutations were
introduced into male sterility-related genes TMS5, Xa13, and
Pi21. The transgene-free mutants acquired in the T1 generation
showed characteristics of thermosensitive genic male sterility
and improved resistance to rice blast and bacterial blight. This
approach provides a way to convert breeding materials into
thermosensitive genic male sterile lines though gene editing,
ultimately leading to accelerated breeding using male sterile lines
(Li et al., 2019b).

Reducing Seed Dormancy
Genome editing was also used to reduce seed dormancy in
rice. The viviparous-1 (OsVP1) gene, encoding a transcription
factor involved in regulating of seed development and ABA

signaling, was knocked out in rice using CRISPR-Cas9. The
edited lines showed increased expression of ABA signaling genes,
suggesting that genome editing could be effective for reducing
seed dormancy in rice (Jung et al., 2019).

Genome Editing to Develop Asexual
Reproduction in Rice
Breeders often develop elite plant varieties with better yields,
but these phenotypes are usually lost during genetic segregation.
Various attempts have been made to preserve these phenotypes.
Plants can sometimes form an embryo from a fertilized egg
due the expression of “Baby Boom” (BBM1) in sperm cells. The
expression of this gene in fertilized cells is due to a contribution
from the male. Genome editing was used to remove the plant’s
ability to go through meiosis. Due to this disruption, the plant
produced egg cells via mitosis, indicating that the full set of
chromosomes was derived from the mother (Khanday et al.,
2019). Subsequently, when the cells expressed BBM1, these plants
developed egg cells able to generate embryos, which will then
grow into clonal seeds. These plants could be reproduced clonally
through seed propagation (Khanday et al., 2019). The strategy
was also employed for clonal reproduction of F1 rice hybrids.
Four genes, REC8, PAIR, OSD1, and MTL were edited using
CRISPR-Cas9 for heterozygosity fixation and haploid induction.
The plants produced in this way were able to proliferate
clonally through seeds. This strategy can be exploited for the
self-propagation of elite rice varieties developed by breeding
(Wang C. et al., 2019).

TRANSGENE-FREE EDITED RICE AND
SAFETY CONCERNS

For genome editing, the Cas9 and the sgRNA that provides
target specificity are generally expressed from transgenes that
are integrated into the host genome. However, to maintain the
stable phenotypes of edited plants, the CRISPR-Cas9 construct
that is inserted in the genome must be removed, as the presence
of CRISPR-Cas9 creates problems when trying to differentiate
previously generatedmutations from newly generatedmutations.
The chances of off-target effects also increase if CRISPR-Cas9
is present in the genome. Furthermore, genome-edited crops
should be transgene free if regulatory approval is needed for
commercial applications. Therefore, after modifying the genome,
various methods are used to remove CRISPR-Cas9 components.
This step is also required for the social acceptance of genome
editing in agriculture. Here, we review some of the methods that
have been developed to avoid off-target effects and make edited
crops transgene free.

Conventional Approaches for Removing
the Transgene
Transgene removal has been performed usingmolecularmethods
such as the FLP/FRT, Cre/loxP, and piggyBac transposon systems.
Other conventional approaches have also been used, including
segregation. The content of the parental line can be maintained
by backcrossing or selfing. Many studies have reported the
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development of Cas9-free lines after genome editing through
segregation (Xu et al., 2015; Gao et al., 2016; Pyott et al., 2016;
Nekrasov et al., 2017; Zaidi et al., 2018).

Editing in Germ Line Cells
Germ line cells with the desired mutations can be edited in order
to develop transgene-free plants. The CRISPR construct can be
delivered to germ line cells using viral vectors, thereby creating
the desired mutations in these cells. The seeds from these germ
line-edited plants transfer the targeted mutations to the next
generation. This system can be used to develop germ line-edited
plants, but it is less efficient for crop plants (Ali et al., 2015; Zaidi
and Mansoor, 2017).

Fluorescence-Based Selection
An innovative strategy was used to develop Cas9-free genome-
edited Arabidopsis thaliana plants. A cassette was added to
the CRISPR-Cas9 vector that facilitates the expression of
the mCherry gene. This cassette provides a visual screen to
isolate plants free of Cas9. The seeds produced from the T1

generation segregated into two groups, including one with strong
fluorescence and the other with no fluorescence. Since both the
CRISPR-Cas9 and mCherry cassette were present on the same
plasmid, the group with no fluorescence contained Cas9-free
plants. This strategy made it easy to distinguish between seeds
with and without the Cas9 transgene. By exploiting this strategy,
the workload for identifying transgene-free plants was reduced
by 75% (Gao et al., 2016). A fluorescence-dependent module
for monitoring the transgene was subsequently included in the
genome editing toolbox using a modular cloning system. This
approach has been tested in plants such as tomato (Solanum
lycopersicum), rice, and Arabidopsis. The dry seeds allowed
efficient visualization of DsRED fluorescence, which was used
as a marker to identify the transgene, allowing transgene-
free dry seeds to be selected. The genetic manipulation of
specific targets in homozygous mutants was detected in the
first generation of DsRED-free CRISPR-Cas9 null segregants.
Using this approach, transgene-free homozygous plants were
rapidly selected in a single generation after transformation
(Aliaga-Franco et al., 2019).

CRISPR Machinery With an RNA
Interference Element
RNA interference (RNAi) has been used in plants to reduce
the presence of undesirable elements and to develop resistance
against viral diseases (Kamthan et al., 2015). RNAi works
by inhibiting gene expression or neutralizing targeted mRNA
molecules. Functional RNAi hairpins have a dominant nature
and can be identified in T0 plants. An RNAi expression element
was incorporated into a CRISPR-Cas9 construct to target a gene
encoding P450, an enzyme responsible for herbicide resistance.
This strategy provided herbicide-based separation of transgene-
free genome-edited plants. The identification and separation of
transgene-free plants through this approach is phenotype based
and does not require PCR (Lu et al., 2017).

CRISPR-Cas9 Ribonucleoproteins
Ribonucleoproteins (RNPs) are complexes of sgRNA and purified
Cas9 protein that can be used to develop transgene-free genome-
edited plants. The RNP is transformed into the plant by
transfection or using a gene gun. This type of strategy for
generating transgene-free plants was first reported by Woo
(Woo et al., 2015). This method circumvents the need for
transgene integration, because Cas9 performs its function
without being integrated into the genome. The complex is then
degraded in the cell. This type of genome editing is highly
suitable for developing transgene-free genome-edited plants for
commercial applications. The strategy was recently exploited
to develop transgene-free edited rice resistant to blast fungus
(Foster et al., 2018).

A genome-editing systemwas developed in which Cas9-gRNA
RNPs were incorporated into plant zygotes. Cas9-gRNA RNPs
were also directly delivered into rice zygotes generated by in
vitro-generated outlying gametes. The zygotes were cultured in
the absence of selection agents and converted to mature plants,
resulting in regenerated rice plants with targeted mutations
in 14–64% of plants. This efficient, effective plant genome
manipulation technique could be used for the improvement of
rice and other crop species (Toda et al., 2019).

Transgene-Free Genome Editing by
Transiently Expressing CRISPR-Cas9
Another genome-editing method for use in plants that are
regenerated from callus is transient expression of CRISPR-Cas9,
which can be introduced as RNA or DNA. This system, which is
based on transient expression, is highly effective and precise for
generating transgene-free plants. This method has been used in
many crop plants (Zhang et al., 2016; Hamada et al., 2018) and
can be used for transgene-free genome editing in rice.

Suicide Transgene Method
Although several methods are effective for generating transgene-
free plants, they are degraded soon, leading little time for
performing targeted mutation. Therefore, another system was
developed that vigorously and automatically eradicates CRISPR-
Cas9-containing plants but provides sufficient time for the
CRISPR system to perform the desired genome editing. A pair
of suicide transgenes was employed to efficiently kill pollen and
T0 plants containing a CRISPR-Cas9 construct. This strategy
was successfully used in rice to generate targeted mutations and
isolate transgene-free plants. This technique greatly reduces the
time and labor needed to detect transgene-free plants containing
mutations produced by CRISPR-Cas9 (He et al., 2018).

CONCLUSIONS AND FUTURE
PERSPECTIVES

Recently developed genome editing tools hold great potential for
crop improvement because they enable precise modification at
target sites. The main benefit of genome editing technologies is
that protocols have been developed to eliminate the transgene,
resulting in no difference between crops developed through
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genome editing and conventional breeding. Scientists are
continuously trying to improve genome-editing systems by
discovering new proteins or improving existing proteins in
these systems. Recently, Cas9 was circularly permuted into
protease-activated ProCas9s. This ProCas9s can sense protease
activity in a cell, which is usually present during viral infection,
and respond to it. This improved system will enable safer,
more efficient genome modification (Oakes et al., 2019). New
technologies have been also developed, such as CRISPR-Cas12a
and base editing, which allow modifications to be made at
the desired location in the rice genome. CRISPR-Cas9 and
CRISPR-Cas12a can be used in combination to edit multiple
locations in the rice genome with different PAM sequences.
Multiplexing can also be performed using base editors by
editing multiple genes responsible for different agronomic traits.
Due to these advancements, multiple genes can be edited in
a single experiment (Hua et al., 2018b). CRISPR-Cas12a was
recently shown to target single-stranded DNA (ssDNA) as well
as dsDNA. Cas12a can completely degrade ssDNA molecules,

thus increasing the scope of genome editing to target ssDNAs
(Chen et al., 2018).

Cas9 and Cas12a have been used for DNA manipulation, but
the recently discovered Cas13a also targets ssRNA molecules.
This enzyme was used to develop resistance against viruses in
plants. As ssRNA viruses are a major class of viruses in plants,
this system could be highly important for crop improvement
(Aman et al., 2018). This system has also been used to visualize
RNA molecules. Moreover, DNA and RNA manipulation can
be combined to achieve complex changes in plants (Wolter and
Puchta, 2018). Cas14, another new promising tool, is one-third
the size of the Cas9 protein and can target ssDNA molecules
very efficiently without a PAM restriction (Harrington et al.,
2018). In the future, perhaps these systems could be used to
manipulate any sequence in rice. However, plants should be
developed by exploiting transgene-free genome editing protocols;
these plants could possibly be regarded as non-GMO to increase
the social acceptance of this newly emerging technology. We
predict that genome-editing technology will result in a second

FIGURE 5 | Development of transgene-free genetically edited rice plants for commercialization (A). The gRNA will be designed for targeted modification and during

construct development appropriate transgene-free method will be chosen (e.g., transient expression of Cas9, RNP or suicide transgene method etc.) (B). For genome

editing, the appropriate genome editing tool will be chosen depending upon the feasibility and type of modification that needs to be introduced. (C). The developed

construct can be delivered to plant by Agrobacterium, biolistic or transfection. (D). Once the construct is delivered into the plant. It will perform its function by

modifying the target site in the rice genome. After modification the transgene will be removed from the plants. (E). The regenerated plants will be screened for targeted

modification without transgene. The plants developed in this way will be with desired traits without any transgene integration in the genome, so can be labeled as

NON-GMO genetically edited plants by regulatory authorities.
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green revolution to guarantee food security to meet the demands
of an ever-increasing population.

To date, epigenetic genome modifications have not been
reported in rice. Using dCas9 fused with methyltransferases,
methylation levels in mammals can be manipulated and
transferred to the next generation without any transgene
integration (Liu et al., 2016). However, this type of system has
yet to be developed for rice and other crop plants. Despite many
improvements, the requirement for a specific PAM still poses a
restriction to genome editing. Many strategies have been used to
overcome this restriction, including modifying Cas9 to recognize
different PAM sequences (Hu et al., 2018; Meng et al., 2018). The
variant xCas9 3.7 was developed to expand the scope of genome
editing in rice (Wang et al., 2018). A new version of Cas9 was
also engineered (SpCas9-NGv1) that was able to recognize NG
PAMs in rice (Oakes et al., 2019).Many other such variants do not
work effectively in plants, highlighting the need to develop more
Cas9 variants to recognize a wide range of PAMs. The limitation
posed by PAM specificity can also be bypassed using the newly
discovered Cas14a, as this system does not require any PAM, but
it can only target ssDNA (Harrington et al., 2018).

Most improvements in crops have involved targeted editing,
which requires the repair of DSBs through HDR and the delivery
of the donor template. Therefore, advancements are needed
in methods for delivering donor templates and improving the
efficiency of the HDR pathway. Truly successful genome editing
for crop improvement requires the cultivation of edited crops in
the field. However, most of the genome-edited crops reported to
date have not yet reached the field due to biosafety and regulatory
issues.Whether genome-edited plants should be considered non-
GMOs is still a matter of debate. However, there is support
for the notion that these plants could be labeled as non-GMO
genetically edited plants (Figure 5), because technically there is
no difference between plants produced through genome editing
vs. conventional breeding once transgene-free protocols have
been established.

AUTHOR CONTRIBUTIONS

KZ, GR, and KS prepared the figures and table. KZ, KS, GR,
and MM edited and finalized the manuscript. All authors wrote
the manuscript.

REFERENCES

Abe, K., Araki, E., Suzuki, Y., Toki, S., and Saika, H. (2018). Production of high

oleic/low linoleic rice by genome editing. Plant Physiol. Biochem. 131, 58–62.

doi: 10.1016/j.plaphy.2018.04.033

Ali, Z., Abul-Faraj, A., Li, L., Ghosh, N., Piatek, M., Mahjoub, A., et al. (2015).

Efficient virus-mediated genome editing in plants using the CRISPR/Cas9

system.Mol. Plant. 8, 1288–1291. doi: 10.1016/j.molp.2015.02.011

Ali, Z., Shami, A., Sedeek, K., Kamel, R., Alhabsi, A., Tehseen, M., et al. (2020).

Fusion of the Cas9 endonuclease and the VirD2 relaxase facilitates homology-

directed repair for precise genome engineering in rice. Commun. Biol. 3, 1–13.

doi: 10.1038/s42003-020-0768-9

Aliaga-Franco, N., Zhang, C., Presa, S., Srivastava, A. K., Granell, A., Alabad,í,

D., et al. (2019). Identification of transgene-free CRISPR-edited plants of rice,

tomato, and arabidopsis bymonitoring DsREDfluorescence in dry seeds. Front.

Plant Sci. 10:1150. doi: 10.3389/fpls.2019.01150

Alok, A., Sandhya, D., Jogam, P., Rodrigues, V., Bhati, K. K., Sharma, H., et al.

(2020). The Rise of the CRISPR/Cpf1 system for efficient genome editing in

plants. Front. Plant Sci. 11:264. doi: 10.3389/fpls.2020.00264

Aman, R., Ali, Z., Butt, H., Mahas, A., Aljedaani, F., Khan, M. Z., et al. (2018).

RNA virus interference via CRISPR/Cas13a system in plants.Genome Biol. 19:1.

doi: 10.1186/s13059-017-1381-1

Ansari, A., Wang, C., Wang, J., Wang, F., Liu, P., Gao, Y., et al. (2017).

Engineered dwarf male-sterile rice: a promising genetic tool for facilitating

recurrent selection in rice. Front. Plant Sci. 8:2132. doi: 10.3389/fpls.

2017.02132

Anzalone, A. V., Randolph, P. B., Davis, J. R., Sousa, A. A., Koblan, L. W., Levy,

J. M., et al. (2019). Search-and-replace genome editing without double-strand

breaks or donor DNA. Nature 576, 149–157. doi: 10.1038/s41586-019-1711-4

Baltes, N. J., Gil-Humanes, J., Cermak, T., Atkins, P. A., and Voytas, D. F.

(2014). DNA replicons for plant genome engineering. Plant Cell 26, 151–163.

doi: 10.1105/tpc.113.119792

Blanvillain-Baufumé, S., Reschke, M., Solé, M., Auguy, F., Doucoure, H., Szurek,

B., et al. (2017). Targeted promoter editing for rice resistance to Xanthomonas

oryzae pv. oryzae reveals differential activities for SWEET 14-inducing TAL

effectors. Plant Biotechnol. J. 15, 306–317. doi: 10.1111/pbi.12613

Butt, H., Eid, A., Ali, Z., Atia, M. A., Mokhtar, M. M., Hassan, N., et al.

(2017). Efficient CRISPR/Cas9-mediated genome editing using a chimeric

single-guide RNA molecule. Front. Plant Sci. 8:1441. doi: 10.3389/fpls.2017.

01441

Butt, H., Eid, A., Momin, A. A., Bazin, J., Crespi, M., Arold, S. T., et al.

(2019). CRISPR directed evolution of the spliceosome for resistance to splicing

inhibitors. Genome Biol. 20:73. doi: 10.1186/s13059-019-1680-9

Cai, L., Cao, Y., Xu, Z., Ma, W., Zakria, M., Zou, L., et al. (2017). A

transcription activator-like effector Tal7 of Xanthomonas oryzae pv. oryzicola

activates rice gene Os09g29100 to suppress rice immunity. Sci. Rep. 7:5089.

doi: 10.1038/s41598-017-04800-8

Chen, J. S., Ma, E., Harrington, L. B., Da Costa, M., Tian, X., Palefsky, J. M.,

et al. (2018). CRISPR-Cas12a target binding unleashes indiscriminate single-

stranded DNase activity. Science 360, 436–439. doi: 10.1126/science.aar6245

Clarke, J. L., and Zhang, P. (2013). Plant biotechnology for food security and

bioeconomy. Plant Mol. Biol. 83, 1–3. doi: 10.1007/s11103-013-0097-1

Clemens, S., Aarts, M. G., Thomine, S., and Verbruggen, N. (2013). Plant science:

the key to preventing slow cadmium poisoning. Trends Plant Sci. 18, 92–99.

doi: 10.1016/j.tplants.2012.08.003

Cohn, M., Bart, R. S., Shybut, M., Dahlbeck, D., Gomez, M., Morbitzer,

R., et al. (2014). Xanthomonas axonopodis virulence is promoted by

a transcription activator-like effector-mediated induction of a SWEET

sugar transporter in cassava. Mol. Plant Microbe Interact. 27, 1186–1198.

doi: 10.1094/MPMI-06-14-0161-R

Cong, L., Ran, F. A., Cox, D., Lin, S., Barretto, R., Habib, N., et al. (2013).

Multiplex genome engineering using CRISPR/Cas systems. Science 339,

819–823. doi: 10.1126/science.1231143

Endo, A., Saika, H., Takemura, M., Misawa, N., and Toki, S. (2019). A

novel approach to carotenoid accumulation in rice callus by mimicking

the cauliflower Orange mutation via genome editing. Rice 12, 1–5.

doi: 10.1186/s12284-019-0345-3

Endo, M., Mikami, M., Endo, A., Kaya, H., Itoh, T., Nishimasu, H., et al. (2019).

Genome editing in plants by engineered CRISPR-Cas9 recognizing NG PAM.

Nat. Plants 5:14. doi: 10.1038/s41477-018-0321-8

Farhat, S., Jain, N., Singh, N., Sreevathsa, R., Dash, P. K., Rai, R., et al. (2019).

CRISPR-Cas9 directed genome engineering for enhancing salt stress tolerance

in rice. Semin. Cell Dev. Biol. 96, 91–99. doi: 10.1016/j.semcdb.2019.05.003

Feng, Z., Zhang, B., Ding, W., Liu, X., Yang, D. L., Wei, P., et al. (2013). Efficient

genome editing in plants using a CRISPR/Cas system. Cell Res. 23, 1229–1232.

doi: 10.1038/cr.2013.114

Foster, A. J., Martin-Urdiroz, M., Yan, X., Wright, S., Soanes, D. M.,

and Talbot, N. J. (2018). CRISPR-Cas9 ribonucleoprotein-mediated co-

editing and counterselection in the rice blast fungus. Sci. Rep. 8:14355.

doi: 10.1038/s41598-018-32702-w

Frontiers in Genome Editing | www.frontiersin.org 13 June 2020 | Volume 2 | Article 5

https://doi.org/10.1016/j.plaphy.2018.04.033
https://doi.org/10.1016/j.molp.2015.02.011
https://doi.org/10.1038/s42003-020-0768-9
https://doi.org/10.3389/fpls.2019.01150
https://doi.org/10.3389/fpls.2020.00264
https://doi.org/10.1186/s13059-017-1381-1
https://doi.org/10.3389/fpls.2017.02132
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.1105/tpc.113.119792
https://doi.org/10.1111/pbi.12613
https://doi.org/10.3389/fpls.2017.01441
https://doi.org/10.1186/s13059-019-1680-9
https://doi.org/10.1038/s41598-017-04800-8
https://doi.org/10.1126/science.aar6245
https://doi.org/10.1007/s11103-013-0097-1
https://doi.org/10.1016/j.tplants.2012.08.003
https://doi.org/10.1094/MPMI-06-14-0161-R
https://doi.org/10.1126/science.1231143
https://doi.org/10.1186/s12284-019-0345-3
https://doi.org/10.1038/s41477-018-0321-8
https://doi.org/10.1016/j.semcdb.2019.05.003
https://doi.org/10.1038/cr.2013.114
https://doi.org/10.1038/s41598-018-32702-w
https://www.frontiersin.org/journals/genome-editing
https://www.frontiersin.org
https://www.frontiersin.org/journals/genome-editing#articles


Zafar et al. Genome Editing for Rice Improvement

Gao, L., Cox, D. B., Yan, W. X., Manteiga, J. C., Schneider, M. W., Yamano, T.,

et al. (2017). Engineered Cpf1 variants with altered PAM specificities. Nature

Biotechnol. 35:789. doi: 10.1038/nbt.3900

Gao, X., Chen, J., Dai, X., Zhang, D., and Zhao, Y. (2016). An effective strategy

for reliably isolating heritable and Cas9-free arabidopsis mutants generated

by CRISPR/Cas9-mediated genome editing. Plant Physiol. 171, 1794–1800.

doi: 10.1104/pp.16.00663

Gaudelli, N. M., Komor, A. C., Rees, H. A., Packer, M. S., Badran, A. H., Bryson,

D. I., et al. (2017). Programmable base editing of A· T to G· C in genomic DNA

without DNA cleavage. Nature 551, 464–471. doi: 10.1038/nature24644

Gil-Humanes, J., Wang, Y., Liang, Z., Shan, Q., Ozuna, C. V., Sánchez-León, S.,

et al. (2017). High-efficiency gene targeting in hexaploid wheat using DNA

replicons and CRISPR/Cas9. Plant J. 89, 1251–1262. doi: 10.1111/tpj.13446

Hamada, H., Liu, Y., Nagira, Y., Miki, R., Taoka, N., and Imai, R. (2018). Biolistic-

delivery-based transient CRISPR/Cas9 expression enables in planta genome

editing in wheat. Sci. Rep. 8:14422. doi: 10.1038/s41598-018-32714-6

Hao, L., Ruiying, Q., Xiaoshuang, L., Shengxiang, L., Rongfang, X., Jianbo, Y., et al.

(2019). CRISPR/Cas9-Mediated Adenine Base Editing in Rice Genome. Rice

Sci. 26, 125–128. doi: 10.1016/j.rsci.2018.07.002

Harrington, L. B., Burstein, D., Chen, J. S., Paez-Espino, D., Ma, E.,Witte, I. P., et al.

(2018). Programmed DNA destruction by miniature CRISPR-Cas14 enzymes.

Science 362, 839–842. doi: 10.1126/science.aav4294

He, Y., Zhu, M., Wang, L., Wu, J., Wang, Q., Wang, R., et al. (2018).

Programmed self-elimination of the CRISPR/Cas9 construct greatly accelerates

the isolation of edited and transgene-free rice plants.Mol. Plant 11, 1210–1213.

doi: 10.1016/j.molp.2018.05.005

Heinrichs, E., andMuniappan, R. (2017). IPM for tropical crops: rice. CAB Rev. 12,

1–30. doi: 10.1079/PAVSNNR201712030

Hess, G. T., Tycko, J., Yao, D., and Bassik, M. C. (2017). Methods and applications

of CRISPR-mediated base editing in eukaryotic genomes. Mol. Cell. 68, 26–43.

doi: 10.1016/j.molcel.2017.09.029

Hu, X., Meng, X., Liu, Q., Li, J., and Wang, K. (2018). Increasing the efficiency

of CRISPR-Cas9-VQR precise genome editing in rice. Plant Biotechnol. J. 16,

292–297. doi: 10.1111/pbi.12771

Hu, X., Wang, C., Fu, Y., Liu, Q., Jiao, X., and Wang, K. (2016). Expanding

the range of CRISPR/Cas9 genome editing in rice. Mol. Plant. 9, 943–945.

doi: 10.1016/j.molp.2016.03.003

Hua, K., Tao, X., Liang, W., Zhang, Z., Gou, R., and Zhu, J.-K. (2020). Simplified

adenine base editors improve adenine base editing efficiency in rice. Plant

Biotechnol. J. 18, 770–778. doi: 10.1111/pbi.13244

Hua, K., Tao, X., Yuan, F., Wang, D., and Zhu, J.-K. (2018a). Precise A·

T to G· C base editing in the rice genome. Mol. Plant. 11, 627–630.

doi: 10.1016/j.molp.2018.02.007

Hua, K., Tao, X., and Zhu, J. K. (2018b). Expanding the base editing scope in rice

by using Cas9 variants. Plant Biotechnol. J. 17, 499–504. doi: 10.1111/pbi.12993

Huang, L., Zhang, R., Huang, G., Li, Y., Melaku, G., Zhang, S., et al. (2018).

Developing superior alleles of yield genes in rice by artificial mutagenesis using

the CRISPR/Cas9 system. Crop J. 6, 475–481. doi: 10.1016/j.cj.2018.05.005

Huang, X., Zeng, X., Li, J., and Zhao, D. (2017). Construction and analysis of tify1a

and tify1b mutants in rice (Oryza sativa) based on CRISPR/Cas9 technology. J.

Agric. Biotech. 25, 1003–1012.

Jiang, H., Lio, J., Blanco, M., Campbell, M., and Jane, J.-,l. (2010). Resistant-starch

formation in high-amylose maize starch during kernel development. J. Agric.

Food Chem. 58, 8043–8047. doi: 10.1021/jf101056y

Jiang, W., Zhou, H., Bi, H., Fromm, M., Yang, B., and Weeks, D. P. (2013).

Demonstration of CRISPR/Cas9/sgRNA-mediated targeted gene modification

in Arabidopsis, tobacco, sorghum and rice. Nucleic Acids Res. 41, e188–e188.

doi: 10.1093/nar/gkt780

Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A., and Charpentier,

E. (2012). A programmable dual-RNA-guided DNA endonuclease in adaptive

bacterial immunity. Science 337, 816–821. doi: 10.1126/science.1225829

Jung, Y. J., Lee, H. J., Bae, S., Kim, J. H., Kim, D. H., Kim, H. K., et al.

(2019). Acquisition of seed dormancy breaking in rice (Oryza sativa L.) via

CRISPR/Cas9-targeted mutagenesis of OsVP1 gene. Plant Biotechnol. Rep. 13,

511–520. doi: 10.1007/s11816-019-00580-x

Kamthan, A., Chaudhuri, A., Kamthan, M., and Datta, A. (2015). Small RNAs in

plants: recent development and application for crop improvement. Front. Plant

Sci. 6:208. doi: 10.3389/fpls.2015.00208

Khanday, I., Skinner, D., Yang, B., Mercier, R., and Sundaresan, V. (2019). A male-

expressed rice embryogenic trigger redirected for asexual propagation through

seeds. Nature 565, 91–95. doi: 10.1038/s41586-018-0785-8

Kleinstiver, B. P., Prew, M. S., Tsai, S. Q., Topkar, V. V., Nguyen, N. T., Zheng, Z.,

et al. (2015). Engineered CRISPR-Cas9 nucleases with altered PAM specificities.

Nature 523, 481–485. doi: 10.1038/nature14592

Komor, A. C., Kim, Y. B., Packer, M. S., Zuris, J. A., and Liu, D. R. (2016).

Programmable editing of a target base in genomic DNA without double-

stranded DNA cleavage. Nature 533, 420–424. doi: 10.1038/nature17946

Komor, A. C., Zhao, K. T., Packer, M. S., Gaudelli, N. M.,Waterbury, A. L., Koblan,

L. W., et al. (2017). Improved base excision repair inhibition and bacteriophage

Mu Gam protein yields C: G-to-T: a base editors with higher efficiency and

product purity. Sci. Adv. 3:eaao4774. doi: 10.1126/sciadv.aao4774

Lee, J.-H., Muhsin, M., Atienza, G. A., Kwak, D.-Y., Kim, S.-M., De Leon, T.

B., et al. (2010). Single nucleotide polymorphisms in a gene for translation

initiation factor (eIF4G) of rice (Oryza sativa) associated with resistance

to Rice tungro spherical virus. Mol. Plant Microbe Interact. 23, 29–38.

doi: 10.1094/MPMI-23-1-0029

Li, C., Zhang, R., Meng, X., Chen, S., Zong, Y., Lu, C., et al. (2020). Targeted,

randommutagenesis of plant genes with dual cytosine and adenine base editors.

Nat. Biotechnol. doi: 10.1038/s41587-019-0393-7. [Epub ahead of print].

Li, C., Zong, Y., Wang, Y., Jin, S., Zhang, D., Song, Q., et al. (2018). Expanded base

editing in rice and wheat using a Cas9-adenosine deaminase fusion. Genome

Biol. 19:59. doi: 10.1186/s13059-018-1443-z

Li, H., Li, J., Chen, J., Yan, L., and Xia, L. (2020). Precise modifications of both

exogenous and endogenous genes in rice by prime editing. Mol. Plant. 13,

671–674. doi: 10.1016/j.molp.2020.03.011

Li, J., Meng, X., Zong, Y., Chen, K., Zhang, H., Liu, J., et al. (2016). Gene

replacements and insertions in rice by intron targeting using CRISPR?Cas9.

Nat. Plants 2:16139. doi: 10.1038/nplants.2016.139

Li, M., Li, X., Zhou, Z., Wu, P., Fang, M., Pan, X., et al. (2016). Reassessment

of the four yield-related genes Gn1a, DEP1, GS3, and IPA1 in rice using a

CRISPR/Cas9 system. Front. Plant Sci. 7:377. doi: 10.3389/fpls.2016.00377

Li, S., Li, J., He, Y., Xu, M., Zhang, J., Du, W., et al. (2019a). Precise gene

replacement in rice by RNA transcript-templated homologous recombination.

Nat. Biotechnol. 37, 445–450. doi: 10.1038/s41587-019-0065-7

Li, S., Shen, L., Hu, P., Liu, Q., Zhu, X., Qian, Q., et al. (2019b). Developing disease-

resistant thermosensitive male sterile rice by multiplex gene editing. J. Integr.

Plant Biol. 61, 1201–1205. doi: 10.1111/jipb.12774

Li, T., Liu, B., Chen, C. Y., and Yang, B. (2016). TALEN-mediated homologous

recombination produces site-directed DNA base change and herbicide-

resistant rice. J. Genet. Genome. 43, 297–305. doi: 10.1016/j.jgg.2016.03.005

Li, T., Liu, B., Spalding, M. H., Weeks, D. P., and Yang, B. (2012). High-efficiency

TALEN-based gene editing produces disease-resistant rice. Nat. Biotechnol. 30,

390–392. doi: 10.1038/nbt.2199

Li, X., Wang, Y., Liu, Y., Yang, B., Wang, X., Wei, J., et al. (2018). Base

editing with a Cpf1-cytidine deaminase fusion. Nat. Biotechnol. 36, 324–327.

doi: 10.1038/nbt.4102

Lin, Q., Zong, Y., Xue, C., Wang, S., Jin, S., Zhu, Z., et al. (2020).

Prime genome editing in rice and wheat. Nat. Biotechnol. 38, 582–585.

doi: 10.1038/s41587-020-0455-x

Liu, W., Liu, J., Triplett, L., Leach, J. E., and Wang, G. L. (2014). Novel insights

into rice innate immunity against bacterial and fungal pathogens. Annu. Rev.

Phytopathol. 52, 213–241. doi: 10.1146/annurev-phyto-102313-045926

Liu, X. S., Wu, H., Ji, X., Stelzer, Y., Wu, X., Czauderna, S., et al. (2016).

Editing DNA methylation in the mammalian genome. Cell 167, 233–247.e217.

doi: 10.1016/j.cell.2016.08.056

Lou, D., Wang, H., Liang, G., and Yu, D. (2017). OsSAPK2 confers abscisic

acid sensitivity and tolerance to drought stress in rice. Front. Plant Sci. 8:993.

doi: 10.3389/fpls.2017.00993

Lu, H. P., Liu, S. M., Xu, S. L., Chen, W. Y., Zhou, X., Tan, Y. Y., et al. (2017).

CRISPR-S: an active interference element for a rapid and inexpensive selection

of genome-edited, transgene-free rice plants. Plant Biotechnol. J. 15, 1371–1373.

doi: 10.1111/pbi.12788

Ma, L., Zhu, F., Li, Z., Zhang, J., Li, X., Dong, J., et al. (2015). TALEN-

based mutagenesis of lipoxygenase LOX3 enhances the storage

tolerance of rice (Oryza sativa) seeds. PLoS ONE 10:e0143877.

doi: 10.1371/journal.pone.0143877

Frontiers in Genome Editing | www.frontiersin.org 14 June 2020 | Volume 2 | Article 5

https://doi.org/10.1038/nbt.3900
https://doi.org/10.1104/pp.16.00663
https://doi.org/10.1038/nature24644
https://doi.org/10.1111/tpj.13446
https://doi.org/10.1038/s41598-018-32714-6
https://doi.org/10.1016/j.rsci.2018.07.002
https://doi.org/10.1126/science.aav4294
https://doi.org/10.1016/j.molp.2018.05.005
https://doi.org/10.1079/PAVSNNR201712030
https://doi.org/10.1016/j.molcel.2017.09.029
https://doi.org/10.1111/pbi.12771
https://doi.org/10.1016/j.molp.2016.03.003
https://doi.org/10.1111/pbi.13244
https://doi.org/10.1016/j.molp.2018.02.007
https://doi.org/10.1111/pbi.12993
https://doi.org/10.1016/j.cj.2018.05.005
https://doi.org/10.1021/jf101056y
https://doi.org/10.1093/nar/gkt780
https://doi.org/10.1126/science.1225829
https://doi.org/10.1007/s11816-019-00580-x
https://doi.org/10.3389/fpls.2015.00208
https://doi.org/10.1038/s41586-018-0785-8
https://doi.org/10.1038/nature14592
https://doi.org/10.1038/nature17946
https://doi.org/10.1126/sciadv.aao4774
https://doi.org/10.1094/MPMI-23-1-0029
https://doi.org/10.1038/s41587-019-0393-7
https://doi.org/10.1186/s13059-018-1443-z
https://doi.org/10.1016/j.molp.2020.03.011
https://doi.org/10.1038/nplants.2016.139
https://doi.org/10.3389/fpls.2016.00377
https://doi.org/10.1038/s41587-019-0065-7
https://doi.org/10.1111/jipb.12774
https://doi.org/10.1016/j.jgg.2016.03.005
https://doi.org/10.1038/nbt.2199
https://doi.org/10.1038/nbt.4102
https://doi.org/10.1038/s41587-020-0455-x
https://doi.org/10.1146/annurev-phyto-102313-045926
https://doi.org/10.1016/j.cell.2016.08.056
https://doi.org/10.3389/fpls.2017.00993
https://doi.org/10.1111/pbi.12788
https://doi.org/10.1371/journal.pone.0143877
https://www.frontiersin.org/journals/genome-editing
https://www.frontiersin.org
https://www.frontiersin.org/journals/genome-editing#articles


Zafar et al. Genome Editing for Rice Improvement

Ma, X., Zhang, Q., Zhu, Q., Liu, W., Chen, Y., Qiu, R., et al. (2015).

A robust CRISPR/Cas9 system for convenient, high-efficiency multiplex

genome editing in monocot and dicot plants. Mol. Plant. 8, 1274–1284.

doi: 10.1016/j.molp.2015.04.007

Macovei, A., Sevilla, N. R., Cantos, C., Jonson, G. B., and Slamet-Loedin,

I., Cermák, T., et al. (2018). Novel alleles of rice eIF4G generated by

CRISPR/Cas9-targeted mutagenesis confer resistance to Rice tungro spherical

virus. Plant Biotechnol. J. 16, 1918–1927. doi: 10.1111/pbi.12927

Malzahn, A. A., Tang, X., Lee, K., Ren, Q., Sretenovic, S., Zhang, Y.,

et al. (2019). Application of CRISPR-Cas12a temperature sensitivity for

improved genome editing in rice, maize, and Arabidopsis. BMC Biol. 17:9.

doi: 10.1186/s12915-019-0629-5

Mann, C. C. (1999). Crop Scientists Seek a New Revolution. American Association

for the Advancement of Science.

Meng, X., Hu, X., Liu, Q., Song, X., Gao, C., Li, J., et al. (2018). Robust genome

editing of CRISPR-Cas9 at NAG PAMs in rice. Sci. China Life Sci. 61, 122–125.

doi: 10.1007/s11427-017-9247-9

Miah, G., Rafii, M. Y., Ismail, M. R., Puteh, A. B., Rahim, H. A., Asfaliza, R.,

et al. (2013). Blast resistance in rice: a review of conventional breeding to

molecular approaches.Mol. Biol. Rep. 40, 2369–2388. doi: 10.1007/s11033-012-

2318-0

Miao, C., Xiao, L., Hua, K., Zou, C., Zhao, Y., Bressan, R. A., et al. (2018).

Mutations in a subfamily of abscisic acid receptor genes promote rice

growth and productivity. Proc. Natl. Acad. Sci. U.S.A. 115, 6058–6063.

doi: 10.1073/pnas.1804774115

Miao, J., Guo, D., Zhang, J., Huang, Q., Qin, G., Zhang, X., et al. (2013). Targeted

mutagenesis in rice using CRISPR-Cas system. Cell Res. 23, 1233–1236.

doi: 10.1038/cr.2013.123

Negishi, K., Kaya, H., Abe, K., Hara, N., Saika, H., and Toki, S. (2019). An adenine

base editor with expanded targeting scope using SpCas9-NG v1 in rice. Plant

Biotechnol. J. 17, 1476–1478. doi: 10.1111/pbi.13120

Nekrasov, V.,Wang, C.,Win, J., Lanz, C.,Weigel, D., and Kamoun, S. (2017). Rapid

generation of a transgene-free powdery mildew resistant tomato by genome

deletion. Sci. Rep. 7:482. doi: 10.1038/s41598-017-00578-x

Nishimasu, H., Shi, X., Ishiguro, S., Gao, L., Hirano, S., Okazaki, S., et al. (2018).

Engineered CRISPR-Cas9 nuclease with expanded targeting space. Science 361,

1259–1262. doi: 10.1126/science.aas9129

Oakes, B. L., Fellmann, C., Rishi, H., Taylor, K. L., Ren, S. M., Nadler, D. C.,

et al. (2019). CRISPR-Cas9 circular permutants as programmable scaffolds for

genome modification. Cell 176, 254–267. e216. doi: 10.1016/j.cell.2018.11.052

Oliva, R., Ji, C., Atienza-Grande, G., Huguet-Tapia, J. C., Perez-Quintero, A., Li,

T., et al. (2019). Broad-spectrum resistance to bacterial blight in rice using

genome editing. Nat. Biotechnol. 37, 1344–1350. doi: 10.1038/s41587-019-

0267-z

Pradhan, S. K., Nayak, D. K., Mohanty, S., Behera, L., Barik, S. R., Pandit,

E., et al. (2015). Pyramiding of three bacterial blight resistance genes for

broad-spectrum resistance in deepwater rice variety, Jalmagna. Rice 8:19.

doi: 10.1186/s12284-015-0051-8

Puchta, H. (2004). The repair of double-strand breaks in plants: mechanisms

and consequences for genome evolution. J. Exp. Bot. 56, 1–14.

doi: 10.1093/jxb/eri025

Pyott, D. E., Sheehan, E., and Molnar, A. (2016). Engineering of CRISPR/Cas9-

mediated potyvirus resistance in transgene-free Arabidopsis plants.Mol. Plant

Pathol. 17, 1276–1288. doi: 10.1111/mpp.12417

Qin, R., Li, J., Li, H., Zhang, Y., Liu, X., Miao, Y., et al. (2019). Developing a highly

efficient and wildly adaptive CRISPR-SaCas9 toolset for plant genome editing.

Plant Biotechnol. J. 17:706. doi: 10.1111/pbi.13047

Regina, A., Bird, A., Topping, D., Bowden, S., Freeman, J., Barsby, T., et al.

(2006). High-amylose wheat generated by RNA interference improves indices

of large-bowel health in rats. Proc. Natl. Acad. Sci. U.S.A. 103, 3546–3551.

doi: 10.1073/pnas.0510737103

Ren, B., Liu, L., Li, S., Kuang, Y., Wang, J., Zhang, D., et al. (2019). Cas9-

NG greatly expands the targeting scope of the genome-editing toolkit by

recognizing NG and other atypical PAMs in rice. Mol. Plant. 12, 1015–1026.

doi: 10.1016/j.molp.2019.03.010

Sedeek, K. E. M., Mahas, A., and Mahfouz, M. (2019). Plant genome

engineering for targeted improvement of crop traits. Front. Plant Sci. 10:114.

doi: 10.3389/fpls.2019.00114

Shan, Q., Zhang, Y., Chen, K., Zhang, K., and Gao, C. (2015). Creation of fragrant

rice by targeted knockout of the Os BADH 2 gene using TALEN technology.

Plant Biotechnol. J. 13, 791–800. doi: 10.1111/pbi.12312

Shao, G., Xie, L., Jiao, G., Wei, X., Sheng, Z., Tang, S., et al. (2017). CAS9-mediated

editing of the fragrant gene Badh2 in rice. Chin. J. Rice Sci. 31, 216–222.

doi: 10.16819/j.1001-7216.2017.6098

Shen, L., Wang, C., Fu, Y., Wang, J., Liu, Q., Zhang, X., et al. (2018). QTL editing

confers opposing yield performance in different rice varieties. J. Integr. Plant

Biol. 60, 89–93. doi: 10.1111/jipb.12501

Shimatani, Z., Kashojiya, S., Takayama, M., Terada, R., Arazoe, T., Ishii, H., et al.

(2017). Targeted base editing in rice and tomato using a CRISPR-Cas9 cytidine

deaminase fusion. Nat. Biotechnol. 35:441. doi: 10.1038/nbt.3833

Sun, Y., Jiao, G., Liu, Z., Zhang, X., Li, J., Guo, X., et al. (2017). Generation of high-

amylose rice through CRISPR/Cas9-mediated targeted mutagenesis of starch

branching enzymes. Front. Plant Sci. 8:298. doi: 10.3389/fpls.2017.00298

Sun, Y., Zhang, X., Wu, C., He, Y., Ma, Y., Hou, H., et al. (2016).

Engineering herbicide-resistant rice plants through CRISPR/Cas9-mediated

homologous recombination of acetolactate synthase. Mol. Plant 9, 628–631.

doi: 10.1016/j.molp.2016.01.001

Tang, L., Mao, B., Li, Y., Lv, Q., Zhang, L., Chen, C., et al. (2017).

Knockout of OsNramp5 using the CRISPR/Cas9 system produces low Cd-

accumulating indica rice without compromising yield. Sci. Rep. 7:14438.

doi: 10.1038/s41598-017-14832-9

Toda, E., Koiso, N., Takebayashi, A., Ichikawa, M., Kiba, T., Osakabe, K., et al.

(2019). An efficient DNA-and selectable-marker-free genome-editing system

using zygotes in rice. Nat. Plants 5:363. doi: 10.1038/s41477-019-0386-z

Wang, C., Liu, Q., Shen, Y., Hua, Y., Wang, J., Lin, J., et al. (2019).

Clonal seeds from hybrid rice by simultaneous genome engineering

of meiosis and fertilization genes. Nat. Biotechnol. 37, 283–286.

doi: 10.1038/s41587-018-0003-0

Wang, F., Wang, C., Liu, P., Lei, C., Hao, W., Gao, Y., et al. (2016).

Enhanced rice blast resistance by CRISPR/Cas9-targeted mutagenesis of

the ERF transcription factor gene OsERF922. PLoS ONE 11:e0154027.

doi: 10.1371/journal.pone.0154027

Wang, J., Meng, X., Hu, X., Sun, T., Li, J., Wang, K., et al. (2018). xCas9 expands

the scope of genome editing with reduced efficiency in rice. Plant Biotechnol. J.

17, 709–711. doi: 10.1111/pbi.13053

Wang, M., Lu, Y., Botella, J. R., Mao, Y., Hua, K., and Zhu, J.-,k.

(2017a). Gene targeting by homology-directed repair in rice using a

geminivirus-based CRISPR/Cas9 system. Mol. Plant. 10, 1007–1010.

doi: 10.1016/j.molp.2017.03.002

Wang, M., Wang, S., Liang, Z., Shi, W., Gao, C., and Xia, G. (2017b). From genetic

stock to genome editing: gene exploitation in wheat. Trends Biotechnol. 36,

160–172. doi: 10.1016/j.tibtech.2017.10.002

Wolter, F., and Puchta, H. (2018). The CRISPR/Cas revolution reaches the RNA

world: Cas13, a new Swiss Army knife for plant biologists. Plant J. 94, 767–775.

doi: 10.1111/tpj.13899

Woo, J. W., Kim, J., Kwon, S. I., Corvalán, C., Cho, S. W., Kim, H., et al.

(2015). DNA-free genome editing in plants with preassembled CRISPR-

Cas9 ribonucleoproteins. Nat. Biotechnol. 33, 1162–1164. doi: 10.1038/

nbt.3389

Xie, K., Minkenberg, B., and Yang, Y. (2015). Boosting CRISPR/Cas9 multiplex

editing capability with the endogenous tRNA-processing system. Proc. Natl.

Acad. Sci. U.S.A. 112, 3570–3575. doi: 10.1073/pnas.1420294112

Xu, R., Qin, R., Li, H., Li, D., Li, L., Wei, P., et al. (2017). Generation of targeted

mutant rice using a CRISPR-Cpf1 system. Plant Biotechnol. J. 15, 713–717.

doi: 10.1111/pbi.12669

Xu, R.-F., Li, H., Qin, R.-Y., Li, J., Qiu, C.-H., Yang, Y.-C., et al. (2015).

Generation of inheritable and “transgene clean” targeted genome-modified

rice in later generations using the CRISPR/Cas9 system. Sci. Rep. 5:11491.

doi: 10.1038/srep11491

Xu, W., Zhang, C., Yang, Y., Zhao, S., Kang, G., He, X., et al. (2020). Versatile

nucleotides substitution in plant using an improved prime editing system.Mol.

Plant. 13, 675–678. doi: 10.1016/j.molp.2020.03.012

Xu, Z., Xu, X., Gong, Q., Li, Z., Li, Y., Wang, S., et al. (2019). Engineering broad-

spectrum bacterial blight resistance by simultaneously disrupting variable

TALE-binding elements of multiple susceptibility genes in rice. Mol. Plant 12,

1434–1446. doi: 10.1016/j.molp.2019.08.006

Frontiers in Genome Editing | www.frontiersin.org 15 June 2020 | Volume 2 | Article 5

https://doi.org/10.1016/j.molp.2015.04.007
https://doi.org/10.1111/pbi.12927
https://doi.org/10.1186/s12915-019-0629-5
https://doi.org/10.1007/s11427-017-9247-9
https://doi.org/10.1007/s11033-012-2318-0
https://doi.org/10.1073/pnas.1804774115
https://doi.org/10.1038/cr.2013.123
https://doi.org/10.1111/pbi.13120
https://doi.org/10.1038/s41598-017-00578-x
https://doi.org/10.1126/science.aas9129
https://doi.org/10.1016/j.cell.2018.11.052
https://doi.org/10.1038/s41587-019-0267-z
https://doi.org/10.1186/s12284-015-0051-8
https://doi.org/10.1093/jxb/eri025
https://doi.org/10.1111/mpp.12417
https://doi.org/10.1111/pbi.13047
https://doi.org/10.1073/pnas.0510737103
https://doi.org/10.1016/j.molp.2019.03.010
https://doi.org/10.3389/fpls.2019.00114
https://doi.org/10.1111/pbi.12312
https://doi.org/10.16819/j.1001-7216.2017.6098
https://doi.org/10.1111/jipb.12501
https://doi.org/10.1038/nbt.3833
https://doi.org/10.3389/fpls.2017.00298
https://doi.org/10.1016/j.molp.2016.01.001
https://doi.org/10.1038/s41598-017-14832-9
https://doi.org/10.1038/s41477-019-0386-z
https://doi.org/10.1038/s41587-018-0003-0
https://doi.org/10.1371/journal.pone.0154027
https://doi.org/10.1111/pbi.13053
https://doi.org/10.1016/j.molp.2017.03.002
https://doi.org/10.1016/j.tibtech.2017.10.002
https://doi.org/10.1111/tpj.13899
https://doi.org/10.1038/nbt.3389
https://doi.org/10.1073/pnas.1420294112
https://doi.org/10.1111/pbi.12669
https://doi.org/10.1038/srep11491
https://doi.org/10.1016/j.molp.2020.03.012
https://doi.org/10.1016/j.molp.2019.08.006
https://www.frontiersin.org/journals/genome-editing
https://www.frontiersin.org
https://www.frontiersin.org/journals/genome-editing#articles


Zafar et al. Genome Editing for Rice Improvement

Yang, B., Li, X., Lei, L., and Chen, J. (2017). APOBEC: from mutator to editor. J.

Genet. Genomics 44, 423–437. doi: 10.1016/j.jgg.2017.04.009

Yang, C.-H., Zhang, Y., and Huang, C.-F. (2019). Reduction in cadmium

accumulation in Japonica rice grains by CRISPR/Cas9-mediated editing of

OsNRAMP5. J. Integr. Agric. 18, 688–697. doi: 10.1016/S2095-3119(18)61904-5

Yin, X., Anand, A., Quick, P., and Bandyopadhyay, A. (2019). “Editing a stomatal

developmental gene in rice with CRISPR/Cpf1,” in Plant Genome Editing with

CRISPR Systems. Methods in Molecular Biology, Vol. 1917, ed Y. Qi (New

York, NY: Humana Press).

Zaidi, S. S., and Mansoor, S. (2017). Viral vectors for plant genome engineering.

Front. Plant Sci. 8:539. doi: 10.3389/fpls.2017.00539

Zaidi, S. S., Mukhtar, M. S., and Mansoor, S. (2018). Genome editing: targeting

susceptibility genes for plant disease resistance. Trends Biotechnol. 36, 898–906.

doi: 10.1016/j.tibtech.2018.04.005

Zeng, Y., Wen, J., Zhao, W., Wang, Q., and Huang, W. (2020). Rational

improvement of rice yield and cold tolerance by editing the three genes

OsPIN5b, GS3, and OsMYB30 with the CRISPR-Cas9 System. Front. Plant Sci.

10:1663. doi: 10.3389/fpls.2019.01663

Zetsche, B., Gootenberg, J. S., Abudayyeh, O. O., Slaymaker, I. M., Makarova, K. S.,

Essletzbichler, P., et al. (2015). Cpf1 is a single RNA-guided endonuclease of a

class 2 CRISPR-Cas system. Cell 163, 759–771. doi: 10.1016/j.cell.2015.09.038

Zhang, A., Liu, Y., Wang, F., Li, T., Chen, Z., Kong, D., et al. (2019). Enhanced rice

salinity tolerance via CRISPR/Cas9-targeted mutagenesis of the OsRR22 gene.

Mol. Breed. 39:47. doi: 10.1007/s11032-019-0954-y

Zhang, Y., Liang, Z., Zong, Y., Wang, Y., Liu, J., Chen, K., et al. (2016).

Efficient and transgene-free genome editing in wheat through transient

expression of CRISPR/Cas9 DNA or RNA. Nat. Commun. 7:12617.

doi: 10.1038/ncomms12617

Zhong, Z., Sretenovic, S., Ren, Q., Yang, L., Bao, Y., Qi, C., et al. (2019). Improving

Plant Genome Editing with High-Fidelity xCas9 and Non-canonical PAM-

Targeting Cas9-NG.Mol. Plant 12, 1027–1036. doi: 10.1016/j.molp.2019.03.011

Zhou, J., Peng, Z., Long, J., Sosso, D., Liu, B., Eom, J. S., et al. (2015). Gene targeting

by the TAL effector PthXo2 reveals cryptic resistance gene for bacterial blight

of rice. Plant J. 82, 632–643. doi: 10.1111/tpj.12838

Zhou, J., Xin, X., He, Y., Chen, H., Li, Q., Tang, X., et al. (2019). Multiplex QTL

editing of grain-related genes improves yield in elite rice varieties. Plant Cell

Rep. 38, 475–485. doi: 10.1007/s00299-018-2340-3

Zhou, Q., Liu, W., Zhang, Y., and Liu, K. K. (2007). Action mechanisms of

acetolactate synthase-inhibiting herbicides. Pest Biochem. Physiol. 89, 89–96.

doi: 10.1016/j.pestbp.2007.04.004

Zhu, Y., Lin, Y., Chen, S., Liu, H., Chen, Z., Fan, M., et al. (2019).

CRISPR/Cas9-mediated functional recovery of the recessive rc allele to

develop red rice. Plant Biotechnol. J. 17, 2096–2105. doi: 10.1111/pbi.

13125

Zong, Y., Song, Q., Li, C., Jin, S., Zhang, D., Wang, Y., et al. (2018). Efficient C-to-

T base editing in plants using a fusion of nCas9 and human APOBEC3A. Nat.

Biotechnol. 36, 950–953. doi: 10.1038/nbt.4261

Zong, Y., Wang, Y., Li, C., Zhang, R., Chen, K., Ran, Y., et al. (2017). Precise base

editing in rice, wheat and maize with a Cas9-cytidine deaminase fusion. Nat.

Biotechnol. 35, 438–440. doi: 10.1038/nbt.3811

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Zafar, Sedeek, Rao, Khan, Amin, Kamel, Mukhtar, Zafar,

Mansoor and Mahfouz. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Genome Editing | www.frontiersin.org 16 June 2020 | Volume 2 | Article 5

https://doi.org/10.1016/j.jgg.2017.04.009
https://doi.org/10.1016/S2095-3119(18)61904-5
https://doi.org/10.3389/fpls.2017.00539
https://doi.org/10.1016/j.tibtech.2018.04.005
https://doi.org/10.3389/fpls.2019.01663
https://doi.org/10.1016/j.cell.2015.09.038
https://doi.org/10.1007/s11032-019-0954-y
https://doi.org/10.1038/ncomms12617
https://doi.org/10.1016/j.molp.2019.03.011
https://doi.org/10.1111/tpj.12838
https://doi.org/10.1007/s00299-018-2340-3
https://doi.org/10.1016/j.pestbp.2007.04.004
https://doi.org/10.1111/pbi.13125
https://doi.org/10.1038/nbt.4261
https://doi.org/10.1038/nbt.3811
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genome-editing
https://www.frontiersin.org
https://www.frontiersin.org/journals/genome-editing#articles

	Genome Editing Technologies for Rice Improvement: Progress, Prospects, and Safety Concerns
	Introduction
	Genome-Editing Technologies in Rice
	CRISPR-Cas9
	Expanding the Target Sites for Editing
	Base Editing
	Improving HDR-Mediated Gene Knock-in and Insertion
	Gene Knock-in via Prime Editing
	CRISPR-Cas12a/Cpf1
	CRISPR-Directed Evolution

	Potential Uses of Genome Editing for Rice Improvement
	Improving Rice Yield

	Improving Rice Quality and Nutrition
	Production of High Oleic/Low Linoleic Rice
	Fragrant Rice
	Rice With Increased β-Carotene Accumulation
	Rice With Increased Amylose Content
	Low-Cadmium Rice
	Red Rice
	Improving Storability

	Herbicide and Abiotic Stress Tolerence
	Herbicide Tolerance
	Cold Tolerance
	Drought Resistance
	Salt Tolerance

	Biotic Stress Resistance
	Bacterial Leaf Blight Resistance
	Rice Tungro Disease Resistance
	Rice Blast Resistance

	Other Traits
	Male-Sterile Lines for Hybrid Rice Production
	Reducing Seed Dormancy
	Genome Editing to Develop Asexual Reproduction in Rice

	Transgene-Free Edited Rice and Safety Concerns
	Conventional Approaches for Removing the Transgene
	Editing in Germ Line Cells
	Fluorescence-Based Selection
	CRISPR Machinery With an RNA Interference Element
	CRISPR-Cas9 Ribonucleoproteins
	Transgene-Free Genome Editing by Transiently Expressing CRISPR-Cas9
	Suicide Transgene Method

	Conclusions and Future Perspectives
	Author Contributions
	References


