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Abstract

Rice (Oryza sativa L.) 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. During recent years, genome editing has played a great role in the development of
superior varieties of grain crops. 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. Over a decade, site-directed mutagenesis tools like Zinc Finger Nucleases
(ZEN), Transcriptional activator-like Effector Nucleases (TALENS), and Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) System were used and have played
a great role in rice yield and quality enhancement. In addition, most recently other genome editing techniques
like prime editing 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 synthetic relationships with
other cereal crops, new genome-editing technologies continue to be developed for use in rice. Genomic
alteration employing genome editing technologies (GETs) like CRISPR/Cas9 for reverse genetics has opened
new avenues in agricultural sciences such as rice yield and grain quality improvement. Currently,
CRISPR/Cas9 technology is widely used by researchers for genome editing to achieve the desired biological
objectives, because of its simple targeting, easy-to-design, cost-effective, and versatile tool for precise and
efficient plant genome editing. Over the past few years many genes related to rice grain quality and yield
enhancement have been successfully edited via CRISPR/Cas9 technology method to cater to the growing
demand for food worldwide. The effectiveness of these methods is being verified by the researchers and crop
scientists worldwide. In this review we focus on genome-editing tools for rice improvement to address the
progress made and provide examples of genome editing in rice. We also discuss safety concerns and methods
for obtaining transgene-free crops.
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Introduction

To address major issues including the growing population, environmental changes, and food scarcity,
rice (Oryza sativa L.) varieties must be developed with higher yields and tolerance to environmental stress
(Clarke and Zhang, 2013). Different strategies have been used to increase rice grain quality and yields. For
example, although conventional breeding methods have improved, there have only been small increases in crop
yields in recent years (Ansari ez al.,2017; Ahmad ez al., 2021). Genome 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 iz vivo. Numerous techniques have been
developed, from conventional Agrobacterium-mediated gene transfer, site-specific mutagenesis to newer and
targeted techniques like the ZFN (Zinc Finger Nucleases), TALEN (Transcription activator-like effector
nucleases) and CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats) system, base
editing and prime editing. 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 (Ahmad ez 4l., 2021). 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 er al., 2013; Miao er al., 2013; Ma et al., 2015).
CRISPR/Cas9 is economical, easy to use, highly accurate and effective even when performing multiplex
genome editing (Wang ez a/., 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 (NHE]) to produce genomic
alterations, gene knockouts and gene insertions. In NHE], 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 NHE], 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 synthetic
relationships with other cereal crops (Tabassum ez 4/, 2021; Riaz ez al., 2022). The current review focuses on
different genome editing strategies for improving rice yield and quality 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 Engineering and Editing Methods

Currently, numerous genome-editing tools and techniques have been adopted to overcome the
problems arising in plants to compensate for the increased demand for food in the future (Zhang ez al., 2017).
Gene-editing techniques, such as engineered endonucleases/mega-nucleases (EMNs), zinc-finger nucleases
(ZFNs), TAL effector nucleases (TALENS), prime editing, base editing and clustered regularly interspaced
short palindromic repeats (CRISPR), are important tools in plant research, as they allow the remodeling of
future crops (Ahmad ez /., 2021). Among endonucleases, mega-nucleases are characterized by the presence of
a broad recognition site of about 12-40 bp. Because of their specific nature and long recognition site, these
enzymes are regarded as the most precise restriction enzymes (Mishra ez al., 2018). Therefore, mega-nucleases
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are also known as homing endonucleases. Repair in double-stranded breaks (DSBs) occurs via non-homologous
end joining (NHE]), which is functionally responsible for knocking out genes in tobacco and Arabidopsis plants
(Townsend ez al., 2009: Zhang ez al., 2010). However, it is difficult to remodify mega-nucleases together with
other genome-targeting techniques, because DNA-binding domains are often intermingled with the catalytic
domain of mega-nucleases and cannot be detached from one another (Puchta ez 4/., 2005). The outcomes of
previous rescarch demonstrated gene editing in plants by incorporating modified mega-nucleases in
Arabidopsis, cotton, and maize. However, additional efforts are needed to improve this approach, as the
manipulation of mega-nucleases seems to be difficult. Hence, researchers focused on other more efficient,
accurate, and simpler methods of gene editing, such as ZFNs, TALENSs, and CRISPR.

Zinc-finger nucleases (ZFNs) are one of the most efficient and effective tools for genome editing by
targeting DSBs (Durai ¢# al., 2005). ZFNs were the first truly targeting protein reagents to revolutionize the
genome manipulation area of research. ZFNs are binding domains for DNA that recognize three base pairs at
the target site (Rai ez al., 2005). ZFNs have been commonly used for targeted genome modification in different
plant species, such as Arabidopsis thaliana (Arabidopsis), Nicotiana tabacum (tobacco), rice and maize
(Osakabe ez al., 2010; Li ez al., 2012). In rice, ZNF targeted mutagenesis was done for gene IPK1 responsible
for the production of Phytic acid that is found in high quality in the rice kernel (Cassandri ez al., 2017).

Another site-driven mutagenesis genome-editing system, TALENS, was defined first in plant pathogenic
bacteria (Xanthomonas) and is based on a concept similar to that of ZFNs. TALENs target one nucleotide at
the target site (instead of three), thus rendering TALENS precise (Boch ez a/., 2009). TALENSs were successfully
used for genome editing in angiosperms and bryophytes (Li ez a/., 2012; Kopischke ez a/.,2017). TALENSs were
also used for enhancing the fragrance of rice by targeting the OsBADH?2 gene responsible for Betaine aldehyde
dehydrogenase (Mishra ef al., 2018). TALENS activate or recognize unique transcription factors in plant
promotors through a set of tandem repeats that is the base of its working, Both ZFN and TALENS had the
same strategy of cutting and knocking off the genes but they also produced undesirable results. Non-specific
mutations and off-target gene mutations were major concerns (Abdelrahman and Zhao, 2020) (Table 1).

Table 1. Comparison of EMNs, ZFNs, TALENs, CRISPR/Cas9, base editing and prime editing

Functions EMNs ZFNs TALENS CRISPR/CAS9 Base Editing Prime Editing
.1 e Transcription
DNA b.mdmg Mega nucleases Zine flr'ngcr activator like Cr-RNA/sgRNA dCas/nCas nCas9/pegRNA
determinant protein
effector
Endonuclease Mega nucleases Fokl Fokl Cas9 dCas pegRNA
Recognition Protein-DNA Protein-DNA Protein-DNA RNA-DNA RNA-DNA- RNA-DNA-
Protein Protein
Mutation rate High Medium Medium Low High Very High
Off-target . . .
cffects High High Low Variable Low Very Low
Length of targer 14-40 18-36 30-40 20-22 46 8-16
sequence (bp)
Cost No No Moderate High Very High Very High
effectiveness & yHIg S
Information Double-strand Double-strand
No Double
strand Double-strand breaks or breaks or .
& breaks in th Double-strand . d . d strand or single
Mode of action 1rcc.ts reaks In the breaks in the smglc.-stran 51ngl§-stran strand nicks
conversion(s) target nicks nicks K
o target DNA . . break in the
within the target DNA in the target in the target carget DNA
region DNA DNA e
Target
recognition Low High High High Very High Very High
efficiency
Multiplexing Not Possible Difficult Difficult Easy Easy Not Yet Tested
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Met?l}.'l?.uon High High High Low
sensitivity
Komor et al.,
Ainet al., 2015; Ain et al.,2015; Ain et al., 2015; 2016; Kim ez al. Anzalone et al.
Kim et al.,, 2014 ' ’ ’
References et a Gaoetal., 2016 Gaoetal., 2016 Gaoetal,2016 2017; Zafra et al., 2019
2018

Extensive investigation in this field led to the development of new genome-editing tools, such as
CRISPR/Cas9 and CRISPR/Cpfl (Bortesi et al., 2015; Zhang ez al., 2020). Initially, these techniques were
developed in prokaryotes, because there were no efficient genome-editing techniques for eukaryotes at specific
sites. However, at the advent of eukaryotic genome editing, the CRISPR technology has revolutionized our
ability to generate specific changes in crops (Butt ez al,, 2020). The CRISPR system requires only the guide
RNA sequence to be changed for each DNA target site. Under different circumstances, the usage and
modification of CRISPR technology are quite simple and efficient (Puchta ez 4/., 2017; Ahmar ez 4l., 2020).
For more than a decade the scientists never tested its potential as a tool to modify genome, its first use came
after 2012 when it was employed as a tool to modify genes in animals and fungi (Miao ez 4l., 2013). The first
use of the CRISPR/Cas9 system emerged in rice and wheat species (Shan ez al., 2014).

As compared to ZFN and TALENS which are more expensive and often result in off-target mutations,
the CRISPR/Cas9 system is casy to build and simplest to operate. In the engineered system, programing Cas9
to target a specific genome sequence only requires the introduction of a 20-bp spacer sequence in the sgRNA.
Therefore, CRISPR/Cas9 is much simpler and easier to manipulate than the previously available methods
ZFNs and TALENSs, and most importantly, it has a much higher efficiency in producing targeted mutations.
Multiple sgRNAs with different target sequences can be easily designed for simultaneous multiplex editing.
CRISPR’s technical simplicity and efficiency made it a true breakthrough in genome editing, allowing non-
specialized laboratories to use it routinely. Since its first report for plant gene editing in 2013, CRISPR/Cas9
has been used in a large number of species, including rice, wheat, tobacco, Arabidopsis, sorghum, tomato, maize,
potato, poplar, soybean, barley, moss, Brassica oleracea, sweet orange, apple, liverwort, grape, lettuce, cotton,
Lotus japonicus, dandelion, flax, petunia, citrus, watermelon and mushroom (Jiang ez a/., 2013; Li ez al., 2013;
Mao ez al., 2013; Nekrasov ¢t al., 2013; Shan et al., 2013a; Brooks ez al., 2014; Feng ez al., 2014; Jia and Wang,
2014; Sugano ez al., 2014; Fan ez al., 2015; Lawrenson ¢t al., 2015; Li ez al., 2015; Svitashev ez 4l., 2015; Wang
et al., 2015b; Woo et al., 2015; laffaldano e 4l., 2016; Lopez-Obando ez 4/., 2016; Nishitani ez a/., 2016; Ren
et al., 2016; Sauer et al., 2016; Waltz, 2016; Wang ez al., 2016b; Zhang et al., 2016a; Chen ez al., 2017; Jia et
al.,2017; Tian et al., 2017).

Unlike other DNA editing tools mentioned earlier, base editing is a newer method that makes
irreversible changes in DNA bases using Cas9 protein variants (Rees and Liu, 2018; Monsur ez 4/.,,2022). DNA
base editors comprise a catalytically disabled nuclease fused to a nucleobase deaminase enzyme and, in some
cases, a DNA glycosylase inhibitor. RNA base editors achieve analogous changes using components that target
RNA (Kuanget al.,2020). Base editors directly convert one base or base pair into another, enabling the efficient
installation of point mutations in non-dividing cells without generating excess undesired editing by products
(Hua ez al., 2019). Base editing was performed in rice by Zong ez 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 ez al., 2017). In another study, a
C-to-T substitution was created in OsALS to confer herbicide resistance in rice. Analanine-to-valine
substitution at position 96 provided the rice plants with resistance to the herbicide imazamox (Shimatani ez

al., 2017).
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Although the CRISPR-cas9 system and other genome editing systems has provided a great way to
introduce mutations and precisely introduce desired traits, it has some limitations. Especially in the case of crop
plants, the limitations are low HDR availability and NHE]. There is a need for more options to enhance crop
plant characters (Tang ez al., 2020). Prime editing is the option here which provides a chance to introduce all
12 types of mutations and is less complex as compared to other systems. The system engineered by fusing a
mutated M-MLV-RT (Moloney murine leukemia virus reverse transcriptase) to the C terminus of a
catalytically impaired Cas9 (H840A) (Cas9 nickase, nCas9), and programmed with a prime editingguide RNA
(pegRNA) composed of a single chimeric guide RNA (sgRNA) targeting the specific site, a primer-binding site
(PBS), and a reverse transcription (RT) template encoding the desired edit ( Xu ¢z 4l., 2020). Recently, several
attempts have been made to establish an efficient prime editing system in rice and achieved herbicide-tolerant
varieties (Li ez al., 2020; Lin ez al., 2020; Xu ez al., 2020). It is noteworthy that the mutation efficiency of prime
editing is similar to that of the base editing system; however, the specificity was much higher than that of
previously discussed Genome Engineering Technologies. The prime editing system is at the foundation stage,
and further developments and applications for crop improvement programs will take place over time.
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Figure 1. Application of CRISPR/Cas9 system for developing elite variety with desirable improved traits

in rice and its comparison with conventional crop breeding technique
Applications of gene editing (GE) system in yield and quality improvement of rice

The main characteristics that are determinative of rice yield are grain size and weight. Both of these are
multigene traits and there are more than 400 genes that are related to Quantitative trait loci (QTL) but fewer
genes have been identified responsible for the grain weight and number. Thus there is a dearth of data available
in this regard (Azizi ez al., 2019). For rice quality and yield, enhancement scientists have employed conventional

methods of breeding that is not only slower but often are not efficient.
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There has been a little progress in terms of yield increase using the ZFN, and TALENs but the CRISPR-
Cas9 system has been explored extensively in this regard (Cui ez 4/., 2020). It has been employed for multigene
manipulation. Photosynthesis manipulation is an ideal candidate in this regard. Rice is a C3 plant which is an
inefficient method of fixing atmospheric CO,. The quest to convert C3 to the C4 cycle is most promising, as
it can increase the yield by 40-50% but the research has been limited (Kohli ez 4/., 2020). Rice yield has been
improved by knocking out genes including GS3, DEPI, GSS5, GW?2, Gnla, and TGW6 that are known to be
negative regulators of grain size and number and grain weight (Zeng ez al., 2020).

Grain quality and quantity is a large subject that includes diverse subjects such as grain shape, cooking
qualities, starch content, and nutritional qualities, and shelf life, grain size, and kernel shape. As rice is a food
of half of the population of the world (Lv ez al., 2020), improving the nutritional content will increase the
ability to provide a more balanced diet for the population. The improvements being brought about in rice
grains quality-based attributes via the use of targeted genomes editing is a quick, sustainable, as well as the cost-
effective approach (Jena and Kim, 2020). However, many studies have demonstrated the successful use of

genome editing to improve rice. Below are some examples of the improvement of rice traits through genome

editing (Figure 2, Table 2).

( Improved grain quality )\

( Biotic stress resistance D\ 7( Abiotic stress tolerance )

/'C Herbicide tolerance )

CRISPR-edited rice plant

@reeding material developme@‘\

Figure 2. CRISPR-Cas mediated genome editing in rice for the improvement of different traits

Table 2. The genes and functions manipulated using the Modern Genetic Engineering tools in rice

Sr# ('}cnc Tt Mechanism B Result References
manipulated employed n method
1 Gnla CRISPR/Cas 9 NHE] Agrobacterium Grain Number (Huanger al,
Increase 2018)
H o
2 DEPI CRISPR/Cas 9 NHEJ Agrobacterium Dense a1.1d (Huanges ol
erect panicle 2018)
in si Ch L,
3 GS3 CRISPR/Cas 9 NHE] Agrobacterium gmm size (Chanera
increase 2020)
. Increase in (Shan et al.,
4 OsBADH?2 TALENs NHE] Agrobacterium
fragrance 2013)
Shan ez al.,
5 OsDEP1 TALEN NHE]J Agrobacterium Dense ar‘ld (Shan ez 2
erect panicle 2013)
i Sh L,
6 OsCKX2 TALENSs NHEJ Agrobacerium | _ CYeokines (Shan era
Dehydrogenase 2013)
Increase in the
7 OsCKX2 ZEN NHE] Agrobacterium number of (Liet al, 2013)
reproductive
organs
i Zh .,
8 TMSS CRISPR/Cas 9 NHEJ Agrobacterium | ereaseyield | (Zhoueral
and sterility 2016)
SWEETI4, . Bacterial Blight (Jiang ez al.,
9 SWEETI1 CRISPR/Cas 9 NHEJ Agrobacterium resistance 2013)
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I -
10 GS3,IPAl | CRISPR/Cas9 NHE] Agrobacterium | [TPrOvedgrain | pi 1 9016)
size and yield
Kernel qualic (Abdelrahman
11 IPK1 ZFN NHE] Agrobacterium ernel qua ity and Zhao,
increased
2020)
Panicle
i Mi tal.,
12 OsSPL14 Base editing NHE] Agrobacterium bra'mchmg a'nd (Miuza et a
higher grain 2010)
yield
Increase in
in si W L,
13 OsSPL16 Base editing NHE] Agrobacterium Grainsize, (Wangera
shape, and 2012)
quality
Growth
i H "
14 GRF4 Base editing NHEJ Agrobacterium rcgula.tlon and (Hua er al
yield 2019)
enhancement
Nitrogen- use
15 NRTI.1B Base editing NHE] Agrobacterium cfficiency (Lu ;(;1;17)Zhu,
enhancement
Nierace (Wang et al.
16 OsNRT1 Base editing NHE] Agrobacterium transporter gerat,
2018)
Gene
Panicle
i [,
17 OsSPL14 Base editing NHE]J Agrobacterium Development (Jiao et a
and number 2010)
increase
Gibberellin (Tang et al.
18 OsK02 Prime editing NHE] Agrobacterium | biosynthesis in 20g20 N
rice )
19 OsPDS CRISPR/Cas9 NHE]J Agrobacterium Carotein Yield | (Banakar ez al,
/Casl2a enhanacement 2020)
Carotenoid (Lacchini ez 4l.
20 DI7/HTDI CRISPR/Cas9 NHE]J Agrobacterium Yield 2020 ”
enhancement )
Enables embryo
Kh .,
21 BBM1 CRISPR/Cas9 NHE] Agrobacterium | formation from ( a;slay et al
fertilized egg 9)
For
heterozygosity
RECS8,0SD1,P \% [,
22 IR and MTL CRISPR/Cas9 NHEJ Agrobacterium fix;:tion‘and ( ;gf; “
aploid
induction
CRISPR/Cas9 C'(tmfcrst (Butt ez al.
23 SEF3B1 directed NHEJ Agrobacterium rests fujlcc © ”
evolution splicing 2019)
inhibitors
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 (Sedeck ez al., 2019). Four vyield related genes were successfully mutated in rice using
CRISPR/Cas9, including Grla (gene for grain number), DEPI (DENSE AND ERECT PANICLEL;

controls panicle architecture), GS3 (regulates grain size), and IPA1 (gene for plant architecture). Phenotypic
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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 ez 2/, 2016). In
a study, two important QTLs, GRAIN SIZE3 (GS3) and Grain number la (Grla) 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 ez al., 2018). Similarly, three yield
related QTL genes (OsGS3, OsGW2, and OsGnla) were edited simultaneously using multiplex genome editing.
The resulting triple mutants showed a 30-68% increase in yield per panicle. This type of approach can be used
for the rapid breeding of QTLs in elite crop varicties (Zhou ¢z al., 2019; Mao ez al., 2021).

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, Gzla and DEPI, were edited to develop superior alleles in rice. The
mutant alleles of Gzla and DEPI 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

(Huangez al., 2018).

Improving rice grains nutritional qualities

More than 3 billion people use rice as a staple food, especially in Asian countries where more than 70%
of the world population lives. Deficiency of iron and vitamin B is the most frequent malnutrition found among
them. Around 24,000 people die daily globally because of malnutrition (Khush, 2005). This is because people
are eating the foods, which are deficient in terms of the required proteins, the energy levels, iron and zinc
contents, vitamin A, and even iodine (Birla ez al., 2017). Although much work was spent on improving key
agronomic characteristics such as yield, genome editing was also used to improve rice's quality and nutritional
value. This includes altering the compositions of oil and starch, controlling the fragrance, reducing
accumulation of heavy metal and attempts to biofortify. This is where improvement in rice grains' nutritional
qualities using the CRISPR/Cas9 model can help in overcoming the malnutrition issue.

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 ez 4/., 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 4/., 2015; Hui et /., 2021).

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

etal.,2017).
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Rice with increased B-carotene accumulation

The biofortification of (-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 B-carotene accumulation in cauliflower curd. The directed modification of Osor via CRISPR/Cas9-based

genome editing resulted in enhanced -carotene accumulation in rice callus (Endo ez 4/, 2019).

Rice with increased amylose content

Cereals with high amylose contents represent a good source of resistant starch (Regina ez al., 2006).
Foods with high resistant starch contents are nutritious and may reduce the risk for many diseases (Jiang ez al.,
2010). CRISPR/Cas9 technology was used for directed mutagenesis of SBEI and SBEIIDb in rice; these genes
control amylose content (Sun ez 4/., 2017). Although there was no clear difference between sbel edited plants
and wild type, the sbell 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 ez 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 achieved without affecting yields (Tangez 4/., 2017).

In another study, CRISPR/Cas9-based editing was used to destroy OsNRAMPS5 in two japonica rice
varieties. Three independent OsSNRAMPS mutants 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, leaving to lower grain yields.

Therefore, the editing of OsSNRAMPS should be approached with 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 (Yanger 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 Re. CRISPR-Cas9 was recently used to
bring back the recessive Re 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 and mutants, 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 ez al., 2019).
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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 ez
al., 2015).

Other Traits

Male-sterile lines for hybrid rice production

Discase-free male sterile lines have great potential for use in hybrid rice breeding. Using CRISPR/Cas9,
mutations were introduced into male sterility-related genes TMSS, Xa13, and Pi2l. 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 ez 4/, 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 (Jungez /., 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 ez 4/, 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, RECS,
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 ez 4/., 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 generated mutations from newly
generated mutations. 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 (Ahmad ez 4/., 2021). Therefore, after modifying the genome, various methods are used to remove
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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 using molecular methods such as the FLP/FRT, Cre/loxP, and
piggy Bac 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
development of Cas9-free lines after genome editing through segregation (Xu ez al., 2015; Gao ez al., 2016;
Pyott et al., 2016; Nekrasov et al., 2017; Zaidi ez 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 germline-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).

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 ez a/., 2016; Hamada ez /., 2018) and can be used for transgene-free
genome editing in rice (Figure 3).
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Figure 3. Development of transgene-free genetically edited rice plants for commercialization through
genetic segregation

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.). Ligation of gRNA
with Target gene site. The developed construct along with gRNA Ligated with target genes is completed and can be
delivered to plant by Agrobacterium, biolistic or transfection. 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 through mutant screening. The regenerated plants will be screened for targeted modification without
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transgene in field trial. The plants developed in this way will be with desired traits without any transgene integration
in the genome, so can be labeled as Transgene Free genetically edited plants by regulatory authorities.

Suicide transgene method

Although several methods are effective for generating plants, they are degraded soon, leaving 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 TO plants
containinga 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 ez 4/., 2018).

Conclusions

Rice is an excellent model-based system for the functional and adaption-based genomics studies. This is
because rice has a smaller genome size along with high availability of different genetic resources as well as higher
transformational efficiencies, and even greater genomic similarities with the other cereals humans consume.
Hence, rice has become an increasingly popular subject in the testing of the efficiencies of different types of the
applicable genome’s editing technologies. This has allowed researchers to study the various functions associated
with the various genes as well as the demonstration of the potential (as well as success) in rice quality
improvement. Premium quality rice grain is the demand of a growing population with better living standards.
It is the application of various genome editing tools such as ZFN, TALENS, and especially CRISPR/Cas9
which has broadened rice researches and brought in newer opportunities to develop the novel varieties which
have shown not only improved productivities but also qualities. Being efficient, and easy to handle, the
CRISPR/Cas9 system has all genome editing capabilities, e.g,, knock-in, knockout, knockdown, and expression
activation. This system has tremendous untapped potential, has formed an ever-expanding genetic toolbox for
plant biologists to investigate functional genomics, and is a helping hand for breeders to integrate important
genes into the genomes of important crops. The successful application of CRISPR/Cas9 for tissue engineering
and human stem cell modification has led to further developments in the field of precise genome editing. The
ability to target multiple genes via multiplexed genome editing strategies can facilitate pathway-level research
to engineer complex multi genic rice grain quality attributes. Previously, few studies have been conducted that
are related to targeted mutagenesis for rice grain quality improvement. The pathways of rice grain quality are
not well understood, and they can be investigated for the genetic mechanisms controlling quality attributes.
The development of novel regulatory components from naturally existing peripherals (genes, promoters, cis-
regulatory elements, small RNAs, and epigenetic modifications) can facilitate the engineering of regulatory
pathways for different elements of rice grain quality. The rapid shift of research toward the utilization of
CRISPR/Cas9 systems for targeted mutagenesis could be a promising approach for overcome barriers to
breeding improved quality rice. In addition, true successful crop improvement via genome editing 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 (Ahmad ez 4/, 2021). Whether genome-edited plants
should be considered as transgene free is still a matter of debate. However, there is support for the notion that
these plants could be labeled as Transgene Free or non-GMO genetically edited plants (Figure 3), because
technically there is no difference between plants produced through genome editing vs. conventional breeding
transgene-free protocols have been established.
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