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Abstract

The application of plant biotechnology to enhance beneficial traits in crops is now indispensable because of food
insecurity due to increasing global population and climate change. The recent biotechnological development of
the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated system 9 (Cas9)
allows for a more simple and precise method of gene editing, which is now preferred compared to Zinc Finger
Nucleases (ZFNs) and Transcription Activator-like Effector Nucleases (TALENs). In this review, recent progress
in utilizing CRISPR/Cas9-mediated gene editing in plants to enhance certain traits in beneficial crops, including
rice, soybean, and oilseed rape, is discussed. In addition, novel methods of applying the CRISPR/Cas9 system in
live cell imaging are also extensively reviewed. Despite all the applications, the existing delivery methods of
CRISPR/Cas9 fail to provide consistent results and are inefficient for in planta transformation. Hence, research
should be focused on improving current delivery methods or developing novel ones to facilitate CRISPR/Cas9-
based gene editing studies. Strict regulations on the sale and commercial growth of gene-edited crops have
restricted more efforts in applying CRISPR/Cas9 technology in plant species. Therefore, a shift in public
viewpoint toward gene editing would help to propel scientific progress rapidly. 
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Abbreviations

CRISPR – clustered regularly interspaced short
palindromic repeats 

Cas9 – CRISPR-associated protein 9 
GMO – genetically modified organism 

PBT – plant biotechnology 
SSN – sequence-specific nucleases 
TALENs – transcription activator-like effector nucleases 
ZFNs – Zinc finger nucleases

Introduction

With the rising demand of food security due to the
ever-increasing population growth coupled with a loom-
ing threat of climate change (Haque et al. 2018; United
Nations 2019), the urgency to develop reliable and ef-
ficient methods to secure a steady and sufficient nutri-
tion to the global population is higher than ever. Hence,
the role and application of plant biotechnology to en-
gineer plants to suit global agricultural demands are now
indispensable. Plant biotechnology (PBT), in essence,
comprises the set of scientific methods and techniques
used to identify and manipulate plant genes in order to

develop desired traits or specific products in plants
(Kalia, 2018). By using the methods available in PBT,
beneficial traits of crops can be expressed and amplified,
while undesirable traits and components such as aller-
gens in rice, peanuts, or soybeans can be eliminated
(Fuchs and Mackey, 2003; Barh and Azevedo, 2018).

The emergence of Sequence-Specific Nucleases
(SSNs) such as Zinc Finger Nucleases (ZFNs), Trans-
criptional Activator-like Effector Nucleases (TALENs),
and the more recently developed Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)/
CRISPR-associated protein 9 (Cas9) are among the ad-
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vanced methods that allowed a less sporadic and more
precise means of genetic modifications in plants (Baltes
et al., 2014; Fauser et al., 2014; Endo et al., 2016; Li
et al., 2016; Sun et al., 2016a; Sun et al., 2016b). A de-
tailed review on the comparison between the above-
mentioned three methods was done by Sun et al.
(2016a). The CRISPR/Cas9 system is generally pre-
ferred over the other methods because of its precision,
efficiency, simplicity, and cost-effectiveness. Hence, it
has gained attention in the genome editing community
(Haque et al., 2018; Wang et al., 2018). Since the disco-
very of the first CRISPR locus by Ishino et al. (1987) and
the pioneering extensive study on the CRISPR/Cas sy-
stem by Jansen et al. (2002), the technology has been
further studied for genome editing of various organisms. 

In essence, CRISPR/Cas9 technology exploits the
adaptive immunity system of the bacteria Streptococcus
pyogenes in DNA repair to modify the genetic sequences
or even edit the genome of the targeted organism. This is
achieved by constructing a single guide RNA (sgRNA) spe-
cific to the target DNA sequence, which forms a complex
with the Cas9 protein, thereby initiating specific double-
stranded breaks in the target DNA, as shown in Fig. 1
(Costa et al., 2017). The double-stranded breaks enable
further gene editing as shown in Figure 1D and Fi-
gure 1E. Many studies have been conducted to describe
the mechanism of the CRISPR/Cas9 system, as were
extensively reviewed by researchers (Sander and Joung,
2014; Westra et al., 2014; Bortesi and Fischer, 2015; Ma
et al., 2015; Ma et al., 2016; Musunuru, 2017; Adhikari
and Poudel, 2020). Hence, to follow suit, this review dis-
cusses 1) the recent advances in utilizing the CRISPR/
Cas9 system in a diverse range of plant species for crop
enhancement and facilitate plant cell imaging, 2) the cur-
rent challenges faced regarding the delivery methods of
CRISPR/Cas9 reagents into plant cells, and 3) the regula-
tory systems of gene edited crops compared to those for
genetically modified organisms (GMOs).

Applications of CRISPR/Cas9 genome editing 
in plant species

Certain phenotypes or traits that are expressed by
plants, or in this case crops, can be tweaked and ad-
justed through the manipulation of their genes. In doing
so, the expected outcome would be to produce an en-
hanced version of the crop, which can be beneficial to
the general population from certain aspects. The pre-

Fig. 1. Mechanism of CRISPR/Cas9 gene editing. A) The
constructed target-specific single guide RNA (sgRNA) forms
a complex with the Cas9 protein; B) The CRISPR/Cas9 com-
plex binds to the target DNA; C) The CRISPR/Cas9 cleaves
the target DNA at specific sequences, leading to further gene
editing; D) Gene knock-in through homology-directed repair
(HDR); E) Gene knock-out through non-homologous end

 joining (NHEJ)

cision of CRISPR/Cas9 technology ensures a highly re-
liable method in genome editing that does not randomly
produce unforeseen alterations elsewhere in the genome
(Schiml et al., 2016). The efforts in trying to apply
CRISPR/Cas9 genome editing in plants have been wide-
spread since the discovery of the technology. Prior to
applying the genome editing technology to crops, much
of the research was conducted on Arabidopsis thaliana as
a model plant organism because of its convenience and
usefulness in genetic experiments (Koornneef and
Meinke, 2010; Lee et al., 2018).  
For example, A. thaliana was used as a model plant in
implementing a sequential transformation method,
which improved CRISPR gene targeting (Miki et al.,
2018). The efficiency of pKAMA-ITACHI Red vector in
CRISPR/Cas9 was also first investigated in A. thaliana
when a study involving genes such as PDS3, AG, and 
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Table 1. Examples of successful genome editing of plant species

Plant Gene(s)
targeted Traits Method References

Apple  MdDIPM4 disease resistance gene inactivation  Pompili et al. 2020

Maize  ZmPHYC1
 ZmPHYC2

flowering time/
plant height

gene knockout
& overexpression

 Li et al. 2020

Muskmelon  CmPDS albinism (CRISPR trial) gene knockout  Hooghvorst et al. 2019

Oil palm  EgIFR
 EgMT disease resistance base editing  Budiani et al. 2018

Oilseed rape  BnALS1 herbicide resistance base editing  Wu et al. 2020

 BnaSDG8.A
 BnaSDG8.B plant flowering gene knockout/down  Jiang et al. 2018

Rice

 Os8N3
 OsProDH

 OsGS3
 OsNAC45

disease resistance
thermotolerance

grain length
salt tolerance

gene knockout
gene knockout

& overexpression
site directed mutagenesis

gene knockout
& overexpression

 Kim et al. 2019
 Guo et al. 2020

 Usman et al. 2021
 X. Zhang et al. 2020

Soybean  GmPRR37
 GmFT2a/5a

flowering time
& regional adaptability site directed mutagenesis  Cai et al., 2018; Cai et al., 2020;

 Wang et al., 2020

 GmF3H1
 GmF3H2
 GmF3FNSII-1

disease resistance multiplex gene knockout  P. Zhang et al., 2020

Tobacco  NtHL1 hybrid lethality frameshift mutation  Ma et al., 2020

Watermelon  ClPDS albinism (CRISPR trial) gene knockout  Tian et al., 2017

DUO1, was conducted by Tsutsui and Higashiyama
(2017). After the initial validation on A. thaliana, the
potentials of the technology are being further explored
in other plant species. Some examples of plants and
crops that have been successfully manipulated using
CRISPR/Cas9 technology during the recent years are
outlined in Table 1.

Improvement on quality of crops

Rice

One of the more impactful applications of CRISPR/Cas9
technology from the sustainability aspect is the ability of
the genome editing tool to enhance the quality of agricul-
tural products. Rice, a major food source for the global
population (Fukagawa and Ziska, 2019), was first succes-
sfully manipulated using the CRISPR/Cas9 technology by
Miao et al. (2013), who demonstrated the possibility of
applying the system for targeted mutations in rice. Since
this finding, many efforts have been channeled to eluci-
date the functions of individual genes and observe the
effect of gene alterations in rice in the hope to apply the

findings practically. An example would be a study by Guo
et al. (2020), who used CRISPR/Cas9 to both induce
overexpression and knockout the OsProDH gene in rice.
The OsProDH gene encodes for a mitochondrial enzy-
me, proline dehydrogenase, which is responsible for the
degradation of proline in rice. Proline plays a significant
role in protecting plants from various biotic and abiotic
stresses by inducing diverse physiological responses of
the plants and by scavenging reactive oxygen species
(ROS) (Hayat et al., 2012). It was found that mutation in
OsProDH in rice resulted in the accumulation of proline,
which in turn led to lower levels of ROS (Guo et al.,
2020). Hence, by manipulating the OsProDH gene and
subsequently the metabolism of proline, higher thermo-
tolerance could be conferred onto rice (Guo et al.,
2020).

On the other hand, salt-tolerant rice can be potentially
achieved through the manipulation of the OsNAC45 gene
(Yu et al., 2018; Zhang et al., 2020b). Through the regu-
lation of several other plant stress response genes
(OsCYP89G1, OsDREB1F, OsEREBP2, OsERF104,
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OsPM1, OsSAMDC2, OsSIK1 ), OsNAC45 may be signi-
ficant in regulating abscisic acid signal responses in rice,
which could be the key to produce rice with increased
salt tolerance (Zhang et al., 2020b). In another study,
CRISPR/Cas9 was used to elucidate the role of polygalac-
turonase in regulating the cell wall immune response
through the gene OsPG1 (Cao et al., 2021). This not only
deepens understanding of the role of cell wall integrity in
plant immune response but also highlights the potential
to exploit the cell wall physiology in conferring bacterial
resistance. Other research studies used CRISPR/Cas9 in
a similar manner with the aim of producing an observable
effect either through gene overexpression or gene knock-
out in rice. Through these methods, various genes have
been identified and successfully manipulated, for ex-
ample, genes responsible for traits such as pigment
(anthocyanin) content (Zheng et al., 2019; Hu et al.,
2020), resistance to disease (bacterial blight and blast
disease) (Zhou et al., 2015; Wang et al., 2016; Kim et al.,
2019), and grain length (Li et al., 2020a; Usman et al.,
2021). These findings prove that CRISPR/Cas9 techno-
logy is undoubtedly effective in manipulating traits in
rice, and it is expected that these methods can be ap-
plied to generate more resilient, robust, and nutritious
rice, which can drive global sustainability. 

Soybean

CRISPR/Cas9-based mutagenesis has also been suc-
cessfully performed on other impactful plant species
with significant mutation efficiency. The first application
of CRISPR/Cas9 gene editing in soybean was conducted
by Jacobs et al. (2015) where gene knockout was perfor-
med on the green fluorescent protein (GFP) gene. This
pioneer work kickstarted numerous efforts in applying
CRISPR/Cas9 gene editing in soybean. Han et al. (2019)
utilized CRISPR/Cas9 to induce a targeted mutation in
the E1 gene in controlling soybean flowering and found
that the truncation of the E1 protein prevented the inhi-
bition of the GmFT2a/5a gene, increased its expression,
and led to an earlier flowering time under long-day (LD)
conditions. This transformation led to the development
of a photo-insensitive soybean variant, which is poten-
tially suitable for the introduction of soybean in higher
latitudes (Han et al., 2019). 

Similarly, a study conducted by Cai et al. (2020) de-
monstrated the role of the GmFT2a/5a gene in soybean
in regulating flowering times and yield under different

photoperiods by comparing double-knockouts and over-
expression of the gene using CRISPR/Cas9 technology.
These findings collectively established the involvement
of certain genes in soybean that may contribute to its
adaptability in different environments and conditions.
Furthermore, the GmFT2a/5a double-knockout mutants
were found to produce a significantly higher amount of
pods and seeds per plants as compared to the wild-type
plant, despite having a longer flowering time (Cai et al.,
2020). In addition, the overexpression of GmPRR37 was
found to lengthen flowering time under LD conditions
and was involved in downregulating the aforementioned
GmFT2a/5a, which promotes flowering, and in upregula-
ting GmFT1a  that inhibits flowering, thereby contribut-
ing to the regional adaptability of soybean (Wang et al.,
2020). From these results, soybean variants with a higher
productivity can be bred and adapted to a more diverse
environment. Triple knockouts of GmF3H1, GmF3H2,
and GmFNSII-1 were effectively performed using a mul-
tiplex CRISPR/Cas9 system in soybean and resulted in
an increase in isoflavone content within the plants that
at the same time conferred enhanced resistance to the
soybean mosaic virus (SMV) (Zhang et al., 2020a). Seve-
ral genome edits in soybean were successfully inherited
to subsequent generations (Han et al., 2019; Zhang
et al., 2020a), indicating that selective breeding of
CRISPR/Cas9-edited soybean could potentially generate
beneficial novel crop variants. However, the inheritance
of CRISPR/Cas9 mutations requires further studies as
the efficiency of its occurrence is still rather sporadic.

Oilseed rape

Oilseed rape (Brassica napus ), also known as rape-
seed, is another impactful crop that is notable for the
production of edible oils (Cartea et al., 2019). The suc-
cess in CRISPR/Cas9-mediated mutagenesis of rapeseed
was first reported by Yang et al. (2017) where 12 genes
from four gene families (BnaA9.RGA, BnaC9.RGA,
BnaA6.RGA, and BnaC7.RGA from the BnaRGA family;
BnaA9.FUL, BnaC2.FUL, and BnaC7FUL from the
BnaFUL family; and BnaA2.DA2.1, BnaA2.DA2.2,
BnaC6.DA2, BnaC5.DA1, and BnaA6.DA1 from the
BnaDA2 and BnaDA1 families) were tested in the study.
Subsequently, stable inheritance of the induced muta-
tions by the following progeny was observed in the stu-
dy, indicating the effectiveness of CRISPR/Cas9 in pro-
ducing an enhanced variant of oilseed rape (Yang et al.,
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2017). Following this study, Jiang et al. (2018) suc-
cessfully identified the role of the BnaSDG8.A and
BnaSGD8.C genes in promoting the expression of his-
tone 3 lysine 36 (H3K36) methyltransferase, conse-
quently influencing floral transition in oilseed rape as
well as mutating the aforementioned genes to produce
an early flowering phenotype. In addition, silencing the
BnSFAR4 and BnSFAR5 genes in CRISPR/Cas9-me-
diated double gene knockout could increase the seed oil
content (SOC) in oilseed rape without affecting seed
germination, vigor, and oil mobilization, as demonstrated
by Karunarathna et al. (2020). In another study,
CRISPR/Cas9-mediated cytosine base-editing (CBE) was
used in mutating the BnALS1 gene by introducing a C to
T conversion at the specific region (Wu et al., 2020).
This mutation produced a mutant oilseed rape that could
resist tribenuron-methyl, a herbicide commonly used
against weeds (Wu et al., 2020). Hence, the development
of herbicide resistance in oilseed rape will help farmers
in weed management. Taken together, these findings
help to drive the productivity and to simplify the mana-
gement of oilseed rape crop.

Other crop species

Currently, CRISPR/Cas9 genome editing has been de-
monstrated to be successful on a number of influential
crops such as maize (Liu et al., 2020; Li et al., 2020b),
wheat (Hayta et al., 2019; Liu et al., 2020), and apples
(Pompili et al., 2020), with a relatively high transforma-
tion efficiency (Haque et al., 2018; Adhikari and Poudel,
2020). The sequencing of novel plant genomes had wide-
ned the applications of CRISPR/Cas9 genome editing in
testing higher number of genes in various plant species.
CRISPR/Cas9 was recently reported to be effective in
knocking out the phytoene desaturase gene in muskmelon
(CmPDS), which is the first reported study to apply
CRISPR/Cas9 genome editing on the species (Hooghvorst
et al., 2019). The same PDS gene was also successfully
knocked out to produce an albino phenotype in CRISPR/
Cas9 genome editing pioneering studies on watermelon
and apples (Nishitani et al., 2016; Tian et al., 2017). How-
ever, the rate of inheritance by the subsequent genera-
tions of transgenic plants could not be investigated
through PDS gene knockout as the albino variants had low
in vitro survival rates (Hooghvorst et al., 2019); hence,
other genes should be targeted to determine the rate of
inheritance of mutations in these plant species. 

Targeted mutagenesis in sweet orange was achieved
by Jia and Nian (2014), where a novel tool for delivering
the CRISPR/Cas9 reagents was developed for citrus
plants through the Xcc-facilitated agroinfiltration, and
involved the use of Xanthomonas citri subsp. citri (Xcc)
to infect the citrus plant. Knockout of the CsWRKY22
gene in Wanjincheng orange using CRISPR/Cas9 geno-
me editing exhibited enhanced resistance toward citrus
canker, a destructive disease in citrus plants caused by
Xcc, thereby further establishing the efficacy of CRISPR/
Cas9 technology in citrus (Wang et al., 2019). Similar
enhancement of disease resistance was observed in ap-
ples where the successful CRISPR/Cas9-mediated gene
knockout of MdDIPM4 conferred increased resistance
to Erwinia amylovora, a bacterium that causes fire blight
disease in apples (Pompili et al., 2020). Pompili et al.
(2020) could successfully clear CRISPR/Cas9 reagents
from the genome by using T-DNA removal, which reduced
the chances of occurrence of unnecessary or off-target mu-
tations. As a conclusion, CRISPR/Cas9 technology can be
applied to a diverse range of plant species and can pro-
duce a multitude of effects expressed by the plants. It is
expected that the benefits of CRISPR/Cas9-edited crops
and products would be able to reach the consumers. This,
however, comes with its own set of challenges, one of
which will be discussed in the later sections. 

Live cell CRISPR imaging 

Conventional cellular imaging methods applied in
subnuclear dynamics studies such as fluorescence in situ
hybridization (FISH) (Langer-Safer et al., 1982; Schwa-
rzacher and Heslop-Harrison, 1994; Wu et al., 2019) are
limited by the need of cellular fixation and the heat dena-
turation step that influence chromatin structure and
organization, consequently impeding temporal studies in
plant cells (Kozubek et al., 2000; Boettiger et al., 2016;
Dreissig et al., 2017). Live cell imaging in plants allows
spatiotemporal organization of chromatin to be studied
in greater detail, which may potentially deepen the
understanding of various gene expression patterns.
Novel approaches in live cellular imaging tend to use
Zinc Fingers (ZFs) or Transcription Activator-like Effec-
tors (TALEs), which are proteins that can be program-
med to bind to specific DNA sequences (Qin et al., 2017;
Wu et al., 2019). Even though ZFs and TALEs are more
flexible than FISH, there are technical challenges that
one has to face as complicated processes are involved in
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constructing a large array of ZFs and TALEs proteins
(Qin et al., 2017) and in constructing their expression
vectors capable of targeting multiple DNA sequences
(Wu et al., 2019). The necessity of re-engineering
TALEs in targeting to a new gene sequence is also time-
consuming and labor-intensive (Khosravi et al., 2020). 

In view of the limitations of ZFs, TALEs, and FISH,
researchers are utilizing the CRISPR/Cas system to
achieve a live cell imaging method with greater flexibility
and to overcome the limitations of visualizing non-re-
petitive regions (Dreissig et al., 2017). In this most
recent approach, the nuclease activity-deficient dead
Cas9 (dCas9), which was shown to possess specific DNA
binding ability without DNA alterations (Qi et al., 2013;
Dominguez et al., 2016), is combined with a fluores-
cence protein (FP) to visualize telomeric repeats in live
leaf cells of Nicotiana benthamiana. The study proved
the usefulness of this method to observe DNA-protein
interactions in live plant cells (Dreissig et al., 2017).
Telomere repeats in Nicotiana tabacum were also suc-
cessfully labeled by transiently expressing dCas9-FP,
mediated by an Agrobacterium vector (Fujimoto and
Matsunaga, 2017). A protocol on conducting live plant
cell imaging using CRISPR/Cas9 from S. pyogenes and
Staphylococcus aureus was developed by Khosravi et al.
(2020), where a telomere-specific guide RNA was used
to target the telomeric sequences in N. benthamiana.
Through these initial findings, the CRISPR/Cas9 imaging
system shows potential for further development in vi-
sualizing gene sequences with low repetition or low
abundance. Simple and reliable imaging of chromatin
spatiotemporal organization would also ease further re-
search on gene expression at various stages of the plant
cell cycle. dCas9 can also be applied in gene expression
inhibition, transcriptional regulation, gene promoter
activation and for monitoring spatiotemporal patterns of
gene expression in plants (Bikard and Marraffini, 2013;
Yang, 2015; Arora and Narula, 2017). This shows that
studies on a single system may potentially yield out-
comes that can be beneficial and applied to multiple
areas of interest. The potential of the CRISPR/Cas9 sy-
stem has barely been explored, and more is yet to come. 

Challenges in applying CRISPR/Cas9 technology 
in plants

As a relatively novel toolbox for genome editing,
there are certainly some obstacles to be resolved when

trying to apply CRISPR/Cas9 technology in plants. First,
before any manipulation can be performed on the ge-
nome, the specific gene responsible for the intended
function must be identified to enable precise editing.
Despite the efforts conducted to sequence the genomes
of many relevant plant species, there is still insufficient
knowledge on the function of sequenced genes within
the plants’ genome, which impedes efforts in precision
editing to produce intended effects (Haque et al., 2018;
Adhikari and Poudel, 2020). Fortunately, by conducting
Genome-Wide Association Studies (GWAS), gene func-
tions can be effectively predicted with accuracy, which
can drive further research on necessary manipulations
in plants. For instance, Zheng et al. (2019) discovered
the genes OsC1 and OsRb that are involved in regula-
ting anthocyanins in rice leaf. This enabled Hu et al.
(2020) to further use the CRISPR/Cas9 technology in
manipulating anthocyanin levels in rice. A similar ap-
proach was also undertaken to study the RDP1 gene of
A. thaliana (Tsuchimatsu et al., 2020). Just as how
GWAS can propel CRISPR/Cas9 plant editing, CRISPR/
Cas9 technology is also used as an alternative method
for cross population validation (Alseekh et al., 2021),
such as to validate GWAS findings in rice (Oryza sativa)
(Lu et al., 2017; Meng et al., 2017) and maize (Zea
mays) (Liu et al., 2020). This provides an insight into the
importance of establishing the causal relationships and
interactions between genes that can further drive the
development of CRISPR/Cas9 technology in plants (Yin
et al., 2017). 

Delivery and disposal of CRISPR/Cas9 reagents 
in plants

The delivery process of the necessary CRISPR/Cas9
components into intended cells remains a challenge to
its application in plant and animal cells alike, especially
in an in vivo setting (Li et al., 2015). Agrobacterium-me-
diated delivery using A. tumefaciens or A. rhizogenes is
a commonly used method for plant transformation in va-
rious species (Ron et al., 2014; Mikami et al., 2015;
Budiani et al., 2018; Hooghvorst et al., 2019; Mao et al.,
2019; Pompili et al., 2020; Li et al., 2020b). Despite its
popularity, there is still a degree of uncertainty when uti-
lizing this method as its success depends on the choice
of the plasmid and the cultivar used (Mangena et al.,
2017). Various studies have reported that the A. rhizo-
genes-mediated transformation system could have been
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the cause of low transformation efficiency observed in
soybean (Li et al., 2019; Bai et al., 2020; Zhang et al.,
2020a), rice (Butt et al., 2017; Usman et al., 2021), and
tomato (Ron et al., 2014) genome editing. Varying cul-
ture conditions can also influence the infection and rege-
neration rates of the Agrobacterium-infected explants,
which affects the reproducibility of the results obtained
(Hamada et al., 2018) as observed in soybean (Li et al.,
2017; Hada, 2018; Mangena, 2018), clover (Trifolium
subterraneum L.) (Rojo, 2021), and cassava (Nyaboga
et al., 2015). This further showed inconsistencies obser-
ved in transformation efficiency through Agrobacterium-
mediated delivery. In addition, while a high degree of
success was observed in A. thaliana, the feasibility of
Agrobacterium-mediated transformation in other plant
species such as soybean (Mangena et al., 2017), melon
(Hooghvorst et al., 2019), and wheat (Zhang et al., 2018)
is still questionable, where the regeneration of trans-
genic plants would require the use of explant-derived
calluses (Mao et al., 2019). Hence, further studies are
required to enhance the Agrobacterium-mediated deli-
very method to increase its transformation efficiency,
effectiveness in diverse plant species, and its success for
in planta transformation. 

An alternative to the Agrobacterium-mediated deli-
very system is biolistic delivery (Carter and Shieh,
2015). Biolistic delivery is the direct delivery of DNA
material into plant cells, where DNA is coated onto
heavy metal particles such as gold or tungsten (Baltes
et al., 2017). As the DNA-coated metal particles pene-
trate and get trapped inside plant cells, DNA can dis-
sociate from the particles and become integrated into
the host genome (Baltes et al., 2017). Although recent
success in inducing in planta genome manipulation was
observed in wheat (Triticum aestivum  L.), the mutation
efficiency that was reported using the biolistic method
remains very low, less than 6% of samples being mutated
and less than 2% of samples with the mutations inherited
(Hamada et al., 2018).

Another alternative involves the use of viral vectors
as a delivery system for the CRISPR/Cas9 components.
A study by Ma et al. (2020) utilizing the sonchus yellow
net rhabdovirus (SYNV) to infect tobacco plants repor-
ted relatively high mutation efficiency with minimal
costs, but the disadvantage of using viral vectors lies in
the range of infectivity of the proposed virus. None-
theless, reverse genetic tools can aid in expanding the

range of infectivity for other rhabdoviruses (Ma et al.,
2020). Hence, in planta genome editing using CRISPR/
Cas9 is currently limited by the availability of effective
delivery systems, and further studies and development
of conventional and novel delivery methods would contri-
bute to efficient research of CRISPR/Cas9 in plants. 

CRISPR/Cas9-edited crop regulation

The ultimate goal of developing novel methods and
innovations in applying the CRISPR/Cas9 technology in
PBT is to enhance the quality of life of consumers
through the production of transgenic plants or crops.
Gene-edited organisms such as the ones edited using
CRISPR/Cas9 technology involve mutagenesis of their
genomes through either deletions, substitutions, or in-
sertions of base pairs, while GMOs involve the introduc-
tion of a foreign genetic material or transgene into the
organism that may or may not be integrated into the
genome (Callaway, 2018). Despite this fundamental diffe-
rence, gene-edited organisms are often governed by the
same set of rules and regulations as those for GMOs in
many countries (El-Mounadi et al., 2020). For instance,
the Court of Justice of the European Union (CJEU) had
recently ruled that gene-edited crops are not exempted
by laws and regulations governing GM crops (Callaway,
2018; Confédération paysanne and others v. Premier
ministre and Ministre de l’Agriculture de l’Agroalimen-
taire et de la Forêt, 2018). This implies that the high
hurdles that were put in place in developing GM crops
also apply to CRISPR/Cas9-edited crops, which may
drive funding and investment away from future research
on CRISPR/Cas9 as a viable plant breeding technology.
The EU’s unchanging definition of GMOs as “not natu-
rally altered” further impacted the public perception to-
ward CRISPR technology and genetic modification as
a whole (Plan and Eede, 2010). The road to gain public
confidence toward GMOs on their safety, efficacy, and
benefits is already riddled with various aspects of social,
economic, and legal challenges (Zimny et al., 2019).
However, shifting the public perspective toward gene
technology is the key to trigger much needed changes
across the board. 

In contrast to the EU, the US Department of Agri-
culture (USDA) ruled out regulation of genome-edited
plants, provided its production does not involve plant
pests (USDA, 2018). In addition to highlighting the
safety and the lack of risks involved with genome-edited
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plants, this new ruling would promote further progress
in the development of the technology (Hoffman, 2021).
The first of the genome-edited crops allowed to bypass
USDA regulations is a CRISPR/Cas9-edited white button
mushroom resistant to browning (Waltz, 2016). The
USDA has also been continuously funding research in-
volving CRISPR-edited plants such as rice (O. sativa )
(Lee et al., 2019), pennycress (Thlaspi arvense L.) (Jar-
vis et al., 2021), and cocoa (Theobroma cacao) (Fister et
al., 2018). Integrating modern technological approaches
into regulations that were designed for older technology
cannot possibly be the way forward. In contrast, law and
regulations require modernization to keep up with the
transformative power of innovation. Hence, rather than
treating old GMO regulations as an umbrella that cannot
continuously cover new and upcoming technologies such
as CRISPR, regulations need to be amended as necessary.

However, despite periodic updates in GMO regula-
tions and the development of novel guidelines, Malaysia
is yet to approve the commercial growth of genome-edi-
ted crops (Singh et al., 2019). Similar to EU, Malaysia’s
regulatory system classified genome-edited crops under
GMOs; hence, any plant or crops would be difficult to
gain approval by the system (El-Mounadi et al., 2020).
Although Malaysia is relatively reserved in approving
gene-edited crop propagation in the open field, it allowed
more than 30 cases of import of transgenic products, al-
beit solely for the purpose of consumption or processing,
in addition to approving confined field tests of transgenic
plants such as rubber and papaya (Singh et al., 2019). 

To be fair, crops produced by CRISPR/Cas9 gene edi-
ting and other gene editing methods utilized globally
challenge the conventional perspectives and definition of
gene modification and GMOs. Hence, there is no doubt
that the regulatory bodies worldwide are still adapting to
the rapid development of this technology. Therefore, de-
spite legal hurdles, researchers, investors, and consumers
alike should retain their interests in the development and
research of more beneficial crops so that the supply would
be able to cope with the rise in food demand. 

Conclusions

CRISPR/Cas9 has received much attention in recent
years as a revolutionary technology to genetically mani-
pulate organisms to suit our demands. While initial re-
search and development studied were focused on animal

cell lines, the utilization of CRISPR/Cas9 gene editing
has now been expanded to be inclusive of a diverse
range of plant species, specifically beneficial and impor-
tant crops. Through the enhancement of agricultural
crops, agricultural and nutrition demands are expected
to be met in an effort to improve the global quality of
life. It has also been shown that the potential of CRISPR/
Cas9 is not limited to the improvement of phenotypical
traits, as this technology can also be used in live plant
cell imaging to facilitate scientific research. There could
be additional new methods to exploit CRISPR/Cas9 in
the coming years, and this development should be anti-
cipated in the fast-paced modernized era of scientific
innovation. Therefore, scientific progress should not be
discouraged or even impeded by issues concerning out-
dated regulation systems. This, coupled with low public
acceptance and valuation of GMOs and CRISPR in gene-
ral (Shew et al., 2018), indirectly influence the availa-
bility of funding toward further research. However, with
patience and collaborative efforts from scientific commu-
nity in sharing the knowledge and presenting advances
in practical aspects of science, a shift in public perspec-
tive toward not just CRISPR/ Cas9 but gene editing as
a whole, would help to propel rapidly scientific progress
in genome editing. 

Funding
This review did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Conflict of interest
The authors declare that there is no conflict of interest.

Acknowledgements
The authors wish to thank Prof. Hoe I. Ling of Columbia
University (New York, USA) for his editorial input.

References

Adhikari P., Poudel M. (2020) CRISPR-Cas9 in agriculture:
Approaches, applications, future perspectives, and asso-
ciated challenges. Malays. J. Halal Res. 3(1): 6–16. http://
doi.org/10.2478/mjhr-2020-0002

Alseekh S., Kostova D., Bulut M., Fernie A.R. (2021) Genome-
wide association studies: assessing trait characteristics in
model and crop plants. Cell. Mol. Life Sci. 78(15):
5743–5754. http://doi.org/10.1007/S00018-021-03868-W

Arora L., Narula A. (2017) Gene editing and crop improve-
ment using CRISPR-cas9 system. Front. Plant Sci. 8:1932.
http://doi.org/10.3389/fpls.2017.01932

Bai M., Yuan .J, Kuang H., Gong P., Li S., Zhang Z., Liu B.,
Sun J., Yang M., Yang L., et al. (2020) Generation of



CRISPR and plant biotechnology 89

a multiplex mutagenesis population via pooled CRISPR-
Cas9 in soya bean. Plant Biotechnol J. 18(3): 721–731.
http://doi.org/10.1111/PBI.13239

Baltes N.J., Gil-Humanes J., Cermak T., Atkins P.A., Voytas
D.F. (2014) DNA replicons for plant genome engineering.
Plant Cell. 26(1): 151–163. http://doi.org/10.1105/TPC.
113. 119792

Baltes N.J., Gil-Humanes J., Voytas D.F. (2017) Genome en-
gineering and agriculture: opportunities and challenges.
Chapter 1. [In:] Progress in molecular biology and trans-
lational science. Vol. 149. Ed. Weeks D.P., Yang B., San
Diego: Academic Press: 1–26.

Barh D., Azevedo V. (2018) Omics technologies and bio-en-
gineering. Volume 2: towards improving quality of life.
London: Elsevier.

Bikard D., Marraffini L.A. (2013) Control of gene expression
by CRISPR-Cas systems. F1000Prime Rep. 5: 47. http://
doi.org/10.12703/P5-47

Boettiger A.N., Bintu B., Moffitt J.R., Wang S., Beliveau B.J.,
Fudenberg G., Imakaev M., Mirny L.A., Wu C.T., Zhuang
X. (2016) Super-resolution imaging reveals distinct chro-
matin folding for different epigenetic states. Nature.
529(7586): 418–422. http://doi.org/10.1038/nature16496

Bortesi L., Fischer R. (2015) The CRISPR/Cas9 system for
plant genome editing and beyond. Biotechnol. Adv. 33(1):
41–52. http://doi.org/10.1016/j.biotechadv.2014.12.006

Budiani A., Putranto R.A., Riyadi I., Sumaryono, Minarsih H.,
Faizah R. (2018) Transformation of oil palm calli using
CRISPR/Cas9 System: Toward genome editing of oil palm.
IOP Conf. Ser. Earth Environ. Sci. 183: 12003.

Butt H., Eid A., Ali Z., Atia M.A.M., Mokhtar M.M., Hassan
N., Lee C.M., Bao G., Mahfouz M.M. (2017) Efficient
CRISPR/Cas9-mediated genome editing using a chimeric
single-guide RNA molecule. Front Plant Sci. 0: 1441.
http://doi.org/10.3389/FPLS.2017.01441

Cai Y., Wang L., Chen L., Wu T., Liu L., Sun S., Wu C., Yao W.,
Jiang B., Yuan S., et al. (2020) Mutagenesis of GmFT2a and
GmFT5a mediated by CRISPR/Cas9 contributes for expan-
ding the regional adaptability of soybean. Plant Biotechnol.
J. 18(1): 298–309. http://doi.org/10.1111/ pbi.13199

Callaway E. (2018) CRISPR plants now subject to tough GM
laws in European Union. Nature. 560(7716): 16. http://
doi.org/10.1038/d41586-018-05814-6

Cao Y., Zhang Y., Chen Y., Yu N., Liaqat S., Wu W., Chen D.,
Cheng S., Wei X., Cao L., et al. (2021) OsPG1 encodes
a olygalacturonase that determines cell wall architecture and
affects resistance to bacterial blight pathogen in rice. Rice.
14(1): 1–15. http://doi.org/10.1186/S12284-021-00478-9

Cartea E., Haro-Bailón A. de, Padilla G., Obregón-Cano S., Rio-
Celestino M.D., Ordás A. (2019) Seed oil quality of Bras-
sica napus and Brassica rapa germplasm from Northwes-
tern Spain. Foods. 8(8): 292. http://doi.org/10.3390/
FOODS8080292

Carter M., Shieh J. (2015) Gene delivery strategies. Chapter
11 . [in:] Guide to Research Techniques in Neuroscience
(Second Edition). London: Academic Press: 239–252.

Confédération paysanne and others v. Premier ministre and
Ministre de l’Agriculture de l’Agroalimentaire et de la
Forêt. (2018) Judgment of the Court of Justice of the Euro-
pean Union in the case C-528/16. Luxembourg. [accessed
2021 Sep 14]. https://curia.europa.eu/jcms/upload/docs/
application/pdf/2018-07/cp180111en.pdf 

Costa J.R., Bejcek B.E., McGee J.E., Fogel A.I., Brimacombe
K.R., Ketteler R. (2017) Genome editing using engineered
nucleases and their use in genomic screening. [In:] Assay
guidance manual. Ed. Markossian S., Grossman A., Brima-
combe K., Bethesda: Eli Lilly & Company and the National
Center for Advancing Translational Sciences.

Dominguez A.A., Lim W.A., Qi L.S. (2016) Beyond editing: re-
purposing CRISPR-Cas9 for precision genome regulation
and interrogation. Nat. Rev. Mol. Cell Biol. 17(1): 5–15.
http://doi.org/10.1038/nrm.2015.2

Dreissig S., Schiml S., Schindele P., Weiss O., Rutten T., Schu-
bert V., Gladilin E., Mette M.F., Puchta H., Houben A.
(2017) Live-cell CRISPR imaging in plants reveals dynamic
telomere movements. Plant J. 91(4): 565–573. http://
doi.org/10.1111/tpj.13601

El-Mounadi K., Morales-Floriano M.L., Garcia-Ruiz H. (2020)
Principles, applications, and biosafety of plant genome edi-
ting using CRISPR-Cas9. Front. Plant Sci. 11: 56. http://
doi.org/10.3389/FPLS.2020.00056

Endo M., Mikami M., Toki S. (2016) Biallelic gene targeting
in rice. Plant Physiol. 170(2): 667–677. http://doi.org/
10.1104/ PP.15.01663

Fauser F., Schiml S., Puchta H. (2014) Both CRISPR/Cas-
based nucleases and nickases can be used efficiently for
genome engineering in Arabidopsis thaliana. Plant J. 79(2):
348–359. http://doi.org/10.1111/TPJ.12554

Fister A.S., Landherr L., Maximova S.N., Guiltinan M.J.
(2018) Transient expression of CRISPR/Cas9 machinery
targeting TcNPR3 enhances defense response in Theobro-
ma cacao. Front. Plant Sci. 268. http://doi.org/10.3389/
FPLS. 2018.00268

Fuchs R.L., Mackey M.A. (2003) Genetically modified foods.
[In:] Encyclopedia of food sciences and nutrition, Second
Edition Ed. Caballero B. Elsevier Science: 2876–2882.

Fujimoto S., Matsunaga S. (2017) Visualization of chromatin
loci with transiently expressed CRISPR/Cas9 in plants. Cy-
tologia 82(5): 559–562. http://doi.org/10.1508/cytologia.
82.559

Fukagawa N.K., Ziska L.H. (2019) Rice: importance for global
nutrition. J. Nutr. Sci. Vitaminol. 65(Supplement): S2–S3.
http://doi.org/10.3177/JNSV.65.S2

Guo M., Zhang X., Liu J., Hou L., Liu H., Zhao X. (2020) Os-
ProDH negatively regulates thermotolerance in rice by mo-
dulating proline metabolism and reactive oxygen species
scavenging. Rice. 13(1): 1–5. http://doi.org/10.1186/
s12284-020-00422-3

Hada A., Krishnan V., Mohamed Jaabir M.S., Kumari A., Jolly
M., Praveen S., Sachdev A. (2018) Improved Agrobacte-
rium tumefaciens-mediated transformation of soybean
[Glycine max (L.) Merr.] following optimization of culture



W.C. Gan, A.P.K. Ling90

conditions and mechanical techniques. Vitr Cell Dev Biol-
Plant. 54(6): 672–688. http://doi.org/10.1007/S11627-018-
9944-8

Hamada H., Liu Y., Nagira Y., Miki R., Taoka N., Imai R. (2018)
Biolistic-delivery-based transient CRISPR/Cas9 expression
enables in planta genome editing in wheat. Sci. Rep. 8(1):
14422. http://doi.org/10.1038/s41598-018-32714-6

Han J., Guo B., Guo Y., Zhang B., Wang X., Qiu L.J. (2019)
Creation of early flowering germplasm of soybean by
CRISPR/Cas9 technology. Front. Plant Sci. 10: 1446.
http://doi.org/10.3389/fpls.2019.01446

Haque E., Taniguchi H., Hassan M.M., Bhowmik P., Karim
M.R., Śmiech M., Zhao K., Rahman M., Islam T. (2018)
Application of CRISPR/Cas9 genome editing technology
for the improvement of crops cultivated in tropical cli-
mates: Recent progress, prospects, and challenges. Front.
Plant Sci. 9: 617. http://doi.org/10.3389/fpls.2018.00617

Hayat S., Hayat Q., Alyemeni M.N., Wani A.S., Pichtel J.,
Ahmad A. (2012) Role of proline under changing environ-
ments: A review. Plant Signal. Behav. 7(11): 1456–1466.
http://doi.org/10.4161/PSB.21949

Hayta S., Smedley M.A., Demir S.U., Blundell R., Hinchliffe A.,
Atkinson N., Harwood W.A. (2019) An efficient and re-
producible Agrobacterium-mediated transformation method
for hexaploid wheat (Triticum aestivum L.). Plant Meth.
15(1): 1–15. http://doi.org/10.1186/S13007-019-0503-Z

Hoffman N.E. (2021) Revisions to USDA biotechnology regula-
tions: the SECURE rule. Proc. Natl. Acad. Sci. USA 118(22):
e2004841118. http://doi.org/10.1073/PNAS. 2004841118

Hooghvorst I., López-Cristoffanini C., Nogués S. (2019) Efficient
knockout of phytoene desaturase gene using CRISPR/Cas9
in melon. Sci. Rep. 9(1): 1–7. http://doi.org/10.1038/
s41598-019-53710-4

Hu W., Zhou T., Han Z., Tan C., Xing Y. (2020) Dominant com-
plementary interaction between OsC1 and two tightly
linked genes, Rb1 and Rb2, controls the purple leaf sheath
in rice. Theor. Appl. Genet. 133(9): 2555–2566. http://
doi.org/10.1007/s00122-020-03617-w

Ishino Y., Shinagawa H., Makino K., Amemura M., Nakatura
A. (1987) Nucleotide sequence of the iap gene, respon-
sible for alkaline phosphatase isoenzyme conversion in
Escherichia coli, and identification of the gene product. J.
Bacteriol. 169(12): 5429–5433. http://doi.org/10.1128/
jb.169. 12.5429-5433.1987

Jansen R., van Embden J.D.A., Gaastra W., Schouls L.M. (2002)
Identification of genes that are associated with DNA repeats
in prokaryotes. Mol. Microbiol. 43(6): 1565–1575. http://
doi.org/10.1046/j.1365-2958.2002. 02839.x

Jarvis B.A., Romsdahl T.B., McGinn M.G., Nazarenus T.J.,
Cahoon E.B., Chapman K.D., Sedbrook J.C. (2021)
CRISPR/Cas9-induced fad2 and rod1 mutations stacked
with fae1 confer high oleic acid seed oil in Pennycress
(Thlaspi arvense L.). Front. Plant Sci. 652. http://doi.org/
10.3389/ FPLS.2021.652319

Jia H., Nian W. (2014) Targeted genome editing of sweet
orange using Cas9/sgRNA. PLoS One. 9(4): e93806.
http://doi.org/10.1371/journal.pone.0093806

Kalia A. (2018). Nanotechnology in bioengineering: trans-
mogrifying plant biotechnology. [In:] Omics Technologies
and Bio-engineering. Vol. 2: Towards Improving Quality of
Life. Academic Press: 211–229.

Karunarathna N.L., Wang H., Harloff H.J., Jiang L., Jung C.
(2020) Elevating seed oil content in a polyploid crop by
induced mutations in seed fatty acid reducer genes. Plant
Biotechnol. J. 18: 2251–2266. http://doi.org/10.1111/pbi.
13381

Khosravi S., Dreissig S., Schindele P., Wolter F., Rutten T.,
Puchta H., Houben A. (2020) Live-cell CRISPR imaging in
plant cells with a telomere-specific guide RNA. Methods
Mol. Biol. 2166:343–356. http://doi.org/10.1007/978-1-
0716-0712-1_20

Kim Y.A., Moon H., Park C.J. (2019) CRISPR/Cas9-targeted
mutagenesis of Os8N3 in rice to confer resistance to
Xanthomonas oryzae pv. oryzae. Rice. 12(1): 67. http://
doi.org/10.1186/s12284-019-0325-7

Koornneef M., Meinke D. (2010) The development of Ara-
bidopsis as a model plant. Plant J. 61(6): 909–921. http://
doi.org/10.1111/j.1365-313X.2009.04086.x

Kozubek S., Lukášová E., Amrichová J., Kozubek M., Lišková
A., Šlotová J. (2000) Influence of cell fixation on chromatin
topography. Anal. Biochem. 282(1): 29–38. http://doi.org/
10.1006/abio.2000.4538

Langer-Safer P.R., Levine M., Ward D.C. (1982) Immunological
methods for mapping genes on Drosophila polytene chromo-
somes. Proc. Natl. Acad. Sci. USA. 79(14): 4381–4385.
http://doi.org/10.1073/pnas.79.14.4381

Lee K., Eggenberger A.L., Banakar R., McCaw M.E., Zhu H.,
Main M., Kang M., Gelvin S.B., Wang K. (2019)
CRISPR/Cas9-mediated targeted T-DNA integration in
rice. Plant Mol. Biol. 99(4): 317–328. http://doi.org/
10.1007/ S11103-018-00819-1

Lee Z.H., Yamaguchi N., Ito T. (2018) Using CRISPR/Cas9
system to introduce targeted mutation in Arabidopsis.
Meth. Mol. Biol. 1830: 93–108. http://doi.org/10.1007/
978-1-4939-8657-6_6

Li C., Nguyen V., Liu J., Fu W., Chen C., Yu K., Cui Y. (2019)
Mutagenesis of seed storage protein genes in soybean
using CRISPR/Cas9. BMC Res. Notes. 12(1): 176. http://
doi.org/10.1186/s13104-019-4207-2

Li L., He Z.Y., Wei X.W., Gao G.P., Wei Y.Q. (2015) Chal-
lenges in CRISPR/CAS9 delivery: potential roles of non-
viral vectors. Hum. Gene Ther. 26(7): 452–462. http://
doi.org/10.1089/hum.2015.069

Li Q., Lu L., Liu H., Bai X., Zhou X., Wu B., Yuan M., Yang L.,
Xing Y. (2020) A minor QTL, SG3, encoding an R2R3-MYB
protein, negatively controls grain length in rice. Theor.
Appl. Genet. 133(8): 2387–2399. http://doi.org/10.1007/
s00122-020-03606-z

Li Q., Wu G., Zhao Y., Wang B., Zhao B., Kong D., Wei H.,
Chen C., Wang H. (2020) CRISPR/Cas9-mediated knockout
and overexpression studies reveal a role of maize phyto-
chrome C in regulating flowering time and plant height.
Plant Biotechnol. J. 18(12): 2520–2532. http://doi.org/
10.1111/pbi.13429



CRISPR and plant biotechnology 91

Li T., Liu B., Chen C.Y., Yang B. (2016) TALEN-mediated
homologous recombination produces site-directed DNA
base change and herbicide-resistant rice. J. Genet. Geno-
mics. 43(5): 297–305. http://doi.org/10.1016/j.jgg.2016.
03.005

Liu H., Wang K., Jia Z., Gong Q., Lin Z., Du L., Pei X., Ye X.
(2020) Efficient induction of haploid plants in wheat by
editing of TaMTL using an optimized Agrobacterium-me-
diated CRISPR system. J. Exp. Bot. 71(4): 1337–1349.
http://doi.org/10.1093/JXB/ERZ529

Liu H.J., Jian L., Xu J., Zhang Q., Zhang M., Jin M., Peng Y.,
Yan J., Han B., Liu J. et al. (2020) High-throughput
CRISPR/Cas9 mutagenesis streamlines trait gene iden-
tification in maize. Plant Cell. 32(5): 1397–1413. http://
doi.org/10.1105/TPC.19.00934

Lu Y., Ye X., Guo R., Huang J., Wang W., Tang J., Tan L., Zhu J.,
Chu C., Qian Y. (2017) Genome-wide targeted mutagenesis
in rice using the CRISPR/Cas9 system. Mol. Plant. 10(9):
1242–1245. http://doi.org/10.1016/J.MOLP. 2017.06.007

Ma X., Zhang Q., Zhu Q., Liu W., Chen Y., Qiu R., Wang B.,
Yang Z., Li H., Lin Y., et al. (2015). A robust CRISPR/
Cas9 system for convenient, high-efficiency multiplex ge-
nome editing in monocot and dicot plants. Mol. Plant. 8(8):
1274–1284. http://doi.org/10.1016/j.molp.2015.04. 007

Ma X., Zhang X., Liu H., Li Z. (2020) Highly efficient DNA-free
plant genome editing using virally delivered CRISPR
–Cas9. Nat. Plants. 6(7): 773–779. http://doi.org/10.1038/
s41477-020-0704-5

Ma X., Zhu Q., Chen Y., Liu Y.G. (2016) CRISPR/Cas9 plat-
forms for genome editing in plants: developments and
applications. Mol. Plant. 9(7): 961–974. http://doi.org/
10.1016/ j.molp.2016.04.009.

Mangena P., Mokwala P.W., Nikolova R.V. (2017) Challenges of
in vitro and in vivo Agrobacterium-mediated genetic trans-
formation in soybean. [In:] Soybean – the basis of yield,
biomass and productivity. Ed. Kasai M., InTech Open.

Mangena P. (2018) The role of plant genotype, culture me-
dium and Agrobacterium on soybean plantlets regene-
ration during genetic transformation. [In:] Transgenic
Crops – Emerging Trends and Future Perspectives. Ed.
Khan M.S., Malik K.A., InTechOpen.

Mao Y., Botella J.R., Liu Y., Zhu J.K. (2019) Gene editing in
plants: Progress and challenges. Natl. Sci. Rev. 6(3):
421–437. http://doi.org/10.1093/nsr/nwz005

Meng X., Yu H., Zhang Y., Zhuang F., Song X., Gao S., Gao C.,
Li J. (2017) Construction of a genome-wide mutant library
in rice using CRISPR/Cas9. Mol. Plant. 10(9): 1238–1241.
http://doi.org/10.1016/J.MOLP.2017.06.006

Miao J., Guo D., Zhang J., Huang Q., Qin G., Zhang X., Wan J.,
Gu H., Qu L.J. (2013) Targeted mutagenesis in rice using
CRISPR-Cas system. Cell Res. 23(10): 1233–1236. http://
doi.org/10.1038/cr.2013.123

Mikami M., Toki S., Endo M. (2015) Comparison of CRISPR/
Cas9 expression constructs for efficient targeted muta-
genesis in rice. Plant Mol. Biol. 88(6): 561–572. http://
doi.org/10.1007/s11103-015-0342-x

Miki D., Zhang W., Zeng W., Feng Z., Zhu J.K. (2018)
CRISPR/Cas9-mediated gene targeting in Arabidopsis
using sequential transformation. Nat. Commun. 9(1): 1967.
http://doi.org/10.1038/S41467-018-04416-0.

Musunuru K. (2017) The hope and hype of CRISPR-Cas9
genome editing: A review. JAMA Cardiol. 2(8): 914–919.
http://doi.org/10.1001/jamacardio.2017.1713

Nishitani C., Hirai N., Komori S., Wada M., Okada K., Osakabe
K., Yamamoto T., Osakabe Y. (2016) Efficient genome
editing in apple using a CRISPR/Cas9 system. Sci. Rep. 6:
31481. http://doi.org/10.1038/srep31481

Nyaboga E.N., Njiru J.M., Tripathi L. (2015) Factors influen-
cing somatic embryogenesis, regeneration, and Agrobac-
terium-mediated transformation of cassava (Manihot es-
culenta Crantz) cultivar TME14. Front Plant Sci. 6:411.
http://doi.org/10.3389/FPLS.2015.00411

Plan D., Van Den Eede G. (2010) The EU Legislation on
GMOs – an overview. EUR 24279 EN. Luxembourg (Lu-
xembourg): Publications Office of the European Union;
JRC57223.

Pompili V., Dalla Costa L., Piazza S., Pindo M., Malnoy M.
(2020) Reduced fire blight susceptibility in apple cultivars
using a high-efficiency CRISPR/Cas9-FLP/ FRT-based gene
editing system. Plant Biotechnol. J. 18(3): 845–858. http://
doi.org/10.1111/pbi.13253

Qi L.S., Larson M.H., Gilbert L.A., Doudna J.A., Weissman J.S.,
Arkin A.P., Lim W.A. (2013) Repurposing CRISPR as an
RNA-guided platform for sequence-specific control of gene
expression. Cell. 152(5): 1173–1183. http://doi.org/10.1016/
j.cell. 2013.02.022

Qin P., Parlak M., Kuscu C., Bandaria J., Mir M., Szlachta K.,
Singh R., Darzacq X., Yildiz A., Adli M. (2017) Live cell
imaging of low- and non-repetitive chromosome loci using
CRISPR-Cas9. Nat. Commun. 8(1): 1–10. http://doi.org/
10.1038/ncomms14725

Rojo F.P., Seth S., Erskine W., Kaur P. (2021) An improved
protocol for Agrobacterium-mediated transformation in sub-
terranean clover (Trifolium subterraneum l.). Int. J. Mol.
Sci. 22(8): 4181. http://doi.org/10.3390/ ijms22084181

Ron M., Kajala K., Pauluzzi G., Wang D., Reynoso M.A., Zum-
stein K., Garcha J., Winte S., Masson H., Inagaki S., et al.
(2014) Hairy root transformation using Agrobacterium rhizo-
genes as a tool for exploring cell type-specific gene expres-
sion and function using tomato as a model. Plant Physiol.
166(2): 455–469. http://doi.org/10.1104/ pp.114.239392

Sander J.D., Joung J.K. (2014) CRISPR-Cas systems for edit-
ing, regulating and targeting genomes. Nature Biotechnol.
32(4): 347–350. http://doi.org/10.1038/nbt.2842

Schiml S., Fauser F., Puchta H. (2016) CRISPR/Cas-mediated
site-specific mutagenesis in Arabidopsis thaliana using Cas9
nucleases and paired nickases. Methods Mol. Biol. 1469:
111–122. http://doi.org/10.1007/978-1-4939-4931-1_8 

Schwarzacher T., Heslop-Harrison J.S. (1994) Direct fluoro-
chrome-labeled DNA probes for direct fluorescent in situ
hybridization to chromosomes. Methods Mol. Biol. 28:
167–176. http://doi.org/10.1385/0-89603-254-x:167



W.C. Gan, A.P.K. Ling92

Singh D.J.K., Mat Jalaluddin N.S., Sanan-Mishra N., Harikrishna
J.A. (2019) Genetic modification in Malaysia and India:
current regulatory framework and the special case of non-
transformative RNAi in agriculture. Plant Cell Rep. 38(12):
1449–1463. http://doi.org/10.1007/s00299-019-02446-6

Shew A.M., Nalley L.L., Snell H.A., Nayga R.M., Dixon B.L.
(2018) CRISPR versus GMOs: Public acceptance and va-
luation. Glob. Food Sec. 19: 71–80. http://doi.org/10.1016/
J.GFS.2018.10.005

Sun Y., Li J., Xia L. (2016a) Precise genome modification via
sequence-specific nucleases-mediated gene targeting for
crop improvement. Front. Plant Sci. 7: 1928. http://
doi.org/10.3389/fpls.2016.01928

Sun Y., Zhang X., Wu C., He Y., Ma Y., Hou H., Guo X., Du W.,
Zhao Y., Xia L. (2016b) Engineering herbicide-resistant
rice plants through CRISPR/Cas9-mediated homologous
recombination of acetolactate synthase. Mol. Plant. 9(4):
628–631. http://doi.org/10.1016/J.MOLP.2016.01.001

Tian S., Jiang L., Gao Q., Zhang J., Zong M., Zhang H., Ren Y.,
Guo S., Gong G., Liu F., et al. (2017) Efficient CRISPR/
Cas9-based gene knockout in watermelon. Plant Cell Rep.
36(3): 399–406. http://doi.org/10.1007/s00299-016-2089-5

Tsuchimatsu T., Kakui H., Yamazaki M., Marona C., Tsutsui
H., Hedhly A., Meng D., Sato Y., Städler T., Grossniklaus
U. et al. (2020) Adaptive reduction of male gamete number
in the selfing plant Arabidopsis thaliana. Nat. Commun.
11(1): 1–9. http://doi.org/10.1038/s41467-020-16679-7

Tsutsui H., Higashiyama T. (2017) pKAMA-ITACHI vectors
for highly efficient CRISPR/Cas9-mediated gene knockout
in Arabidopsis thaliana. Plant Cell Physiol. 58(1): 46–56.
http://doi.org/10.1093/PCP/PCW191.

United Nations. (2019) World Population Prospects 2019.
[accessed 2020 Sep 7]. https://population.un.org/wpp/
Download/Standard/Population/.

USDA. (2018) Secretary Perdue Issues USDA Statement on
Plant Breeding Innovation. [accessed 2021 Sep 15].
https://www.usda.gov/media/press-releases/2018/03/ 28/
secretary-perdue-issues-usda-statement-plant-breeding-
innovation.

Usman B., Zhao N., Nawaz G., Qin B., Liu F., Liu Y., Li R.
(2021) CRISPR/Cas9 guided mutagenesis of grain size 3
confers increased rice (Oryza sativa L.) grain length by
regulating cysteine proteinase inhibitor and ubiquitin-
related proteins. Int. J. Mol. Sci. 22(6): 1–19. http://
doi.org/10.3390/IJMS22063225 

Waltz E. (2016) Gene-edited CRISPR mushroom escapes US
regulation. Nature. 532(7599): 293. http://doi.org/10.1038/
nature. 2016.19754

Wang F., Wang C., Liu P., Lei C., Hao W., Gao Y., Liu Y.G.,
Zhao K. (2016) Enhanced rice blast resistance by
CRISPR/Cas9-targeted mutagenesis of the ERF transcrip-
tion factor gene OsERF922. PLoS One. 11(4): e0154027.
http://doi.org/10.1371/journal.pone.0154027

Wang L., Chen S., Peng A., Xie Z., He Y., Zou X. (2019)
CRISPR/Cas9-mediated editing of CsWRKY22 reduces
susceptibility to Xanthomonas citri subsp. citri in Wanjin-

cheng orange (Citrus sinensis (L.) Osbeck). Plant Biotech-
nol. Rep. 13(5): 501–510. http://doi.org/10.1007/s11816-
019-00556-x

Wang L., Sun S., Wu T., Liu L., Sun X., Cai Y., Li J., Jia H.,
Yuan S., Chen L. et al. (2020) Natural variation and
CRISPR/Cas9-mediated mutation in GmPRR37 affect
photoperiodic flowering and contribute to regional adap-
tation of soybean. Plant Biotechnol. J. 18(9): 1869–1881.
http://doi.org/10.1111/pbi.13346

Wang M., Wang S., Liang Z., Shi W., Gao C., Xia G. (2018)
From genetic stock to genome editing: gene exploitation
in wheat. Trends Biotechnol. 36(2): 160–172. http://
doi.org/10.1016/j.tibtech.2017.10.002

Westra E.R., Buckling A., Fineran P.C. (2014) CRISPR-Cas
systems: Beyond adaptive immunity. Nature Rev. Micro-
biol. 12(5): 317–326. http://doi.org/10.1038/nrmicro3241

Wu J., Chen C., Xian G., Liu D., Lin L., Yin S., Sun Q., Fang Y.,
Zhang H., Wang Y. (2020) Engineering herbicide-resistant
oilseed rape by CRISPR/Cas9-mediated cytosine base-edi-
ting. Plant. Biotechnol. J. 18(9): 1857–1859. http://doi.org/
10.1111/pbi.13368

Wu X., Mao S., Ying Y., Krueger C.J., Chen A.K. (2019) Pro-
gress and challenges for live-cell imaging of genomic loci
using CRISPR-based platforms. Genomics Proteomics
Bioinformatics. 17(2): 119–128. http://doi.org/10.1016/
j.gpb. 2018.10.001

Yang H., Wu J.J., Tang T., Liu K.D., Dai C. (2017) CRISPR/
Cas9-mediated genome editing efficiently creates specific
mutations at multiple loci using one sgRNA in Brassica
napus. Sci. Rep. 7(1): 1–13. http://doi.org/10.1038/
s41598-017-07871-9

Yang X. (2015) Applications of CRISPR-Cas9 mediated geno-
me engineering. Mil. Med. Res. 2(1): 11. http://doi.org/
10.1186/s40779-015-0038-1

Yin K., Gao C., Qiu J.L. (2017) Progress and prospects in
plant genome editing. Nat. Plants. 3: 17107. http://doi.org/
10.1038/ nplants.2017.107

Yu S., Huang A., Li J., Gao L., Feng Y., Pemberton E., Chen C.
(2018) OsNAC45 plays complex roles by mediating POD
activity and the expression of development-related genes
under various abiotic stresses in rice root. Plant Growth
Regul. 84(3): 519–531. http://doi.org/10.1007/S10725-017-
0358

Zhang P., Du H., Wang .J, Pu Y., Yang C., Yan R., Yang H.,
Cheng H., Yu D. (2020a) Multiplex CRISPR/Cas9-mediated
metabolic engineering increases soya bean isoflavone
content and resistance to soya bean mosaic virus. Plant
Biotechnol. J. 18(6): 1384–1395. http://doi.org/10.1111/
pbi.13302

Zhang S., Zhang R., Song G., Gao J., Li W., Han X., Chen M.,
Li Y., Li G. (2018) Targeted mutagenesis using the Agro-
bacterium tumefaciens-mediated CRISPR-Cas9 system in
common wheat. BMC Plant Biol. 18(1): 1–12. http://
doi.org/10.1186/S12870-018-1496-X

Zhang X., Long Y., Huang J., Xia J. (2020b) OsNAC45 is in-
volved in ABA response and salt tolerance in rice. Rice.
13(1): 1–13. http://doi.org/10.1186/s12284-020-00440-1



CRISPR and plant biotechnology 93

Zheng J., Wu H., Zhu H., Huang C., Liu C., Chang Y., Kong Z.,
Zhou Z., Wang G., Lin Y., et al. (2019) Determining fac-
tors, regulation system, and domestication of anthocyanin
biosynthesis in rice leaves. New Phytol. 223(2): 705–721.
http://doi.org/10.1111/nph.15807

Zhou J., Peng Z., Long J., Sosso D., Liu B., Eom J.S., Huang
S., Liu S., Vera Cruz C., Frommer W.B., et al. (2015) Gene
targeting by the TAL effector PthXo2 reveals cryptic resi-
stance gene for bacterial blight of rice. Plant J. 82(4):
632–643. http://doi.org/10.1111/tpj.12838

Zimny T., Sowa S., Tyczewska A., Twardowski T. (2019) Cer-
tain new plant breeding techniques and their marketability
in the context of EU GMO legislation – recent develop-
ments. New Biotechnol. 51: 49–56. http://doi.org/10.1016/
J.NBT.2019.02.003


