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Abstract

Gene editing using sequence-specific nucleases, particularly CRISPR/Cas ribonu-
cleoprotein, has drawn enormous attention in plant research in recent years. Nearly a
decade ago, Cas9 protein was initially discovered for a role in adaptive immunity in
bacteria. Owing to vast potential, a large number of reports came out in a short span
of time, comprising the identification of Cas protein from different bacterial sources,
new Cas9 variants with reduced off-targets, multiplexing, base editing, prime editing,
and RNA manipulation in plants. Studies revealed that CRISPR/Cas-based gene edit-
ing can play a major role in ensuring food security via developing resilient commer-
cial crops with improved yield and nutritional value. Use of the CRISPR/Cas9 system
for creating mutation in genes and regulatory regions of promoter generated a number
of alleles with variable phenotypes, which can serve as an excellent genetic resource
in the breeding program. In this review, we provide a recent overview of state-of-art
discoveries in the CRISPR/Cas system comprised of new Cas proteins, modifications
of existing Cas9, refinements in CRISPR/Cas-induced gene editing, applications, and
outcome emphasizing on major cereals and horticultural crops. We also highlight the

current global policy framework for the regulation of gene-edited crops.
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pace of crop improvement attempts but mostly via transgen-
esis. For the same purpose, gene-editing tools are widely

The modification of a specific trait in the crop is not a new
concept but a continuous process being practiced from cen-
turies through crop breeding. The selective cultivation and
trait introgression within preferred varieties led to enhanced
productivity and better performance of crops. Apart from
traditional plant breeding, the advent of recombinant DNA
technology in the past century and its application geared the

being used for creating desired genetic and phenotypic vari-
ation in the plant nowadays. In general, precise and tailored
changes in a specific sequence in the genome are referred
to as genome/gene editing. The mutation within a specific
region of the genome can be achieved during DNA breaks re-
pair, which occurred via nonhomologous end joining (NHEJ)
when site-directed nucleases introduce double-strand breaks
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(DSBs) at directed position (Baltes & Voytas, 2015; Osakabe
& Osakabe, 2015). Exploiting this unique feature, research-
ers have developed numerous strategies for genome editing
by utilizing NHEJ breaks repair mechanism, which is nor-
mally vulnerable to mutations. These techniques use some
sequence-specific nucleases, such as Zinc-Finger endonu-
cleases (ZFNs). In these nucleases, endonuclease domain is
fused with zinc-finger DNA-binding domains and recognizes
a 3-bp module (Kim et al., 1996). Similarly, in transcription
activator-like effector nucleases (TALENS), endonuclease do-
mains are paired with transcription activator-like effector do-
mains that recognize single base pairs (Christian et al., 2010).
Parallel to these approaches, another sequence-specific
nuclease-based technique has been developed in the recent
past, popularized as Clustered Regularly Interspaced Short
Palindromic. The CRISPR/Cas9 system harnessed the poten-
tial of RNA-guided nucleases, Cas9, which is responsible for
maintaining bacterial adaptive immunity through capturing
and recognizing invasive DNA with the help of Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)
and neutralizing the invading pathogen.

Despite the fact that several reports of ZFNs mediated ge-
nome editing in various organisms, construction of the large
modular proteins, including two ZFNs that bring Fokl, en-
donuclease, in the vicinity to target DNA, is a tedious and
expansive process. Also, this method limits the widespread
application of ZFNs (Puchta & Fauser, 2014). In the same
way, TALENs are engineered enzymes originally derived
from TAL effectors of Xanthomonas sp. The DNA-binding
domain of TAL is fused with Fokl nuclease. TALENSs are
considered as relatively a better option than ZFNs; however,
the construction of novel TALE arrays for each gene is not
cost-effective for gene editing. In addition, requirements of a
pair of proteins to recognize both sense and antisense DNA
strands for DSB using TALENs make it unsuitable for multi-
ple gene editing (Langner et al., 2018; Voytas, 2013). In con-
trast, CRISPR/Cas9-based genome editing is a simple, easy
in the application; hence, it emerged as an effective tool of
genome editing in a wide range of organisms compared with
ZFNs and TALENS.

The discovery of Cas9 nuclease from Streptococcus pyo-
genes laid the foundation for the development of the CRISPR/
Cas9 system for genome editing (Barrangou et al., 2007;
Bhaya et al., 2011). There are only two components essential
for the CRISPR/Cas9 system; DNA endonuclease (mono-
meric Cas9) and a customizable single guide RNA (sgRNA),
which recognizes the target DNA by Watson-Crick base pair-
ing. The sgRNA is customizable according to the target se-
quence consisting of the proto-spacer adjacent motif (PAM)
of CRISPR RNA (crRNA) and a trans-activating crRNA
(tracrRNA) in bacteria. Later, in vitro research demonstrated
that single guide RNA (sgRNA) is sufficient to guide Cas9
protein. Thus, it can replace the need for dual crRNA and
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tractrRNA (Jinek et al., 2012). Upon formation, Cas9-sgRNA
complex searches target DNA double helix for the presence of
canonical PAM flanking to potential gRNA complementary
sequence, which leads to the establishment of gRNA-DNA
heteroduplex followed by Cas9 nickase-mediated cleavage of
DNA strands (Jinek et al., 2012).

The CRISPR/Cas9 tools have been frequently applied to
make knockout mutant of genes, gene corrections, base edit-
ing, prime editing, gene replacement, and site-specific trans-
gene incorporation of the desired gene in a flexible manner
with high specificity in plants. In recent years, an unprec-
edented number of reports have shown successful genome
editing stories in various crops to ensure food security and
quality enhancement. The gene editing or precision breeding
seems to be the only option to feed the rising human popula-
tion under the pressure of the limiting land, climate change,
pathogen, and abiotic stress conditions. In the present review,
we provide an overview of recent comprehensive advance-
ments in CRISPR/Cas9 system, exciting applications and in
crop improvements. In addition, we also describe limitations
and future perspectives of this technology, including regu-
lation and acceptability-related policies of various countries
concerning genome-edited crops.

2 | Cas9 PLAYS A CENTRAL ROLE
IN GENE EDITING

The concept of CRISPR/Cas9-mediated genome editing
came after one of the most fundamental discoveries of this
century, leading to the characterization of the novel nuclease
Cas9, a class II bacterial adaptive immune system from S.
pyogenes (Barrangou et al., 2007; Bhaya et al., 2011). Some
prokaryotic organisms, including the archaea, had evolved
slew of weapons comprising restriction endonucleases and
Cas9 system for contending threats of genetic invaders such
as viruses. Around one-third of the bacterial population and
about 90% of known archaea retain cluster of short DNA re-
peats separated with "spacer” and a series of nearby genes
encoding Cas proteins (Bhaya et al., 2011). Bacteria use
these spacers as a form of memory to identify the viruses and
plasmids. However, the evolutionary process by which bac-
teria gain this information is not much known. Some studies
reported that Sulfolobus tokodaii, archaea, devotes nearly 1%
of its genome as spacers to be used in CRISPR/Cas immunity
(Gophna & Brodt, 2012; Ledford, 2017).

In general, the Cas9-gRNA complex recognizes nucle-
ase-specific PAM sequence (5'-NGG-3’) in the genome
(Figure 1). Though the Cas9-gRNA complex recognizes an
additional PAM sequence such as 5'-NAG-3" and 5'-NGA-
3’, these PAMs resulted in high off-target mutagenesis in
the plant (Zhang et al., 2014). Interestingly, the require-
ment of the PAM sequence for Cas9 protein also depends
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FIGURE 1 An outline of CRISPR/
Cas system and the gene editing.
Ribonucleoprotein complex searches the
target DNA region based on sequence
complementarity and proto-spacer adjacent
motif (PAM) sequence. Cas protein left
the double-stranded breaks which are
repaired via endogenous nonhomologous
end joining (NHEJ) that may left mismatch/ Genomic DNA
mutation and bystander mutation whereas a

desired mutation can be introduced through

homology-dependent recombination (HDR)

donor template or prime editors
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on the source of protein. For instance, Cas9 protein of
Staphylococcus aureus (SaCas9) and Staphylococcus
thermophilus  (StCas9) uses 5'-NNGRRT-3" and
5'-NNGGAA-3" as PAM sequence (where R represents
A or G), respectively (Nishimasu et al., 2014) whereas
Cas9 from Acidaminococcus recognizes 5'-TTTV-3' PAM
(Zetsche et al., 2015). The variants of engineered Cas9 pro-
tein, namely xCas9 and SpCas9-NG, have been developed,
which can recognize only "NG" PAM (Hu et al., 2018; Hua
et al., 2019). A classical study reported that heterologous
expression of a CRISPR3/Cas system from Streptococcus
thermophilus could be transferred to Escherichia coli,
which prevented further plasmid transformation and laid
the foundation of the development of the CRISPR/Cas9
system (Sapranauskas et al., 2011).

3 | DISCOVERY OF NEW Cas
PROTEINS

Due to the vast applicability of the Cas9-based genome-ed-
iting tool, researchers are consistently developing new Cas
nucleases from different bacterial sources and additional var-
iants of Cas protein. The five new programmable CRISPR
class II nucleases (Cpfl, C2c1, C2c3, CasY, and CasX) are
reported from different bacterial sources targeting mainly
DNA (Shmakov et al., 2015, 2017). Further, numerous
class II type VI nucleases (C2c2 and C2c6) have also been
characterized, which target RNAs molecules (Abudayyeh
et al., 2016, 2017). Burstein et al. (2017) reported the

presence of Cas9 protein in the archaeal domain of life using
genome resolved metagenomics. In this study, two compact
Cas proteins, namely CasX (required PAM; "TTCA") and
CasY (Cas12d) were discovered (Burstein et al., 2017). The
CasX, also known as Casl2e, displays less sequence simi-
larity in RuvC domain of nuclease and left a staggered cut
after DSBs in DNA (Liu, Orlova, et al., 2019). However,
direct DNA cleavage and genome editing activity of CasY
were not observed until a recent study reported that short-
complementarity untranslated RNA (scoutRNA) and crRNA
are required for optimal target DNA cleavage of CasY nucle-
ase (Harrington et al., 2020). Owing to certain features such
as compact size, dominant RNA content, and minimal trans-
cleavage activity, CRISPR/CasX seems to provide an edge
over other nucleases in future gene-editing tools.

The Casl12a (also known as Cpfl, CRISPR Prevoltella and
Francisellal) is a newly studied class II nuclease, which cleaves
similar to Cas9 protein but recognized "TTTN" PAM sequence.
Therefore, it can serve as a valuable nuclease for editing in "T"
rich region of the genome. Using Cas12a for genome editing
offers additional benefits over Cas9, which comprises the least
off-targets and high efficiency of indels and generates biallelic
mutation in TO generation in the plant (Xu et al., 2017; Zaidi
et al., 2017). The characterization of Casl3a (also known as
C2c2), a type VI-A endonuclease, was another exciting discov-
ery in this area. The Cas13a has RNA-guided RNA ribonucle-
ase and a distinct RNase activity (East-Seletsky et al., 2016).
These properties of Casl3a protein help to develop future
RNA-targeting tools for applications in RNA biology and ther-
apeutics (Gootenberg et al., 2017; O'Connell, 2019).
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4 | ADVANCEMENT OF CRISPR/
Cas9 TOOL FOR GENOME EDITING
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As described in Introduction, synthetic sgRNA comprised of
crRNA and tracrRNA can mimic natural crRNA-tracrRNA
hybrid, which directs Cas9 protein for DSB in the DNA mol-
ecule in bacteria (Hsu et al., 2013). In the beginning, different
sizes of tracrRNA sequences were fused to assess variants of
sgRNA (+48), sgRNA (+67), and sgRNA (+85) for enhanc-
ing Cas9 protein in vivo cleavage activity (Hsu et al., 2013;
Jinek et al., 2012). Subsequent research demonstrated that
only 20 bp of the leader sequence of sgRNA is capable to
direct Cas9 protein to cleave the complementary target se-
quence and thus referred to as guide RNA (gRNA). Based on
this knowledge, numerous vectors have been constructed for
efficient cloning of the gRNA; a typical sgRNA cassette is
400-500 bp long containing RNA polymerase III promoter,
gRNA, and Pol III terminator (Xie et al., 2015). The apropri-
ate selection of promoter and terminator combination is also
necessary in order to get maximum gene edit events (Box 1).

4.1 | Development of vectors for
multiplexing

To achieve multiplex gene editing, separate sgRNA units
are required to be combined in a transformation vector that
can be driven by different Pol III promoters. Keeping this
in mind, numerous vector systems have been developed.
Several programmed sgRNAs can be easily cloned; for
example, pYPQI131, pYPQI138, and pYPQ148 series vec-
tors are developed for cloning of eight different gRNA
(Lowder et al., 2015). Similarly, Ma et al. (2015) have
developed a robust CRISPR/Cas9 vector system in which
multiple sgRNA expression cassettes can be easily assem-
bled through Golden Gate ligation or Gibson Assembly.
This system has been successfully tested for creating bi-
allelic mutation in rice and Arabidopsis and provided a
versatile toolbox for studying functions of multiple genes
in a plant (Ma et al., 2015). A study reported pEN chi-
mera-based vectors can combine four sgRNAs through
the Golden Gate cloning method which may increase to
18 sgRNA (Houbaert et al., 2018). The major limitation
of gene multiplexing for combining several transcriptional
units of sgRNA in the same vector increases size of the
vector, ultimately affecting transformation efficiency (Xie
et al., 2015). Overcoming this, strategies have been em-
ployed to cleave polycistronic mRNAs into individual
sgRNA transcripts, including bacterial RNA cleaving
enzymes such as CRISPR/Cas Subtype Ypest protein 4
(Csy4), host endogenous tRNA-processing enzymes and
ribozymes. A study showed that the fusion of Csy4 (from

Box 1 Promoters and terminators combination
determine mutation frequency

In CRISPR/Cas9 vectors, Cas9 and sgRNA expres-
sion are driven by RNA polymerase (Pol) II and
Pol III promoters, respectively. Several reports re-
vealed that the constitutive expression of Cas9, ei-
ther under the control of ubiquitin or cauliflower
mosaic virus (CaMV35S) can create successful
mutation events in plants. It is also evident that
transgenic lines obtained through the CRISPR/Cas9
system are mostly mosaic in T1 generation (Schiml
et al., 2014). To overcome this issue, targeting egg
cell/one-cell embryos can be a possibility during
in planta transformation of the plant. Considering
this fact, a study revealed that it would be possible
to get homozygous or biallelic mutants in the T1
generation through the precise expression of Cas9
protein in egg cells/one-cell stage embryos by using
the promoter of egg cell-specific (EC1.2) gene in
Arabidopsis (Wang et al., 2015). A report revealed
that the expression of Cas9 under cell division-spe-
cific promoters YAO and CDC45 resulted in high
mutation rates (80.9%-100%) in the T1 generation.
The percentage of inherited mutations to successive
generations was also high accounted for 4.4%—-10%
(T1 generation) and 32.5%-46.1% (T2 generation)
in Arabidopsis (Feng et al., 2018). Furthermore, an
appropriate combination of promoter and termina-
tor is also crucial for Cas9 protein abundance. In
another study, the efficiency of terminators such as
rbeS E9T (from Pisum sativum) and Nos have been
analyzed to check the abundance of Cas9 protein
and reported that triple mutants can only be obtained
using rbcS E9T but not with NosT in T1 generation
(Wang et al., 2015). Some studies demonstrated that
promoters of ubiquitin I gene and U3 or U6 for ex-
pression of Cas9 and sgRNA resulted in high muta-
tion efficiency (13% or 2%) in TO generation in the
case of maize (Feng et al., 2016; Zhu et al., 2016),
while another study showed that the use of maize
ubiquitin I promoter for rice codon-optimized Cas9
and rice U6 promoter for the expression of sgRNA
further increased biallelic mutations at a frequency
of 22%—-58% in maize, indicating the significance
of the promoter—terminator combination (Char
et al., 2017). Overall it is amenable that a careful
selection of promoter—terminator in a vector is re-
quired for more gene edits events and biallelic mu-
tant in a single generation.
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Pseudomonas aeruginosa) with dCas9 protein can suc-
cessfully process polycistronic mRNAs into sgRNA in the
mammalian cell (Tsai et al., 2014). Harnessing conserved
endogenous tRNA-processing enzymes is another way for
the processing of sgRNAs transcripts. Some reports illus-
trated that polycistronic-mRNA can also be processed into
individual gRNA transcripts utilizing ribozyme (Gao &
Zhao, 2014).

In addition to retaining DNA nickase activity, Casl2a
protein contains RNA cleavage ability for processing
of own crRNA, which can be effective for simultaneous
gene editing of four genes using a single crRNA array in
mammalian cells (Zetsche et al., 2017). The maturation
of crRNA by Casl2a protein does not require tracrRNA
rendering advantage for developing a simple and easy
multiplexing vector system (Fonfara et al., 2016). Wang
et al. (2017) constructed the CRISPR/Casl2a tool in
pCAMBIA series vector and edited four members of recep-
tor-like kinase family simultaneously with much precision
and least off-targets (Wang et al., 2017). An interesting
study reported that Casl2a enzyme activity was inhibited
by bacteriophage-derived proteins known as anti-CRISPRs
(acrs) via multiple ways, including inhibition dsDNA rec-
ognition and dimerization of Casl2a protein and triggering
cleavage of gRNA bound with Cas12a (Knott et al., 2019).
Since Casl2a protein is a popular tool for gene editing as
well in molecular diagnostics nowadays, more research is
required to understand the impact of acrs in the area of bio-
technological use of CRISPR/Casl2a for gene editing in
the future.

4.2 | Development of vectors for easy
selection of heritable mutants

During transformation, a large proportion of mutations
generated by CRISPR/Cas9 are somatic, which is gener-
ally not transferred to progenies. Further, it is impossible to
know whether mutations are somatic or inherited from the
previous generation upon stable integration of CRISPR/
Cas9 cassette in the genome. Therefore, it is necessary to
confirm heritable mutations among edited lines for this,
screening of lines having the desired mutation from the
pool of Cas9-free segregating population is a common
method for ensuring germline mutation. Such screening
is mostly performed based on restriction surveyor analy-
sis or sequencing of edited gene and both are laborious
and costly methods. Gao et al. (2016) devised a method
in which the CRISPR/Cas9 cassette contains a fluorophore
reporter (mCherry) under the control of seed-specific
At2S3 promoter. The fluorescence-based visual screen of
seeds in T2 generation greatly facilitated the screening of
Cas9 protein-free lines and stably transmitted mutations

2“ Food and Energy Security —WI1 LEYJﬂ

Open Access

(Gao et al., 2016). Furthermore, a modified CRISPR/Cas9
system has been devised in pKSE401 vector in which
sGFP was inserted as a fluorescence tag enabling rapid
identification of positive primary transformants and Cas9-
free mutants in later generations (Tang et al., 2018). The
screening of GFP positive mutants among T1 population
and negative Cas9-free mutant in later generations need a
fluorescent microscope and seems inconvenient under cer-
tain conditions. Considering this, the DSRED fluorescence
marker system has been developed for a rapid selection of
Cas9-free homozygous edited plants in a single generation
in rice, tomato, and Arabidopsis by seeing DsRED fluores-
cence in seeds (Aliaga-Franco et al., 2019).

5 | APPLICATIONS OF CRISPR/
CAS9 IN GENE EDITING

In the beginning, the CRISPR/Cas9 system was primar-
ily used for creating precise knockout mutations in a plant.
However, later research proved the usefulness of this sys-
tem in various ways such as allele creation, gene insertion,
base editing, prime editing, codon editing, and many more
(Figure 2). In this section, we provide comprehensive infor-
mation about diverse ways of CRISPR/Cas gene editing.

5.1 | Mutant generation by targeting
coding region

The most widespread use of the CRISPR/Cas system is to
create the insertion-deletion (Indel) mutations in protein-cod-
ing regions of a gene by harnessing endogenous NHEJ poten-
tial of the cell. The nickase activity of Cas9 protein left the
DSBs, which is repaired by an error-prone cellular machinery
that often leads to indels in the desired sequence. The pres-
ence of indels in open reading frames resulted in frameshift
mutation of proteins and the most likely introduction of pre-
mature stop codons, which ultimately cause the translation of
truncated protein. Hence for creating such a loss of function
mutant, it is always advisable to target the region close to the
initiation codon or first exons. This strategy is very useful
in studying the function of gene by creating loss of function
allele in plants. In an elegant study, Houbaert et al. (2018)
have generated several single and double mutants of POLAR
and POLARIike genes in Arabidopsis for proving the scaf-
folding activity of these proteins for BIN2 and other GSK3
like kinases, and their role in stomatal development. Apart
from creating indels, the CRISPR/Cas9 system is also ap-
plied for the deletion of large DNA fragments ranging from
1.7 to 13 Kb in Arabidopsis (Wu et al., 2018), soybean (Cai,
Chen, Sun, et al., 2018), rice (Zhou et al., 2014), tomato, and
Nicotiana (Ordon et al., 2017).
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5.2 | Promoter editing

Considering the CRISPR/Cas system ability to introduce
indels in the desired sequence, attempts have been made to
modify the regulatory motif in the promoter region of cru-
cial genes for altering the transcript abundance. Indels crea-
tion within an important motif in the promoter region caused
interference in the binding of RNA polymerase/accessory
proteins, which eventually activated or repressed mRNA
transcripts of the corresponding gene. This strategy was fore-
most applied for creating several alleles of the self-pruning
gene in tomato (Rodriguez-Leal et al., 2017). In an elegant
study, Solanum pimpinellifolium, a wild relative of tomato
resistant to bacterial blight, drought, and salt stresses, has
been domesticated using promoter editing of multiple genes
regulating entirely different traits (Li et al., 2018). Similarly,
several alleles of Wx gene, responsible for amylose synthesis
in the endosperm, were created using CRISPR/Cas9-based
editing of promoter region to improve the cooking quality
of rice (Huang et al., 2020). In another study, the CRISPR/
Cas9 system was employed to edit the Xal3 promoter to cre-
ate a number of alleles displaying a range of bacterial blight
resistance in rice (Li, Li, Zhou, et al., 2020). Given the pluri-
potent nature of some genes regulating diverse developmen-
tal processes, promoter editing seems to be a viable option
for creating multiple alleles that differ in variable expression

FIGURE 2 The depiction of gene
editing events accomplished using CRISPR/
Cas system in plant

L

rather than direct targeting of the coding sequence, which left
mostly knockout mutant.

53 | Desired mutation and gene insertion

Gene editing is not confined to only creating indels and large
deletions in the genome at targeted loci but includes new
ways of genome modification such as insertion of desired
sequences, genes at specified loci, and allele replacement.
These modifications can be accomplished via homology-
dependent recombination (HDR) rather than nonhomologous
end joining (Figure 1). In HDR, the donor template contain-
ing both the flanking sites of a target is usually co-delivered
with sgRNA and CRISPR/Cas9. It has been found that muta-
tion efficiency using HDR largely varied depending on the
degree of delivery of donor repair template (DRT) molecule
(Li et al., 2013). As proof of concept, RNA template DRT-
HDR was initially tested in yeast and later in mammalian
cells, reporting a successful gene modification event (Keskin
et al., 2014; Storici et al., 2007). A study revealed that DRT
can be fused with sgRNA to make chimeric RNA molecules
containing sequences for target recognition as well as direct
the HDR in rice protoplast (Butt et al., 2017). Harnessing
both RNA nicking and DNA cleavage activity of Casl2a
protein, researchers have devised a ribozyme-based system



TIWARI ET AL.

to produce two crRNAs and RNA transcripts of DRTs from a
single transcript and demonstrated that RNA transcript tem-
plated homologous recombination can be achieved via DRT-
HDR in rice (Li et al., 2019). Recently, Lu et al. (2020) have
developed a method of gene replacement and efficient gene
insertion with high efficiency in rice. Authors used a chemi-
cally modified donor DNA and CRISPR/Cas9 system along
with promoter and enhancer to insert a large DNA sequence
(2049 bp) and replace a gene in the rice genome very effi-
ciently (Lu et al., 2020). In a nice study, targeted insertion
of a 5.2 kb carotenoid biosynthesis cassette within preferred
genomic loci has been achieved using an optimized CRISPR/
Cas9-based method resulting marker-free rice plants accumu-
late high carotenoid content in the grains (Dong et al., 2020).
In a next-level improvement, Barone et al. (2020) used the
heat-inducible expression of Cas9 for generating DSBs and
successfully mobilized marker-free donor template in the
maize genome. Following this method, they have obtained
nonchimeric and heritable gene edit events with high fre-
quency in TO generation in maize (Barone et al., 2020). The
use of HDR-based gene modification further expands the
ability of gene editing and leading to a great scope of novel
applicability of gene editing.

5.4 | Prime editing

Prime editing (PE) is the outcome of the recent develop-
ment in gene-editing arsenal, which is referred to as "search
and replace" technology. Using this tool, it can be pos-
sible to introduce targeted insertion, deletion, and all the
base transversions without double-strand breaks in DNA.
In this system, gRNA scaffold is replaced with prime edit-
ing guide RNA (pegRNA) and modified Cas9 protein is
combined with reverse transcriptase altogether. The unique
feature of peg RNA is that it contains a primer binding site
(PBS), the desired sequence that will be introduced in target
gene and spacer sequence complementary to one strand of
DNA (Anzalone et al., 2019). The comparative study of PE
efficiency with either Cas9-based HDR or base editors ex-
hibited similar results but with higher efficiency in human
cell lines. One of the key advantages of prime editing is the
flexibility of required PAM sequences as it can incorporate
mutations (>30 bp) away from the site of nicking (Anzalone
et al., 2019). Moreover, PE using Cas9 protein is found to
left lesser off-targets in genome compared to simple Cas9
nuclease-based mutations. Owing such unique abilities, PE
has proven worth to correct the point mutations responsible
for the generation of various alleles associated with diseases
in humans. The PE is thought to be a milestone in the refine-
ment of precision tools that will be universally applied for
gene editing in organisms. The PE holds great therapeutic
potential in terms of precise gene and allele correction in
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humans. However, report for the use of PE system in plant
seems to be exciting and this system needs to be adapted for
the application in the modification of plant genome to open
the new future possibilities. A very recent study reported the
applicability of prime editors in plants by showing that prime
editors successfully induced point mutations, insertions, and
deletion in cereals such as rice and wheat (Lin et al., 2020).
Due to versatility of the PE, we can foresee a diverse appli-
cation of PE as a wonderful tool in functional genomics and
equally useful in crop breeding.

5.5 | Programmed single base editing

Apart from the mentioned applications, the CRISPR/Cas
system is also used for single base editing when coupled
with base editors. Base editing is a kind of gene engineering
which can be achieved without DSBs and the NHEJ process
(Figure 1). In general, base editors comprise of: (a) CRISPR-
dCas9 which is catalytically inactive, (b) cytidine deami-
nase, which converts C to U and is single-stranded specific,
(c) a uracil glycosylase inhibitor, and (d) a nickase, which
cleaves the nonedited DNA strand in the wobble of DNA du-
plex made by dCas9 (Komor et al., 2016). Unlike to major-
ity of CeG to AeT editors, researchers have also developed
adenine base editors (ABE) that can convert AeT to GeC
base pairs and such activity has been initially proved in bac-
teria and human cells (Gaudelli et al., 2017). Using the base
editors, Zong et al. (2017) have precisely converted cytosine
to thymine and succeeded to achieve the mutations through
base editors in maize, wheat, and rice (Zong et al., 2017).
Similarly, agronomic important genes namely NRT1.IB and
SLR1 encoding nitrate transporter and Della protein was en-
gineered by base editors in rice (Lu & Zhu, 2017). For relax-
ing the requirement of PAM sequence, a new ABE system
using SpCas9-NGv1 has been developed wherein engineered
SpCas9 recognizes NG as PAM and widening the range of
targets (Negishi et al., 2019). This tool was successfully im-
plemented to induce AeG base substitutions at target sites
leading to bystander mutations in the rice genome (Negishi
et al., 2019). Nevertheless, a few reports indicate that cy-
tosine base editors (CBE) caused mutations in several off-
targets in mammals. A study revealed that CBE using rat
APOBECI enzyme can cause extensive cytosine deamina-
tion in the genome as identified by transcriptome analysis
in human cells showing that tens of thousands of C changed
to U in the transcript with varying frequencies (Grunewald
et al., 2019). Based on these reports, it is amenable that re-
searchers need to be cautious about the frequent use of base
editors either in diagnostics or in other applications until the
development of engineered or advance variants with reduced
off-targets of deaminase activity. To increase the diversity of
base editing, cytidine deaminase with adenosine deaminase
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were combined with nCas9 and uracil DNA glycosylase in-
hibitor to achieve C:G>T:A and A:T>G:C simultaneously
(Li, Zhang et al., 2020). This system is referred as saturated
targeted endogenous mutagenesis editors (STEMEs). It is
feasible to generate diverse mutations, including base sub-
stitutions and in-frame indels using STEMEs, which pro-
vide additional benefit for analysis of protein function and
accelerate the development of novel agronomic traits. In a
nice report, herbicide-tolerant rice germplasm was created
using a base editing-mediated gene evolution approach by
targeting OsALSI gene (Kuang et al., 2020). The transla-
tional application of the base editing system is remarkable
in the development of low amylose rice cultivar by tuning
Wx gene expression via targeting the promoter region (Xu
et al., 2020). It should be noted that localized mutations can
be induced without any break in the genome with base edi-
tors, making it a popular tool; however, there is still a need
for improvements in this tool in order to the large application
for crop improvement.

Food and Ei Securit
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5.6 | Cell type-specific and
conditional mutation

The word "mutant" refers to the complete in planta loss of
function of a specific gene. There is a lack of a system to create
a somatic mutant when one wishes to abolish a gene function
in certain cell files and tissues. A study reported that a large
number of genes (around 10%) present in the Arabidopsis ge-
nome are indispensable, indicating functional study of these
genes is not possible via conventional loss of function mutant
analysis (Lloyd et al., 2015). Keeping this in mind, a report
described a method known as CRISPR tissue-specific knock-
out (CRISPR-TSKO) system in which cell/tissue-specific so-
matic mutation can be obtained by using a cell/tissue-specific
promoter for driving Cas9 transcription in Arabidopsis. Such
kind of improvements in the CRISPR/Cas9 system provides
unprecedented flexibility to the researchers and facilitating
the diverse use of this system in plant research (Decaestecker
et al., 2019). Continuing to the previous approach, investiga-
tion of gene function is greatly relying on phenotypic obser-
vation of loss of function mutants. For this purpose, chemical,
radiation and T-DNA insertional, and now CRISPR, mutants
are largely being used, even though it is not possible to use
null mutants for the study of a gene, which is not viable and
showing pleiotropic developmental defects. There is a list of
such crucial genes in the Arabidopsis genome whose func-
tions cannot be studied due to the nonviable nature of the null
mutant. Dealing with this, researchers have recently devel-
oped a CRISPR/Cas9-based tool for generating inducible and
conditional mutants in somatic cells, which seems to be very
helpful for investigating the role of nonviable genes in the
plant (Wang, Ye, et al., 2020).

5.7 | Novel use of CRISPR/Cas9: Beyond
simple cut and repair

Besides using the CRISPR/Cas9 system for above-men-
tioned gene editing, reports indicate the novel and diverse
use of this system, including fluorescence tagging of endog-
enously expressing the protein. By employing the CRISPR/
Cas9, HDR-mediated DNA knock-in approach, Wang
et al. (2017) demonstrated in-frame fusion protein of actin 1
(0s03g50885) and glutathione S-transferase (0s05g02530)
can be produced in rice (Wang et al., 2017). In the same con-
text, Miki et al. (2018) reported that it is feasible to achieved
precise knock-ins mutant, especially in-frame fusion pro-
teins and amino acid substitutions. They have successfully
employed the CRISPR/Cas9 HDR method for generating
N-terminal as well as C-terminal reporter tagging of targeted
genes such as ROS1-GFP, ROS1-Luc, DME-GFP, and GFP-
DME fusions in Arabidopsis and transgenic lines, strongly
showing the respective fluorescence upon illumination (Miki
et al., 2018). The application of site-directed in-frame fusion
proteins seems to apply for transcriptional regulation and
protein localization for cell biology and studying mechanis-
tic details of targeted genes. Nevertheless, the lack of PAM
sequences at the appropriate sites is considered a major ob-
stacle to the wide application of tagging of targeted genes. In
a recent study, Sharma, Badola, Bhatia, Sharma and Trivedi
(2020) have shown that editing of miR858a and miRNA-
encoded peptide can lead to enhance flavonoid biosynthesis
and plant growth and development in Arabidopsis (Sharma
et al. 2020).

By utilizing the property of precise targeting by sgRNA
guided Cas9 protein, researchers have developed a system
for the transcriptional activation of genes without creat-
ing gene edits using inactivated Cas9 protein referred to as
dCas9. For this, a vector was constructed, which contains
dCas9 fused with transcriptional activator proteins such as
VP64 and p65AD at C-terminal along with the gRNA mod-
ule. Lowder et al. (2015) developed the pco-dCas9-VP64 sys-
tem and significantly activated the AtPAP1 (2-7 fold) and
miR319 (3- and 7.5-fold) compared with control Arabidopsis
plants suggesting that this system is sufficient to increase
the transcripts of coding as well noncoding genes (Lowder
etal., 2015). An interesting feature of a variant of native Cas9
protein called RNA processing Cas9 (R-Cas9) is that it recog-
nizes and cuts the target RNA molecules enabling researchers
to achieve post-transcriptional silencing of desired mRNA
using the CRISPR/RCas9 system. It may be envisioned that
the RCas9-mediated gene silencing could be applied in a
range of applications including from manipulation of RNA
substrates to tracking of RNA molecules in live cells by fus-
ing a fluorophore with dead RCas9 that is very much helpful
to understand the transcriptional dynamics within the cells
(Nelles et al., 2015; O'Connell et al., 2014).
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6 | GENE EDITING AND
IMPROVEMENT OF CEREALS AND
HORTICULTURAL CROPS

The application of the CRISPR/Cas technology accelerated
trait modification, precision breeding, and domestication of
food crops. In this section, we describe the major accom-
plishments of this technique in food crops and illustrated in
Figure 3 and Table 1.

6.1 | Cereals

6.1.1 | Rice

Rice is an important cereal consumed by the large human
population of the world, especially in the East-Asian region.
As per data from the United Nations Food and Agriculture
Organization in the year 2016, rice is the third most widely
cultivated crop after maize and sugarcane. In the recent past,
numerous studies have performed using a CRISPR/Cas sys-
tem to ensure food security by developing edited rice with
increase yield, reduced susceptibility toward pathogens, high
nutraceutical value, and improved quality. The bacterial blight,
caused by Xanthomonas oryzae pv. oryzae, is one of the most
serious concerns for rice growers in Asia and Africa. The past
research has revealed that bacteria secrete some transcription
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FIGURE 3 Summary of major accomplishments of CRISPR/
Cas9 for ensuring food security, improving quality and nutraceutical

value of crops and fruits
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activator-like effectors biomolecules that specifically bind
to the promoter of sucrose transporter genes (SWEETII,
SWEET13, and SWEET4) in the host. The simultaneous mu-
tation in the promoter region of SWEET genes by CRISPR/
Cas9 hindered the binding with transcription activator-like
effectors, which conferred the resistance to bacterial infec-
tion and thus restricting bacterial invasion (Eom et al., 2019;
Oliva et al., 2019). Under the field trials, such edited rice va-
rieties in IR64 and Ciherang-Subl background exhibited a
robust and broad-spectrum bacterial resistance in rice (Oliva
et al., 2019). Using the same approach, a bacterial blight-re-
sistant variety of rice was generated via editing of promoter
elements of Xal3 gene, resulting in excess mRNA or pro-
tein accumulation of downstream gene (Li, Li, Zhou, et al.,
2020). Harnessing the knowledge of the promoter database
of SWEET, transcripts, and protein profile of SWEET in en-
gineered reporter lines and knockout lines of rice, a valuable
diagnostic kit has been devised for effector binding element
mutations efficacy assessment and software for prediction of
suitable resistance gene-set of blight resistance in the particu-
lar geographic region in rice (Eom et al., 2019). The blast
disease has a devastating effect on rice productivity and a re-
port showed that mutating OsERF922 enabled rice to cope
better against blast disease (Wang et al., 2016). Likewise, a
study demonstrated that tungro disease susceptible rice va-
riety (IR64) can be converted into tolerant cultivar through
gene edits in the OselF4G gene associated with rice tungro
spherical virus (Macovei et al., 2018).

The crop productivity and yield are decided by complex
signal networks composed of intersection of transcription fac-
tors, genes, and plant hormones. Among major determinants
of yield, poor grain filling in hybrid japonica rice is thought
to be the main bottleneck restricting the wide cultivation of
hybrid rice in grower countries. The characterization of an al-
lele for grain filling rate (GFR1) by using CRISPR/Cas9 gene
editing can be a molecular asset for improving the grain-filling
rate in the hybrid japonicarice (Liu, Zeng, et al., 2019). A sim-
ilar example of gene editing is seen in the case of AH2 locus
characterization, which encodes a MYB transcription factor
playing an important role in the determination of hull develop-
ment, palea identity, and grain size in rice (Ren et al., 2019).
Moreover, CRISPR/Cas9 gene editing is widely used to iden-
tify the causal genes in major quantitative trait loci. Employing
CRISPR/Cas9, a novel rice grain size gene OsSNB was iden-
tified in a genome-wide association study in the natural pop-
ulation of rice. It has been proposed that OsSNB will serve as
a key target for yield improvement in rice (Ma et al., 2019).
In a detail investigation, Huang et al. (2018) have identified
129 putative genes related to high yield from 30 rice culti-
vars using IR8 (as a landmark), its ancestors and descendants.
Among these, 57 genes were mutated through the CRISPR/
Cas9 system to know their function. The analysis suggested
that a locus Os10g0555100, encoding glucosyltransferase,
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TABLE 1
S.N. Crop
1. Rice
2. Rice
3. Rice
4. Rice
5. Rice
6. Rice
7. Rice
8. Rice
9. Rice
10 Rice
11. Rice
12. Rice
13. Rice
14. Rice
15. Rice
16. Rice
17. Rice
18. Rice
19. Rice
20. Rice
21. Maize
22. Maize
23. Maize
24. Maize
25. Maize
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Target
OsSWEETs

OsSWEETs

OsXal3

OsERF922

OselF4G

OsGFRI

OsAH2

OsSNB
051030555100

OsAAPS
Golden rice 1 &

golden rice 2

Cytochrome P450s
and OsBADH?2

OsC3’H

OsMYBI101

OsWaxy

OsWaxy

OsRR22

OsSAPK?2
OsNRAMPS
OsALS1

ZmPhytoene
synthase

GOS2 promoter

ZmSH2 & WX

Mutation

cis-regulatory alleles

cis-regulatory alleles

cis-regulatory alleles

Loss of function

Loss of function

Loss of function

Loss of function

Loss of function

Loss of function

Loss of function

Targeted gene
insertion

Loss of function

Loss of function

Loss of function

Loss of function

cis-regulatory alleles

Loss of function

Loss of function
Loss of function

Loss of function

Loss of function

DMC1 promoter-
driven Cas9

Biolistic delivery of
RNP complex

GOS2 promoter
inserted within
5’UTR region of
ZmARGOSS

Loss of function

Major accomplishments of CRISPR/Cas system-based gene editing in important crops

Trait modification

Blight resistance caused by Xanthomonas
oryzae pv. Oryzae

Bacterial blight resistance and diagnostic
kit to check bacterial blight resistance

Bacterial blight resistance

Blast resistance

Tolerance for tungro spherical virus

High grain filling in japonica hybrid

Improved hull development and grain
size

Novel allele for high yield

Growth and panicle architecture

High yield and tiller number

High p-carotene in grains

Improved fragrance in grains

Improved biomass saccharification

Enhanced lignin accumulation

Low amylose content

Low amylose content

High tolerance for salinity stress

High tolerance for drought stress
High tolerance for cadmium stress

Herbicide tolerance

Gene-editing protocol optimization

Gene-editing protocol optimization

Gene-editing protocol optimization

High yield under drought condition

Super sweet and waxy corn
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TABLE 1 (Continued)
S.N.  Crop Target Mutation
26. Maize Haploid induction
217. Maize Multiple genes Loss of function
28. Wheat TaPDS Loss of function
29. Wheat TaMLO Loss of function
30. Wheat TaEDRI Loss of function
31. Wheat Taa-gliadin Loss of function
32. Wheat TaDREB2 & Loss of function
TaERF3
33. Wheat TaMS1 Frameshift mutation
34. Wheat
35. Wheat TaALS Loss of function
36. Wheat TaGW7 Loss of function
37. Barley HvCKX1 & HvCKX3  Loss of function
38. Barley Hv d-Hordein Loss of function
39. Barley HvHPT & HYHGGT  Loss of function
40. Banana MaRAS-PDS1,2 & Loss of function
MaPDS
41. Banana MaGA200x2 Loss of function
42. Banana MaeBSV Loss of function
43. Banana MaLCYepsilon Loss of function
44. Tomato Multiple genes cis-regulatory alleles
45. Tomato SICLV3 cis-regulatory alleles
&Arabinosyl-
transferase
46. Tomato Pectate lyase, Loss of function
Polygalacturonase
2a & f-galactanase
47. Tomato SIFULI & FUL2 Loss of function
48. Tomato SIALC Gene replacement

Food and Energy Security

Trait modification

Protocol optimization for one step
genome editing in crops

Characterized novel genes for agronomic

and nutritional importance in maize

Gene-editing protocol optimization

Resistance to powdery mildew

Resistance to powdery mildew

Less gluten content in wheat grain

Successful desired mutation attained in
protoplast

Generated male-sterile lines useful in
hybrid production

Protocol optimization for delivery of
RNP complex

Herbicide (sulfonylurea and
imidazolinone) tolerance

Enhanced weight and shape of wheat
grain
Altered root morphology and cytokinin

metabolism

Increased starch content, amylose
content, and beta-glucan content

Significant reduction content of both
tocopherols and tocotrienols

Protocol optimization for gene editing

Development of semi-dwarf banana
cultivar

Resistance to banana streak virus

Fortification of f-carotene in banana fruit

Fruit size, inflorescence branching and
plant architecture

Extra flower and increased fruit size

Longer fruit shelf life

Evaluated role in fruit ripening

Longer fruit shelf life
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TABLE 1 (Continued)
S.N. Crop
49. Tomato
50. Tomato
51. Tomato
52. Tomato
53. Citrus
54. Citrus
55. Apple
56. Apple
57. Grapes
58. Kiwi fruit
59. Kiwi fruit
60. Soybean
61. Soybean
62. Soybean
63. Soybean
64. Potato
65. Potato
66. Strawberry
67. Oilseed rape
68. Oilseed rape

controls growth, and panicle architecture have much important
agronomic potential (Huang et al., 2018). Thus, gene editing
greatly helped to discover novel genes or alleles responsible
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Target

SP, Ovate,
Fasciated,
Fruit Weight
2.2, Multiflora,
Lycopene Beta
Cyclase

SP, SP5G, SICLV3,
SIWUS, & SIGGP1

SIENO

Multiple genes

CsLOBs

CsLOBI
MdPDS

MdDIPM4

AcPDS

AcCENs

GmPRR3b

GmPRR37

GmSPLs

GmFT2a

StPPO

FaTM6

BnITPK

BnSFAR4 &
BnSFARS

Mutation

cis-regulatory alleles

cis-regulatory alleles
Loss of function
cis-regulatory alleles
cis-regulatory alleles
and loss of function

cis-regulatory alleles

Loss of function

Loss of function

Loss of function

Loss of function

Loss of function

Loss of function

Loss of function

Loss of function

Loss of function

Loss of function

Loss of function

Loss of function

Loss of function

Trait modification

Domestication of wild relative of tomato
with increase fruit size, number and
lycopene

Increase fruit production, ascorbic acid
synthesis and salt resistance

Enhanced fruit number and size

Developed cultivars suitable for urban
farming

Resistance to citrus canker disease

Resistance to citrus canker disease
Protocol optimization for efficient gene
editing

Resistance to fire blight disease

Protocol optimization for efficient gene
editing

Efficient protocol optimization for gene
editing

Transformation from perennial to annual

Early flowering and high growth

Development of cultivar suitable to grow
at high altitudes

Change in plant architecture, increased
node and branch number

Change in photoperiodism and delay in
flowering time

Reduction in enzymatic browning of
tubers

Establishment of efficient protocol for
gene editing

Improvement in the quality of berry

Low phytic acid and increase in protein
level in oil

Increased seed oil content
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for more productivity for instance, amino acid permease
(OsAAPS) was found to regulate tiller number, grain quality,
and yield (Wang, Wu, et al., 2019).
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In addition to increasing crop yield, gene editing via
CRISPR/Cas9 is largely used for improving desirable traits in
rice. In an elegant study, carotenoid enriched rice variety was
made, which accumulates high p-carotene content in the endo-
sperm (Dong et al., 2020). In this study, a cassette containing
golden rice 1 and golden rice 2, consisting of SSU-crtl and
ZmPsy30 driven by the endosperm-specific glutelin promoter,
was precisely inserted through CRISPR/Cas9 based targeted
insertion and engineered plant have high p-carotene without
any penalty in yield and growth. Developing golden rice via
genome editing is a welcome step to combat vitamin A defi-
ciency-related diseases among large populations inhabiting
rice grower countries. Very recently, researchers succeeded
in generating high yielding fragrance rice variety by a tar-
geted mutation in cytochrome P450s and OsBADH2 (Usman
et al., 2020). Further, lignin represents a source of some ar-
omatic compounds as well as determining the plant biomass.
The mutation in p-coumaroyl ester 3-hydroxylase, a key en-
zyme involved in the lignin biosynthesis, caused variation in
lignin content, composition, cross-linking of the cell wall and
improves biomass saccharification in rice (Takeda et al., 2018).

Nevertheless, CRISPR/Cas9 induced knockout mutation in
OsMYBI01, a transcriptional repressor of lignin biosynthesis,
enhanced lignin accumulation in culm cell walls, which is a
much-needed character (Miyamoto et al., 2019). Moreover,
the presence of amylose content (AC) in rice is not considered
good because it creates problems during cooking. Therefore,
breeders need to develop a variety with low AC in rice grain.
Keeping this fact, a study demonstrated that editing the waxy
(WX) gene by CRISPR/Cas9 significantly reduced the AC
level, improving the quality of rice (Zhang et al., 2018). The
targeting of the motif in the promoter region is a bit different
strategy to alter gene expressions over conventional mutagen-
esis. This strategy was adopted to lower AC in rice grains by
using CRISPR/Cas9 (Huang et al., 2020) and base editors
(Xu et al., 2020) in which they have created multiple alleles
of Wx with a range of AC in grain. Moreover, several research
groups have attempted mutagenesis in genes involved in salin-
ity stress (OsRR22), drought stress (OsSAPK?2) and cadmium
stress (OsNramp?), resulting edited lines exhibited better toler-
ance to respective stresses (Lou et al., 2017; Tang et al., 2017;
Zhang, Liu, et al., 2019). One of the notable accomplishments
of current gene-editing efforts in rice is the generation of rice
germplasm with herbicide-tolerant features, which minimize
the overall cost of rice cultivation (Kuang et al., 2020).

6.1.2 | Maize

Maize, a member of the grass family Poaceae, is one of the
major cereals producing worldwide. Besides serving as a staple
crop in some parts of the world, maize can also be used in some
additional applications including corn ethanol, production of
corn syrup, and fodder for livestock. The genetic improvement
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of maize is largely relying on traditional and mutation breed-
ing programs before the era of transgenesis and precision gene
editing. Like crops, Agrobacterium-mediated transformation
is the most reliable way of delivering the CRISPR/Cas9 sys-
tem for any gene-editing attempt in maize. However, the re-
calcitrant nature of calli and low transformation efficiency is
thought to be a major bottleneck limiting the success of large
editing events in maize. Overcoming this limitation, Zhang,
Zhang, et al. (2019) developed a novel ternary vector module
in which they have introduced the morphogenic regulator gene
in the CRISPR/Cas9 system. The Agrobacterium-mediated de-
livery of this ternary vector system is promising and showed an
additive effect in terms of improved transformation efficiency
of recalcitrant maize (Zhang, Zhang, et al., 2019). Moreover,
several studies have been conducted to devise a strategy for
getting gene-editing events using CRISPR/Cas9 in maize for
instance, maize codon-optimized Cas9 protein proved to be
very effective for targeting mutation in the phytoene synthase
gene (Zhu et al., 2016). The use of dmcl promoter-driven Cas9
(Feng et al., 2018) and direct delivery of CRISPR/Cas9 ribo-
nucleoprotein complexes (Svitashev et al., 2016) were further
improvements for robust genome editing in maize. The devel-
opment of maize variety with better grain yield under drought
conditions is a notable achievement of gene editing. Based on
previous information on ARGOSS, a report has shown that
precise insertion of maize GOS2 promoter within 5’-UTR of
ARGOSS increased ARGOSS transcripts and thereby more
grain yield per acre obtained under drought condition at the
flowering stage (Shi et al., 2017). In a consumer-driven market,
the demand for sweet, waxy, and baby corn variety is increas-
ing day by day. Keeping this fact in mind, Dong et al. (2019)
have developed super sweet and waxy corn variety by mutating
SH2 and WX genes involved in starch and sugar metabolism
(Dong et al., 2019). An exciting study opens a new horizon
of trait modifications in crops such as maize by showing one
step genome editing can be possible during haploid induction,
suggesting that gene-editing attempts will rise in maize in the
near future (Kelliher et al., 2019). In a comprehensive study,
Liu et al. (2020) have used large scale CRISPR/Cas9 mu-
tagenesis with genetic mapping to validate the function of un-
derlying genes in QTL. By integrating gene-editing tools with
high-throughput genomic approaches, the role of 743 candidate
genes was explored determining the traits for agronomic and
nutritional importance in maize (Liu et al., 2020). The collec-
tive knowledge of this study and generated mutants will serve
as useful resources for accelerating high precision breeding
program in maize.

WY Food and Energy Security

6.1.3 | Wheat and barley

Wheat is the second most staple food crop in the world. Like
other crops, natural available genetic diversity is convention-
ally being used for introgression of a specific trait in suitable/
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cultivated wheat variety. Nevertheless, a number of reports were
published during the recent past years showing the usefulness
of the CRISPR/Cas9 system to generate the allelic mutation in
wheat. Despite the difficulty in the Agrobacterium-mediated ef-
ficient transformation method, the presence of three genomes
in wheat (Triticum aestivum L., 2n = 42, AABBDD) is another
great challenge to deal with during gene-editing efforts in wheat
(Slade et al., 2005). However, Upadhyay et al. (2013) have
shown that the CRISPR/Cas9 system can be applied for gene
editing in wheat by obtaining target gene mutations in cell sus-
pension culture of wheat (Upadhyay et al., 2013). Thereafter,
researchers were succeeded in targeting three putative MLO
loci, which encode proteins to repress defense against powdery
mildew disease and developed resistant wheat variety (Wang
et al., 2014). The resulted lines displayed notable disease re-
sistance against powdery mildew and providing a methodo-
logical framework to change alleles in hexaploid wheat (Wang
etal., 2014).

Similarly, a study showing that targeting TaEDRI, a neg-
ative regulator of defense response against powdery mildew,
with CRISPR/Cas9 exhibited resistance to powdery mildew
disease, which provides a new allele for molecular breeding
in wheat (Zhang et al., 2017). It is noteworthy to mention here
that powdery mildew disease is prevalent in wheat and causes
significant yield loss (approaches to 40% reduction in yield
under severe condition). Another big issue of wheat is the pres-
ence of gluten causing celiac disease, an autoimmune disorder,
in some individuals. The following research illustrated that
casual immunogenic peptide in patients with celiac disease is
synthesized by a member of the gliadin gene family of wheat.
The CRISPR/Cas9-based targeting of a-gliadins resulted in
a strong reduction in a-gliadins level in wheat grain, which
makes it safe to consume by patients facing celiac disease
(Sanchez-Leon et al., 2018). Numerous successful attempts
have been made to edit the drought and other stress-related
genes, namely 7aDREB?2 and TaERF3, in a transient systems
like in protoplasts, suggesting that it can be used as a rapid
system to know the actual targets and off-targets of designed
gRNAs in wheat (Kim et al., 2018). Interestingly, a study de-
veloped a platform for producing male-sterile wheat variety
using the CRISPR/Cas9 system. It should be noted there is a
high demand for male-sterile plant in the hybrid seed technol-
ogy industry, which is considered a difficult task due to the
strong inbreeding habit of wheat. Okada et al. (2019) gener-
ated a male-sterile wheat by targeting Ms/ gene consequence
biallelic frameshift mutation into Ms/ caused complete male
sterility in wheat cultivars such as Fielder and Gladius (Okada
et al., 2019). This study provides a significant step to capture
the concept of heterosis to improve the yield and fitness in
elite wheat cultivars. In the same connection, some recent re-
ports describing the protocol of efficient development of an
Agrobacterium-mediated delivery of CRISPR/Cas9 RNP for
wheat genome editing are now available (Hayta et al., 2019).
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In an exciting report, the herbicide tolerance was developed
in wheat by introducing a mutation in acetolactate synthase
and acetyl-coenzyme A carboxylase genes using base editors
(Zhang, Liu, Chai et al., 2019). The presence of weeds in the
field greatly reduces wheat grain yield and such mutant variety
is tolerant to sulfonylurea, imidazolinone and aryl-oxyphenoxy
propionate type herbicides providing an edge for weed man-
agement in wheat farming. In addition to protecting crops from
pathogens and weed, genome editing helped to raise mutants
with high grain productivity per plant in wheat. Wang, Pan,
et al. (2019) reported mutation in 7aGW7 homoeologs in the
B and D genome of hexaploid wheat increased the shape and
weight of wheat grains in a dosage-dependent manner suggest-
ing an important role of 7TaGW?7 for deciding yield compo-
nent during domestication of wheat (Wang, Pan, et al., 2019).
Considering the vast application of the CRISPR/Cas9 system
and speeding the traits improvement in wheat, researchers have
devised a web-based tool, WheatCRISPR, for designing pre-
cise sgRNAs. We anticipate exciting and novel implications
of gene editing will coming soon in wheat (Cram et al., 2019).
Similar to wheat, gene-editing tools, especially CRISPR/Cas9
has been applied in important cereal crop barley (Hordeum vul-
gare) to change cytokinin metabolism (Gasparis et al., 2019)
and grain composition (Yang et al., 2020). Using the CRISPR/
Cas9 system, Zeng et al. (2020) created mutants of HvHPT
and HvHGGT for tocopherol (vitamin E) enrichment in barley
grain; however, loss of function of these genes reduced both
tocopherols and tocotrienols level (Zeng et al., 2020).

6.2 | Horticultural crops

6.2.1 | Banana

Banana, the most economically important tropical fruit, is
growing in more than 130 countries of the world. In banana
plantations, most of the high yielding varieties are longer
than 2 m and facing the challenge of weak lodging. Thus, a
short height of the plant is thought to be a favorable trait in
banana farming, which is also suitable for machine harvest-
ing of fruits and plant maintenance. It should also be noted
that the scope of traditional breeding for the traits improve-
ment is considered as difficult in banana as it has a triploid
genome that leads to plant sterility; thus, gene editing can
be a viable alternative for genetic modification (Dash &
Rai, 2016). In the beginning, genome editing studies in ba-
nana using CRISPR/Cas9 were reported after getting success
in mutations of two RAS-PDS genes in banana cv. Rasthali
(Kaur et al., 2018) and MaPDS gene in the Cavendish culti-
var (Naim et al., 2018). Further, the gibberellin biosynthe-
sis gene, MaGA200x2, was successfully edited by using the
CRISPR/Cas9 system in "Gros Michel" cultivar resulting in
a semi-dwarf mutant cultivar (Shao et al., 2020). Similarly,
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researchers were able to edit sequences of endogenous ba-
nana streak virus in the B genome of banana to inactivate
virus transfer during breeding events (Tripathi et al., 2019).
These initial reports open a new avenue for gene-editing at-
tempts in banana. In a recent report, the p-carotene-enriched
banana was developed by CRISPR/Cas9-based editing of ly-
copene epsilon-cyclase gene in the Cavendish banana culti-
var (Kaur et al., 2020). In addition to generating material for
breeding in banana, our group is trying to develop banana
cultivar using the CRISPR/Cas9 tool with the core aim for
the nutritional enhancement of banana fruit in high yielding
and lower nutrient containing popular cultivar in India.

6.2.2 | Tomato

Tomato is an essential edible crop, and fruit of the plant is
widely consumed in various ways. Like other crops, there is
also a need to improve the traits like high productivity, large
fruit size, better quality with least postharvest loss, and flavor
in tomato. In an elegant study, Rodriguez-Leal et al. (2017)
have developed a number of alleles that differed in fruit size,
branching pattern, and inflorescence in tomato by targeting
promoter regions of the crucial genes regulating fruit size,
inflorescence branching, and plant architecture. The authors
created a wide range of cis-regulatory alleles that differed
by alteration of gene expression that eventually determined
large quantitative phenotypic variation in tomato (Rodriguez-
Leal et al., 2017). In addition, CRISPR/Cas9 technology was
used to investigate the arabinosyl-transferase gene function
as new components of the CLAVATA signaling pathway es-
sential to control meristem size in tomato (Xu et al., 2015).
The shelf life of a fruit is a very important trait and studies
have shown that remodeling of cell wall plays a bigger role
in ripening and shelf life that determine the life spawn of to-
mato fruit, which ultimately reduces the postharvest loss of
crop. In the same line, substantial work has been performed
to decipher the role of cell wall-modifying enzymes such as
pectate lyase, polygalacturonase 2a, and -galactanase using
CRISPR/Cas9 to illustrate their role in fruit ripening (Wang,
Samsulrizal, et al., 2019). A similar attempt was made to
know and confirm the previously investigated ripening-re-
lated transcription factors, Fruitful 1 and 2, provide an insight
about the independent and overlapping function of these reg-
ulators in controlling the ripening process in Alisa-craig vari-
ety (Wang, Tavano, et al., 2019). Similarly, Yu et al. (2017)
have shown that CRISPR/Cas9-induced mutagenesis and
gene replacement of normal ALC allele generated the long-
shelf-life tomato (Yu et al., 2017). An interesting report
came out recently in which Zsogon et al. (2018) were able to
develop a new tomato variety from wild landrace S. pimpi-
nellifolium by editing six loci important for yield and produc-
tivity using the CRISPR/Cas9 tool. This study demonstrated
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that engineered lines contain very high amounts of lycopene
(500%), ten times more fruit number and three times in-
crease in fruit size compared to wild-type S. pimpinellifolium
(Zsogon et al., 2018). This report opens a new avenue for a
molecular breeding programs to exploit the available genetic
diversity of wild relatives of cultivated crops. The inbreeding
is widely used for crop improvement; however, is often as-
sociated with fitness penalties and loss of genetic diversity.
It has been found that wild relative of tomato (S. pimpinel-
lifolium) harbors significant salt and disease tolerance trait
and introgression of such characters in cultivated tomato
(Solanum lycopersicum) via conventional breeding is a slow
process. Hence, using multiplex CRISPR/Cas9 based editing
of coding sequences, promoters or upstream open reading
frames of putative genes linked with fruit size, architecture,
and ascorbic acid synthesis, Li et al. (2018) successfully
modified desired phenotypes along with parental disease re-
sistance and salt tolerance in S. pimpinellifolium. The edited
lines displayed a change in day-length sensitivity, shoot ar-
chitecture, fruit production, and nutrient composition which
finally accelerated the domestication of S. pimpinellifolium
(Li et al., 2018). During the domestication of tomato, fruit
size and locule number are the major traits. With the help of
CRISPR/Cas9, characterization of ENO gene in determining
fruit locule number and size seems to be a milestone in the
molecular breeding program of improving tomato varieties
(Yuste-Lisbona et al., 2020). In an excellent study, Kwon
et al. (2020) have shown the potential use of CRISPR/Cas9
to generate a repertoire of solanaceous crops for urban agri-
culture. Authors demonstrated that a vine-like wild tomato
variety can be converted into compact architecture and early
yielding variety using single-step CRISPR/Cas9, which is
suitable for urban farming (Kwon et al., 2020).
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6.2.3 | Citrus

Citrus is an important fruit representative of the family
Rutaceae, and one of the rich sources of vitamin C. In the
plantations, citrus canker (caused by Xanthomonas citri
subsp. citri) is a major disease affecting the production and
quality of citrus fruits. The genetic modification for the im-
provement of citrus through breeding or gene manipulation
has several challenges. Studies have identified CSLOBI as
a candidate gene for controlling susceptibility to citrus can-
ker of sweet orange by bacterium Xanthomonas axonopodis
(Citrus X sinensis) and editing of CsLOBI gene resulted in
varying resistance responses among stably transformed ed-
ited lines (Jia et al., 2016, 2017). Similarly, another report
showed that it could be possible to obtain edited lines having
resistance to citrus canker by targeting the promoter region of
CsLOBI (Peng et al., 2017). These studies illustrate that the
devastating effect of citrus canker can be managed through
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CRISPR/Cas9-based editing of responsible genes associated
with this trait.
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6.2.4 | Apple and grapes

The successful application of gene-editing tools in important
crops encourages researchers to attempt for improving apple,
grapes and commercial fruits. As we know, sequence infor-
mation and delivery of CRISPR/Cas complex is a prerequisite
for any gene-editing efforts and later is thought to be the most
difficult task. Considering this limitation, studies have first
established the protocols for direct delivery of CRISPR/Cas9
ribonucleoproteins as well as by agrobacterium-mediated
transformation to achieve efficient DNA-free targeted mu-
tations in both apple and grapevine (Nakajima et al., 2017,
Nishitani et al., 2016; Osakabe et al., 2018). Afterward, a fire
blight disease tolerant edited cultivar of apple was developed
by making knockout of MdDIPM4 which interacted with the
effector protein of bacteria (Pompili et al., 2020). Regarding
the grapes, some studies reported the highly efficient
CRISPR/Cas9 gene-editing events in grapes which mostly
focussed on method development and functional analysis of
genes (Sunitha & Rock, 2020; Wang, Tu, et al., 2018); how-
ever, using this tool result related to the improved variety of
grapes is yet to come.

6.2.5 | Kiwifruit

Kiwifruit (Actinidia chinensis), an edible berry with sweet
and unique flavor, is commonly cultivated in China, Italy,
New Zealand, and Iran. The gene-editing attempts have been
carried out once the optimization of the conditions was suc-
ceeded in kiwifruit. A robust system for gene-editing using
polycistronic tRNA-sgRNA cassette rather than traditional
CRISPR/Cas9 have been devised which increased mutagen-
esis frequency nearly 10-fold higher in the case of phytoene
desaturase gene in kiwifruit (Wang, Wang, et al., 2018). A
year later, a study reported that mutation of CEN-like genes
AcCEN4 and AcCEN through CRISPR/Cas9 transformed a
climbing woody perennial kiwifruit, which takes many years
to develop axillary inflorescences and fruit, into a compact
plant with terminal flower and fruit development within a
year (Varkonyi-Gasic et al., 2019). The annualization of per-
ennial horticultural crops is indeed a revolutionary accom-
plishment of gene editing in recent years.

6.3 | Other crops

Soybean is an important legume crop that is widely con-
sumed as a raw vegetable, processed food, and soy milk

products. Several studies demonstrated the effectiveness of
CRISPR/Cas9 to rapidly modify the crucial traits compared
to conventional breeding. The genome-wide association
study and analysis of a large number of QTLs mapping 279
landraces of soybean responsible for flowering and maturity
time indicated possible loci shaping these traits. With the
help of CRISPR/Cas9 gene editing, Li, Li, Li, et al. (2020)
characterized a locus encoding GmPRR3b is the causal gene
for regulating early flowering and vigorous growth. These
characters are considered to be promising for developing a
variety that can grow at high altitudes (Li, Li, Li, et al., 2020).
However, another study demonstrated that it is GmPRR37,
which controls the flowering time and photoperiodism, using
gene editing and thus enabling soybean variety to grow in hill
region (Wang, Sun, et al., 2020). Moreover, researchers have
mutated four gene members of SPL family, which resulted in
a significant change in plant architecture showing increased
node number and branch number per plant of soybean (Bao
etal., 2019). In the same context, editing of GmFT2a through
CRISPR/Cas9-mediated mutagenesis resulted in a delay in
flowering time and photoperiod responses in soybean (Cai,
Chen, Liu, et al., 2018). All of these reports clearly indicated
that fine-tuning of photoperiodism and flowering time is the
key research focus for improving soybean. However, reduc-
ing bitterness caused by saponins and isoflavones and nutri-
tional improvement by editing crucial genes will be a prime
goal for soybean research in the near future.

The enzymatic browning, catalyzed by polyphenol oxi-
dases leading to the formation of dark-colored precipitates,
causes undesirable changes in taste and nutritional deteriora-
tion in potato tuber (Solanum tuberosum). A study reported
that mutation in a member of the StPPO gene family is suffi-
cient to reduce enzymatic browning of tubers and improved
the nutritional quality of tubers (Gonzalez et al., 2019). In
general, potato and some diploid relative of potato are nor-
mally recalcitrant to Agrobacterium tumefaciens-based trans-
formation. Nevertheless, few recent studies have established
a refined protocol of gene editing by the hairy root and pro-
toplast transformation, which will increase the gene-editing
efforts in potato (Andersson et al., 2017; Butler et al., 2020).
The CRISPR/Cas9 system has also been implicated in straw-
berries for increasing the quality enhancement berries.
Recently, researchers have used the CRISPR/Cas9 system for
editing gene controlling the development of the floral parts
for instance, petals, anthers, and pollen grains and demon-
strated that FaTMG6 is involved in stamen development and
berries size as well (Martin-Pizarro et al., 2019).

Being as a very important oilseed crop, Brassica napus is
also widely used as a fodder for livestock. The CRISPR/Cas9
gene editing has been applied to improve the nutritional value
of brassica in recent years. The phytic acid in oilseed rape
is considered antinutritive, which hinders the availability of
free phosphorus and adversely affects the mineral absorption
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in the human gut. Sashidhar et al. (2020) developed a mutant
of oilseed rape using CRISPR/Cas9, which contained low
phytic acid and an increase in protein level in oil (Sashidhar
et al., 2020). In another exciting report, researchers have gen-
erated CRISPR mutants of BnSFAR4 and BnSFARS, causing
increased seed oil content by altering oil biosynthesis genes
expression in oilseed rape (Karunarathna et al., 2020). These
studies establish the ability of the gene-editing tools and
extend a new perspective of improving yield and quality in
major oilseed crops.

7 | GLOBAL POLICY FOR
REGULATION OF EDITED CROPS

The advent of the CRISPR/Cas9 system resulted in unprec-
edented applications in diverse areas, thus boosting crop bio-
technology by developing a number of genome-edited crops
in the agriculture sector in recent years. Moreover, many of
gene-edited varieties also serve as important genetic resources
for introgression of a particular trait in the breeding program
to make a superior variety. Considering that gene-edited crops
are mostly free from any foreign DNA molecules developed
to date, there are differences in a global consensus of regula-
tion and acceptance of edited crops among policymakers. The
release of edited crops is regulated under the policies framed
for Genetically Modified Organisms (GMOs) in the European
Union countries at present (Table 2). In contrast, regulators in
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the USA agreed that there is no need for special oversight of
the edited crops as genetic alterations have been brought in
crops itself (Table 2). There is no foreign DNA introduced
in the plant. Such a step was welcomed by agro-industries
as well as in academia in the USA. By changing the existing
policy, US Department of Agriculture (USDA) decided to de-
regulate a common white button (Agaricus bisporus) mush-
room, which was created by the CRISPR/Cas9 tool under the
framework devised for regulating GMOs. This mushroom
was developed by targeting polyphenol oxidase gene which
imparts resistance to browning after cutting and bruising
(Waltz, 2016). In the same manner, Canada also considered
gene editing as a fast version of traditional breeding. The
policy in Japan strictly is known for regulating GM crops but
Japan is now ready to adopt gene-edited crops and also pro-
moting the scientific awareness programs among the public
about gene-edited crops. Recently, regulators in Japan were
convinced that since a particular gene is altered or disabled in
CRISPR/Cas-based edited organisms, those are deferred from
transgenic crops, thus allowing edited foodstuffs to be used by
consumers without additional safety evaluations. However,
the Japanese regulators directed that provided recommenda-
tions always have a possibility of further safety evaluations
when sufficient details of edited crops or organisms are not
given. Australian policymakers decided that it is unnecessary
to regulate the gene-edited plants when NHEJ machinery re-
pairs the break naturally. It was debated that there is no in-
troduction of new genetic material; however, if editing tools

TABLE 2 Policies for regulation of gene-edited crops throughout the world

Regulated/
S.N. Country deregulated Details Remark, if any
1. USA Deregulated There is no foreign DNA in edited crops hence
edited crops cannot be considered as GM
crops
2. Europe Regulated like Gene-edited crops must have to go through
GMO assessment rules designed for the release GM
crops
3. Australia Deregulated Edited crops allowed when NHEJ machinery Edited crops are regulated, if donor template
repair the break naturally or foreign genetic material inserted using
editing tools
4. Argentina, Under existing Edited crops are deregulated if they have not Case to case assessment of edited crops
Brazil and GMO rules any transgene
Chile
S. Japan Deregulated Edited crops can be subject of reassessment,
if sufficient information is not provided
6. Canada Deregulated Edited crops are considered as fast version of
traditional breeding
7. New Zealand Regulated
8. India Not defined India has defined policy and framework to

regulate GM crops, however, there is no
guideline for the release of edited crops yet
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using a donor template or insert other genetic material into the
cell will continue to be regulated by the Office of the Gene
Technology Regulator. Some countries of Latin America in-
corporated new additional rules for regulating gene-editing
organisms in their current adopted biosafety rules and regula-
tions. The regulatory framework of Argentina devised a pro-
cedure for a case to case assessment to determine whether
edited crop will be a subject of regulation under GMO or not.
The gene-edited crops will not be subject to GMO regulation
if transgene is not inserted in the genome. The same rules are
also followed by governments of Brazil and Chile. However,
the European Court of Justice passed a judgment defining that
since CRISPR/Cas mutagenesis brought alterations in ge-
netic material that satisfies the definition of a GMO and thus
should follow regulations of the GMO (Callaway, 2018). This
decision led to the surge of protest among the scientific com-
munity in many European Union countries as there is growing
consensus throughout the world that CRISPR-modified crops
are at least as safe as traditionally made mutants. Having
witnessed the CRISPR bonanza, the Russian government
recently decided to spend huge investment on gene-editing
programs aiming for the development of 10 new varieties of
crops. A large number of research programs and activities are
undergoing in government-funded research institutes as well
as sponsored centers for the improvement of various crops in
India at present. When new crop varieties come up by em-
ploying gene-editing tools under ongoing programs, there
will be a need for policies and regulatory framework for the
release of edited crops in India.

It is a need of an hour for the general public and policy-
makers to understand the differences in fundamentals of gene
editing and GM crops. The country like the United States is
always known to adopt new technology including GM crops
in a proactive manner, and readily allows the adoption of
gene-edited crops in the agriculture sector. In a recent deci-
sion, Animal and Plant Health Inspection Service (APHIS)
of the United States Department of Agriculture (USDA) put
gene-edited soybean, which has a high oleic low linolenic
(HOLL), under the nonregulated article. After the verdict of
the regulatory body, this gene-edited soybean will reach to
consumer's hand very soon. This soybean is developed using
the TALEN-based gene-editing technology by Calyxt Inc.
Hence, it is amenable that countries supporting and funding
the research programs aimed to develop better crop varieties
by using gene-editing technology should also encourage ed-
ucational and awareness campaigns to change public percep-
tion for the social acceptability of edited crops.
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8 | CONCLUSIONS AND
PROSPECTS

The CRISPR/Cas-driven genome editing opens a new di-
mension in plant research and leads to phenomenal success in

Box 2 Delivery of CRISPR/Cas module and
RNPs in plant cell

The delivery of the CRISPR/Cas system relies mostly
on Agrobacterium-mediated transformation in crops,
which integrates entire transgene cassette into the host
genome. A well-established transformation protocol is
a prerequisite for Agrobacterium-mediated transforma-
tion, which is devised for a limited number of crops yet.
Further, the chance of getting more off-targets is very
high in case of stable integration of the CRISPR/Cas
module in the genome. Moreover, the Agrobacterium
method is unsuitable for vegetative propagating crops
such as grapes, potato and banana. Woo et al. (2015)
developed a novel alternative method in which preas-
sembled Cas9 protein-gRNA RNPs was directly de-
livered into protoplast without inserting recombinant
DNA in the host genome. In addition, the protoplast
method can also serve as a promising strategy to assess
the mutation rate and efficiency of the pool of sgR-
NAs. This method was applied to create gene editing
in Arabidopsis, tobacco, rice, and lettuce, and reported
that mutant alleles were successfully inherited to the
next generation (Woo et al., 2015). Numerous reports
illustrated a complete knockout mutation can be at-
tained in various crops using the protoplast delivery
method (Andersson et al., 2018; Park & Choe, 2019).
However, it is challenging to obtain plantlets from the
regeneration of protoplast in the case of recalcitrant
monocots cereals such as maize, sorghum, wheat, and
barley. Overcoming this, embryo cells of maize were
targeted for delivering RNP complex using the parti-
cle bombardment method, which created DNA-free
genome editing in maize (Svitashev et al., 2016). In
further improvements, a novel ternary vector system
has been made by integrating a morphogenic regula-
tor in CRISPR/Cas9 modules, enhancing transforma-
tion efficiency in maize (Zhang, Zhang, et al., 2019).
Recently, a plant negative-strand RNA virus-based
vector has been engineered to make DNA-free in
planta delivery of the CRISPR/Cas9 system (Ma
et al., 2020). The viral vector is capable of inserting
single and multiple mutations simultaneously and re-
mains stable after the transmission of RNPs in tobacco
cells. Concerning gene-editing efforts in crops, the
development of haploid induction editing technology
(HI-Edit) is a remarkable advancement in the precision
mutagenesis enabling direct editing of elite inbred lines
by asingle cross (Kelliher et al., 2019). HI-Edit is faster
and more efficient for creating edits in germplasm to be
used as breeding materials than conventional trait in-
trogression methods for crop improvement.
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crop biotechnology quickly. The use of gene-editing allows
efficient, precise, and targeted mutagenesis for increasing
yield and nutritional value in crops comprising cereals,
fruits, and horticultural crops. Such applications provide an
edge to the current undergoing genetic engineering efforts
for food security and fighting against the undernourishment
of nutrients, vitamins, and nutraceuticals to ever-increasing
global population. The availability of versatile CRISPR/Cas
tools enabled to make any possible change in the genome.
The discovery of additional bacterial enzymes, similar to
Cas9 protein such as Cal2a, Cas13a, CasX, and CasY, offers
much flexibilities of PAM sequence and minimal off-targets
further widening applications in plant. The information of
gene and genome sequence are prerequisites for gene-ed-
iting attempts in any organism. Progression of Next-Gen
Sequencing technologies helped establish a whole-genome
database of fruits and members of the Solanaceae, including
tomato, potato, pepper, and eggplant in recent past. The vast
use of gene-editing tools for improving the quality of these
crops will be a next the step in the coming years to ensure
their full potential for benefiting the society. Using gene
editing, the targeted mutation can be achieved without an
introduction of any foreign DNA thus edited crops may by-
pass legislative GMO regulations in many countries includ-
ing, USA, Argentina, and Australia. However, unintended
targets and genome integrity seem to be the main concern
of a broad use of the CRISPR/Cas-based gene editing for
improving crops in sustainable manner. The lack of trans-
formation method and delivery of RNP complex in many
crops often limit the pace of the gene-editing attempts in
major crops (Box 2). Refinement in editing ability, develop-
ment of novel tools, innovation in the delivery of CRISPR/
Cas system, establishing transformation protocol, and easy
identification of heritable mutants will be major prospects
further advancing gene editing efforts in more commercial
crops. Integrating these improvements, CRISPR/Cas gene
editing will be the lucrative tool for developing new stress
resilient varieties, alleles in precision breeding, better yield-
ing crop, protection against pathogens, and enhancing nutri-
tional value in future.

ACKNOWLEDGMENTS

This work was supported by the core grant of National
Institute of Plant Genome Research and Department of
Science and Technology-SERB for Startup research grant to
AP. MT thanks to Department of Biotechnology, Govt. of
India for funding assistance in the form of Ramalingaswami
Fellowship (grant no. BT/HRD/35/02/2006). PKT acknowl-
edges Department of Biotechnology, New Delhi for the fi-
nancial support in form of TATA Innovation Fellowship.
The authors are thankful to DBT-eLibrary Consortium
(DeLCON) for providing access to e-resources.

CONFLICT OF INTEREST
All authors declare no conflict of interest.

ORCID

Manish Tiwari "= https://orcid.org/0000-0002-0546-0757
Prabodh Kumar Trivedi "= https://orcid.
org/0000-0001-6463-1731

Ashutosh Pandey "= https://orcid.org/0000-0002-5018-9628

REFERENCES

Abudayyeh, O. O., Gootenberg, J. S., Essletzbichler, P., Han, S., Joung,
J., Belanto, J. J., Verdine, V., Cox, D. B. T., Kellner, M. J., Regeyv,
A., Lander, E. S., Voytas, D. F., Ting, A. Y., & Zhang, F. (2017).
RNA targeting with CRISPR-Cas13. Nature, 550, 280-284. https://
doi.org/10.1038/nature24049

Abudayyeh, O. O., Gootenberg, J. S., Konermann, S., Joung, J.,
Slaymaker, I. M., Cox, D. B., Shmakov, S., Makarova, K. S.,
Semenova, E., Minakhin, L., Severinov, K., Regev, A., Lander, E. S.,
Koonin, E. V., & Zhang, F. (2016). C2c2 is a single-component pro-
grammable RNA-guided RNA-targeting CRISPR effector. Science,
353, aaf5573. https://doi.org/10.1126/science.aaf5573

Aliaga-Franco, N., Zhang, C., Presa, S., Srivastava, A. K., Granell, A.,
Alabadi, D., Sadanandom, A., Blazquez, M. A., & Minguet, E. G.
(2019). Identification of transgene-free CRISPR-edited plants of
rice, tomato, and Arabidopsis by monitoring DSRED fluorescence
in dry seeds. Frontiers in Plant Science, 10, 1150. https://doi.
org/10.3389/fpls.2019.01150

Andersson, M., Turesson, H., Nicolia, A., Falt, A. S., Samuelsson, M.,
& Hofvander, P. (2017). Efficient targeted multiallelic mutagenesis
in tetraploid potato (Solanum tuberosum) by transient CRISPR-Cas9
expression in protoplasts. Plant Cell Reports, 36, 117-128. https://
doi.org/10.1007/300299-016-2062-3

Andersson, M., Turesson, H., Olsson, N., Falt, A. S., Ohlsson, P.,
Gonzalez, M. N., Samuelsson, M., & Hofvander, P. (2018). Genome
editing in potato via CRISPR-Cas9 ribonucleoprotein delivery.
Physiologia Plantarum, 164, 378-384. https://doi.org/10.1111/
ppl.12731

Anzalone, A. V., Randolph, P. B., Davis, J. R., Sousa, A. A., Koblan,
L. W, Levy, J. M., Chen, P. J., Wilson, C., Newby, G. A., Raguram,
A., & Liu, D. R. (2019). Search-and-replace genome editing without
double-strand breaks or donor DNA. Nature, 576, 149-157. https://
doi.org/10.1038/s41586-019-1711-4

Baltes, N. J., & Voytas, D. F. (2015). Enabling plant synthetic biology
through genome engineering. Trends in Biotechnology, 33, 120-
131. https://doi.org/10.1016/j.tibtech.2014.11.008

Bao, A., Chen, H., Chen, L., Chen, S., Hao, Q., Guo, W., Qiu, D., Shan,
Z., Yang, Z., Yuan, S., Zhang, C., Zhang, X., Liu, B., Kong, F., Li,
X.,Zhou, X., Tran, L. P., & Cao, D. (2019). CRISPR/Cas9-mediated
targeted mutagenesis of GmSPL9 genes alters plant architecture
in soybean. BMC Plant Biology, 19, 131. https://doi.org/10.1186/
s12870-019-1746-6

Barone, P., Wu, E., Lenderts, B., Anand, A., Gordon-Kamm, W., Svitashev,
S., & Kumar, S. (2020). Efficient gene targeting in maize using induc-
ible CRISPR-Cas9 and marker-free donor template. Molecular Plant,
13(8), 1219-1227. https://doi.org/10.1016/j.molp.2020.06.008

Barrangou, R., Fremaux, C., Deveau, H., Richards, M., Boyaval,
P., Moineau, S., Romero, D. A., & Horvath, P. (2007). CRISPR


https://orcid.org/0000-0002-0546-0757
https://orcid.org/0000-0002-0546-0757
https://orcid.org/0000-0001-6463-1731
https://orcid.org/0000-0001-6463-1731
https://orcid.org/0000-0001-6463-1731
https://orcid.org/0000-0002-5018-9628
https://orcid.org/0000-0002-5018-9628
https://doi.org/10.1038/nature24049
https://doi.org/10.1038/nature24049
https://doi.org/10.1126/science.aaf5573
https://doi.org/10.3389/fpls.2019.01150
https://doi.org/10.3389/fpls.2019.01150
https://doi.org/10.1007/s00299-016-2062-3
https://doi.org/10.1007/s00299-016-2062-3
https://doi.org/10.1111/ppl.12731
https://doi.org/10.1111/ppl.12731
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.1016/j.tibtech.2014.11.008
https://doi.org/10.1186/s12870-019-1746-6
https://doi.org/10.1186/s12870-019-1746-6
https://doi.org/10.1016/j.molp.2020.06.008

20 of 25 WI LEY—

Food and Energy Security _

TIWARI ET AL.

provides acquired resistance against viruses in prokaryotes. Science,
315, 1709-1712. https://doi.org/10.1126/science.1138140

Bhaya, D., Davison, M., & Barrangou, R. (2011). CRISPR-Cas systems
in bacteria and archaea: Versatile small RNAs for adaptive defense
and regulation. Annual Review of Genetics, 45, 273-297. https://doi.
org/10.1146/annurev-genet-110410-132430

Burstein, D., Harrington, L. B., Strutt, S. C., Probst, A.J., Anantharaman,
K., Thomas, B. C., Doudna, J. A., & Banfield, J. F. (2017). New
CRISPR-Cas systems from uncultivated microbes. Nature, 542,
237-241. https://doi.org/10.1038/nature21059

Butler, N. M., Jansky, S. H., & Jiang, J. (2020). First-generation ge-
nome editing in potato using hairy root transformation. Plant
Biotechnology Journal. https://doi.org/10.1111/pbi.13376

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. Frontiers in Plant Science, 8, 1441. https://doi.
org/10.3389/fpls.2017.01441

Cai, Y., Chen, L., Liu, X., Guo, C., Sun, S., Wu, C., Jiang, B., Han, T.,
& Hou, W. (2018). CRISPR/Cas9-mediated targeted mutagenesis of
GmFT2a delays flowering time in soya bean. Plant Biotechnology
Journal, 16, 176—185. https://doi.org/10.1111/pbi.12758

Cai, Y., Chen, L., Sun, S., Wu, C., Yao, W., Jiang, B., Han, T., & Hou,
W. (2018). CRISPR/Cas9-mediated deletion of large genomic frag-
ments in soybean. International Journal of Molecular Sciences,
19(12), 3835. https://doi.org/10.3390/ijms 19123835

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

Char, S. N., Neelakandan, A. K., Nahampun, H., Frame, B., Main, M.,
Spalding, M. H., Becraft, P. W., Meyers, B. C., Walbot, V., Wang,
K., & Yang, B. (2017). An Agrobacterium-delivered CRISPR/
Cas9 system for high-frequency targeted mutagenesis in maize.
Plant Biotechnology Journal, 15, 257-268. https://doi.org/10.1111/
pbi.12611

Christian, M., Cermak, T., Doyle, E. L., Schmidt, C., Zhang, F.,
Hummel, A., Bogdanove, A. J., & Voytas, D. F. (2010). Targeting
DNA double-strand breaks with TAL effector nucleases. Genetics,
186, 757-761. https://doi.org/10.1534/genetics.110.120717

Cram, D., Kulkarni, M., Buchwaldt, M., Rajagopalan, N., Bhowmik,
P., Rozwadowski, K., Parkin, I. A. P., Sharpe, A. G., & Kagale,
S. (2019). WheatCRISPR: A web-based guide RNA design tool
for CRISPR/Cas9-mediated genome editing in wheat. BMC Plant
Biology, 19, 474. https://doi.org/10.1186/s12870-019-2097-z

Dash, P. K., & Rai, R. (2016). Translating the "Banana Genome" to de-
lineate stress resistance, dwarfing, parthenocarpy and mechanisms
of fruit ripening. Frontiers in Plant Science, 7, 1543. https://doi.
org/10.3389/fpls.2016.01543

Decaestecker, W., Andrade Buono, R., Pfeiffer, M., Vangheluwe, N.,
Jourquin, J., Karimi, M., van Isterdael, G., Beeckman, T., Nowack,
M. K., & Jacobs, T. B. (2019). CRISPR-TSKO: A technique for ef-
ficient mutagenesis in specific cell types, tissues, or organs in arabi-
dopsis. The Plant Cell, 31(12), 2868-2887. https://doi.org/10.1105/
tpc.19.00454

Dong, L., Qi, X., Zhu, J., Liu, C., Zhang, X., Cheng, B., Mao, L., & Xie,
C. (2019). Supersweet and waxy: Meeting the diverse demands for
specialty maize by genome editing. Plant Biotechnology Journal,
17, 1853-1855. https://doi.org/10.1111/pbi.13144

Dong, O. X., Yu, S., Jain, R., Zhang, N., Duong, P. Q., Butler, C.,
Li, Y., Lipzen, A., Martin, J. A., Barry, K. W., Schmutz, J., Tian,

L., & Ronald, P. C. (2020). Marker-free carotenoid-enriched
rice generated through targeted gene insertion using CRISPR-
Cas9. Nature Communications, 11, 1178. https://doi.org/10.1038/
s41467-020-14981-y

East-Seletsky, A., O'Connell, M. R., Knight, S. C., Burstein, D., Cate, J.
H., Tjian, R., & Doudna, J. A. (2016). Two distinct RNase activities
of CRISPR-C2c2 enable guide-RNA processing and RNA detection.
Nature, 538, 270-273. https://doi.org/10.1038/nature 19802

Eom, J. S., Luo, D., Atienza-Grande, G., Yang, J., Ji, C., Thi Luu, V.,
Huguet-Tapia, J. C., Char, S. N., Liu, B., Nguyen, H., Schmidt, S.
M., Szurek, B., Vera Cruz, C., White, F. F., Oliva, R., Yang, B.,
& Frommer, W. B. (2019). Diagnostic kit for rice blight resistance.
Nature Biotechnology, 37(11), 1372—1379. https://doi.org/10.1038/
s41587-019-0268-y

Feng, C., Su, H., Bai, H., Wang, R., Liu, Y., Guo, X., Liu, C., Zhang, J.,
Yuan, J., Birchler, J. A., & Han, F. (2018). High-efficiency genome
editing using a dmc1 promoter-controlled CRISPR/Cas9 system in
maize. Plant Biotechnology Journal, 16, 1848-1857. https://doi.
org/10.1111/pbi.12920

Feng, C., Yuan, J., Wang, R., Liu, Y., Birchler, J. A., & Han, F. (2016).
Efficient targeted genome modification in maize using CRISPR/
Cas9 system. Journal of Genetics and Genomics, 43, 37-43. https://
doi.org/10.1016/j.jgg.2015.10.002

Fonfara, 1., Richter, H., Bratovic, M., Le Rhun, A., & Charpentier, E.
(2016). The CRISPR-associated DNA-cleaving enzyme Cpfl also
processes precursor CRISPR RNA. Nature, 532, 517-521. https://
doi.org/10.1038/nature17945

Gao, X., Chen, J., Dai, X., Zhang, D., & Zhao, Y. (2016). An effective
strategy for reliably isolating heritable and Cas9-free Arabidopsis
mutants generated by CRISPR/Cas9-mediated genome edit-
ing. Plant Physiology, 171, 1794-1800. https://doi.org/10.1104/
pp-16.00663

Gao, Y., & Zhao, Y. (2014). Self-processing of ribozyme-flanked RNAs
into guide RNAs in vitro and in vivo for CRISPR-mediated genome
editing. Journal of Integrative Plant Biology, 56, 343-349. https://
doi.org/10.1111/jipb.12152

Gasparis, S., Przyborowski, M., Kala, M., & Nadolska-Orczyk, A.
(2019). Knockout of the HvCKX1 or HvCKX3 gene in barley
(Hordeum vulgare L.) by RNA-guided Cas9 nuclease affects the
regulation of cytokinin metabolism and root morphology. Cells, 8,
782. https://doi.org/10.3390/cells8080782

Gaudelli, N. M., Komor, A. C., Rees, H. A., Packer, M. S., Badran, A.
H., Bryson, D. L., & Liu, D. R. (2017). Programmable base editing
of A*T to G*C in genomic DNA without DNA cleavage. Nature,
551, 464-471. https://doi.org/10.1038/nature24644

Gonzalez, M. N., Massa, G. A., Andersson, M., Turesson, H., Olsson,
N., Falt, A. S., Storani, L., Decima Oneto, C. A., Hofvander, P.,
& Feingold, S. E. (2019). Reduced enzymatic browning in po-
tato tubers by specific editing of a polyphenol oxidase gene via
ribonucleoprotein complexes delivery of the CRISPR/Cas9 sys-
tem. Frontiers in Plant Science, 10, 1649. https://doi.org/10.3389/
fpls.2019.01649

Gootenberg, J. S., Abudayyeh, O. O., Lee, J. W., Essletzbichler, P., Dy,
A.J., Joung, J., Verdine, V., Donghia, N., Daringer, N. M., Freije,
C. A., Myhrvold, C., Bhattacharyya, R. P., Livny, J., Regev, A.,
Koonin, E. V., Hung, D. T., Sabeti, P. C., Collins, J. J., & Zhang, F.
(2017). Nucleic acid detection with CRISPR-Cas13a/C2c2. Science,
356, 438-442. https://doi.org/10.1126/science.aam9321

Gophna, U., & Brodt, A. (2012). CRISPR/Cas systems in archaea: What
array spacers can teach us about parasitism and gene exchange in


https://doi.org/10.1126/science.1138140
https://doi.org/10.1146/annurev-genet-110410-132430
https://doi.org/10.1146/annurev-genet-110410-132430
https://doi.org/10.1038/nature21059
https://doi.org/10.1111/pbi.13376
https://doi.org/10.3389/fpls.2017.01441
https://doi.org/10.3389/fpls.2017.01441
https://doi.org/10.1111/pbi.12758
https://doi.org/10.3390/ijms19123835
https://doi.org/10.1038/d41586-018-05814-6
https://doi.org/10.1038/d41586-018-05814-6
https://doi.org/10.1111/pbi.12611
https://doi.org/10.1111/pbi.12611
https://doi.org/10.1534/genetics.110.120717
https://doi.org/10.1186/s12870-019-2097-z
https://doi.org/10.3389/fpls.2016.01543
https://doi.org/10.3389/fpls.2016.01543
https://doi.org/10.1105/tpc.19.00454
https://doi.org/10.1105/tpc.19.00454
https://doi.org/10.1111/pbi.13144
https://doi.org/10.1038/s41467-020-14981-y
https://doi.org/10.1038/s41467-020-14981-y
https://doi.org/10.1038/nature19802
https://doi.org/10.1038/s41587-019-0268-y
https://doi.org/10.1038/s41587-019-0268-y
https://doi.org/10.1111/pbi.12920
https://doi.org/10.1111/pbi.12920
https://doi.org/10.1016/j.jgg.2015.10.002
https://doi.org/10.1016/j.jgg.2015.10.002
https://doi.org/10.1038/nature17945
https://doi.org/10.1038/nature17945
https://doi.org/10.1104/pp.16.00663
https://doi.org/10.1104/pp.16.00663
https://doi.org/10.1111/jipb.12152
https://doi.org/10.1111/jipb.12152
https://doi.org/10.3390/cells8080782
https://doi.org/10.1038/nature24644
https://doi.org/10.3389/fpls.2019.01649
https://doi.org/10.3389/fpls.2019.01649
https://doi.org/10.1126/science.aam9321

TIWARI ET AL.

the 3rd domain of life. Mob Genet Elements, 2, 63—64. https://doi.
org/10.4161/mge.19907

Grunewald, J., Zhou, R., Garcia, S. P., Iyer, S., Lareau, C. A., Aryee,
M. J., & Joung, J. K. (2019). Transcriptome-wide off-target RNA
editing induced by CRISPR-guided DNA base editors. Nature, 569,
433-437. https://doi.org/10.1038/s41586-019-1161-z

Harrington, L. B., Ma, E., Chen, J. S., Witte, 1. P., Gertz, D., Paez-
Espino, D., Al-Shayeb, B., Kyrpides, N. C., Burstein, D., Banfield,
J.F., & Doudna, J. A. (2020). A scoutRNA is required for some type
V CRISPR-Cas systems. Molecular Cell, 79(3), 416-424.e5. https://
doi.org/10.1016/j.molcel.2020.06.022

Hayta, S., Smedley, M. A., Demir, S. U., Blundell, R., Hinchliffe, A.,
Atkinson, N., & Harwood, W. A. (2019). An efficient and reproduc-
ible Agrobacterium-mediated transformation method for hexaploid
wheat (Triticum aestivum L.). Plant Methods, 15, 121. https://doi.
org/10.1186/s13007-019-0503-z

Houbaert, A., Zhang, C., Tiwari, M., Wang, K., de Marcos Serrano,
A., Savatin, D. V., Urs, M. J., Zhiponova, M. K., Gudesblat, G.
E., Vanhoutte, 1., Eeckhout, D., Boeren, S., Karimi, M., Betti, C.,
Jacobs, T., Fenoll, C., Mena, M., de Vries, S., De Jaeger, G., &
Russinova, E. (2018). POLAR-guided signalling complex assembly
and localization drive asymmetric cell division. Nature, 563, 574—
578. https://doi.org/10.1038/s41586-018-0714-x

Hsu, P. D., Scott, D. A., Weinstein, J. A., Ran, F. A., Konermann, S.,
Agarwala, V., Li, Y., Fine, E. J., Wu, X., Shalem, O., Cradick, T.
J., Marraffini, L. A., Bao, G., & Zhang, F. (2013). DNA targeting
specificity of RNA-guided Cas9 nucleases. Nature Biotechnology,
31, 827-832. https://doi.org/10.1038/nbt.2647

Hu, J. H., Miller, S. M., Geurts, M. H., Tang, W., Chen, L., Sun, N.,
Zeina, C. M., Gao, X., Rees, H. A., Lin, Z., & Liu, D. R. (2018).
Evolved Cas9 variants with broad PAM compatibility and high
DNA specificity. Nature, 556, 57-63. https://doi.org/10.1038/natur
e26155

Hua, K., Tao, X., Han, P., Wang, R., & Zhu, J. K. (2019). Genome
engineering in rice using Cas9 variants that recognize NG PAM
sequences. Molecular Plant, 12(7), 1003-1014. https://doi.
org/10.1016/j.molp.2019.03.009

Huang, J., Li, J., Zhou, J., Wang, L., Yang, S., Hurst, L. D., Li, W.
H., & Tian, D. (2018). Identifying a large number of high-yield
genes in rice by pedigree analysis, whole-genome sequencing, and
CRISPR-Cas9 gene knockout. Proceedings of the National Academy
of Sciences of the United States of America, 115, E7559-E7567.
https://doi.org/10.1073/pnas.1806110115

Huang, L., Li, Q., Zhang, C., Chu, R., Gu, Z., Tan, H., Zhao, D., Fan,
X., & Liu, Q. (2020). Creating novel Wx alleles with fine-tuned am-
ylose levels and improved grain quality in rice by promoter editing
using CRISPR/Cas9 system. Plant Biotechnology Journal. https://
doi.org/10.1111/pbi.13391

Jia, H., Orbovic, V., Jones, J. B., & Wang, N. (2016). Modification of
the PthA4 effector binding elements in Type I CsLOB1 promoter
using Cas9/sgRNA to produce transgenic Duncan grapefruit alle-
viating XccDeltapthA4:dCsLOB1.3 infection. Plant Biotechnology
Journal, 14, 1291-1301. https://doi.org/10.1111/pbi.12495

Jia, H., Zhang, Y., Orbovic, V., Xu, J., White, F. F., Jones, J. B., &
Wang, N. (2017). Genome editing of the disease susceptibility
gene CsLOBI in citrus confers resistance to citrus canker. Plant
Biotechnology Journal, 15, 817-823. https://doi.org/10.1111/
pbi.12677

Jinek, M., Chylinski, K., Fonfara, 1., Hauer, M., Doudna, J. A., &
Charpentier, E. (2012). A programmable dual-RNA-guided DNA

—Wl LEY 21 0f25

endonuclease in adaptive bacterial immunity. Science, 337, 816—
821. https://doi.org/10.1126/science.1225829

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
Biotechnology Journal. https://doi.org/10.1111/pbi.13381

Kaur, N., Alok, A., Shivani, , Kaur, N., Pandey, P., Awasthi, P, &
Tiwari, S. (2018). CRISPR/Cas9-mediated efficient editing in
phytoene desaturase (PDS) demonstrates precise manipulation in
banana cv. Rasthali genome. Functional & Integrative Genomics,
18(1), 89-99. https://doi.org/10.1007/s10142-017-0577-5

Kaur, N., Alok, A., Shivani, , Kumar, P., Kaur, N., Awasthi, P.,
Chaturvedi, S., Pandey, P., Pandey, A., Pandey, A. K., & Tiwari, S.
(2020). CRISPR/Cas9 directed editing of lycopene epsilon-cyclase
modulates metabolic flux for beta-carotene biosynthesis in banana
fruit. Metabolic Engineering, 59, 76-86. https://doi.org/10.1016/j.
ymben.2020.01.008

Kelliher, T., Starr, D., Su, X., Tang, G., Chen, Z., Carter, J., Wittich,
P. E., Dong, S., Green, J., Burch, E., McCuiston, J., Gu, W., Sun,
Y., Strebe, T., Roberts, J., Bate, N. J., & Que, Q. (2019). One-step
genome editing of elite crop germplasm during haploid induc-
tion. Nature Biotechnology, 37, 287-292. https://doi.org/10.1038/
s41587-019-0038-x

Keskin, H., Shen, Y., Huang, F., Patel, M., Yang, T., Ashley, K., Mazin,
A. V., & Storici, F. (2014). Transcript-RNA-templated DNA recom-
bination and repair. Nature, 515, 436—439. https://doi.org/10.1038/
nature13682

Kim, D., Alptekin, B., & Budak, H. (2018). CRISPR/Cas9 genome edit-
ing in wheat. Functional & Integrative Genomics, 18, 31-41. https://
doi.org/10.1007/s10142-017-0572-x

Kim, Y. G., Cha, J., & Chandrasegaran, S. (1996). Hybrid restriction
enzymes: Zinc finger fusions to Fok I cleavage domain. Proceedings
of the National Academy of Sciences of the United States of America,
93, 1156-1160. https://doi.org/10.1073/pnas.93.3.1156

Knott, G. J., Thornton, B. W., Lobba, M. J., Liu, J. J., Al-Shayeb, B.,
Watters, K. E., & Doudna, J. A. (2019). Broad-spectrum enzymatic
inhibition of CRISPR-Casl2a. Nature Structural & Molecular
Biology, 26, 315-321. https://doi.org/10.1038/s41594-019-0208-z

Komor, A. C., Kim, Y. B., Packer, M. S., Zuris, J. A., & Liu, D. R.
(2016). Programmable editing of a target base in genomic DNA
without double-stranded DNA cleavage. Nature, 533, 420-424.
https://doi.org/10.1038/nature 17946

Kuang, Y., Li, S, Ren, B., Yan, F., Spetz, C., Li, X., Zhou, X., & Zhou,
H. (2020). Base-editing-mediated artificial evolution of OsALS1
in planta to develop novel herbicide-tolerant rice germplasms. Mol
Plant, 13, 565-572. https://doi.org/10.1016/j.molp.2020.01.010

Kwon, C. T., Heo, J., Lemmon, Z. H., Capua, Y., Hutton, S. F., Van Eck,
J., Park, S. J., & Lippman, Z. B. (2020). Rapid customization of
Solanaceae fruit crops for urban agriculture. Nature Biotechnology,
38, 182-188. https://doi.org/10.1038/541587-019-0361-2

Langner, T., Kamoun, S., & Belhaj, K. (2018). CRISPR crops: Plant
genome editing toward disease resistance. Annual Review of
Phytopathology, 56, 479-512. https://doi.org/10.1146/annur
ev-phyto-080417-050158

Ledford, H. (2017). Five big mysteries about CRISPR's origins. Nature,
541, 280-282. https://doi.org/10.1038/541280a

Li, C., Li, Y. H., Li, Y, Lu, H., Hong, H., Tian, Y., ... Qiu, L. J. (2020).
A domestication-associated gene GmPRR3b regulates the circadian
clock and flowering time in soybean. Molecular Plant, 13(5), 745—
759. https://doi.org/10.1016/j.molp.2020.01.014

Food and Energy Security



https://doi.org/10.4161/mge.19907
https://doi.org/10.4161/mge.19907
https://doi.org/10.1038/s41586-019-1161-z
https://doi.org/10.1016/j.molcel.2020.06.022
https://doi.org/10.1016/j.molcel.2020.06.022
https://doi.org/10.1186/s13007-019-0503-z
https://doi.org/10.1186/s13007-019-0503-z
https://doi.org/10.1038/s41586-018-0714-x
https://doi.org/10.1038/nbt.2647
https://doi.org/10.1038/nature26155
https://doi.org/10.1038/nature26155
https://doi.org/10.1016/j.molp.2019.03.009
https://doi.org/10.1016/j.molp.2019.03.009
https://doi.org/10.1073/pnas.1806110115
https://doi.org/10.1111/pbi.13391
https://doi.org/10.1111/pbi.13391
https://doi.org/10.1111/pbi.12495
https://doi.org/10.1111/pbi.12677
https://doi.org/10.1111/pbi.12677
https://doi.org/10.1126/science.1225829
https://doi.org/10.1111/pbi.13381
https://doi.org/10.1007/s10142-017-0577-5
https://doi.org/10.1016/j.ymben.2020.01.008
https://doi.org/10.1016/j.ymben.2020.01.008
https://doi.org/10.1038/s41587-019-0038-x
https://doi.org/10.1038/s41587-019-0038-x
https://doi.org/10.1038/nature13682
https://doi.org/10.1038/nature13682
https://doi.org/10.1007/s10142-017-0572-x
https://doi.org/10.1007/s10142-017-0572-x
https://doi.org/10.1073/pnas.93.3.1156
https://doi.org/10.1038/s41594-019-0208-z
https://doi.org/10.1038/nature17946
https://doi.org/10.1016/j.molp.2020.01.010
https://doi.org/10.1038/s41587-019-0361-2
https://doi.org/10.1146/annurev-phyto-080417-050158
https://doi.org/10.1146/annurev-phyto-080417-050158
https://doi.org/10.1038/541280a
https://doi.org/10.1016/j.molp.2020.01.014

22 0f 25 WI LEY—

Food and Energy Security _

TIWARI ET AL.

Li, C., Li, W., Zhou, Z., Chen, H., Xie, C., & Lin, Y. (2020). A new
rice breeding method: CRISPR/Cas9 system editing of the Xal3
promoter to cultivate transgene-free bacterial blight-resistant rice.
Plant Biotechnology Journal, 18, 313-315. https://doi.org/10.1111/
pbi.13217

Li, C., Zhang, R., Meng, X., Chen, S., Zong, Y., Lu, C., Qiu, J. L.,
Chen, Y. H., Li, J., & Gao, C. (2020). Targeted, random muta-
genesis of plant genes with dual cytosine and adenine base edi-
tors. Nature Biotechnology, 38, 875-882. https://doi.org/10.1038/
s41587-019-0393-7

Li, J. F,, Norville, J. E., Aach, J., McCormack, M., Zhang, D., Bush, J.,
Church, G. M., & Sheen, J. (2013). Multiplex and homologous re-
combination-mediated genome editing in Arabidopsis and Nicotiana
benthamiana using guide RNA and Cas9. Nature Biotechnology, 31,
688-691. https://doi.org/10.1038/nbt.2654

Li, S, Li, J., He, Y., Xu, M., Zhang, J., Du, W., Zhao, Y., & Xia, L.
(2019). Precise gene replacement in rice by RNA transcript-tem-
plated homologous recombination. Nature Biotechnology, 37, 445—
450. https://doi.org/10.1038/s41587-019-0065-7

Li, T, Yang, X., Yu, Y., Si, X., Zhai, X., Zhang, H., Dong, W., Gao, C.,
& Xu, C. (2018). Domestication of wild tomato is accelerated by
genome editing. Nature Biotechnology, 36(12), 1160-1163. https://
doi.org/10.1038/nbt.4273

Li, C., Zhang, R., Meng, X., Chen, S., Zong, Y., Lu, C., ... Gao, C.
(2020). Targeted, random mutagenesis of plant genes with dual cy-
tosine and adenine base editors. Nature Biotechnology, 38, 875-882.
https://doi.org/10.1038/s41587-019-0393-7

Lin, Q.,Zong, Y., Xue, C., Wang, S.,Jin, S., Zhu, Z., Wang, Y., Anzalone,
A. V., Raguram, A., Doman, J. L., Liu, D. R., & Gao, C. (2020).
Prime genome editing in rice and wheat. Nature Biotechnology, 38,
582-585. https://doi.org/10.1038/s41587-020-0455-x

Liu, E., Zeng, S., Zhu, S., Liu, Y., Wu, G., Zhao, K., Liu, X., Liu, Q.,
Dong, Z., Dang, X., Xie, H., Li, D., Hu, X., & Hong, D. (2019).
Favorable alleles of GRAIN-FILLING RATEI] increase the
grain-filling rate and yield of rice. Plant Physiology, 181, 1207-
1222. https://doi.org/10.1104/pp.19.00413

Liu, H. J,, Jian, L., Xu, J., Zhang, Q., Zhang, M., Jin, M., Peng, Y.,
Yan, J., Han, B., Liu, J., Gao, F., Liu, X., Huang, L., Wei, W.,
Ding, Y., Yang, X., Li, Z., Zhang, M., Sun, J., ... Yan, J. (2020).
High-throughput CRISPR/Cas9 mutagenesis streamlines trait gene
identification in maize. The Plant Cell, 32, 1397-1413. https://doi.
org/10.1105/tpc.19.00934

Liu, J. J., Orlova, N., Oakes, B. L., Ma, E., Spinner, H. B., Baney,
K. L. M., Chuck, J., Tan, D., Knott, G. J., Harrington, L. B., Al-
Shayeb, B., Wagner, A., Brotzmann, J., Staahl, B. T., Taylor, K. L.,
Desmarais, J., Nogales, E., & Doudna, J. A. (2019). CasX enzymes
comprise a distinct family of RNA-guided genome editors. Nature,
566, 218-223. https://doi.org/10.1038/s41586-019-0908-x

Lloyd, J. P, Seddon, A. E., Moghe, G. D., Simenc, M. C., & Shiu, S. H.
(2015). Characteristics of plant essential genes allow for within- and
between-species prediction of lethal mutant phenotypes. The Plant
Cell, 27, 2133-2147. https://doi.org/10.1105/tpc.15.00051

Lou, D., Wang, H., Liang, G., & Yu, D. (2017). OsSAPK2 confers ab-
scisic acid sensitivity and tolerance to drought stress inrice. Frontiers
in Plant Science, 8, 993. https://doi.org/10.3389/fpls.2017.00993

Lowder, L. G., Zhang, D., Baltes, N. J., Paul, J. W. 3rd, Tang, X.,
Zheng, X., Voytas, D. F., Hsieh, T. F., Zhang, Y., & Qi, Y. (2015).
A CRISPR/Cas9 toolbox for multiplexed plant genome editing and
transcriptional regulation. Plant Physiology, 169, 971-985. https://
doi.org/10.1104/pp.15.00636

Lu, Y., Tian, Y., Shen, R., Yao, Q., Wang, M., Chen, M., Dong, J.,
Zhang, T., Li, F., Lei, M., & Zhu, J. K. (2020). Targeted, efficient
sequence insertion and replacement in rice. Nature Biotechnology.
https://doi.org/10.1038/541587-020-0581-5

Lu, Y., & Zhu, J. K. (2017). Precise editing of a target base in the rice
genome using a modified CRISPR/Cas9 system. Molecular Plant,
10, 523-525. https://doi.org/10.1016/j.molp.2016.11.013

Ma, X., Feng, F., Zhang, Y., Elesawi, I. E., Xu, K., Li, T., Mei, H.,
Liu, H., Gao, N., Chen, C., Luo, L., & Yu, S. (2019). A novel rice
grain size gene OsSNB was identified by genome-wide association
study in natural population. PLoS Genetics, 15, e1008191. https://
doi.org/10.1371/journal.pgen.1008191

Ma, X., Zhang, Q., Zhu, Q., Liu, W., Chen, Y., Qiu, R., Wang, B., Yang,
Z.,Li, H., Lin, Y., Xie, Y., Shen, R., Chen, S., Wang, Z., Chen, Y.,
Guo, J., Chen, L., Zhao, X., Dong, Z., & Liu, Y. G. (2015). A robust
CRISPR/Cas9 system for convenient, high-efficiency multiplex ge-
nome editing in monocot and dicot plants. Molecular Plant, 8(8),
1274—-1284. https://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. Nature
Plants, 6(7), 773-779. https://doi.org/10.1038/s41477-020-0704-5

Macovei, A., Sevilla, N. R., Cantos, C., Jonson, G. B., Slamet-Loedin,
1., Cermak, T., Voytas, D. F., Choi, I. R., & Chadha-Mohanty, P.
(2018). Novel alleles of rice elF4G generated by CRISPR/Cas9-
targeted mutagenesis confer resistance to Rice tungro spherical
virus. Plant Biotechnology Journal, 16, 1918-1927. https://doi.
org/10.1111/pbi.12927

Martin-Pizarro, C., Trivino, J. C., & Pose, D. (2019). Functional anal-
ysis of the TM6 MADS-box gene in the octoploid strawberry by
CRISPR/Cas9-directed mutagenesis. Journal of Experimental
Botany, 70, 885-895. https://doi.org/10.1093/jxb/ery400

Miki, D., Zhang, W., Zeng, W., Feng, Z., & Zhu, J. K. (2018). CRISPR/
Cas9-mediated gene targeting in Arabidopsis using sequential
transformation. Nature Communications, 9, 1967. https://doi.
org/10.1038/s41467-018-04416-0

Miyamoto, T., Takada, R., Tobimatsu, Y., Takeda, Y., Suzuki, S.,
Yamamura, M., Osakabe, K., Osakabe, Y., Sakamoto, M., &
Umezawa, T. (2019). OsMYB108 loss-of-function enriches p-cou-
maroylated and tricin lignin units in rice cell walls. The Plant
Journal. https://doi.org/10.1111/tpj.14290

Naim, F., Dugdale, B., Kleidon, J., Brinin, A., Shand, K., Waterhouse,
P., & Dale, J. (2018). Gene editing the phytoene desaturase alleles
of Cavendish banana using CRISPR/Cas9. Transgenic Research, 27,
451-460. https://doi.org/10.1007/s11248-018-0083-0

Nakajima, I., Ban, Y., Azuma, A., Onoue, N., Moriguchi, T., Yamamoto,
T., Toki, S., & Endo, M. (2017). CRISPR/Cas9-mediated tar-
geted mutagenesis in grape. PLoS One, 12, e0177966. https://doi.
org/10.1371/journal.pone.0177966

Negishi, K., Kaya, H., Abe, K., Hara, N., Saika, H., & Toki, S. (2019).
An adenine base editor with expanded targeting scope using SpCas9-
NGvl in rice. Plant Biotechnology Journal. https://doi.org/10.1111/
pbi.13120

Nelles, D. A., Fang, M. Y., Aigner, S., & Yeo, G. W. (2015).
Applications of Cas9 as an RNA-programmed RNA-binding pro-
tein. BioEssays, 37, 732-739. https://doi.org/10.1002/bies.20150
0001

Nishimasu, H., Ran, F. A., Hsu, P. D., Konermann, S., Shehata, S. I.,
Dohmae, N., Ishitani, R., Zhang, F., & Nureki, O. (2014). Crystal
structure of Cas9 in complex with guide RNA and target DNA. Cell,
156, 935-949. https://doi.org/10.1016/j.cell.2014.02.001


https://doi.org/10.1111/pbi.13217
https://doi.org/10.1111/pbi.13217
https://doi.org/10.1038/s41587-019-0393-7
https://doi.org/10.1038/s41587-019-0393-7
https://doi.org/10.1038/nbt.2654
https://doi.org/10.1038/s41587-019-0065-7
https://doi.org/10.1038/nbt.4273
https://doi.org/10.1038/nbt.4273
https://doi.org/10.1038/s41587-019-0393-7
https://doi.org/10.1038/s41587-020-0455-x
https://doi.org/10.1104/pp.19.00413
https://doi.org/10.1105/tpc.19.00934
https://doi.org/10.1105/tpc.19.00934
https://doi.org/10.1038/s41586-019-0908-x
https://doi.org/10.1105/tpc.15.00051
https://doi.org/10.3389/fpls.2017.00993
https://doi.org/10.1104/pp.15.00636
https://doi.org/10.1104/pp.15.00636
https://doi.org/10.1038/s41587-020-0581-5
https://doi.org/10.1016/j.molp.2016.11.013
https://doi.org/10.1371/journal.pgen.1008191
https://doi.org/10.1371/journal.pgen.1008191
https://doi.org/10.1016/j.molp.2015.04.007
https://doi.org/10.1038/s41477-020-0704-5
https://doi.org/10.1111/pbi.12927
https://doi.org/10.1111/pbi.12927
https://doi.org/10.1093/jxb/ery400
https://doi.org/10.1038/s41467-018-04416-0
https://doi.org/10.1038/s41467-018-04416-0
https://doi.org/10.1111/tpj.14290
https://doi.org/10.1007/s11248-018-0083-0
https://doi.org/10.1371/journal.pone.0177966
https://doi.org/10.1371/journal.pone.0177966
https://doi.org/10.1111/pbi.13120
https://doi.org/10.1111/pbi.13120
https://doi.org/10.1002/bies.201500001
https://doi.org/10.1002/bies.201500001
https://doi.org/10.1016/j.cell.2014.02.001

TIWARI ET AL.

—Wl LEY 23 of 25

Food and Energy Security

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. Scientific Reports, 6, 31481.
https://doi.org/10.1038/srep31481

O'Connell, M. R. (2019). Molecular Mechanisms of RNA Targeting
by Casl3-containing Type VI CRISPR-Cas systems. Journal
of Molecular Biology, 431, 66-87. https://doi.org/10.1016/].
jmb.2018.06.029

O'Connell, M. R., Oakes, B. L., Sternberg, S. H., East-Seletsky, A.,
Kaplan, M., & Doudna, J. A. (2014). Programmable RNA recogni-
tion and cleavage by CRISPR/Cas9. Nature, 516, 263-266. https://
doi.org/10.1038/nature13769

Okada, A., Arndell, T., Borisjuk, N., Sharma, N., Watson-Haigh, N. S.,
Tucker, E. J., Baumann, U., Langridge, P., & Whitford, R. (2019).
CRISPR/Cas9-mediated knockout of Msl1 enables the rapid gener-
ation of male-sterile hexaploid wheat lines for use in hybrid seed
production. Plant Biotechnology Journal. https://doi.org/10.1111/
pbi.13106

Oliva, R., Ji, C., Atienza-Grande, G., Huguet-Tapia, J. C., Perez-
Quintero, A., Li, T., Eom, J. S., Li, C., Nguyen, H., Liu, B., Auguy,
F., Sciallano, C., Luu, V. T., Dossa, G. S., Cunnac, S., Schmidt, S.
M., Slamet-Loedin, I. H., Vera Cruz, C., Szurek, B., ... Yang, B.
(2019). Broad-spectrum resistance to bacterial blight in rice using
genome editing. Nature Biotechnology, 37(11), 1344—1350. https://
doi.org/10.1038/541587-019-0267-z

Ordon, J., Gantner, J., Kemna, J., Schwalgun, L., Reschke, M., Streubel,
J., Boch, J., & Stuttmann, J. (2017). Generation of chromosomal
deletions in dicotyledonous plants employing a user-friendly ge-
nome editing toolkit. The Plant Journal, 89, 155-168. https://doi.
org/10.1111/tpj.13319

Osakabe, Y., Liang, Z., Ren, C., Nishitani, C., Osakabe, K., Wada,
M., Komori, S., Malnoy, M., Velasco, R., Poli, M., Jung, M. H.,
Koo, O. J., Viola, R., & Nagamangala Kanchiswamy, C. (2018).
CRISPR-Cas9-mediated genome editing in apple and grape-
vine. Nature Protocols, 13, 2844-2863. https://doi.org/10.1038/
s41596-018-0067-9

Osakabe, Y., & Osakabe, K. (2015). Genome editing with engineered
nucleases in plants. Plant and Cell Physiology, 56, 389—400. https://
doi.org/10.1093/pcp/pcul70

Park, J., & Choe, S. (2019). DNA-free genome editing with preas-
sembled CRISPR/Cas9 ribonucleoproteins in plants. Transgenic
Research, 28, 61-64. https://doi.org/10.1007/s11248-019-00136-3

Peng, A., Chen, S., Lei, T., Xu, L., He, Y., Wu, L., Yao, L., & Zou,
X. (2017). Engineering canker-resistant plants through CRISPR/
Cas9-targeted editing of the susceptibility gene CsLOB1 promoter
in citrus. Plant Biotechnology Journal, 15, 1509-1519. https://doi.
org/10.1111/pbi.12733

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 Biotechnology Journal, 18, 845-858. https://doi.org/10.1111/
pbi.13253

Puchta, H., & Fauser, F. (2014). Synthetic nucleases for genome engi-
neering in plants: Prospects for a bright future. The Plant Journal,
78, 727-741. https://doi.org/10.1111/tpj.12338

Ren, D., Cui, Y., Hu, H., Xu, Q., Rao, Y., Yu, X., Zhang, Y., Wang,
Y., Peng, Y., Zeng, D., Hu, J., Zhang, G., Gao, Z., Zhu, L., Chen,
G., Shen, L., Zhang, Q., Guo, L., & Qian, Q. (2019). AH2 encodes
a MYB domain protein that determines hull fate and affects grain

yield and quality in rice. The Plant Journal. https://doi.org/10.1111/
tpj. 14481

Rodriguez-Leal, D., Lemmon, Z. H., Man, J., Bartlett, M. E., &
Lippman, Z. B. (2017). Engineering quantitative trait variation for
crop improvement by genome editing. Cell, 171(2), 470-480.e8.
https://doi.org/10.1016/j.cell.2017.08.030

Sanchez-Leon, S., Gil-Humanes, J., Ozuna, C. V., Gimenez, M. J.,
Sousa, C., Voytas, D. F., & Barro, F. (2018). Low-gluten, nontrans-
genic wheat engineered with CRISPR/Cas9. Plant Biotechnology
Journal, 16, 902-910. https://doi.org/10.1111/pbi.12837

Sapranauskas, R., Gasiunas, G., Fremaux, C., Barrangou, R., Horvath,
P., & Siksnys, V. (2011). The Streptococcus thermophilus CRISPR/
Cas system provides immunity in Escherichia coli. Nucleic Acids
Research, 39, 9275-9282. https://doi.org/10.1093/nar/gkr606

Sashidhar, N., Harloff, H. J., Potgieter, L., & Jung, C. (2020). Gene edit-
ing of three BnITPK genes in tetraploid oilseed rape leads to signifi-
cant reduction of phytic acid in seeds. Plant Biotechnology Journal.
https://doi.org/10.1111/pbi.13380

Schiml, S., Fauser, F., & Puchta, H. (2014). The CRISPR/Cas system
can be used as nuclease for in planta gene targeting and as paired
nickases for directed mutagenesis in Arabidopsis resulting in her-
itable progeny. The Plant Journal, 80, 1139-1150. https://doi.
org/10.1111/tpj.12704

Shao, X., Wu, S., Dou, T., Zhu, H., Hu, C., Huo, H., He, W., Deng,
G., Sheng, O., Bi, F., Gao, H., Dong, T., Li, C.,, Yang, Q., &
Yi, G. (2020). Using CRISPR/Cas9 genome editing system to
create MaGA20o0x2 gene-modified semi-dwarf banana. Plant
Biotechnology Journal, 18, 17-19. https://doi.org/10.1111/
pbi.13216

Sharma, A., Badola, K., Bhatia, C., Sharma, D., & Trivedi, P. K. (2020).
Primary transcript of miR858 encodes regulatory peptide and
controls flavonoid biosynthesis and development in Arabidopsis.
Nature  Plants, 6(10), 1262-1274. https://doi.org/10.1038/
s41477-020-00769-x

Shi, J., Gao, H., Wang, H., Lafitte, H. R., Archibald, R. L., Yang, M.,
Hakimi, S. M., Mo, H., & Habben, J. E. (2017). ARGOSS variants
generated by CRISPR-Cas9 improve maize grain yield under field
drought stress conditions. Plant Biotechnology Journal, 15, 207—
216. https://doi.org/10.1111/pbi.12603

Shmakov, S., Abudayyeh, O. O., Makarova, K. S., Wolf, Y. L,
Gootenberg, J. S., Semenova, E., Minakhin, L., Joung, J.,
Konermann, S., Severinov, K., Zhang, F., & Koonin, E. V. (2015).
Discovery and functional characterization of diverse class 2
CRISPR-Cas systems. Molecular Cell, 60, 385-397. https://doi.
org/10.1016/j.molcel.2015.10.008

Shmakov, S., Smargon, A., Scott, D., Cox, D., Pyzocha, N., Yan, W.,
Abudayyeh, O. O., Gootenberg, J. S., Makarova, K. S., Wolf, Y. L.,
Severinov, K., Zhang, F., & Koonin, E. V. (2017). Diversity and evo-
lution of class 2 CRISPR-Cas systems. Nature Reviews Microbiology,
15, 169-182. https://doi.org/10.1038/nrmicro.2016.184

Slade, A. J., Fuerstenberg, S. 1., Loeffler, D., Steine, M. N., & Facciotti,
D. (2005). A reverse genetic, nontransgenic approach to wheat
crop improvement by TILLING. Nature Biotechnology, 23, 75-81.
https://doi.org/10.1038/nbt1043

Storici, F., Bebenek, K., Kunkel, T. A., Gordenin, D. A., & Resnick,
M. A. (2007). RNA-templated DNA repair. Nature, 447, 338-341.
https://doi.org/10.1038/nature05720

Sunitha, S., & Rock, C. D. (2020). CRISPR/Cas9-mediated targeted
mutagenesis of TAS4 and MYBA7 loci in grapevine rootstock


https://doi.org/10.1038/srep31481
https://doi.org/10.1016/j.jmb.2018.06.029
https://doi.org/10.1016/j.jmb.2018.06.029
https://doi.org/10.1038/nature13769
https://doi.org/10.1038/nature13769
https://doi.org/10.1111/pbi.13106
https://doi.org/10.1111/pbi.13106
https://doi.org/10.1038/s41587-019-0267-z
https://doi.org/10.1038/s41587-019-0267-z
https://doi.org/10.1111/tpj.13319
https://doi.org/10.1111/tpj.13319
https://doi.org/10.1038/s41596-018-0067-9
https://doi.org/10.1038/s41596-018-0067-9
https://doi.org/10.1093/pcp/pcu170
https://doi.org/10.1093/pcp/pcu170
https://doi.org/10.1007/s11248-019-00136-3
https://doi.org/10.1111/pbi.12733
https://doi.org/10.1111/pbi.12733
https://doi.org/10.1111/pbi.13253
https://doi.org/10.1111/pbi.13253
https://doi.org/10.1111/tpj.12338
https://doi.org/10.1111/tpj.14481
https://doi.org/10.1111/tpj.14481
https://doi.org/10.1016/j.cell.2017.08.030
https://doi.org/10.1111/pbi.12837
https://doi.org/10.1093/nar/gkr606
https://doi.org/10.1111/pbi.13380
https://doi.org/10.1111/tpj.12704
https://doi.org/10.1111/tpj.12704
https://doi.org/10.1111/pbi.13216
https://doi.org/10.1111/pbi.13216
https://doi.org/10.1038/s41477-020-00769-x
https://doi.org/10.1038/s41477-020-00769-x
https://doi.org/10.1111/pbi.12603
https://doi.org/10.1016/j.molcel.2015.10.008
https://doi.org/10.1016/j.molcel.2015.10.008
https://doi.org/10.1038/nrmicro.2016.184
https://doi.org/10.1038/nbt1043
https://doi.org/10.1038/nature05720

24 of 25 WI LEY—

Food and Energy Security _

TIWARI ET AL.

101-14. Transgenic Research, 29, 355-367. https://doi.org/10.1007/
$11248-020-00196-w

Svitashev, S., Schwartz, C., Lenderts, B., Young, J. K., & Mark Cigan,
A. (2016). Genome editing in maize directed by CRISPR-Cas9 ri-
bonucleoprotein complexes. Nature Communications, 7, 13274.
https://doi.org/10.1038/ncomms 13274

Takeda, Y., Tobimatsu, Y., Karlen, S. D., Koshiba, T., Suzuki, S.,
Yamamura, M., Murakami, S., Mukai, M., Hattori, T., Osakabe, K.,
Ralph, J., Sakamoto, M., & Umezawa, T. (2018). Downregulation
of p-COUMAROYL ESTER 3-HYDROXYLASE in rice leads to
altered cell wall structures and improves biomass saccharification.
The Plant Journal. https://doi.org/10.1111/tpj.13988

Tang, L., Mao, B, Li, Y., Lv, Q., Zhang, L., Chen, C., He, H., Wang, W.,
Zeng, X., Shao, Y., Pan, Y., Hu, Y., Peng, Y., Fu, X,, Li, H., Xia, S.,
& Zhao, B. (2017). Knockout of OsNramp5 using the CRISPR/Cas9
system produces low Cd-accumulating indica rice without compro-
mising yield. Scientific Reports, 7, 14438. https://doi.org/10.1038/
s41598-017-14832-9

Tang, T., Yu, X., Yang, H., Gao, Q., Ji, H., Wang, Y., Yan, G., Peng,
Y., Luo, H., Liu, K., Li, X., Ma, C., Kang, C., & Dai, C. (2018).
Development and validation of an effective CRISPR/Cas9 vector
for efficiently isolating positive transformants and transgene-free
mutants in a wide range of plant species. Front Plant Sci, 9, 1533.
https://doi.org/10.3389/fpls.2018.01533

Tripathi, J. N., Ntui, V. O., Ron, M., Muiruri, S. K., Britt, A., & Tripathi,
L. (2019). CRISPR/Cas9 editing of endogenous banana streak
virus in the B genome of Musa spp. overcomes a major challenge
in banana breeding. Communications Biology, 2, 46. https://doi.
org/10.1038/s42003-019-0288-7

Tsai, S. Q., Wyvekens, N., Khayter, C., Foden, J. A., Thapar, V., Reyon,
D., Goodwin, M. J., Aryee, M. J., & Joung, J. K. (2014). Dimeric
CRISPR RNA-guided FoklI nucleases for highly specific genome ed-
iting. Nature Biotechnology, 32, 569-576. https://doi.org/10.1038/
nbt.2908

Upadhyay, S. K., Kumar, J., Alok, A., & Tuli, R. (2013). RNA-guided
genome editing for target gene mutations in wheat. G3 (Bethesda),
3,2233-2238. https://doi.org/10.1534/g3.113.008847

Usman, B., Nawaz, G., Zhao, N., Liu, Y., & Li, R. (2020). Generation of
high yielding and fragrant rice (Oryza sativa L.) Lines by CRISPR/
Cas9 targeted mutagenesis of three homoeologs of cytochrome
P450 gene family and OsBADH2 and transcriptome and proteome
profiling of revealed changes triggered by mutations. Plants, 9(6),
788-https://doi.org/10.3390/plants9060788

Varkonyi-Gasic, E., Wang, T., Voogd, C., Jeon, S., Drummond, R. S.
M., Gleave, A. P., & Allan, A. C. (2019). Mutagenesis of kiwifruit
CENTRORADIALIS-like genes transforms a climbing woody pe-
rennial with long juvenility and axillary flowering into a compact
plant with rapid terminal flowering. Plant Biotechnology Journal,
17, 869-880. https://doi.org/10.1111/pbi.13021

Voytas, D. F. (2013). Plant genome engineering with sequence-specific
nucleases. Annual Review of Plant Biology, 64, 327-350. https://
doi.org/10.1146/annurev-arplant-042811-105552

Waltz, E. (2016). Gene-edited CRISPR mushroom escapes US regu-
lation. Nature, 532, 293. https://doi.org/10.1038/nature.2016.19754

Wang, D., Samsulrizal, N. H., Yan, C., Allcock, N. S., Craigon, J.,
Blanco-Ulate, B., Ortega-Salazar, 1., Marcus, S. E., Bagheri, H. M.,
Perez Fons, L., Fraser, P. D., Foster, T., Fray, R., Knox, J. P., &
Seymour, G. B. (2019). Characterization of CRISPR mutants target-
ing genes modulating pectin degradation in ripening tomato. Plant
Physiology, 179, 544-557. https://doi.org/10.1104/pp.18.01187

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 transcription factor gene OSERF922. PLoS
One, 11, e0154027. https://doi.org/10.1371/journal.pone.0154027

Wang, J., Wu, B, Lu, K., Wei, Q., Qian, J., Chen, Y., & Fang, Z. (2019).
The amino acid permease OsAAPS5 regulates tiller number and grain
yield in rice. Plant Physiology. https://doi.org/10.1104/pp.19.00034

Wang, L., Sun, S., Wu, T,, Liu, L., Sun, X., Cai, Y., Li, J., Jia, H., Yuan,
S., Chen, L., Jiang, B., Wu, C., Hou, W., & Han, T. (2020). Natural
variation and CRISPR/Cas9-mediated mutation in GmPRR37 af-
fect photoperiodic flowering and contribute to regional adaptation
of soybean. Plant Biotechnology Journal. https://doi.org/10.1111/
pbi.13346

Wang, M., Lu, Y., Botella, J. R., Mao, Y., Hua, K., & Zhu, J. K. (2017).
Gene targeting by homology-directed repair in rice using a gem-
inivirus-based CRISPR/Cas9 system. Molecular Plant, 10, 1007-
1010. https://doi.org/10.1016/j.molp.2017.03.002

Wang, R., Tavano, E., Lammers, M., Martinelli, A. P., Angenent,
G. C.,, & de Maagd, R. A. (2019). Re-evaluation of transcription
factor function in tomato fruit development and ripening with
CRISPR/Cas9-mutagenesis. Scientific Reports, 9, 1696. https://doi.
org/10.1038/s41598-018-38170-6

Wang, W., Pan, Q., Tian, B., He, F., Chen, Y., Bai, G., Akhunova, A.,
Trick, H. N., & Akhunov, E. (2019). Gene editing of the wheat
homologs of TONNEAU I-recruiting motif encoding gene affects
grain shape and weight in wheat. The Plant Journal, 100, 251-264.
https://doi.org/10.1111/tpj.14440

Wang, X., Tu, M., Wang, D., Liu, J., Li, Y., Li, Z., Wang, Y., & Wang,
X. (2018). CRISPR/Cas9-mediated efficient targeted mutagenesis
in grape in the first generation. Plant Biotechnology Journal, 16,
844-855. https://doi.org/10.1111/pbi.12832

Wang, X., Ye, L., Lyu, M., Ursache, R., Loytynoja, A., & Mahonen, A.
P. (2020). An inducible genome editing system for plants. Nature
Plants, 6(7), 766-772. https://doi.org/10.1038/s41477-020-0695-2

Wang, Y., Cheng, X., Shan, Q., Zhang, Y., Liu, J., Gao, C., & Qiu, J. L.
(2014). Simultaneous editing of three homoeoalleles in hexaploid
bread wheat confers heritable resistance to powdery mildew. Nature
Biotechnology, 32, 947-951. https://doi.org/10.1038/nbt.2969

Wang, L., Sun, S., Wu, T, Liu, L., Sun, X., Cai, Y., ... Han, T.
(2020). Natural variation and CRISPR/Cas9-mediated mutation
in GmPRR37 affect photoperiodic flowering and contribute to re-
gional adaptation of soybean. Plant Biotechnology Journal, https://
doi.org/10.1111/pbi.13346

Wang, R., Tavano, E., Lammers, M., Martinelli, A. P., Angenent,
G. C., & de Maagd, R. A. (2019). Re-evaluation of transcription
factor function in tomato fruit development and ripening with
CRISPR/Cas9-mutagenesis. Scientific Reports, 9, 1696. https://doi.
org/10.1038/s41598-018-38170-6

Wang, Z., Wang, S., Li, D., Zhang, Q., Li, L., Zhong, C., Liu, Y., &
Huang, H. (2018). Optimized paired-sgRNA/Cas9 cloning and ex-
pression cassette triggers high-efficiency multiplex genome editing
in kiwifruit. Plant Biotechnology Journal, 16, 1424—1433. https://
doi.org/10.1111/pbi.12884

Wang, Z. P, Xing, H. L., Dong, L., Zhang, H. Y., Han, C. Y., Wang,
X. C., & Chen, Q. J. (2015). Egg cell-specific promoter-controlled
CRISPR/Cas9 efficiently generates homozygous mutants for mul-
tiple target genes in Arabidopsis in a single generation. Genome
Biology, 16, 144. https://doi.org/10.1186/s13059-015-0715-0

Woo, J. W., Kim, J., Kwon, S. I., Corvalan, C., Cho, S. W., Kim, H.,
Kim, S. G., Kim, S. T., Choe, S., & Kim, J. S. (2015). DNA-free


https://doi.org/10.1007/s11248-020-00196-w
https://doi.org/10.1007/s11248-020-00196-w
https://doi.org/10.1038/ncomms13274
https://doi.org/10.1111/tpj.13988
https://doi.org/10.1038/s41598-017-14832-9
https://doi.org/10.1038/s41598-017-14832-9
https://doi.org/10.3389/fpls.2018.01533
https://doi.org/10.1038/s42003-019-0288-7
https://doi.org/10.1038/s42003-019-0288-7
https://doi.org/10.1038/nbt.2908
https://doi.org/10.1038/nbt.2908
https://doi.org/10.1534/g3.113.008847
https://doi.org/10.3390/plants9060788
https://doi.org/10.1111/pbi.13021
https://doi.org/10.1146/annurev-arplant-042811-105552
https://doi.org/10.1146/annurev-arplant-042811-105552
https://doi.org/10.1038/nature.2016.19754
https://doi.org/10.1104/pp.18.01187
https://doi.org/10.1371/journal.pone.0154027
https://doi.org/10.1104/pp.19.00034
https://doi.org/10.1111/pbi.13346
https://doi.org/10.1111/pbi.13346
https://doi.org/10.1016/j.molp.2017.03.002
https://doi.org/10.1038/s41598-018-38170-6
https://doi.org/10.1038/s41598-018-38170-6
https://doi.org/10.1111/tpj.14440
https://doi.org/10.1111/pbi.12832
https://doi.org/10.1038/s41477-020-0695-2
https://doi.org/10.1038/nbt.2969
https://doi.org/10.1111/pbi.13346
https://doi.org/10.1111/pbi.13346
https://doi.org/10.1038/s41598-018-38170-6
https://doi.org/10.1038/s41598-018-38170-6
https://doi.org/10.1111/pbi.12884
https://doi.org/10.1111/pbi.12884
https://doi.org/10.1186/s13059-015-0715-0

TIWARI ET AL.

—Wl LEY 25 of 25

Food and Energy Security

genome editing in plants with preassembled CRISPR-Cas9 ribo-
nucleoproteins. Nature Biotechnology, 33, 1162—1164. https://doi.
org/10.1038/nbt.3389

Wu, R., Lucke, M., Jang, Y. T., Zhu, W., Symeonidi, E., Wang, C., Fitz, J.,
Xi, W., Schwab, R., & Weigel, D. (2018). An efficient CRISPR vec-
tor toolbox for engineering large deletions in Arabidopsis thaliana.
Plant Methods, 14, 65. https://doi.org/10.1186/s13007-018-0330-7

Xie, K., Minkenberg, B., & Yang, Y. (2015). Boosting CRISPR/Cas9
multiplex editing capability with the endogenous tRNA-processing
system. Proceedings of the National Academy of Sciences of the
United States of America, 112, 3570-3575. https://doi.org/10.1073/
pnas.1420294112

Xu, C., Liberatore, K. L., MacAlister, C. A., Huang, Z., Chu, Y. H.,
Jiang, K., Brooks, C., Ogawa-Ohnishi, M., Xiong, G., Pauly, M.,
Van Eck, J., Matsubayashi, Y., van der Knaap, E., & Lippman, Z.
B. (2015). A cascade of arabinosyltransferases controls shoot mer-
istem size in tomato. Nature Genetics, 47, 784-792. https://doi.
org/10.1038/ng.3309

Xu, R., Qin, R, Li, H., Li, D., Li, L., Wei, P., & Yang, J. (2017).
Generation of targeted mutant rice using a CRISPR-Cpf1 system.
Plant Biotechnology Journal, 15, 713-717. https://doi.org/10.1111/
pbi.12669

Xu, Y., Lin, Q., Li, X., Wang, F., Chen, Z., Wang, J., Li, W,, Fan, F.,
Tao, Y., Jiang, Y., Wei, X., Zhang, R., Zhu, Q. H., Bu, Q., Yang, J.,
& Gao, C. (2020). Fine-tuning the amylose content of rice by precise
base editing of the Wx gene. Plant Biotechnology Journal. https://
doi.org/10.1111/pbi.13433

Yang, Q., Zhong, X., Li, Q., Lan, J., Tang, H., Qi, P., Ma, J., Wang, J.,
Chen, G., Pu, Z., Li, W, Lan, X., Deng, M., Harwood, W., Li, Z.,
Wei, Y., Zheng, Y., & Jiang, Q. (2020). Mutation of the d-hordein
gene by RNA-guided Cas9 targeted editing reducing the grain size
and changing grain compositions in barley. Food Chemistry, 311,
125892. https://doi.org/10.1016/j.foodchem.2019.125892

Yu, Q. H., Wang, B., Li, N., Tang, Y., Yang, S., Yang, T., Xu, J., Guo,
C., Yan, P, Wang, Q., & Asmutola, P. (2017). CRISPR/Cas9-
induced targeted mutagenesis and gene replacement to generate
long-shelf life tomato lines. Scientific Reports, 7, 11874. https://doi.
org/10.1038/s41598-017-12262-1

Yuste-Lisbona, F. J., Fernandez-Lozano, A., Pineda, B., Bretones, S.,
Ortiz-Atienza, A., Garcia-Sogo, B., Muller, N. A., Angosto, T.,
Capel, J., Moreno, V., Jimenez-Gomez, J. M., & Lozano, R. (2020).
ENO regulates tomato fruit size through the floral meristem devel-
opment network. Proceedings of the National Academy of Sciences
of the United States of America, 117, 8187-8195. https://doi.
org/10.1073/pnas. 1913688117

Zaidi, S. S., Mahfouz, M. M., & Mansoor, S. (2017). CRISPR-Cpfl:
A new tool for plant genome editing. Trends in Plant Science, 22,
550-553. https://doi.org/10.1016/j.tplants.2017.05.001

Zeng, Z., Han, N., Liu, C., Buerte, B., Zhou, C., Chen, J., Wang, M.,
Zhang, Y., Tang, Y., Zhu, M., Wang, J., Yang, Y., & Bian, H. (2020).
Functional dissection of HGGT and HPT in barley vitamin E bio-
synthesis via CRISPR/Cas9-enabled genome editing. Annals of
Botany, 126(5), 929-942. https://doi.org/10.1093/aob/mcaall5

Zetsche, B., Gootenberg, J. S., Abudayyeh, O. O., Slaymaker, I. M.,
Makarova, K. S., Essletzbichler, P., Volz, S. E., Joung, J., van der
Oost, J., Regev, A., Koonin, E. V., & Zhang, F. (2015). Cpfl is a
single RNA-guided endonuclease of a class 2 CRISPR-Cas system.
Cell, 163, 759-771. https://doi.org/10.1016/j.cell.2015.09.038

Zetsche, B., Heidenreich, M., Mohanraju, P., Fedorova, 1., Kneppers, J.,
DeGennaro, E. M., Winblad, N., Choudhury, S. R., Abudayyeh, O.
0., Gootenberg, J. S., Wu, W. Y., Scott, D. A., Severinov, K., van
der Oost, J., & Zhang, F. (2017). Multiplex gene editing by CRISPR-
Cpf1 using a single crRNA array. Nature Biotechnology, 35, 31-34.
https://doi.org/10.1038/nbt.3737

Zhang, A., Liu, Y., Wang, F., Li, T., Chen, Z., Kong, D., Bi, J., Zhang,
F., Luo, X., Wang, J., Tang, J., Yu, X., Liu, G., & Luo, L. (2019).
Enhanced rice salinity tolerance via CRISPR/Cas9-targeted muta-
genesis of the OsRR22 gene. Molecular Breeding, 39(3), https://doi.
org/10.1007/s11032-019-0954-y

Zhang, J., Zhang, H., Botella, J. R., & Zhu, J. K. (2018). Generation
of new glutinous rice by CRISPR/Cas9-targeted mutagenesis of
the Waxy gene in elite rice varieties. Journal of Integrative Plant
Biology, 60, 369-375. https://doi.org/10.1111/jipb.12620

Zhang, Q., Zhang, Y., Lu, M. H., Chai, Y. P, Jiang, Y. Y., Zhou, Y.,
Wang, X. C., & Chen, Q. J. (2019). A novel ternary vector sys-
tem united with morphogenic genes enhances CRISPR/Cas deliv-
ery in maize. Plant Physiology, 181(4), 1441-1448. https://doi.
org/10.1104/pp.19.00767

Zhang, R., Liu, J., Chai, Z., Chen, S., Bai, Y., Zong, Y., ... Gao, C.
(2019). Generation of herbicide tolerance traits and a new selectable
marker in wheat using base editing. Nature Plants, 5(5), 480—485.
https://doi.org/10.1038/s41477-019-0405-0

Zhang, Y., Bai, Y., Wu, G., Zou, S., Chen, Y., Gao, C., & Tang, D.
(2017). Simultaneous modification of three homoeologs of TaEDR 1
by genome editing enhances powdery mildew resistance in wheat.
The Plant Journal, 91, 714-724. https://doi.org/10.1111/tpj.13599

Zhang, Y., Ge, X., Yang, F., Zhang, L., Zheng, J., Tan, X., Jin, Z. B.,
Qu, J., & Gu, F. (2014). Comparison of non-canonical PAMs for
CRISPR/Cas9-mediated DNA cleavage in human cells. Scientific
Reports, 4, 5405. https://doi.org/10.1038/srep05405

Zhou, H., Liu, B., Weeks, D. P., Spalding, M. H., & Yang, B. (2014).
Large chromosomal deletions and heritable small genetic changes
induced by CRISPR/Cas9 in rice. Nucleic Acids Research, 42,
10903-10914. https://doi.org/10.1093/nar/gku806

Zhu, J., Song, N., Sun, S., Yang, W., Zhao, H., Song, W., & Lai, J.
(2016). Efficiency and inheritance of targeted mutagenesis in maize
using CRISPR-Cas9. Journal of Genetics and Genomics, 43, 25-36.
https://doi.org/10.1016/j.jgg.2015.10.006

Zong, Y., Wang, Y., Li, C.,, Zhang, R., Chen, K., Ran, Y., Qiu, J. L.,
Wang, D., & Gao, C. (2017). Precise base editing in rice, wheat and
maize with a Cas9-cytidine deaminase fusion. Nature Biotechnology,
35, 438-440. https://doi.org/10.1038/nbt.3811

Zsogon, A., Cermak, T., Naves, E. R., Notini, M. M., Edel, K. H., Weinl,
S., Freschi, L., Voytas, D. F., Kudla, J., & Peres, L. E. P. (2018). De
novo domestication of wild tomato using genome editing. Nature
Biotechnology. https://doi.org/10.1038/nature24049

How to cite this article: Tiwari M, Trivedi PK,
Pandey A. Emerging tools and paradigm shift of gene
editing in cereals, fruits, and horticultural crops for
enhancing nutritional value and food security. Food
Energy Secur. 2020;00:e258. https://doi.org/10.1002/
fes3.258



https://doi.org/10.1038/nbt.3389
https://doi.org/10.1038/nbt.3389
https://doi.org/10.1186/s13007-018-0330-7
https://doi.org/10.1073/pnas.1420294112
https://doi.org/10.1073/pnas.1420294112
https://doi.org/10.1038/ng.3309
https://doi.org/10.1038/ng.3309
https://doi.org/10.1111/pbi.12669
https://doi.org/10.1111/pbi.12669
https://doi.org/10.1111/pbi.13433
https://doi.org/10.1111/pbi.13433
https://doi.org/10.1016/j.foodchem.2019.125892
https://doi.org/10.1038/s41598-017-12262-1
https://doi.org/10.1038/s41598-017-12262-1
https://doi.org/10.1073/pnas.1913688117
https://doi.org/10.1073/pnas.1913688117
https://doi.org/10.1016/j.tplants.2017.05.001
https://doi.org/10.1093/aob/mcaa115
https://doi.org/10.1016/j.cell.2015.09.038
https://doi.org/10.1038/nbt.3737
https://doi.org/10.1007/s11032-019-0954-y
https://doi.org/10.1007/s11032-019-0954-y
https://doi.org/10.1111/jipb.12620
https://doi.org/10.1104/pp.19.00767
https://doi.org/10.1104/pp.19.00767
https://doi.org/10.1038/s41477-019-0405-0
https://doi.org/10.1111/tpj.13599
https://doi.org/10.1038/srep05405
https://doi.org/10.1093/nar/gku806
https://doi.org/10.1016/j.jgg.2015.10.006
https://doi.org/10.1038/nbt.3811
https://doi.org/10.1038/nature24049
https://doi.org/10.1002/fes3.258
https://doi.org/10.1002/fes3.258

