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ABSTRACT 
 

Over the last few years, the use of clustered regularly interspaced short palindromic repeats 
(CRISPR) for genetic manipulation has transformed life science. CRISPR was first found in bacteria 
and archaea as an adaptable immune system, and later modified to create specific DNA breaks in 
living cells and creatures. Various DNA alterations can occur throughout the cellular DNA repair 
process. Since the first demonstration of CRISPR in plant genome editing in 2013, there has been 
much progress in fundamental crop research and plant improvement. Plants can use the CRISPR 
toolset to do programmable genome editing, epigenome editing, and transcriptome regulation. 
However, the difficulties of plant genome editing must be properly understood and answers sought. 
With an emphasis on achievements and prospective utility in plant biology, this review aims to 
provide an instructive assessment of the current advancements and discoveries in CRISPR 
technology. CRISPR will, in the end, not only make fundamental research easier, but it will also 
speed up plant breeding and germplasm development. In the light of global climate change, as well 
as present agricultural, environmental, and ecological concerns, the use of CRISPR to improve 
germplasm is extremely significant.  
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1. INTRODUCTION 
 
Creating targeted genetic modifications in living 
cells and organisms has long been a tough 
challenge in many species. The most common 
method for introducing genetic changes is to 
utilize a sequence-specific nuclease (SSN) to 
induce double-strand breaks (DSBs) at the 
targeted chromosomal site. The nonhomologous 
end-joining (NHEJ) pathway is primarily 
responsible for DSB repair in higher eukaryotes, 
resulting in indels. Homology-directed repair is a 
secondary mechanism that contributes to 
achieving precise genomic changes. 
 
To assess specificity, early SSNs such as zinc 
finger nucleases (ZFNs) [1] and transcription 
activator-like effector nucleases (TALENs) [2] 
depend on challenging to build and multiplex 
protein–DNA interactions [3]. The following year, 
CRISPR genetic editing was successful in 
mammalian systems [4,5]. Clustered regularly 
interspaced short palindromic repeats has 
dominated the genome editing business as a 
versatile, simple, and cost-effective technique for 
genetic modification [4,5]. 
 
Since the first demonstration of CRISPR in plant 
genome editing in 2013 [6–8], there has been 
much progress in fundamental crop research and 
plant improvement [9,10]. Plant genetic 
engineering has been achieved through the 
development of a variety of molecular techniques 
and platforms, including targeted mutagenesis 
(TM) [11–13], base editing (BE) [14], precision 
editing by high-density recombination (HDR) [15], 
and transcriptional regulation [16]. In this review, 
we summarize the most recent breakthroughs in 
CRISPR methods that have been used in plants 
or are actively being researched. Recent 
breakthroughs in plant breeding that utilize 
CRISPR with other modern techniques are also 
explored. CRISPR-based plant genome editing 
will undoubtedly open up new possibilities. This 
review, we believe, provides a comprehensive 
review of CRISPR technology in plants, as well 
as prospective future paths. 
 

2. THE EVER-EXPANDING ARRAY OF 
CRISPR TECHNIQUES 

 
CRISPR arrays, which are made up of repeats 
and unique spacer sequences, are discovered in 
bacteria and archaea DNA sequences [17]. Tiny 

clusters of Cas proteins-encoding genes 
surround CRISPR arrays. Within every class in 
Cas, there are several types depending on the 
signature proteins of the corresponding classes: 
type I, III, IV, and V included in class 1, whereas 
type II, type V, and type VI are included in class 
2 [18–23]. The presence of Cas proteins at 
CRISPR loci and the operon structure allow 
subtypes of CRISPR systems to be identified. 
Even though the categorization of CRISPR 
system is continuously developing, this 
established technique will help us better 
understand CRISPR systems and discover novel 
Cas proteins. 
 

2.1 The Genome Editing Method CRISPR–
SpCas9 

 
A type II CRISPR system (Cas9), has been 
utilized widely to change the genomes of the vast 
majority of organisms, including humans 
[5,24,25]. Cas9 must be constructed with sgRNA, 
then recognize and adhere to the relevant DNA 
sequences before cleaving the whole genome 
(PAM) [26-28]. When D10A in the RuvCl system 
or H830A in the HNH system (nCas9, 
respectively) is added into the Cas9 enzyme, the 
enzyme only cuts targeted or non-targeted DNA 
[4,29,30]. Cas9 (dCas9) is a catalytically inactive 
or dead protein [31].  
 

2.2 Orthologues and Variants of Cas9 are 
Employed to Broaden Target Range 

 
Because it requires PAM to work, SpCas9 can 
only target a tiny region of a genome. Mutations 
with altered PAM needs can be acquired in the 
PAM-interacting (PI) domain by rational design 
and controlled evolution (Table 1). Each VRER, 
SpCas9 VQR, and EQR variant can recognize 
NGA PAMs [32]. The QQR1 variant, on the other 
hand, was exceptionally engineered to bind to 
the NAAG PAM [33]. It has been developed by 
phage assisted continuous evolution (PACE) to 
recognize the PAM sites in the NG, GAA, and 
GAT regions of the genome [34,35]. In sites with 
NGH-PAM, rationally built SpCas9-NG has 
benefits, as does the capacity to recognize 
relaxed NG-PAM [36,37]. The VQR and VRER 
SpCas9 variants in rice (Oryza sativa) and 
Arabidopsis [38–46] have been discovered as 
SpCas9-NG and xCas9-NG variants. SpCas9-
NG outperforms xCas9 at target sites with NG 
PAM and AT-rich PAM sites [39,40,46]. Although 



 
 
 
 

Rehman et al.; AJBGMB, 10(4): 1-26, 2022; Article no.AJBGMB.85337 
 

 

 
3 
 

some Cas9 variations may not perform well in 
crops, additional development may assist to 
restore editing activities at plant cell level to 
achieve successful genes editing [36,37]. 
 
It is possible that Cas9 orthologues from several 
prokaryotic species will be used to identify PAM 
in a different way (Table 1). SaCas9 is the 
preferred choice for virus-based delivery 
because of its smaller size when compared to 
SpCas9. To broaden the system's use, nicking 
enzymes [47], SaCas9 [48], and a KKJ variants 
[49] with a loosen PAM condition have been 
created. This enzyme has been discovered in 
various plants, including tobacco [50], O. sativa 
[51], and A. thaliana [52]. Streptococcus 
thermophilus Cas9 (St1Cas9) and St3Cas9 
(ScCas9) are two additional Cas9 orthologues 
employed in human systems for genome editing 
[53], as are NmCas9 [54,55], FnCas9 and its 
RHA modifications [56] in Treponema bacteria 
[57,58]. The Cas9 strain identified in 
Brevibacillus laterosporus (BlatCas9) may alter 
the maize genome [59]. Cas9 orthologues 
distinct sgRNA structures enable them to be 
used for orthogonal genome editing                     
[60]. 
 

2.3 CRISPR-Cas12a is a Distinct CRISPR 
System 

 
A class 2 type V endonuclease, Cas12a is a 
genome editing mechanism separate from Cas9 
[61,62]. Cas12a may target T-rich areas because 
of the PAM requirement [63,64]. Cas12a only 
needs a short crRNA (40 nt), making it simple to 
synthesis, multiplex, and engineer Cas12a 
crRNA [65,66]. Cas12a has RNase activity along 
with DNA nuclease activities, allowing it to 
handle a CRISPR arrays for multiplexed genetic 
editing [66,67]. NHEJ-based gene insertion may 
also be promoted by Cas12a, which forms a DSB 
with staggered ends that are distant to the PAM 
site [68-70]. In some biological systems, Cas12a 
is thought to be more specific than wildtype 
SpCas9 [71-76]. 
 
Mutations in the RuvC domain of Cas12a's 
catalytic residues, on the other hand, prevent 
both DNA strands from being cleaved at target 
locations [69,70,73,77]. Mutations in the wedge 
and PI domains of Cas12a have been introduced 
to generate RR and RVR variants to broaden the 
target ranges [78,79] (Table 1). Orthologues from 

various bacteria species have been investigated 
in order to improve the applicability of Cas12a in 
gene editing [80,81] (Table 1).  
 

2.4 DNA-targeting CRISPR Nucleases 
 
Cas12b, also known as C2c1, is a type V-B 
endonuclease of class 2. Cas12b creates 
staggered DSBs with 7-nt 5′ overhangs when it 
detects target sequences with a distal 5′-T-rich 
PAM sequence [82-84]. Cas12b, like Cas9, 
recognizes targets using crRNA and tracrRNA, 
which may be created as a sgRNA21. Cas12b, 
like Cas12a, has a REC lobe and a NUC lobe but 
no HNH domain [85]. Alicyclobacillus 
acidoterrestris Cas12b (AacCas12b) and Bacillus 
thermoamylovorans Cas12b (BthCas12b) were 
the first Cas12b nucleases to display editing 
ability in vitro, with a propensity for higher 
temperatures (50–52 °C) [21], which is not 
suitable for mammalian and plant genome 
editing. After investigating a number of Cas12b 
orthologues and demonstrating excellent editing 
activity throughout a wide temperature range, 
Alicyclobacillus acidiphilus Cas12b (AaCas12b) 
was discovered [86]. Later, Bacillus hisashii 
Cas12b was chosen from a pool of Cas12b 
orthologues and tweaked to increase activity at 
lower temperatures [87]. Cas12b orthologues 
with lower-temperature nuclease activity might 
be employed to change plant genomes. 
 
The CasX protein identified in hitherto 
uncultivated ambient microbial populations, 
targets double-stranded DNA with a 5′-TTNC 
PAM and is a member of the Cas family [18,20]. 
CasX is a Cas protein discovered in previously 
unknown environmental microbial species. CasX 
requires a guide RNA (gRNA) and a trace RNA 
(tracrRNA) to cleave, resulting in a spaced break 
with a 10-nt overhang [20]. CasX genes from 
Deltaproteobacteria (DpbCasX) and 
Planctomycetes (PlmCasX) have been shown to 
modify E. coli and human cells, respectively [20]. 
CasX20 can be silenced by making changes to 
the RuvC domain. CasY (also known as Cas12d) 
is a CRISPR system that has been found but is 
still poorly understood. If CasY recognizes a 5′-
TA PAM, it can cleave dsDNA [88]. Cas14 
belongs to the nuclease family [19], and it can 
cleave single-stranded DNA (ssDNA) without 
PAM. According to some researchers [20], 
Cas14 can identify illnesses [19] and may also 
be used to interact with ssDNA viruses in plants. 
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Table 1. Variants and orthologues of Cas9 and Cas12a 
 

Species Cas  Size (amino acid) PAM  
 

Mutations  Features  Reference(s)  

Rice  SpCas9 VQR 1372 NGA D1135V/R1335Q/T1337R Altered PAM [31,32] 
Arabidopsis and Rice  eSpCas9 (1.0) 1424 NGG K810A/K1003A/R1060A Enhanced specificity  [36,47] 
Rice  eHypa-Cas9 1368 NGG N692A/M694A/Q695A/H698A/ 

K848A/K1003A/R1060A 
Enhanced specificity  [78,79] 

Arabidopsis, rice and 
citrus  

SaCas9 1053 NNGRRT - Altered PAM and enhanced 
specificity  

[80,81] 

Arabidopsis St1Cas9 1122 NNAGAAW - Altered PAM and enhanced 
specificity  

[67] 

Soybean, maize  LbCas12a 1228 TTTV - Altered PAM and enhanced 
specificity  

[71,77] 

Rice  LbCas12a RR 1228 LbCas12a RR G532R/K595R Altered PAM [72] 
Rice and Tobacco FnCas12a 1300 TTV, TTTV and 

KYTV 
- 
 

Altered PAM [82] 
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2.5 CRISPR is being Repurposed as a 
Recruiting Platform 

 
It is possible to engineer DNA linkage in CRISPR 
systems, and this feature offers a robust 
foundation for recruiting functional domains to 
specific sections of the genome through protein 
synthesis or sgRNA–protein associations (Fig. 
1). Various functional domains could be 
introduced to the N or C terminals of the Cas 
protein, allowing it to perform a variety of 
functions [89]. SunTag exploits GCN4 epitopes 
coupled to dCas9 that are recognized by scFv 
antibodies tied to effectors in order to boost the 
concentration of functional domains. 
 
Protein recruitment can also be accomplished by 
using self-complementing split green fluorescent 
protein (GFP) [90-93] ( Fig. 1a.). The recruitment 
of functional domains via RNA–protein 
interactions is a technique that varies from the 
protein fusion strategy ( Fig. 1b). Because Cas9 
sgRNA is adaptable, structural modules such as 
the upper stem, 1

st
 and 2

nd
 hairpins, and 3'-end 

of the sgRNA may be modified without 
decreasing binding efficacy [94-96]. In the most 
widely used MCP– MS2 method, the 3′-end of 
sgRNA have been reported to be ornamented 
with up to 16 MS2 loops [97,98]. The CRISPR–
Sirius system consists of an octet array of MS2 
linked to the top stem of the sgRNA to produce 
the CRISPR–Sirius system, resulting in more 
stable secondary structures of the sgRNA 
[99,100]. We will further discuss the 
consequences of genome engineering in plants, 
including transcriptional control and base editing. 
 

2.6 RNA-targeting CRISPR Nucleases 
 
Cas13 is a type VI CRISPR system that targets 
RNA [101] and the Cas systems that target DNA 
mentioned above. Unlike LshCas13a, 
LwaCas13a, and PspCas13b [102,103], no 
specific protospacer flanking sequence (PFS) 
requirement for Leptotrichia wadei Cas13a has 
been discovered (LwaCas13a). Cas13a, like 
Cas12, possesses RNase activity and can 
process crRNA arrays, which can be utilized to 
target several RNAs simultaneously [101,104]. 
When Cas13a demonstrates nonspecific RNase 
activity in vitro and bacteria, cleaving nontarget 
RNA after initially adhering to its target RNA 
[104], it piques our interest. The introduction of 
an alanine substitution into any of the five HENP 
catalytic sites may produce catalytically 
deactivated Cas13 or dCas13 [101]. Cas13 has 
been utilized in vivo to detect RNA102 and 

change base sequences [103]. It has also been 
used in the development of programmable RNA 
binding proteins. The LwaCas13a protein has 
been found to suppress gene expression in rice 
protoplasts [105]. LshCas13a has been shown in 
both [106] and Arabidopsis [107] to interfere with 
RNA virus replication. 
 

3. FLEXIBLE AND MULTIPLEXED 
CRISPR EXPRESSION SYSTEMS 

 
In plants expression of the two CRISPR 
components, Cas protein and gRNA, there are 
typically four choices to choose from, each with 
its own set of advantages and disadvantages. In 
response to the limitations of Pol III promoters, 
an alternative promoter system comprised of two 
Pol II promoters was developed [66,108,109]. 
This technique has resulted in a high amount of 
gRNA transcription. Pol II promoters may control 
both the spatial and temporal expression of a 
gene, and they frequently surpass Pol III 
promoters in terms of producing long transcripts 
with multiplexed gRNAs. 
 
It is conceivable to achieve even higher 
simplifications by controlling Cas protein and 
gRNA with a single promoter [110–113]. During 
splicing, the intron region of a compact system 
that yields gRNAs is removed [113,114]. The 
gRNAs are expressed in a similar tight 
arrangement beyond the intron region. A 
bidirectional promoter with separate 3′-
untranslated regions can be used to regulate Cas 
and gRNA synthesis independently of one 
another. Hopefully, these four expression 
methods will be studied further and applied to 
specific plant purposes in the future. 
 
Another essential aspect of the CRISPR system 
is its flexibility to multiplexing, which is commonly 
done by delivering and producing many gRNAs 
in a single cell simultaneously. Using 
ribonucleoproteins (RNPs) or particle 
bombardment methods, it is possible to 
disseminate many gRNAs. When it comes to 
gRNA expression units, the simple method is to 
heap several units of expression, each of which 
consists of a promoter and a terminator [24,115–
117]. This approach may produce large 
constructs with a high number of repeating 
components, increasing the complexity of cloning 
while decreasing transformation efficiency. As a 
result of this advancement, numerous alternative 
approaches for multiplexed genome editing in 
plants have been developed. 
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Fig. 1. Repurposing CRISPR as a recruiting platform 
 
Using the inherent CRISPR array expression 
mechanism [62,118] is one way to do this. This is 
the most straightforward conceivable expression 
system, and it is the most successful in plants 
using Cas9 [112,119] and Cas12a [70]. It is 
worth noting that CRISPR arrays can comprise 
multiple sgRNAs [112,119] or only crRNA, with 
the tracrRNA synthesized independently [4]. The 
ribozyme-gRNA-ribozyme system is another 
technique, in which the gRNA is flanked by two 
different ribozyme sequences, one from the 
hammerhead virus (HH) and the other from the 
Hepatitis delta virus (HDV) [108]. 

 
When the RGR units are stacked in parallel, the 
synthesis of a single transcript proceeded by the 
accurate processing of every unit is conceivable, 
as confirmed in O. sativa [120]. Endogenous 
RNaseZ and RNaseP enzymes recognize and 
break off T-RNAs during transcription in the 
polycistronic T-RNA–gRNA system, allowing the 
synthesis of each mature gRNA [121]. Many 
species have profited from the use of this T-RNA 
system in combination with Cas9, including 
Oryza sativa [122], wheat [123], and Zea mays 
[124]. Using the efficient multiplexing 
technologies described earlier in the review, it is 

possible to target multiple genes and gene 
families at the same time [125]. 
 

4. ROLE OF BASE EDITORS IN PRECISE 
GENOME EDITING  

 
Base editors contain cytidine and adenine base 
editors. The first generation of CBE was 
developed using the rAPOBEC1 enzyme 
[126,127], which was created by combining 
cytidine deaminase with the DNA editing enzyme 
dCas9 [128,129]. Cytosine deamination converts 
cytosine to uracil, which the cell replication 
machinery recognizes as thymine, carrying in the 
C-T conversion [126]. Cytosine (C) deamination 
is a reaction that converts C to uracil (U). 
Apurinic/apyrimidinic (AP) sites are converted 
into uracil DNA glycosylase (UDG) sites, allowing 
C to U conversion to be reversed [130]. 
 
The second generation of CBE inhibits UDG by 
inserting a (U) DNA glycosylase inhibitor (UGI) to 
the first generation of CBE [126,131], resulting in 
a shift to the mismatch repair (MMR) pathway, 
which improves purity and editing efficiency. The 
employment of additional free or fused UGIs in 
the editing process may increase editing quality 
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and efficiency, showing the utility of this method 
[132,133]. To boost base editing even further, the 
Mubacteriophage Gam protein has been linked 
to Gam, a protein that shields double-strand 
breaks from degradation and lowers indel 
generation during base editing [132]. Linker 
modification codon optimization [134] and the 
inclusion of different nuclear localization 
sequences [135] have all been shown to 
increase base editing efficiency.  
 
Many other forms of cytidine deaminases are 
used in research, including APOBEC1, AID, 
PmCDA1, and APOBEC3A [136,137]. 
APOBEC1, AID, and PmCDA1 are the most 
often used cytidine deaminases. Because no 
naturally occurring enzymes exist to deaminate 
adenine in DNA, the E. coli TadA, gene was 
modified and engineered to catalyze adenine 
deamination in soluble ssDNA [128]. 
 
Additionally, various versions of CBE and ABE 
have been designed to address the short-
comings of modern base editors, hence 
increasing the toolbox available for base editing. 
A complete review of a wide range of basic 
editors, including their compositions, editing 
windows, types, and efficiency, was recently 
published [138,139]. The optimization and 
application of base editors have helped many 
plant species, with the cytidine base editor BE3 
[140–144] presently being the most widely used 
[140–144]. In addition to these, several other 
basic editing approaches in plants have been 
demonstrated. When the APOBEC3A gene has 
been codon optimized for the cereal plant, wheat, 
rice, and potato can convert C to T successfully 
[145]. Furthermore, SaCas9 and SpCas9 
variations are included in base editors to 
increase the targeting breadth in crops [55,140]. 
 
It has been used effectively used for base editing 
in rice, both through and without a UGI [146]. 
Target-AID, a CBE based on PmCDA1, was 
successfully edited in rice and tomato [147]. 
According to the findings of a different study, 
PmCDA1 demonstrated more significant rice 
base editing then rAPOBEC1111. ABEs have 
been found in protoplasts of O. sativa [140,148], 
Arabidopsis, and B. napus [149]. Aside from 
DNA base editing, RNA base editing is being 
investigated as a potential tool for 
posttranscriptional regulation. Antisense or 
Cas13-guided RNA base editors are currently in 
use [150], which employ the ADAR enzyme [151] 
or the Cas13 system [102,103] to convert A to 
inosine (I). In order to reduce off-target impacts 

[152], to allow additional flexible targeting areas, 
and to increase the amount of editing activity 
conducted [153], it is indeed necessary to 
improve the base editing optimization.  
 

5. GENE INSERTION AND REPLACE- 
MENT 

 
Base editing does not allow for gene 
substitutions or targeted gene insertions, despite 
nucleotide conversions being achievable inside 
narrow areas of plant genetics. The most often 
used technique for adding foreign genes or 
modifying gene content is HDR, that is also 
referred to gene targeting (GT) [15]. The 
introduction of SSNs has made gene targeting 
much easier in higher plants than it was before 
[25,154,155]. DNA segments with specific 
sequences may be utilized as donor templates to 
repair DSBs caused by SSNs in plants. Following 
DSB introduction, gene replacement and 
insertion can be carried out by any of three ways: 
cNHEJ, MMEJ, or HDR [156]. Precision genome 
editing by HDR may be accomplished using 
Cas9 and Cas12a by generating DSBs and co-
introducing repair templates. Because genome 
editing using cNHEJ and MMEJ for gene 
insertions and deletions is challenging, significant 
efforts have been made to improve                       
HDR. 
 

5.1 Improving HDR through Donor Design 
 

With a donor format, you may have more control 
over the HDR process and your final edits. A 
variety of dsDNA delivery methods are available 
for donor templates, including PCR products, 
linearized or non-linearized plasmids, or even 
short strands of ssDNA. When it comes to 
knocking efficiency, PCR products and short-
stranded DNA (ssDNA) beat out supercoiled 
plasmids in mammalian systems, whereas 
ssDNA causes less off-target integration than 
dsDNA [157]. Asymmetric Cas9 dissociation may 
be responsible for a bias toward using donor 
DNA that is complementary to the nontarget 
strand in Cas9-induced DSB repair by HDR with 
ssODN. Longer homology arms are often better 
for HDR [158]. If the donor template is symmetric 
or asymmetric, the knock-in efficiency may be 
affected in various ways. The effectiveness and 
zygosity of HDR outcomes may be affected by 
the gRNA-to-mutation distance, which is 
interesting [159]. To enhance HDR in plant cells, 
it will be good to evaluate donor types and the 
lengths and placements of homology                   
arms. 
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Increasing the quantity of donor DNA supplied to 
the cell is another way to boost donor availability. 
Using Agrobacterium-mediated transformation, 
donor DNA fragments may be flanked by target 
sequences such that even though the donors are 
incorporated into the genome, the nuclease can 
free them [160,161]. Using a circular plasmid is 
thought to be less efficient than this technique 
[162]. Particle bombardment may be used to 
supply additional free dsDNA or ssDNA donors 
together with CRISPR reagents [155,163]. Plant 
cells may be amplified using a geminivirus-based 
replicon system. Rolling-circle replication of the 
donor is possible using the geminivirus system, 
which was first given by Agrobacterium 
[154,164–166]. To distribute vast amounts of 
DNA donors, CRISPR delivery technologies will 
allow the use of nanoparticles [167,168]. 
 
HDR may be improved by recruiting donor DNA 
directly to the place of interest. One way to get 
the donor sequence into the nucleus is to make it 
easier for it to get there. The connection between 
a peptide nucleic acid and RNA adaptor allows 
for the addition of a NLS peptide to donors 5′ 
ends, increasing HDR efficiency and donor 
potency [169]. Streptavidin–biotin interactions 
may also be used to recruit biotinylated donor 
DNA to target locations, in which case an D1m 
aptamer is introduced to the sgRNA stem loop to 
attract streptavidin [97]. Another way to increase 
local donor availability is to combine avidin with 
Cas9, which will attract biotinylated donor DNA 
[170]. An improved approach for covalently 
attaching Cas9 to HUH endonucleases has 
recently been devised [171]. Covalently binding 
the ssODN to the HUH endonucleases may 
boost HDR efficiency by up to 40 times [171]. 
Although no equivalent experiments have been 
conducted in plant cells, these tactics for 
recruiting focused donors provide hope for plants 
to achieve high HDR efficiency. Though their 
efficiency is poor, it is interesting to note that 
RNA molecules strongly produced from a DNA 
template may also act as donors for HDR in 
yeast [172] and plants [173], prompting additional 
investigation into the use of RNA donors to 
enhance HDR in plants. 
 

5.2 Improving HDR by Modifying Repair 
Pathways 

 
Key enzymes associated with this system might 
be used to improve HDR. RS-1 therapy and 
RAD51 mRNA insertion increased Cas9 and 
TALEN knock-in effectiveness in mouse embryos 
[174,175]. If RAD51 expression in plants can be 

altered, it may enhance the risk of DSB-induced 
HDR. Other DNA repair enzymes' activity can be 
altered to improve DSB-induced HDR efficiency 
[176,177]. 
 
Nickase-induced single-strand breaks promote 
HDR, and nCas9 [158] may be used to 
accelerate this process. There are no DSB-
activated NHEJ pathways that might serve as 
nick creation substrates. Transpaired nicking is a 
novel approach that enables more effective 
homology-guided gene insertion than Cas9 
nuclease [178], allowing for nicking of both the 
targeted genomic DNA and the donor plasmid. 
HDR generated by nCas9 has also been seen in 
plants [25]. 
 
Genetic or pharmacological reasons can 
potentially disrupt NHEJ mechanisms. RNA 
interference, SCR7, and viral proteins have all 
been shown to damage DNA LIGASE 4 in 
human cells, enhancing HDR efficiency 
[179,180]. NHEJ-mediated [181] repair was 
revealed to be hampered by DNA-dependent 
protein kinase catalytic subunit inhibitors, while 
HDR-mediated repair was increased. HDR 
increase in plants has been demonstrated in 
Arabidopsis ku70 and lig4 mutations [182] and O. 
sativa lig4 mutants [183]. Although utilizing NHEJ 
mutants is not optimal, increasing HDR by 
simultaneously inhibiting NHEJ genes via RNA 
interference or CRISPRi (CRISPR interference) 
is possible. 
 

6. EPIGENOME EDITING AND TRAN- 
SCRIPTION REGULATION 

 
CRISPR–Cas9 gene-editing technique has the 
prospective to be utilized to regulate gene 
expression by changing regulatory regions such 
as promoters, transcription factors, and 
enhancers. Editing regulatory elements, for 
example, may result in a broad change in the 
expression levels of a gene of interest in order to 
find and select new alleles, uncover the workings 
of gene regulatory elements, and modify QTLs 
[184,185]. Modifying splicing sites may also 
change the creation of distinct gene isoforms, 
allowing for the identification of splice variants 
and splicing processes [149,186,187] and the 
discovery of novel gene isoforms. 
 
Furthermore, CRISPR–Cas might be 
programmed to regulate transcription. CRISPR–
dCas9 gene suppression was first accomplished 
by reducing transcription machinery initial binding 
when targeting the promoter region or limiting 
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RNA polymerase elongation when targeting the 
coding region [31]. It is feasible to increase the 
efficacy of repression in plant cells by utilizing 
CRISPR to recruit transcriptional repressors such 
as SRDX [115,188]. The combination of these 
approaches is referred to as CRISPRi. 
Endogenous genes can be overexpressed in 
their natural environment due to CRISPR 
activator recruitment, a process known as 
"CRISPR activation." 
 
It is feasible to significantly enhance 
transcriptional regulation by attaching several 
types of effector proteins to the target site using 
previously established protein recruitment 
strategies (Fig. 1). VPR [189], synergistic 
activation mediator (SAM) [91,190], TREE 
systems [100,191], SunTag [89,192,193], to 
mention a few, have all been proven to be 
effective in activating VP64-p65AD-Rta [190]. 
The location of the target site also influences 
gene regulation [194]. Another method for further 
controlling expression is to use many gRNAs to 
target a single gene, therefore increasing the 
number of effector proteins accessible [195,196]. 
 
For the first time [197], gene suppression and 
activation may be accomplished simultaneously 
by utilizing dead Cas activators that target 
various areas, allowing for the manipulation of 
more sophisticated pathways. As an extra 
benefit, because shorter gRNA may be bound by 
Cas9 or Cas12a without being cut, modifying the 
length of the gRNA provides a simple way to 
switch transcriptional regulation using Cas9 [198] 
or Cas12a [199]. 
 
In addition to editing epigenetic markers, 
transcription may be influenced by editing 
epigenetic markers. In order to modulate the 
epigenetic modifications associated with 
regulation, methyltransferases and acetylases 
may be utilized [200–203]. Plants have benefited 
from the usage of SunTag systems, which have 
been shown to successfully mutate and 
upregulate gene expression via DNA methylation 
[193] and demethylation [204]. 
 
It has been demonstrated that genome-wide 
hypermethylation may occur when utilizing 
CRISPR-directed methyltransferases in crops 
[193] and mammalian systems [205], suggesting 
a significant difficulty when using this approach 
to modify the epigenome. CRISPR systems that 
target RNA, such as Cas13 and RNA-targeting 
Cas9s, can change gene expression levels after 
transcription. SpCas9 has also been found to 

target RNA when provided with a PAM sequence 
on a separate oligonucleotide in conjunction with 
a gRNA [206]. Including SpCas9, dCas9 in 
combination with an RNase has been proven to 
degrade RNA [207]. Furthermore, RNA base 
editing allows for exact changes to RNA 
sequences [103]. Plant genome editing presents 
several challenges as well as opportunities [102]. 
 

7. PLANT GENOME EDITING 
CHALLENGES AND OPPORTUNITIES 

 
The extensive CRISPR toolset, as well as 
sophisticated technologies, offer excellent 
platforms for the editing of plant genomes 
[66,115,188]. However, there are still obstacles 
to overcome in the deployment of genome 
editing technologies in plants. This is an issue 
that might be addressed with the advancement of 
new technology and scientific understanding. 
 

7.1 Temperature Sensitivity of Cas9 and 
Cas12a 

 
In mammalian cells [208], Danio rerio [209], and 
crops [210,211], Cas12a and Cas9 need 
elevated temperatures to attain optimum editing 
efficiency. When repeated high temperature 
treatments are applied to Arabidopsis, the 
efficiency of Cas9 is dramatically increased 
[212]. Similarly, heat treatments in Arabidopsis 
(29 degrees Celsius) and maize (28 degrees 
Celsius) result in effective Cas12a editing [211]. 
Consequently, when using these CRISPR–Cas 
systems in plants, it is critical to consider the 
temperature of the environment. 
 

7.2 Generation of Transgene-free Edited 
Plants 

 
When CRISPR is utilized for crop development, 
the lack of transgenes in final crops is critical to 
reducing regulatory load, promoting public 
acceptance, and reducing any ecological 
ramifications. Cross-pollination of CRISPR-
encoding genes with herbicide sensitivity may aid 
in deleting CRISPR transgenes [213, 214]. 
Cross-pollination of CRISPR-encoding genes 
with herbicide sensitivity may also aid in 
eliminating CRISPR transgenes. Plants that are 
incompatible with themselves or are polyploid 
may find it much more challenging. 
 
Transgene-free genome editing can also be 
achieved by creating mutant plants that have not 
been genetically manipulated with transgenes 
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[215,216]. Plants can be genetically changed by 
inserting DNA or RNA encoding the CRISPR 
machinery and producing it transiently to effect 
modifications [217,218]. The regeneration of 
modified crops from protoplasts [74,219] on the 
other hand, poses a considerable obstacle and 
has the potential to induce unwanted somaclonal 
modifications as a result of the time-consuming 
tissue culture technique [220]. It has also been 
demonstrated that using particle bombardment to 
transfer RNPs within plant cells, which is 
commonly used for plant regeneration, is efficient 
[221,222]. RNPs may be inserted into plant 
zygotes generated by in-vitro fertilization and 
then used to regenerate adult plants without the 
requirement for selection [223]. A breakthrough 
in developing a transgenic killer CRISPR system 
that links suicide transposons to CRISPR 
constructs, therefore destroying all transgenes in 
the genome of modified T1 rice plants, has 
recently occurred [224]. 
 

7.3 Genome Editing of Polyploid Plants  
 
Multiallelic genetic editings have been 
accomplished in a variety of polyploid crop 
species, as well as model systems [225,226] and 
plants [221,227–236] among others. Enhanced 
oil quality [230], disease tolerance [233,237], and 
other beneficial agronomic features have been 
successfully introduced into crops by successful 
gene editing. The development of transgene-free 
modified polyploid crops via RNP injection [221] 
and selection-free techniques [234] have both 
been attempted, but both have been 
unsuccessful so far. Even though both 
techniques are labour-intensive and time-taking, 
they both have the prospective to speed applied 
research in crop breeding and breeding crops. 
Additionally, to gene knockout, precise gene 
editing using HDR in stable transgenic lines of 
polyploid plants remains a difficult task. Genome 
editing in polyploid plants, in addition to crop 
improvement, provides a platform for gene 
dosage experiments, in which altered lines with 
different copy numbers of functional genes may 
be generated in a single cycle of transformation 
and plant regeneration [225,232]. In this way, the 
link between genotype and phenotype may be 
studied in more detail quantitatively. 
 

7.4 Germline Editing by Floral Dip 
Transformation 

 
It is important to develop germline-edited plants 
in order to conduct downstream genetic and trait 
assessments. The delivery of CRISPR 

transgenes in plants, even in those that use the 
typical Agrobacterium-mediated floral dip 
method, such as Arabidopsis, remains difficult, 
not because of limited editing effectiveness in 
germlines but also due to the disconnection of 
editing effects in somatic and germinal cells 
[24,238-240]. Agrobacterium, which is assumed 
to be responsible for this delivery, is thought to 
carry T-DNA containing CRISPR into egg cells. 
Only if CRISPR edits the genome after 
Agrobacterium infestation but before the first 
embryogenic cell division will you be able to 
make germline changes [241–245]. A 
progressive transformation strategy was 
employed in conjunction with carefully picked 
transgenic lines generating large quantities of 
Cas9 in the germline to produce HDR in 
Arabidopsis with great success [246,247]. While 
the new oil crop camelina has similar obstacles 
to Arabidopsis, it is uncertain whether any of the 
strategies outlined above will enhance genome 
editing in this species [230]. 
 

7.5 Off-target Effects in Plants 
 
The off-target effect of Cas proteins in gene 
therapy is a significant concern for CRISPR 
technology. Cas9-induced DSB creation has the 
potential to cause massive genomic alterations 
[248]. Arabidopsis, rice, cotton, and other plants 
whole-genome sequencing has been extensively 
utilized to find off-target effects [220,249,250]. 
Somaclonal variations are the most prevalent 
source of genomic alterations found in plants 
edited by Cas9 and Cas12a in their wild-type 
forms. CBEs, rather than ABEs, have been 
demonstrated to have significant genome-wide 
off-target effects in O. sativa [251-254], indicating 
that further screening and purifying selection may 
be necessary before they can be employed. Off-
target effects on transcriptome-wide RNA in 
human cells have also been demonstrated in 
recent studies [255,256] for both CBEs and 
ABEs. Base editors may be tailored to 
considerably decrease their RNA editing activity 
[257,258] (Table 1). In rice, the T-RNA–sgRNA 
processing system allows eSpCas9 and 
SpCas9–HF1 to preserve their on-target editing 
activity with increased specificity [259]. Rice was 
also utilized to demonstrate genome editing 
using two Cas9 variants, eHF1-Cas9 and eHypa-
Cas9 [260]. When it comes to rice, xCas9 has 
recently been more specific than wild-type Cas9 
[40]. However, because many high-fidelity 
SpCas9s in plants have fundamentally inferior 
nuclease capabilities, they may not be widely 
employed for plant genome editing until they are 
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refined further. Off-target effects can also be 
reduced by generating more precise gRNA 
sequences. Off-target activity can be decreased 
by restricting the genome's exposure to CRISPR 
reagents, such as via transient expression and 
RNP transformation [261,262]. 
 

7.6 CRISPR and other Innovative 
Technologies are Revolutionizing 
Breeding 

 
The utilization of tissue culture-based 
embryogenesis or organogenesis is required to 
create uniform plants with CRISPR-induced 
mutations in several major crops. CRISPR 
cannot be employed on plant varieties that are 
resistant to transformation [123,263]. 
 
One solution to this challenge is to express 
genes that enhance plant growth in order to 
increase plant regeneration and transformation. 
BBM and WUS2 transcription factors were 
overexpressed in resistant Z. mays lines, S. 
bicolor, S. officinarum, and indica, significantly 
improving transformation efficiency [264-267]. A 
unique and successful strategy to genome 
editing in many problematic plant species is the 
use of BBM, WUS, or similar factors (whether 
generated or provided ectopically) in conjunction 
with genome editing reagent administration to 
promote meristem tissue creation from somatic 
tissues. 
 

In plant breeding, a desirable trait should be able 
to be handed on from generation to generation. 
Seed production will eventually lead to 
segregation in self-incompatible and hybrid crops 
that benefit from heterosis. CRISPR has enabled 
asexual seed propagation by creating the 
genotype by mitosis rather than meiosis and 
introducing haploid seeds [268,269]. 
 

In the future, CRISPR technology will greatly 
influence plant breeding. CRISPR has recently 
been demonstrated to be an effective method for 
producing novel plant varieties [270–272]. When 
paired with new ideas, CRISPR will accelerate 
plant breeding in the future. Dead Cas can be 
employed to mobilize Spo11, which causes 
DSBs for meiotic recombination and aids in the 
reduction of linkage drag during breeding [273]. 
Furthermore, CRISPR may be used to promote 
chromosomal shuffling in order to stack 
numerous elite alleles into one tightly related 
location, hence reducing elite allele segregation 
throughout the breeding process. Plant breeding 
will enter a new era thanks to CRISPR genome 

editing techniques, which cannot be 
accomplished by traditional breeding or genetic 
engineering. 

 
8. CONCLUDING REMARKS AND 

FUTURE DIRECTIONS 
 
CRISPR technology's fast progress will allow for 
a wide range of applications in plant biology. For 
example, the utilization of gRNA libraries will 
allow for large-scale screening of genes and 
regulatory elements to determine their activities. 
Pooled CRISPR libraries were utilized to create 
mutants for tomato gene families [274] and 
virtually all rice coding genes [275,276] using 
Agrobacterium-based T-DNA delivery, offering 
rich genetic resources for fundamental research 
and breeding. One gene at a time may be 
targeted by targeting regulatory regions to induce 
quantitative trait variation [184] or tilling the 
coding sequence for in planta gene evolution 
[277]. However, delivering CRISPR libraries to 
plants for use in the future is labor-intensive and 
time-consuming. We hope to be able to transport 
gRNA libraries directly into plant cells (such as 
protoplasts) in the future, which will allow us to 
conduct cell-based tests. This approach will allow 
for high-throughput genotype-phenotype 
correlation. Plants employ two organelles to store 
genetic information: mitochondria and plastids. 
Gene editing in organelles might alter metabolic 
pathways to obtain desired phenotypes. 
Mitochondria utilize both HDR and NHEJ 
pathways to repair DSBs [278]. 

 
Because mitochondria cannot repair double-
strand breaks (DSBs) efficiently, mitochondrial 
DNA (mtDNA) is damaged and the heteroplasmic 
ratio shifts in mammalian cells [279,280]. 
TALENs and ZFNs have been employed to 
change the genome in mammalian mitochondria 
[281]. In the effort to install CRISPR in 
mitochondria [282], RNA import into mitochondria 
has been attempted multiple times but has met 
with limited success [283]. Cas9 and gRNA 
RNPs were shown to be preassembled in 
mitochondria before being delivered into 
mitochondria in one study [284]. Plastids, such 
as chloroplasts, are thought to be deficient in the 
NHEJ repair pathway. SSNs, such as CRISPR, 
might improve HDR in plastids [278] by 
introducing targeted DSBs, even though HDR in 
chloroplasts can be adjusted without the 
introduction of any SSNs [285]. Using any SSN, 
including CRISPR, it cannot change the genome 
in plant mitochondria or plastids. 
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CRISPR-created Arabidopsis mutants have 
opened up new avenues of investigation in this 
fascinating subject [286]. DNA repair choices, 
which are essential to the short-term 
effectiveness of genome editing reagents, are 
not yet strictly regulated. The target sequence 
context and the broken ends created by SSNs 
are strongly linked to the edits done by the 
cNHEJ and MMEJ pathways [287,288] (Fig. 1). 
Machine learning and modelling approaches and 
probability may be used to anticipate deletion 
and insertion patterns. Prediction models and 
algorithms established in human cells may not be 
useful to plants because of the variations in DNA 
repair routes and preferences [289,290]. In order 
to better anticipate and regulate editing results, 
future research should investigate the DNA 
repair processes in plants [291-296]. 
 
New germplasm and perhaps new crops might 
be developed using CRISPR technology in the 
future, which would speed up research in the 
field of plant biology Food security will be 
improved as a result of this initiative's 
contribution to resolving agricultural, 
environmental, and ecological challenges. 
 

COMPETING INTERESTS 
 
Authors have declared that no competing 
interests exist. 
 

REFERENCES 
 
1. Bibikova M, Golic M, Golic KG, Carroll D. 

Targeted chromosomal cleavage and 
mutagenesis in Drosophila using zinc-
finger nucleases. Genetics. 
2002;161(3):1169-1175. 

2. Christian M, Cermak T, Doyle EL, Schmidt 
C, Zhang F, Hummel A, Bogdanove AJ, 
Voytas DF. Targeting DNA double-strand 
breaks with TAL effector nucleases. 
Genetics. 2010;186(2):757-761. 

3. Jinek M, Chylinski K, Fonfara I, Hauer M, 
Doudna JA, Charpentier E. A 
programmable dual-RNA–guided DNA 
endonuclease in adaptive bacterial 
immunity. Science. 2012;337(6096):816-
821. 

4. Cong L, Ran FA, Cox D, Lin S, Barretto R, 
Habib N, Hsu PD, Wu X, Jiang W, 
Marraffini LA, Zhang F. Multiplex genome 
engineering using CRISPR/Cas systems. 
Science. 2013;339(6121):819-823. 

5. Mali P, Yang L, Esvelt KM, Aach J, Guell 
M, DiCarlo JE, Norville JE, Church GM. 

RNA-guided human genome engineering 
via Cas9. Science. 2013;339(6121):823-
826. 

6. Li JF, Norville JE, Aach J, McCormack M, 
Zhang D, Bush J, Church GM, Sheen J. 
Multiplex and homologous recombination–
mediated genome editing in Arabidopsis 
and Nicotiana benthamiana using guide 
RNA and Cas9. Nat. Biotechnol. 
2013;31(8):688-691. 

7. Nekrasov V, Staskawicz B, Weigel D, 
Jones JD, Kamoun S. Targeted 
mutagenesis in the model plant Nicotiana 
benthamiana using Cas9 RNA-guided 
endonuclease. Nat. Biotechnol. 
2013;31(8):691-693. 

8. Shan Q, Wang Y, Li J, Zhang Y, Chen K, 
Liang Z, Zhang K, Liu J, Xi JJ, Qiu JL, Gao 
C. Targeted genome modification of crop 
plants using a CRISPR-Cas system. Nat. 
Biotechnol. 2013;31(8):686-688. 

9. Chen K, Wang Y, Zhang R, Zhang H, Gao 
C. CRISPR/Cas genome editing and 
precision plant breeding in agriculture. 
Annu. Rev. Plant Biol. 2019;70:667-697. 

10. Zhang Y, Massel K, Godwin ID, Gao C. 
Applications and potential of genome 
editing in crop improvement. Genome Biol. 
2018;19(1):1-1. 

11. Ma X, Zhu Q, Chen Y, Liu YG. 
CRISPR/Cas9 platforms for genome 
editing in plants: developments and 
applications. Mol. Plant. 2016;9(7):961-
974. 

12. Schindele P, Wolter F, Puchta H. 
Transforming plant biology and breeding 
with CRISPR/Cas9, Cas12 and Cas13. 
FEBS Lett. 2018;592(12):1954-1967. 

13. Yin K, Gao C, Qiu JL. Progress and 
prospects in plant genome editing. Nat. 
Plants. 2017;3(8):1-6. 

14. Kim JS. Precision genome engineering 
through adenine and cytosine base editing. 
Nat. Plants. 2018;4(3):148-151. 

15. Huang TK, Puchta H. CRISPR/Cas-
mediated gene targeting in plants: finally a 
turn for the better for homologous 
recombination. Plant Cell Rep. 
2019;38(4):443-453. 

16. Mahas A, Stewart Jr CN, Mahfouz MM. 
Harnessing CRISPR/Cas systems for 
programmable transcriptional and post-
transcriptional regulation. Biotechnol. Adv. 
2018;36(1):295-310. 

17. Makarova KS, Wolf YI, Alkhnbashi OS, 
Costa F, Shah SA, Saunders SJ, 
Barrangou R, Brouns SJ, Charpentier E, 



 
 
 
 

Rehman et al.; AJBGMB, 10(4): 1-26, 2022; Article no.AJBGMB.85337 
 

 

 
13 

 

Haft DH, Horvath P. An updated 
evolutionary classification of CRISPR–Cas 
systems. Nat. Rev. Microbiol. 
2015;13(11):722-736. 

18. Burstein D, Harrington LB, Strutt SC, 
Probst AJ, Anantharaman K, Thomas BC, 
Doudna JA, Banfield JF. New CRISPR–
Cas systems from uncultivated microbes. 
Nature. 2017;542(7640):237-241. 

19. Harrington LB, Burstein D, Chen JS, Paez-
Espino D, Ma E, Witte IP, Cofsky JC, 
Kyrpides NC, Banfield JF, Doudna JA. 
Programmed DNA destruction by miniature 
CRISPR-Cas14 enzymes. Science. 
2018;362(6416):839-842. 

20. Liu JJ, Orlova N, Oakes BL, Ma E, Spinner 
HB, Baney KL, Chuck J, Tan D, Knott GJ, 
Harrington LB, Al-Shayeb B. CasX 
enzymes comprise a distinct family of 
RNA-guided genome editors. Nature. 
2019;566(7743):218-223. 

21. Shmakov S, Abudayyeh OO, Makarova 
KS, Wolf YI, Gootenberg JS, Semenova E, 
Minakhin L, Joung J, Konermann S, 
Severinov K, Zhang F. Discovery and 
functional characterization of diverse class 
2 CRISPR-Cas systems. Mol. Cell. 
2015;60(3):385-397. 

22. Shmakov S, Smargon A, Scott D, Cox D, 
Pyzocha N, Yan W, Abudayyeh OO, 
Gootenberg JS, Makarova KS, Wolf YI, 
Severinov K. Diversity and evolution of 
class 2 CRISPR–Cas systems. Nat. Rev. 
Microbiol. 2017;15(3):169-182. 

23. Yan WX, Hunnewell P, Alfonse LE, Carte 
JM, Keston-Smith E, Sothiselvam S, 
Garrity AJ, Chong S, Makarova KS, Koonin 
EV, Cheng DR. Functionally diverse type V 
CRISPR-Cas systems. Science. 
2019;363(6422):88-91. 

24. Ma X, Zhang Q, Zhu Q, Liu W, Chen Y, 
Qiu R, Wang B, Yang Z, Li H, Lin Y, Xie Y. 
A robust CRISPR/Cas9 system for 
convenient, high-efficiency multiplex 
genome editing in monocot and dicot 
plants. Mol. Plant. 2015;8(8):1274-            
1284. 

25. Fauser F, Schiml S, Puchta H. Both 

CRISPR/C as‐based nucleases and 
nickases can be used efficiently for 
genome engineering in Arabidopsis 
thaliana. Plant J. 2014;79(2):348-359. 

26. Wang ZP, Xing HL, Dong L, Zhang HY, 
Han CY, Wang XC, Chen QJ. Egg cell-
specific promoter-controlled CRISPR/Cas9 
efficiently generates homozygous mutants 
for multiple target genes in Arabidopsis in 

a single generation. Genome Biol. 
2015;16(1):1-2. 

27. Lee K, Zhang Y, Kleinstiver BP, Guo JA, 
Aryee MJ, Miller J, Malzahn A, Zarecor S, 

Lawrence‐Dill CJ, Joung JK, Qi Y. 
Activities and specificities of CRISPR/Cas9 
and Cas12a nucleases for targeted 
mutagenesis in maize. Plant Biotechnol. J. 
2019;17(2):362-372. 

28. Michno JM, Wang X, Liu J, Curtin SJ, 
Kono TJ, Stupar RM. CRISPR/Cas 
mutagenesis of soybean and Medicago 
truncatula using a new web-tool and a 
modified Cas9 enzyme. GM Crops Food. 
2015;6(4):243-252. 

29. Mali P, Aach J, Stranges PB, Esvelt KM, 
Moosburner M, Kosuri S, Yang L, Church 
GM. CAS9 transcriptional activators for 
target specificity screening and paired 
nickases for cooperative genome 
engineering. Nat. Biotechnol. 
2013;31(9):833-838. 

30. Ran FA, Hsu PD, Lin CY, Gootenberg JS, 
Konermann S, Trevino AE, Scott DA, 
Inoue A, Matoba S, Zhang Y, Zhang F. 
Double nicking by RNA-guided CRISPR 
Cas9 for enhanced genome editing 
specificity. Cell. 2013;154(6):1380-1389. 

31. Qi LS, Larson MH, Gilbert LA, Doudna JA, 
Weissman JS, Arkin AP, Lim WA. 
Repurposing CRISPR as an RNA-guided 
platform for sequence-specific control of 
gene expression. Cell. 2013;152(5):1173-
1183. 

32. Kleinstiver BP, Prew MS, Tsai SQ, Topkar 
VV, Nguyen NT, Zheng Z, Gonzales AP, Li 
Z, Peterson RT, Yeh JR, Aryee MJ. 
Engineered CRISPR-Cas9 nucleases with 
altered PAM specificities. Nature. 
2015;523(7561):481-485. 

33. Anders C, Bargsten K, Jinek M. Structural 
plasticity of PAM recognition by 
engineered variants of the RNA-guided 
endonuclease Cas9. Mol. Cell. 
2016;61(6):895-902. 

34. Hu JH, Miller SM, Geurts MH, Tang W, 
Chen L, Sun N, Zeina CM, Gao X, Rees 
HA, Lin Z, Liu DR. Evolved Cas9 variants 
with broad PAM compatibility and high 
DNA specificity. Nature. 
2018;556(7699):57-63. 

35. Nishimasu H, Shi X, Ishiguro S, Gao L, 
Hirano S, Okazaki S, Noda T, Abudayyeh 
OO, Gootenberg JS, Mori H, Oura S. 
Engineered CRISPR-Cas9 nuclease with 
expanded targeting space. Science. 
2018;361(6408):1259-1262. 



 
 
 
 

Rehman et al.; AJBGMB, 10(4): 1-26, 2022; Article no.AJBGMB.85337 
 

 

 
14 

 

36. Hu X, Wang C, Fu Y, Liu Q, Jiao X, Wang 
K. Expanding the range of CRISPR/Cas9 
genome editing in rice. Mol. Plant. 
2016;9(6):943-945. 

37. Hu X, Meng X, Liu Q, Li J, Wang K. 
Increasing the efficiency of 

CRISPR‐Cas9‐VQR precise genome 
editing in rice. Plant Biotechnol. J. 
2018;16(1):292-297. 

38. Wang J, Meng X, Hu X, Sun T, Li J, Wang 
K, Yu H. xCas9 expands the scope of 
genome editing with reduced efficiency in 
rice. Plant Biotechnol. J. 2019;17(4):709-
711. 

39. Hua K, Tao X, Han P, Wang R, Zhu JK. 
Genome engineering in rice using Cas9 
variants that recognize NG PAM 
sequences. Mol. Plant. 2019;12(7):1003-
1014. 

40. Rehman RS, Pasha AN, Zafar SA, Ali M, 
Waseem M, Ahmad M, Ahmad N, Hafeez 
AH. Chromosomal Engineering through 
CRISPR-Cas Technology: A Way Forward. 
J. Adv. Bio. Biotech. 2022;25(1);10-22. 

41. Li J, Luo J, Xu M, Li S, Zhang J, Li H, Yan 
L, Zhao Y, Xia L. Plant genome editing 
using xCas9 with expanded PAM 
compatibility. J. Genet. Genomics. 
2019;46(5):277-280. 

42. Endo M, Mikami M, Endo A, Kaya H, Itoh 
T, Nishimasu H, Nureki O, Toki S. Genome 
editing in plants by engineered CRISPR–
Cas9 recognizing NG PAM. Nat. Plants. 
2019;5(1):14-17. 

43. Ren B, Liu L, Li S, Kuang Y, Wang J, 
Zhang D, Zhou X, Lin H, Zhou H. Cas9-NG 
greatly expands the targeting scope of the 
genome-editing toolkit by recognizing NG 
and other atypical PAMs in rice. Mol. Plant. 
2019;12(7):1015-1026. 

44. Negishi K, Kaya H, Abe K, Hara N, Saika 
H, Toki S. An adenine base editor with 
expanded targeting scope using 

SpCas9‐NGv1 in rice. Plant Biotechnol. J. 
2019;17(8):1476-1480. 

45. Wang M, Wang Z, Mao Y, Lu Y, Yang R, 
Tao X, Zhu JK. Optimizing base editors for 
improved efficiency and expanded editing 
scope in rice. Plant Biotechnol. J. 
2019;17(9):1697-1700. 

46. Ge Z, Zheng L, Zhao Y, Jiang J, Zhang EJ, 
Liu T, Gu H, Qu LJ. Engineered xCas9 and 

SpCas9‐NG variants broaden PAM 
recognition sites to generate mutations in 
Arabidopsis plants. Plant Biotechnol. J. 
2019;17(10):1865-1870. 

47. Ran FA, Cong L, Yan WX, Scott DA, 
Gootenberg JS, Kriz AJ, Zetsche B, 
Shalem O, Wu X, Makarova KS, Koonin 
EV. In vivo genome editing using 
Staphylococcus aureus Cas9. Nature. 
2015;520(7546):186-191. 

48. Friedland AE, Baral R, Singhal P, Loveluck 
K, Shen S, Sanchez M, Marco E, Gotta 
GM, Maeder ML, Kennedy EM, Kornepati 
AV. Characterization of Staphylococcus 
aureus Cas9: a smaller Cas9 for all-in-one 
adeno-associated virus delivery and paired 
nickase applications. Genome Biol. 
2015;16(1):1-10. 

49. Kleinstiver BP, Prew MS, Tsai SQ, Nguyen 
NT, Topkar VV, Zheng Z, Joung JK. 
Broadening the targeting range of 
Staphylococcus aureus CRISPR-Cas9 by 
modifying PAM recognition. Nat. 
Biotechnol. 2015;33(12):1293-1298. 

50. Kaya H, Mikami M, Endo A, Endo M, Toki 
S. Highly specific targeted mutagenesis in 
plants using Staphylococcus aureus Cas9. 
Sci. Rep. 2016;6(1):1-9. 

51. Steinert J, Schiml S, Fauser F, Puchta H. 
Highly efficient heritable plant genome 
engineering using Cas9 orthologues from 
Streptococcus thermophilus and 
Staphylococcus aureus. Plant J. 
2015;84(6):1295-1305. 

52. Jia H, Xu J, Orbović V, Zhang Y, Wang N. 
Editing citrus genome via SaCas9/sgRNA 
system. Front. Plant Sci. 2017:2135-2140. 

53. Müller M, Lee CM, Gasiunas G, Davis TH, 
Cradick TJ, Siksnys V, Bao G, Cathomen 
T, Mussolino C. Streptococcus 
thermophilus CRISPR-Cas9 systems 
enable specific editing of the human 
genome. Mol. Ther. 2016;24(3):636-644. 

54. Lee CM, Cradick TJ, Bao G. The Neisseria 
meningitidis CRISPR-Cas9 system 
enables specific genome editing in 
mammalian cells. Mol. Ther. 
2016;24(3):645-654. 

55. Hirano H, Gootenberg JS, Horii T, 
Abudayyeh OO, Kimura M, Hsu PD, 
Nakane T, Ishitani R, Hatada I, Zhang F, 
Nishimasu H. Structure and engineering of 
Francisella novicida Cas9. Cell. 
2016;164(5):950-961. 

56. Esvelt KM, Mali P, Braff JL, Moosburner M, 
Yaung SJ, Church GM. Orthogonal Cas9 
proteins for RNA-guided gene regulation 
and editing. Nat. Methods. 
2013;10(11):1116-1121. 

57. Kim E, Koo T, Park SW, Kim D, Kim K, 
Cho HY, Song DW, Lee KJ, Jung MH, Kim 



 
 
 
 

Rehman et al.; AJBGMB, 10(4): 1-26, 2022; Article no.AJBGMB.85337 
 

 

 
15 

 

S, Kim JH. In vivo genome editing with a 
small Cas9 orthologue derived from 
Campylobacter jejuni. Nat. Commun. 
2017;8(1):1-2. 

58. Chatterjee P, Jakimo N, Jacobson JM. 
Minimal PAM specificity of a highly similar 
SpCas9 ortholog. Sci. Adv. 2018;4(10):76-
80. 

59. Karvelis T, Gasiunas G, Young J, Bigelyte 
G, Silanskas A, Cigan M, Siksnys V. Rapid 
characterization of CRISPR-Cas9 
protospacer adjacent motif sequence 
elements. Genome Biol. 2015;16(1):1-        
3. 

60. Rousseau BA, Hou Z, Gramelspacher MJ, 
Zhang Y. Programmable RNA cleavage 
and recognition by a natural CRISPR-Cas9 
system from Neisseria meningitidis. Mol. 
Cell. 2018;69(5):906-914. 

61. Jakimo N, Chatterjee P, Nip L, Jacobson 
JM. A Cas9 with complete PAM 
recognition for adenine dinucleotides. 
BioRxiv. 2018:4-9. 

62. Zetsche B, Gootenberg JS, Abudayyeh 
OO, Slaymaker IM, Makarova KS, 
Essletzbichler P, Volz SE, Joung J, Van 
Der Oost J, Regev A, Koonin EV. Cpf1 is a 
single RNA-guided endonuclease of a 
class 2 CRISPR-Cas system. Cell. 
2015;163(3):759-771. 

63. Yamano T, Nishimasu H, Zetsche B, 
Hirano H, Slaymaker IM, Li Y, Fedorova I, 
Nakane T, Makarova KS, Koonin EV, 
Ishitani R. Crystal structure of Cpf1 in 
complex with guide RNA and target DNA. 
Cell. 2016;165(4):949-962. 

64. Kim D, Kim J, Hur JK, Been KW, Yoon SH, 
Kim JS. Genome-wide analysis reveals 
specificities of Cpf1 endonucleases in 
human cells. Nat. Biotechnol. 
2016;34(8):863-868. 

65. Kleinstiver BP, Tsai SQ, Prew MS, Nguyen 
NT, Welch MM, Lopez JM, McCaw ZR, 
Aryee MJ, Joung JK. Genome-wide 
specificities of CRISPR-Cas Cpf1 
nucleases in human cells. Nat. Biotechnol. 
2016;34(8):869-874. 

66. Rehman RS, Zafar SA, Ali M, Ahmad M, 
Pasha AN, Waseem M, Hafeez AH and 
Raza A. Plant Pan-genomes: A New 
Frontier in Understanding Genomic 
Diversity in Plants. J. Adv. Bio. Biotech. 
2022;25(1):10-22.  

67. Zhong Z, Zhang Y, You Q, Tang X, Ren Q, 
Liu S, Yang L, Wang Y, Liu X, Liu B, 
Zhang T. Plant genome editing using 
FnCpf1 and LbCpf1 nucleases at redefined 

and altered PAM sites. Mol. Plant. 
2018;11(7):999-1002. 

68. Endo A, Masafumi M, Kaya H, Toki S. 
Efficient targeted mutagenesis of rice and 
tobacco genomes using Cpf1 from 
Francisella novicida. Sci. Rep. 2016 Dec 
1;6(1):1-9. 

69. Hu X, Wang C, Liu Q, Fu Y, Wang K. 
Targeted mutagenesis in rice using 
CRISPR-Cpf1 system. J. Genet. 
Genomics. 2017;44(1):71-73. 

70. Wang M, Mao Y, Lu Y, Tao X, Zhu JK. 
Multiplex gene editing in rice using the 
CRISPR-Cpf1 system. Mol. Plant. 
2017;10(7):1011-1013. 

71. Rehman RS, Zafar SA, Ali M, Pasha AN, 
Naveed MS, Waseem M and Raza A. 
CRISPR-Cas Mediated Genome Editing: A 
Paradigm Shift towards Sustainable 
Agriculture and Biotechnology. Asian P. 
Res. J. 2022;9(1):27-49. 

72. Begemann MB, Gray BN, January E, 
Gordon GC, He Y, Liu H, Wu X, Brutnell 
TP, Mockler TC, Oufattole M. Precise 
insertion and guided editing of higher plant 
genomes using Cpf1 CRISPR nucleases. 
Sci. Rep. 2017;7(1):1-6. 

73. Bernabé‐Orts JM, Casas‐Rodrigo I, 
Minguet EG, Landolfi V, Garcia‐Carpintero 

V, Gianoglio S, Vázquez‐Vilar M, Granell 
A, Orzaez D. Assessment of 

Cas12a‐mediated gene editing efficiency in 
plants. Plant Biotechnol J. 
2019;17(10):1971-1984. 

74. Kim H, Kim ST, Ryu J, Kang BC, Kim JS, 
Kim SG. CRISPR/Cpf1-mediated DNA-free 
plant genome editing. Nat. Commun. 
2017;8(1):1-7. 

75. Li B, Rui H, Li Y, Wang Q, Alariqi M, Qin L, 
Sun L, Ding X, Wang F, Zou J, Wang Y. 

Robust CRISPR/Cpf1 (Cas12a)‐mediated 
genome editing in allotetraploid cotton 
(Gossypium hirsutum). Plant Biotechnol. J. 
2019;17(10):1862-1876. 

76. Jia H, Orbović V, Wang N. 

CRISPR‐LbCas12a‐mediated modification 
of citrus. Plant Biotechnol. J. 
2019;17(10):1928-1937. 

77. Zhang X, Wang J, Cheng Q, Zheng X, 
Zhao G, Wang J. Multiplex gene regulation 
by CRISPR-ddCpf1. Cell Discov. 
2017;3(1):1-9. 

78. Gao L, Cox DB, Yan WX, Manteiga JC, 
Schneider MW, Yamano T, Nishimasu H, 
Nureki O, Crosetto N, Zhang F. 
Engineered Cpf1 variants with altered PAM 



 
 
 
 

Rehman et al.; AJBGMB, 10(4): 1-26, 2022; Article no.AJBGMB.85337 
 

 

 
16 

 

specificities. Nat. Biotechnol. 
2017;35(8):789-792. 

79. Tóth E, Czene BC, Kulcsár PI, Krausz SL, 
Tálas A, Nyeste A, Varga É, Huszár K, 
Weinhardt N, Ligeti Z, Borsy AE. Mb-and 
FnCpf1 nucleases are active in 
mammalian cells: activities and PAM 
preferences of four wild-type Cpf1 
nucleases and of their altered PAM 
specificity variants. Nucleic Acids Res. 
2018;46(19):10272-10285. 

80. Li S, Zhang X, Wang W, Guo X, Wu Z, Du 
W, Zhao Y, Xia L. Expanding the scope of 
CRISPR/Cpf1-mediated genome editing in 
rice. Mol. Plant. 2018;11(7):995-998. 

81. Kleinstiver BP, Sousa AA, Walton RT, Tak 
YE, Hsu JY, Clement K, Welch MM, Horng 
JE, Malagon-Lopez J, Scarfò I, Maus MV. 
Engineered CRISPR–Cas12a variants with 
increased activities and improved targeting 
ranges for gene, epigenetic and base 
editing. Nat. Biotechnol. 2019;37(3):276-
282. 

82. Zetsche B, Strecker J, Abudayyeh OO, 
Gootenberg JS, Scott DA, Zhang F. A 
survey of genome editing activity for 16 
Cpf1 orthologs. BioRxiv. 2017:1340-   
1350. 

83. Teng F, Li J, Cui T, Xu K, Guo L, Gao Q, 
Feng G, Chen C, Han D, Zhou Q, Li W. 
Enhanced mammalian genome editing by 
new Cas12a orthologs with optimized 
crRNA scaffolds. Genome Biol. 
2019;20(1):1-6. 

84. Liu L, Chen P, Wang M, Li X, Wang J, Yin 
M, Wang Y. C2c1-sgRNA complex 
structure reveals RNA-guided DNA 
cleavage mechanism. Mol. Cell. 
2017;65(2):310-322. 

85. Yang H, Gao P, Rajashankar KR, Patel 
DJ. PAM-dependent target DNA 
recognition and cleavage by C2c1 
CRISPR-Cas endonuclease. Cell. 
2016;167(7):1814-1828. 

86. Teng F, Cui T, Feng G, Guo L, Xu K, Gao 
Q, Li T, Li J, Zhou Q, Li W. Repurposing 
CRISPR-Cas12b for mammalian genome 
engineering. Cell Disc. 2018;4(1):1-5. 

87. Strecker J, Jones S, Koopal B, Schmid-
Burgk J, Zetsche B, Gao L, Makarova KS, 
Koonin EV, Zhang F. Engineering of 
CRISPR-Cas12b for human genome 
editing. Nat. Commun. 2019;10(1):1-8. 

88. Dolan AE, Hou Z, Xiao Y, Gramelspacher 
MJ, Heo J, Howden SE, Freddolino PL, Ke 
A, Zhang Y. Introducing a spectrum of 
long-range genomic deletions in human 

embryonic stem cells using type I CRISPR-
Cas. Mol. Cell. 2019;74(5):936-950. 

89. Tanenbaum ME, Gilbert LA, Qi LS, 
Weissman JS, Vale RD. A protein-tagging 
system for signal amplification in gene 
expression and fluorescence imaging. Cell. 
2014;159(3):635-646. 

90. Leonetti MD, Sekine S, Kamiyama D, 
Weissman JS, Huang B. A scalable 
strategy for high-throughput GFP tagging 
of endogenous human proteins. Proc. Natl. 
Acad. Sci. 2016;113(25):1-8. 

91. Konermann S, Brigham MD, Trevino AE, 
Joung J, Abudayyeh OO, Barcena C, Hsu 
PD, Habib N, Gootenberg JS, Nishimasu 
H, Nureki O. Genome-scale transcriptional 
activation by an engineered CRISPR-Cas9 
complex. Nature. 2015;517(7536):583-588. 

92. Lowder LG, Zhou J, Zhang Y, Malzahn A, 
Zhong Z, Hsieh TF, Voytas DF, Zhang Y, 
Qi Y. Robust transcriptional activation in 
plants using multiplexed CRISPR-Act2. 0 
and mTALE-Act systems. Mol. Plant. 
2018;11(2):245-256. 

93. Shao S, Zhang W, Hu H, Xue B, Qin J, 
Sun C, Sun Y, Wei W, Sun Y. Long-term 
dual-color tracking of genomic loci by 
modified sgRNAs of the CRISPR/Cas9 
system. Nucleic Acids Res. 2016;44(9):86-
95. 

94. Shechner DM, Hacisuleyman E, Younger 
ST, Rinn JL. Multiplexable, locus-specific 
targeting of long RNAs with CRISPR-
Display. Nat. Methods. 2015;12(7):664-
670. 

95. Zalatan JG, Lee ME, Almeida R, Gilbert 
LA, Whitehead EH, La Russa M, Tsai JC, 
Weissman JS, Dueber JE, Qi LS, Lim WA. 
Engineering complex synthetic 
transcriptional programs with CRISPR 
RNA scaffolds. Cell. 2015;160(1-2):339-
350. 

96. Ma H, Tu LC, Naseri A, Huisman M, Zhang 
S, Grunwald D, Pederson T. Multiplexed 
labeling of genomic loci with dCas9 and 
engineered sgRNAs using CRISPRainbow. 
Nat. Biotechnol. 2016;34(5):528-530. 

97. Rehman RS, Ali M, Zafar SA, Hussain M, 
Pasha A, Naveed MS, Ahmad M and 
Waseem M. Abscisic Acid Mediated 
Abiotic Stress Tolerance in Plants. Asian J. 
Res. C. Sci. 2022;7(1):1-17.  

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



 
 
 
 

Rehman et al.; AJBGMB, 10(4): 1-26, 2022; Article no.AJBGMB.85337 
 

 

 
17 

 

99. Ma H, Tu LC, Naseri A, Chung YC, 
Grunwald D, Zhang S, Pederson T. 
CRISPR-Sirius: RNA scaffolds for signal 
amplification in genome imaging. Nat. 
Methods.2018;15(11):928-931. 

100. Kunii A, Hara Y, Takenaga M, Hattori N, 
Fukazawa T, Ushijima T, Yamamoto T, 
Sakuma T. Three-component repurposed 
technology for enhanced expression: 
highly accumulable transcriptional 
activators via branched tag arrays. 
CRISPR J. 2018;1(5):337-347. 

101. Abudayyeh OO, Gootenberg JS, 
Konermann S, Joung J, Slaymaker IM, 
Cox DB, Shmakov S, Makarova KS, 
Semenova E, Minakhin L, Severinov K. 
C2c2 is a single-component programmable 
RNA-guided RNA-targeting CRISPR 
effector. Science. 2016;353(6299):5573-
5590. 

102. Abudayyeh OO, Gootenberg JS, 
Essletzbichler P, Han S, Joung J, Belanto 
JJ, Verdine V, Cox DB, Kellner MJ, Regev 
A, Lander ES. RNA targeting with 
CRISPR–Cas13. Nature. 
2017;550(7675):280-284. 

103. Cox DB, Gootenberg JS, Abudayyeh OO, 
Franklin B, Kellner MJ, Joung J, Zhang F. 
RNA editing with CRISPR-Cas13. Science. 
2017;358(6366):1019-1027. 

104. Gootenberg JS, Abudayyeh OO, Lee JW, 
Essletzbichler P, Dy AJ, Joung J, Verdine 
V, Donghia N, Daringer NM, Freije CA, 
Myhrvold C. Nucleic acid detection with 
CRISPR-Cas13a/C2c2. Science. 
2017;356(6336):438-442. 

105. Aman R, Ali Z, Butt H, Mahas A, Aljedaani 
F, Khan MZ, Ding S, Mahfouz M. RNA 
virus interference via CRISPR/Cas13a 
system in plants. Genome Biol. 
2018;19(1):1-9. 

106. Aman R, Mahas A, Butt H, Ali Z, Aljedaani 
F, Mahfouz M. Engineering RNA virus 
interference via the CRISPR/Cas13 
machinery in Arabidopsis. Viruses. 
2018;10(12):732-740. 

107. Lowder L, Malzahn A, Qi Y. Rapid 
evolution of manifold CRISPR systems for 
plant genome editing. Front. Plant Sci. 
2016;7:1683-1690. 

108. Gao Y, Zhao Y. Self‐processing of 
ribozyme‐flanked RNAs into guide RNAs in 

vitro and in vivo for CRISPR‐mediated 
genome editing. J. Integr. Plant Biol. 
2014;56(4):343-349. 

109. Gao Y, Zhang Y, Zhang D, Dai X, Estelle 
M, Zhao Y. Auxin binding protein 1 (ABP1) 

is not required for either auxin signaling or 
Arabidopsis development. Proc. Natl. 
Acad. Sci. 2015;112(7):2275-2280. 

110. Tang X, Zheng X, Qi Y, Zhang D, Cheng 
Y, Tang A, Voytas DF, Zhang Y. A single 
transcript CRISPR-Cas9 system for 
efficient genome editing in plants. Mol. 
Plant. 2016;9(7):1088-1091. 

111. Tang X, Ren Q, Yang L, Bao Y, Zhong Z, 
He Y, Liu S, Qi C, Liu B, Wang Y, 
Sretenovic S. Single transcript unit 
CRISPR 2.0 systems for robust Cas9 and 
Cas12a mediated plant genome editing. 
Plant Biotechnol. J. 2019;17(7):1431-1445. 

112. Wang M, Mao Y, Lu Y, Wang Z, Tao X, 
Zhu JK. Multiplex gene editing in rice with 

simplified CRISPR‐Cpf1 and 
CRISPR‐Cas9 systems. J. Integr. Plant 
Biol. 2018;60(8):626-631. 

113. Yoshioka S, Fujii W, Ogawa T, Sugiura K, 
Naito K. Development of a mono-promoter-
driven CRISPR/Cas9 system in 
mammalian cells. Scientific Rep. 
2015;5(1):1-8. 

114. Ding D, Chen K, Chen Y, Li H, Xie K. 
Engineering introns to express RNA guides 
for Cas9-and Cpf1-mediated multiplex 
genome editing. Mol. Plant. 
2018;11(4):542-552. 

115. Lowder LG, Zhang D, Baltes NJ, Paul III 
JW, Tang X, Zheng X, Voytas DF, Hsieh 
TF, Zhang Y, Qi Y. A CRISPR/Cas9 
toolbox for multiplexed plant genome 
editing and transcriptional regulation. Plant 
Physiol. 2015;169(2):971-985. 

116. Vazquez-Vilar M, Bernabé-Orts JM, 
Fernandez-del-Carmen A, Ziarsolo P, 
Blanca J, Granell A, Orzaez D. A modular 
toolbox for gRNA–Cas9 genome 
engineering in plants based on the 
GoldenBraid standard. Plant Methods. 
2016;12(1):1-2. 

117. Xing HL, Dong L, Wang ZP, Zhang HY, 
Han CY, Liu B, Wang XC, Chen QJ. A 
CRISPR/Cas9 toolkit for multiplex genome 
editing in plants. BMC Plant Biol. 
2014;14(1):1-2. 

118. Cong L, Ran FA, Cox D, Lin S, Barretto R, 
Habib N, Hsu PD, Wu X, Jiang W, 
Marraffini LA, Zhang F. Multiplex genome 
engineering using CRISPR/Cas systems. 
Science. 2013;339(6121):819-823. 

119. Mikami M, Toki S, Endo M. In planta 
processing of the SpCas9–gRNA complex. 
Plant Cell Physiol. 2017;58(11):1857-1867. 

120. Li S, Li J, Zhang J, Du W, Fu J, Sutar S, 
Zhao Y, Xia L. Synthesis-dependent repair 



 
 
 
 

Rehman et al.; AJBGMB, 10(4): 1-26, 2022; Article no.AJBGMB.85337 
 

 

 
18 

 

of Cpf1-induced double strand DNA breaks 
enables targeted gene replacement in rice. 
J. Exp. Bot. 2018;69(20):4715-4721. 

121. Xie K, Minkenberg B, Yang Y. Boosting 
CRISPR/Cas9 multiplex editing capability 
with the endogenous tRNA-processing 
system. Proc. Natl. Acad. Sci. 
2015;112(11):3570-3575. 

122. Wang W, Akhunova A, Chao S, Akhunov 
E. Optimizing multiplex CRISPR/Cas9-
based genome editing for wheat. BioRxiv. 
2016:51-65. 

123. Qi W, Zhu T, Tian Z, Li C, Zhang W, Song 
R. High-efficiency CRISPR/Cas9 multiplex 
gene editing using the glycine tRNA-
processing system-based strategy in 
maize. BMC Biotechnol. 2016;16(1):1-8. 

124. Tsai SQ, Wyvekens N, Khayter C, Foden 
JA, Thapar V, Reyon D, Goodwin MJ, 
Aryee MJ, Joung JK. Dimeric CRISPR 
RNA-guided FokI nucleases for highly 
specific genome editing. Nat. Biotechnol. 
2014;32(6):569-576. 

125. Yan Q, Xu K, Xing J, Zhang T, Wang X, 
Wei Z, Ren C, Liu Z, Shao S, Zhang Z. 
Multiplex CRISPR/Cas9-based genome 
engineering enhanced by Drosha-
mediated sgRNA-shRNA structure. Sci. 
Rep. 2016;6(1):1-9. 

126. Komor AC, Kim YB, Packer MS, Zuris JA, 
Liu DR. Programmable editing of a target 
base in genomic DNA without double-
stranded DNA cleavage. Nature. 
2016;533(7603):420-424. 

127. Nishida K, Arazoe T, Yachie N, Banno S, 
Kakimoto M, Tabata M, Mochizuki M, 
Miyabe A, Araki M, Hara KY, Shimatani Z. 
Targeted nucleotide editing using hybrid 
prokaryotic and vertebrate adaptive 
immune systems. Science. 
2016;353(6305):56-65. 

128. Gaudelli NM, Komor AC, Rees HA, Packer 
MS, Badran AH, Bryson DI, Liu DR. 
Programmable base editing of AT to G C in 
genomic DNA without DNA cleavage. 
Nature. 2017;551(7681):464-471. 

129. Conticello SG. The AID/APOBEC family of 
nucleic acid mutators. Genome Biol. 
2008;9(6):1-10. 

130. Kunz C, Saito Y, Schär P. DNA repair in 
mammalian cells. CMLS. 2009;66(6):1021-
1038. 

131. Mol CD, Arvai AS, Sanderson RJ, 
Slupphaug G, Kavli B, Krokan HE, 
Mosbaugh DW, Tainer JA. Crystal 
structure of human uracil-DNA glycosylase 

in complex with a protein inhibitor: protein 
mimicry of DNA. Cell. 1995;82(5):701-718. 

132. Komor AC, Zhao KT, Packer MS, Gaudelli 
NM, Waterbury AL, Koblan LW, Kim YB, 
Badran AH, Liu DR. Improved base 
excision repair inhibition and 
bacteriophage Mu Gam protein yields C: 
G-to-T: A base editors with higher 
efficiency and product purity. Sci. Adv. 
2017;3(8):4774-4787. 

133. Wang L, Xue W, Yan L, Li X, Wei J, Chen 
M, Wu J, Yang B, Yang L, Chen J. 
Enhanced base editing by co-expression of 
free uracil DNA glycosylase inhibitor. Cell 
Res. 2017;27(10):1289-1292. 

134. Zafra MP, Schatoff EM, Katti A, Foronda 
M, Breinig M, Schweitzer AY, Simon A, 
Han T, Goswami S, Montgomery E, 
Thibado J. Optimized base editors enable 
efficient editing in cells, organoids and 
mice. Nat. Biotechnol. 2018;36(9):888-893. 

135. Kuscu C, Adli M. CRISPR-Cas9-AID base 
editor is a powerful gain-of-function 
screening tool. Nat. Methods. 
2016;13(12):983-984. 

136. Gehrke JM, Cervantes O, Clement MK, 
Wu Y, Zeng J, Bauer DE, Pinello L, Joung 
JK. An APOBEC3A-Cas9 base editor with 
minimized bystander and off-target 
activities. Nat. Biotechnol. 
2018;36(10):977-982. 

137. Wang X, Li J, Wang Y, Yang B, Wei J, Wu 
J, Wang R, Huang X, Chen J, Yang L. 
Efficient base editing in methylated regions 
with a human APOBEC3A-Cas9 fusion. 
Nat. Biotechnol. 2018;36(10):946-949. 

138. Rees HA, Liu DR. Base editing: precision 
chemistry on the genome and 
transcriptome of living cells. Nat. Rev. 
Genet. 2018;19(12):770-788. 

139. Molla KA, Yang Y. CRISPR/Cas-mediated 
base editing: technical considerations and 
practical applications. Trends Biotechnol. 
2019;37(10):1121-1142. 

140. Hua K, Tao X, Zhu JK. Expanding the base 
editing scope in rice by using Cas9 
variants. Plant Biotechnol. J. 
2019;17(2):499-504. 

141. Li J, Sun Y, Du J, Zhao Y, Xia L. 
Generation of targeted point mutations in 
rice by a modified CRISPR/Cas9 system. 
Mol. Plant. 2017;10(3):526-529. 

142. Lu Y, Zhu JK. Precise editing of a target 
base in the rice genome using a modified 
CRISPR/Cas9 system. Mol. Plant. 
2017;10(3):523-525. 



 
 
 
 

Rehman et al.; AJBGMB, 10(4): 1-26, 2022; Article no.AJBGMB.85337 
 

 

 
19 

 

143. Ren B, Yan F, Kuang Y, Li N, Zhang D, Lin 
H, Zhou H. A CRISPR/Cas9 toolkit for 
efficient targeted base editing to induce 
genetic variations in rice. Sci. China Life 
Sci. 2017;60(5):516-519. 

144. Zong Y, Wang Y, Li C, Zhang R, Chen K, 
Ran Y, Qiu JL, Wang D, Gao C. Precise 
base editing in rice, wheat and maize with 
a Cas9-cytidine deaminase fusion. Nat. 
Biotechnol. 2017;35(5):438-440. 

145. Zong Y, Song Q, Li C, Jin S, Zhang D, 
Wang Y, Qiu JL, Gao C. Efficient C-to-T 
base editing in plants using a fusion of 
nCas9 and human APOBEC3A. Nature 
Biotechnol. 2018;36(10):950-953. 

146. Ren B, Yan F, Kuang Y, Li N, Zhang D, 
Zhou X, Lin H, Zhou H. Improved base 
editor for efficiently inducing genetic 
variations in rice with CRISPR/Cas9-
guided hyperactive hAID mutant. Mol. 
Plant. 2018;11(4):623-626. 

147. Shimatani Z, Kashojiya S, Takayama M, 
Terada R, Arazoe T, Ishii H, Teramura H, 
Yamamoto T, Komatsu H, Miura K, Ezura 
H. Targeted base editing in rice and 
tomato using a CRISPR-Cas9 cytidine 
deaminase fusion. Nat. Biotechnol. 
2017;35(5):441-443. 

148. Yan F, Kuang Y, Ren B, Wang J, Zhang D, 
Lin H, Yang B, Zhou X, Zhou H. Highly 
efficient A· T to G· C base editing by 
Cas9n-guided tRNA adenosine deaminase 
in rice. Mol. Plant. 2018;11(4):631-634. 

149. Kang BC, Yun JY, Kim ST, Shin Y, Ryu J, 
Choi M, Woo JW, Kim JS. Precision 
genome engineering through adenine base 
editing in plants. Nat. Plants. 
2018;4(7):427-431. 

150. Matthews MM, Thomas JM, Zheng Y, Tran 
K, Phelps KJ, Scott AI, Havel J, Fisher AJ, 
Beal PA. Structures of human ADAR2 
bound to dsRNA reveal base-flipping 
mechanism and basis for site selectivity. 
Nat. Struct. Mol. Biol. 2016;23(5):426-  
433. 

151. Montiel-Gonzalez MF, Vallecillo-Viejo I, 
Yudowski GA, Rosenthal JJ. Correction of 
mutations within the cystic fibrosis 
transmembrane conductance regulator by 
site-directed RNA editing. Proc. Natl. Acad. 
Sci. 2013;110(45):18285-18290. 

152. Jin S, Zong Y, Gao Q, Zhu Z, Wang Y, Qin 
P, Liang C, Wang D, Qiu JL, Zhang F, Gao 
C. Cytosine, but not adenine, base editors 
induce genome-wide off-target mutations 
in rice. Science. 2019;364(6437):292-            
295. 

153. Gajula KS. Designing an Elusive C• G→ 
G• C CRISPR Base Editor. Trends 
Biochem. Sci. 2019;44(2):91-94. 

154. Čermák T, Baltes NJ, Čegan R, Zhang Y, 
Voytas DF. High-frequency, precise 
modification of the tomato genome. 
Genome Biol. 2015;16(1):1-5. 

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

156. Malzahn A, Lowder L, Qi Y. Plant genome 
editing with TALEN and CRISPR. Cell 
Biosci.. 2017;7(1):1-8. 

157. Li H, Beckman KA, Pessino V, Huang B, 
Weissman JS, Leonetti MD. Design and 
specificity of long ssDNA donors for 
CRISPR-based knock-in. BioRxiv. 
2019:179-185. 

158. Richardson CD, Ray GJ, DeWitt MA, Curie 
GL, Corn JE. Enhancing homology-
directed genome editing by catalytically 
active and inactive CRISPR-Cas9 using 
asymmetric donor DNA. Nat. Biotechnol. 
2016;34(3):339-344. 

159. Baker O, Tsurkan S, Fu J, Klink B, Rump 
A, Obst M, Kranz A, Schröck E, 
Anastassiadis K, Stewart AF. The 
contribution of homology arms to nuclease-
assisted genome engineering. Nucleic 
Acids Res. 2017;45(13):8105-8115. 

160. Fauser F, Roth N, Pacher M, Ilg G, 
Sánchez-Fernández R, Biesgen C, Puchta 
H. In planta gene targeting. Proc. Natl. 
Acad. Sci. 2012;109(19):7535-7540. 

161. Schiml S, Fauser F, Puchta H. The 
CRISPR/C as system can be used as 
nuclease for in planta gene targeting and 
as paired nickases for directed 
mutagenesis in Arabidopsis resulting in 
heritable progeny. Plant J. 
2014;80(6):1139-1150. 

162. Zhang JP, Li XL, Li GH, Chen W, Arakaki 
C, Botimer GD, Baylink D, Zhang L, Wen 
W, Fu YW, Xu J. Efficient precise knockin 
with a double cut HDR donor after 
CRISPR/Cas9-mediated double-stranded 
DNA cleavage. Genome Biol. 
2017;18(1):1-8. 

163. Li J, Zhang X, Sun Y, Zhang J, Du W, Guo 
X, Li S, Zhao Y, Xia L. Efficient allelic 
replacement in rice by gene editing: a case 
study of the NRT1. 1B gene. J. Integr. 
Plant Biol. 2018;60(7):536-540. 



 
 
 
 

Rehman et al.; AJBGMB, 10(4): 1-26, 2022; Article no.AJBGMB.85337 
 

 

 
20 

 

164. Baltes NJ, Gil-Humanes J, Cermak T, 
Atkins PA, Voytas DF. DNA replicons for 
plant genome engineering. Plant Cell. 
2014;26(1):151-163. 

165. Dahan‐Meir T, Filler‐Hayut S, 
Melamed‐Bessudo C, Bocobza S, 
Czosnek H, Aharoni A, Levy AA. Efficient 
in planta gene targeting in tomato using 
geminiviral replicons and the 
CRISPR/Cas9 system. Plant J. 
2018;95(1):5-16. 

166. Wang M, Lu Y, Botella JR, Mao Y, Hua K, 
Zhu JK. Gene targeting by homology-
directed repair in rice using a geminivirus-
based CRISPR/Cas9 system. Mol. Plant. 
2017;10(7):1007-1010. 

167. Cunningham FJ, Goh NS, Demirer GS, 
Matos JL, Landry MP. Nanoparticle-
mediated delivery towards advancing plant 
genetic engineering. Trends Biotechnol. 
2018;36(9):882-897. 

168. Demirer GS, Zhang H, Matos JL, Goh NS, 
Cunningham FJ, Sung Y, Chang R, 
Aditham AJ, Chio L, Cho MJ, Staskawicz 
B. High aspect ratio nanomaterials enable 
delivery of functional genetic material 
without DNA integration in mature plants. 
Nat. Nanotechnol. 2019;14(5):456-464. 

169. Ma M, Zhuang F, Hu X, Wang B, Wen XZ, 
Ji JF, Xi JJ. Efficient generation of mice 
carrying homozygous double-floxp alleles 
using the Cas9-Avidin/Biotin-donor DNA 
system. Cell Res. 2017;27(4):578-581. 

170. Ghanta KS, Chen Z, Mir A, Dokshin GA, 
Krishnamurthy PM, Yoon Y, Gallant J, Xu 
P, Zhang XO, Ozturk AR, Shin M. 5′-
Modifications improve potency and efficacy 
of DNA donors for precision genome 
editing. Elife. 2021;10:7216-7225. 

171. Aird EJ, Lovendahl KN, St Martin A, Harris 
RS, Gordon WR. Increasing Cas9-
mediated homology-directed repair 
efficiency through covalent tethering of 
DNA repair template. Commun. Biol. 
2018;1(1):1-6. 

172. Keskin H, Shen Y, Huang F, Patel M, Yang 
T, Ashley K, Mazin AV, Storici F. 
Transcript-RNA-templated DNA 
recombination and repair. Nature. 
2014;515(7527):436-439. 

173. Li S, Li J, He Y, Xu M, Zhang J, Du W, 
Zhao Y, Xia L. Precise gene replacement 
in rice by RNA transcript-templated 
homologous recombination. Nat. 
Biotechnol. 2019;37(4):445-450. 

174. Jayathilaka K, Sheridan SD, Bold TD, 
Bochenska K, Logan HL, Weichselbaum 

RR, Bishop DK, Connell PP. A chemical 
compound that stimulates the human 
homologous recombination protein RAD51. 
Proc. Natl. Acad. Sci. 2008;105(41):15848-
15853. 

175. Song J, Yang D, Xu J, Zhu T, Chen YE, 
Zhang J. RS-1 enhances CRISPR/Cas9-
and TALEN-mediated knock-in efficiency. 
Nat. Commun. 2016;7(1):1-7. 

176. Schuermann D, Molinier J, Fritsch O, Hohn 
B. The dual nature of homologous 
recombination in plants. Trends Genet. 
2005;21(3):172-181. 

177. Shaked H, Melamed-Bessudo C, Levy AA. 
High-frequency gene targeting in 
Arabidopsis plants expressing the yeast 
RAD54 gene. Proc. Natl. Acad. Sci. 
2005;102(34):12265-12269. 

178. Chen X, Janssen JM, Liu J, Maggio I, t 
Jong AE, Mikkers HM, Gonçalves MA. In 
trans paired nicking triggers seamless 
genome editing without double-stranded 
DNA cutting. Nat. Commun. 2017;8(1):1-5. 

179. Chu VT, Weber T, Wefers B, Wurst W, 
Sander S, Rajewsky K, Kühn R. Increasing 
the efficiency of homology-directed repair 
for CRISPR-Cas9-induced precise gene 
editing in mammalian cells. Nat. 
Biotechnol. 2015;33(5):543-548. 

180. Maruyama T, Dougan SK, Truttmann MC, 
Bilate AM, Ingram JR, Ploegh HL. 
Increasing the efficiency of precise 
genome editing with CRISPR-Cas9 by 
inhibition of nonhomologous end joining. 
Nat. Biotechnol. 2015;33(5):538-542. 

181. Robert F, Barbeau M, Éthier S, Dostie J, 
Pelletier J. Pharmacological inhibition of 
DNA-PK stimulates Cas9-mediated 
genome editing. Genome Med. 
2015;7(1):1-10. 

182. Qi Y, Zhang Y, Zhang F, Baller JA, Cleland 
SC, Ryu Y, Starker CG, Voytas DF. 
Increasing frequencies of site-specific 
mutagenesis and gene targeting in 
Arabidopsis by manipulating DNA repair 
pathways. Genome Res. 2013;23(3):547-
554. 

183. Endo M, Mikami M, Toki S. Biallelic gene 
targeting in rice. Plant Physiol. 
2016;170(2):667-677. 

184. Rodríguez-Leal D, Lemmon ZH, Man J, 
Bartlett ME, Lippman ZB. Engineering 
quantitative trait variation for crop 
improvement by genome editing. Cell. 
2017;171(2):470-480. 

185. Zhang H, Si X, Ji X, Fan R, Liu J, Chen K, 
Wang D, Gao C. Genome editing of 



 
 
 
 

Rehman et al.; AJBGMB, 10(4): 1-26, 2022; Article no.AJBGMB.85337 
 

 

 
21 

 

upstream open reading frames enables 
translational control in plants. Nat. 
Biotechnol. 2018;36(9):894-898. 

186. Li Z, Xiong X, Wang F, Liang J, Li JF. 
Gene disruption through base 
editing‐induced messenger RNA 
missplicing in plants. New Phyt. 
2019;222(2):1139-1148. 

187. Xue C, Zhang H, Lin Q, Fan R, Gao C. 
Manipulating mRNA splicing by base 
editing in plants. Sci. China Life Sci. 
2018;61(11):1293-1300. 

188. Piatek A, Ali Z, Baazim H, Li L, Abulfaraj A, 

Al‐Shareef S, Aouida M, Mahfouz MM. 

RNA‐guided transcriptional regulation in 
planta via synthetic dC as9‐based 
transcription factors. Plant Biotechnol. J. 
2015;13(4):578-589. 

189. Gilbert LA, Larson MH, Morsut L, Liu Z, 
Brar GA, Torres SE, Stern-Ginossar N, 
Brandman O, Whitehead EH, Doudna JA, 
Lim WA. CRISPR-mediated modular RNA-
guided regulation of transcription in 
eukaryotes. Cell. 2013;154(2):442-451. 

190. Chavez A, Scheiman J, Vora S, Pruitt BW, 
Tuttle M, PR Iyer E, Lin S, Kiani S, 
Guzman CD, Wiegand DJ, Ter-Ovanesyan 
D. Highly efficient Cas9-mediated 
transcriptional programming. Nat. 
Methods. 2015;12(4):326-328. 

191. Zhang X, Wang W, Shan L, Han L, Ma S, 
Zhang Y, Hao B, Lin Y, Rong Z. Gene 
activation in human cells using 
CRISPR/Cpf1-p300 and CRISPR/Cpf1-
SunTag systems. Protein Cell. 
2018;9(4):380-383. 

192. Li Z, Zhang D, Xiong X, Yan B, Xie W, 
Sheen J, Li JF. A potent Cas9-derived 
gene activator for plant and mammalian 
cells. Nat. Plants. 2017;3(12):930-936. 

193. Papikian A, Liu W, Gallego-Bartolomé J, 
Jacobsen SE. Site-specific manipulation of 
Arabidopsis loci using CRISPR-Cas9 
SunTag systems. Nat. Commun. 
2019;10(1):1-10. 

194. Gilbert LA, Horlbeck MA, Adamson B, 
Villalta JE, Chen Y, Whitehead EH, 
Guimaraes C, Panning B, Ploegh HL, 
Bassik MC, Qi LS. Genome-scale 
CRISPR-mediated control of gene 
repression and activation. Cell. 
2014;159(3):647-661. 

195. Cheng AW, Wang H, Yang H, Shi L, Katz 
Y, Theunissen TW, Rangarajan S, 
Shivalila CS, Dadon DB, Jaenisch R. 
Multiplexed activation of endogenous 
genes by CRISPR-on, an RNA-guided 

transcriptional activator system. Cell Res. 
2013;23(10):1163-1171. 

196. Farzadfard F, Perli SD, Lu TK. Tunable 
and multifunctional eukaryotic transcription 
factors based on CRISPR/Cas. ACS Synth 
Biol. 2013;2(10):604-613. 

197. Deaner M, Mejia J, Alper HS. Enabling 
graded and large-scale multiplex of desired 
genes using a dual-mode dCas9 activator 
in Saccharomyces cerevisiae. ACS Synth. 
Biol. 2017;6(10):1931-1943. 

198. Kiani S, Chavez A, Tuttle M, Hall RN, 
Chari R, Ter-Ovanesyan D, Qian J, Pruitt 
BW, Beal J, Vora S, Buchthal J. Cas9 
gRNA engineering for genome editing, 
activation and repression. Nat. Methods. 
2015;12(11):1051-1054. 

199. Breinig M, Schweitzer AY, Herianto AM, 
Revia S, Schaefer L, Wendler L, Cobos 
Galvez A, Tschaharganeh DF. Multiplexed 
orthogonal genome editing and 
transcriptional activation by Cas12a. Nat. 
Methods. 2019;16(1):51-54. 

200. Braun SM, Kirkland JG, Chory EJ, 
Husmann D, Calarco JP, Crabtree GR. 
Rapid and reversible epigenome editing by 
endogenous chromatin regulators. Nat. 
Commun. 2017;8(1):1-8. 

201. Huang YH, Su J, Lei Y, Brunetti L, Gundry 
MC, Zhang X, Jeong M, Li W, Goodell MA. 
DNA epigenome editing using CRISPR-
Cas SunTag-directed DNMT3A. Genome 
Biol. 2017;18(1):1-10. 

202. Liao HK, Hatanaka F, Araoka T, Reddy P, 
Wu MZ, Sui Y, Yamauchi T, Sakurai M, 
O’Keefe DD, Núñez-Delicado E, Guillen P. 
In vivo target gene activation via 
CRISPR/Cas9-mediated trans-epigenetic 
modulation. Cell. 2017;171(7):1495-1507. 

203. Morita S, Noguchi H, Horii T, Nakabayashi 
K, Kimura M, Okamura K, Sakai A, 
Nakashima H, Hata K, Nakashima K, 
Hatada I. Targeted DNA demethylation in 
vivo using dCas9–peptide repeat and 
scFv–TET1 catalytic domain fusions. Nat. 
Biotechnol. 2016;34(10):1060-1065. 

204. Gallego-Bartolomé J, Gardiner J, Liu W, 
Papikian A, Ghoshal B, Kuo HY, Zhao JM, 
Segal DJ, Jacobsen SE. Targeted DNA 
demethylation of the Arabidopsis genome 
using the human TET1 catalytic domain. 
Proc. Natl. Acad. Sci. 2018;115(9):25-34. 

205. Galonska C, Charlton J, Mattei AL, 
Donaghey J, Clement K, Gu H, 
Mohammad AW, Stamenova EK, 
Cacchiarelli D, Klages S, Timmermann B. 
Genome-wide tracking of dCas9-



 
 
 
 

Rehman et al.; AJBGMB, 10(4): 1-26, 2022; Article no.AJBGMB.85337 
 

 

 
22 

 

methyltransferase footprints. Nat. 
Commun. 2018;9(1):1-9. 

206. O’Connell MR, Oakes BL, Sternberg SH, 
East-Seletsky A, Kaplan M, Doudna JA. 
Programmable RNA recognition and 
cleavage by CRISPR/Cas9. Nature. 
2014;516(7530):263-266. 

207. Batra R, Nelles DA, Pirie E, Blue SM, 
Marina RJ, Wang H, Chaim IA, Thomas 
JD, Zhang N, Nguyen V, Aigner S. 
Elimination of toxic microsatellite repeat 
expansion RNA by RNA-targeting Cas9. 
Cell. 2017;170(5):899-912. 

208. Xiang G, Zhang X, An C, Cheng C, Wang 
H. Temperature effect on CRISPR-Cas9 
mediated genome editing. J. Genet. 
Genom. 2017;44(4):199-205. 

209. Moreno-Mateos MA, Fernandez JP, Rouet 
R, Vejnar CE, Lane MA, Mis E, Khokha 
MK, Doudna JA, Giraldez AJ. CRISPR-
Cpf1 mediates efficient homology-directed 
repair and temperature-controlled genome 
editing. Nat. Commun. 2017;8(1):1-9. 

210. LeBlanc C, Zhang F, Mendez J, Lozano Y, 
Chatpar K, Irish VF, Jacob Y. Increased 
efficiency of targeted mutagenesis by 
CRISPR/Cas9 in plants using heat stress. 
Plant J. 2018;93(2):377-386. 

211. Malzahn AA, Tang X, Lee K, Ren Q, 
Sretenovic S, Zhang Y, Chen H, Kang M, 
Bao Y, Zheng X, Deng K. Application of 
CRISPR-Cas12a temperature sensitivity 
for improved genome editing in rice, maize, 
and Arabidopsis. BMC Biol. 2019;17(1):1-
4. 

212. LeBlanc C, Zhang F, Mendez J, Lozano Y, 
Chatpar K, Irish VF, Jacob Y. Increased 
efficiency of targeted mutagenesis by 
CRISPR/Cas9 in plants using heat stress. 
Plant Jl. 2018;93(2):377-386. 

213. Gao X, Chen J, Dai X, Zhang D, Zhao Y. 
An effective strategy for reliably isolating 
heritable and Cas9-free Arabidopsis 
mutants generated by CRISPR/Cas9-
mediated genome editing. Plant Physiol. 
2016;171(3):1794-800. 

214. Lu HP, Liu SM, Xu SL, Chen WY, Zhou X, 

Tan YY, Huang JZ, Shu QY. CRISPR‐S: 
an active interference element for a rapid 
and inexpensive selection of 
genome‐edited, transgene‐free rice plants. 
Plant Biotechnol. J. 2017;15(11):1371-
1375. 

215. Iaffaldano B, Zhang Y, Cornish K. 
CRISPR/Cas9 genome editing of rubber 
producing dandelion Taraxacum kok-
saghyz using Agrobacterium rhizogenes 

without selection. Ind. Crops Prod. 
2016;89:356-362. 

216. Zhang Y, Liang Z, Zong Y, Wang Y, Liu J, 
Chen K, Qiu JL, Gao C. Efficient and 
transgene-free genome editing in wheat 
through transient expression of 
CRISPR/Cas9 DNA or RNA. Nat. 
Commun. 2016;7(1):1-8. 

217. Woo JW, Kim J, Kwon SI, Corvalán C, Cho 
SW, Kim H, Kim SG, Kim ST, Choe S, Kim 
JS. DNA-free genome editing in plants with 
preassembled CRISPR-Cas9 
ribonucleoproteins. Nat. Biotechnol. 
2015;33(11):1162-1164. 

218. Malnoy M, Viola R, Jung MH, Koo OJ, Kim 
S, Kim JS, Velasco R, Nagamangala 
Kanchiswamy C. DNA-free genetically 
edited grapevine and apple protoplast 
using CRISPR/Cas9 ribonucleoproteins. 
Front. Plant Sci. 2016;7:1904-1915. 

219. Subburaj S, Chung SJ, Lee C, Ryu SM, 
Kim DH, Kim JS, Bae S, Lee GJ. Site-
directed mutagenesis in Petunia× hybrida 
protoplast system using direct delivery of 
purified recombinant Cas9 
ribonucleoproteins. Plant Cell Rep. 
2016;35(7):1535-1544. 

220. Li J, Manghwar H, Sun L, Wang P, Wang 
G, Sheng H, Zhang J, Liu H, Qin L, Rui H, 
Li B. Whole genome sequencing reveals 

rare off‐target mutations and considerable 
inherent genetic or/and somaclonal 

variations in CRISPR/Cas9‐edited cotton 
plants. Plant Biotechnol. J. 
2019;17(5):858-868. 

221. Liang Z, Chen K, Li T, Zhang Y, Wang Y, 
Zhao Q, Liu J, Zhang H, Liu C, Ran Y, Gao 
C. Efficient DNA-free genome editing of 
bread wheat using CRISPR/Cas9 
ribonucleoprotein complexes. Nat. 
Commun. 2017;8(1):1-5. 

222. Svitashev S, Schwartz C, Lenderts B, 
Young JK, Mark Cigan A. Genome editing 
in maize directed by CRISPR–Cas9 
ribonucleoprotein complexes. Nat. 
Commun. 2016;7(1):1-7. 

223. Toda E, Koiso N, Takebayashi A, Ichikawa 
M, Kiba T, Osakabe K, Osakabe Y, 
Sakakibara H, Kato N, Okamoto T. An 
efficient DNA-and selectable-marker-free 
genome-editing system using zygotes in 
rice. Nat. Plants. 2019;5(4):363-                  
368. 

224. He Y, Zhu M, Wang L, Wu J, Wang Q, 
Wang R, Zhao Y. Programmed self-
elimination of the CRISPR/Cas9 construct 
greatly accelerates the isolation of edited 



 
 
 
 

Rehman et al.; AJBGMB, 10(4): 1-26, 2022; Article no.AJBGMB.85337 
 

 

 
23 

 

and transgene-free rice plants. Mol. Plant. 
2018;11(9):1210-1213. 

225. Ryder P, McHale M, Fort A, Spillane C. 
Generation of stable nulliplex autopolyploid 
lines of Arabidopsis thaliana using 
CRISPR/Cas9 genome editing. Plant Cell 
Rep. 2017;36(6):1005-1008. 

226. Shan S, Mavrodiev EV, Li R, Zhang Z, 
Hauser BA, Soltis PS, Soltis DE, Yang B. 
Application of CRISPR/Cas9 to 
Tragopogon (Asteraceae), an evolutionary 
model for the study of polyploidy. Mol. 
Ecol. Resour. 2018;18(6):1427-1243. 

227. Andersson M, Turesson H, Nicolia A, Fält 
AS, Samuelsson M, Hofvander P. Efficient 
targeted multiallelic mutagenesis in 
tetraploid potato (Solanum tuberosum) by 
transient CRISPR-Cas9 expression in 
protoplasts. Plant Cell Rep. 
2017;36(1):117-128. 

228. Braatz J, Harloff HJ, Mascher M, Stein N, 
Himmelbach A, Jung C. CRISPR-Cas9 
targeted mutagenesis leads to 
simultaneous modification of different 
homoeologous gene copies in polyploid 
oilseed rape (Brassica napus). Plant 
Physio. 2017;174(2):935-942. 

229. Gao W, Long L, Tian X, Xu F, Liu J, Singh 
PK, Botella JR, Song C. Genome editing in 
cotton with the CRISPR/Cas9 system. 
Front. Plant Sci. 2017;8:1364-1370. 

230. Jiang WZ, Henry IM, Lynagh PG, Comai L, 
Cahoon EB, Weeks DP. Significant 
enhancement of fatty acid composition in 
seeds of the allohexaploid, Camelina 
sativa, using CRISPR/Cas9 gene editing. 
Plant Biotechnol. J. 2017;15(5):648-657. 

231. Liu Y, Merrick P, Zhang Z, Ji C, Yang B, 
Fei SZ. Targeted mutagenesis in tetraploid 
switchgrass (Panicum virgatum L.) using 
CRISPR/Cas9. Plant Biotechnol. J. 
2018;16(2):381-393. 

232. Morineau C, Bellec Y, Tellier F, Gissot L, 
Kelemen Z, Nogué F, Faure JD. Selective 

gene dosage by CRISPR‐Cas9 genome 
editing in hexaploid Camelina sativa. Plant 
Biotechnol. J. 2017;15(6):729-739. 

233. Wang Y, Cheng X, Shan Q, Zhang Y, Liu 
J, Gao C, Qiu JL. Simultaneous editing of 
three homoeoalleles in hexaploid bread 
wheat confers heritable resistance to 
powdery mildew. Nat. Biotechnol. 
2014;32(9):947-951. 

234. Zhang Y, Liang Z, Zong Y, Wang Y, Liu J, 
Chen K, Qiu JL, Gao C. Efficient and 
transgene-free genome editing in wheat 
through transient expression of 

CRISPR/Cas9 DNA or RNA. Nat. 
Commun. 2016;7(1):1-8. 

235. Wang W, Pan Q, He F, Akhunova A, Chao 
S, Trick H, Akhunov E. Transgenerational 
CRISPR-Cas9 activity facilitates multiplex 
gene editing in allopolyploid wheat. 
CRISPR J. 2018;1(1):65-74. 

236. Zhang Z, Hua L, Gupta A, Tricoli D, 
Edwards KJ, Yang B, Li W. Development 

of an Agrobacterium‐delivered 
CRISPR/Cas9 system for wheat genome 
editing. Plant Biotechnol. J. 
2019;17(8):1623-1635. 

237. Jia H, Zhang Y, Orbović V, Xu J, White FF, 
Jones JB, Wang N. Genome editing of the 
disease susceptibility gene Cs LOB 1 in 
citrus confers resistance to citrus canker. 
Plant Biotechnol. J. 2017;15(7):817-             
823. 

238. Fauser F, Schiml S, Puchta H. Both 

CRISPR/C as‐based nucleases and 
nickases can be used efficiently for 
genome engineering in Arabidopsis 
thaliana. Plant J. 2014;79(2):348-359. 

239. Feng Z, Zhang B, Ding W, Liu X, Yang DL, 
Wei P, Cao F, Zhu S, Zhang F, Mao Y, 
Zhu JK. Efficient genome editing in plants 
using a CRISPR/Cas system. Cell Res. 
2013;23(10):1229-1232. 

240. Shan Q, Baltes NJ, Atkins P, Kirkland ER, 
Zhang Y, Baller JA, Lowder LG, Malzahn 
AA, Haugner III JC, Seelig B, Voytas DF. 
ZFN, TALEN and CRISPR-Cas9 mediated 
homology directed gene insertion in 
Arabidopsis: a disconnect between 
somatic and germinal cells. J. Genet. 
Genomics. 2018;45(12):681-685. 

241. Mao Y, Zhang Z, Feng Z, Wei P, Zhang H, 
Botella JR, Zhu JK. Development of 

germ‐line‐specific CRISPR‐Cas9 systems 
to improve the production of heritable gene 
modifications in Arabidopsis. Plant 
Biotechnol. J. 2016;14(2):519-532. 

242. Eid A, Ali Z, Mahfouz MM. High efficiency 
of targeted mutagenesis in Arabidopsis via 
meiotic promoter-driven expression of 
Cas9 endonuclease. Plant Cell Rep. 
2016;35(7):1555-1558. 

243. Feng Z, Zhang Z, Hua K, Gao X, Mao Y, 
Botella JR, Zhu JK. A highly efficient cell 
division-specific CRISPR/Cas9 system 
generates homozygous mutants for 
multiple genes in Arabidopsis. Int. J. Mol. 
Sci. 2018;19(12):3925-3935. 

244. Li HJ, Liu NY, Shi DQ, Liu J, Yang WC. 
YAO is a nucleolar WD40-repeat protein 
critical for embryogenesis and 



 
 
 
 

Rehman et al.; AJBGMB, 10(4): 1-26, 2022; Article no.AJBGMB.85337 
 

 

 
24 

 

gametogenesis in Arabidopsis. BMC Plant 
Biol. 2010;10(1):1-2. 

245. Yan L, Wei S, Wu Y, Hu R, Li H, Yang W, 
Xie Q. High-efficiency genome editing in 
Arabidopsis using YAO promoter-driven 
CRISPR/Cas9 system. Mol. Plant. 
2015;8(12):1820-1823. 

246. Tsutsui H, Higashiyama T. pKAMA-ITACHI 
vectors for highly efficient CRISPR/Cas9-
mediated gene knockout in Arabidopsis 
thaliana. Plant Cell Physiol. 2017;58(1):46-
56. 

247. Miki D, Zhang W, Zeng W, Feng Z, Zhu 
JK. CRISPR/Cas9-mediated gene 
targeting in Arabidopsis using sequential 
transformation. Nat. Commun. 2018;9(1):1-
9. 

248. Kosicki M, Tomberg K, Bradley A. Repair 
of double-strand breaks induced by 
CRISPR–Cas9 leads to large deletions 
and complex rearrangements. Nat. 
Biotechnol. 2018;36(8):765-771. 

249. Feng Z, Mao Y, Xu N, Zhang B, Wei P, 
Yang DL, Wang Z, Zhang Z, Zheng R, 
Yang L, Zeng L. Multigeneration analysis 
reveals the inheritance, specificity, and 
patterns of CRISPR/Cas-induced gene 
modifications in Arabidopsis. Proc. Natl. 
Acad. Sci. 2014;111(12):4632-4637. 

250. Tang X, Liu G, Zhou J, Ren Q, You Q, Tian 
L, Xin X, Zhong Z, Liu B, Zheng X, Zhang 
D. A large-scale whole-genome 
sequencing analysis reveals highly specific 
genome editing by both Cas9 and Cpf1 
(Cas12a) nucleases in rice. Genome Biol. 
2018;19(1):1-3. 

251. Rees HA, Wilson C, Doman JL, Liu DR. 
Analysis and minimization of cellular RNA 
editing by DNA adenine base editors. Sci. 
Adv. 2019;5(5):57-67. 

252. Grünewald J, Zhou R, Garcia SP, Iyer S, 
Lareau CA, Aryee MJ, Joung JK. 
Transcriptome-wide off-target RNA editing 
induced by CRISPR-guided DNA base 
editors. Nature. 2019;569(7756):433-437. 

253. Kleinstiver BP, Pattanayak V, Prew MS, 
Tsai SQ, Nguyen NT, Zheng Z, Joung JK. 
High-fidelity CRISPR–Cas9 nucleases with 
no detectable genome-wide off-target 
effects. Nature. 2016;529(7587):490-495. 

254. Slaymaker IM, Gao L, Zetsche B, Scott 
DA, Yan WX, Zhang F. Rationally 
engineered Cas9 nucleases with improved 
specificity. Science. 2016;351(6268):84-
88. 

255. Chen JS, Dagdas YS, Kleinstiver BP, 
Welch MM, Sousa AA, Harrington LB, 

Sternberg SH, Joung JK, Yildiz A, Doudna 
JA. Enhanced proofreading governs 
CRISPR–Cas9 targeting accuracy. Nature. 
2017;550(7676):407-410. 

256. Casini A, Olivieri M, Petris G, Montagna C, 
Reginato G, Maule G, Lorenzin F, Prandi 
D, Romanel A, Demichelis F, Inga A. A 
highly specific SpCas9 variant is identified 
by in vivo screening in yeast. Nat. 
Biotechnol. 2018;36(3):265-271. 

257. Lee JK, Jeong E, Lee J, Jung M, Shin E, 
Kim YH, Lee K, Jung I, Kim D, Kim S, Kim 
JS. Directed evolution of CRISPR-Cas9 to 
increase its specificity. Nat. Commun. 
2018;9(1):1-10. 

258. Vakulskas CA, Dever DP, Rettig GR, Turk 
R, Jacobi AM, Collingwood MA, Bode NM, 
McNeill MS, Yan S, Camarena J, Lee CM. 
A high-fidelity Cas9 mutant delivered as a 
ribonucleoprotein complex enables 
efficient gene editing in human 
hematopoietic stem and progenitor cells. 
Nat. Med. 2018;24(8):1216-1224. 

259. Zhang D, Zhang H, Li T, Chen K, Qiu JL, 
Gao C. Perfectly matched 20-nucleotide 
guide RNA sequences enable robust 
genome editing using high-fidelity SpCas9 
nucleases. Genome Biol. 2017;18(1):1-7. 

260. Liang Z, Chen K, Yan Y, Zhang Y, Gao C. 

Genotyping genome‐edited mutations in 
plants using CRISPR ribonucleoprotein 
complexes. Plant Biotechnol. J. 
2018;16(12):2053-2062. 

261. Zhang Q, Xing HL, Wang ZP, Zhang HY, 
Yang F, Wang XC, Chen QJ. Potential 
high-frequency off-target mutagenesis 
induced by CRISPR/Cas9 in Arabidopsis 
and its prevention. Plant Mol. Biol. 
2018;96(4):445-456. 

262. Lowe K, Wu E, Wang N, Hoerster G, 
Hastings C, Cho MJ, Scelonge C, Lenderts 
B, Chamberlin M, Cushatt J, Wang L. 
Morphogenic regulators Baby boom and 
Wuschel improve monocot transformation. 
Plant Cell. 2016;28(9):1998-2015. 

263. Mookkan M, Nelson-Vasilchik K, Hague J, 
Zhang ZJ, Kausch AP. Selectable marker 
independent transformation of recalcitrant 
maize inbred B73 and sorghum P898012 
mediated by morphogenic regulators 
BABY BOOM and WUSCHEL2. Plant Cell 
Rep. 2017;36(9):1477-1491. 

264. Khanday I, Skinner D, Yang B, Mercier R, 
Sundaresan V. A male-expressed rice 
embryogenic trigger redirected for asexual 
propagation through seeds. Nature. 
2019;565(7737):91-95. 



 
 
 
 

Rehman et al.; AJBGMB, 10(4): 1-26, 2022; Article no.AJBGMB.85337 
 

 

 
25 

 

265. Wang C, Liu Q, Shen Y, Hua Y, Wang J, 
Lin J, Wu M, Sun T, Cheng Z, Mercier R, 
Wang K. Clonal seeds from hybrid rice by 
simultaneous genome engineering of 
meiosis and fertilization genes. Nat. 
Biotechnol. 2019;37(3):283-286. 

266. d'Erfurth I, Jolivet S, Froger N, Catrice O, 
Novatchkova M, Mercier R. Turning 
meiosis into mitosis. PLoS Biol. 
2009;7(6):124-136. 

267. Mieulet D, Jolivet S, Rivard M, Cromer L, 
Vernet A, Mayonove P, Pereira L, Droc G, 
Courtois B, Guiderdoni E, Mercier R. 
Turning rice meiosis into mitosis. Cell Res. 
2016;26(11):1242-1254. 

268. Kelliher T, Starr D, Su X, Tang G, Chen Z, 
Carter J, Wittich PE, Dong S, Green J, 
Burch E, McCuiston J. One-step genome 
editing of elite crop germplasm during 
haploid induction. Nat. Biotechnol. 
2019;37(3):287-292. 

269. Wang B, Zhu L, Zhao B, Zhao Y, Xie Y, 
Zheng Z, Li Y, Sun J, Wang H. 
Development of a haploid-inducer 
mediated genome editing system for 
accelerating maize breeding. Mol. Plant. 
2019;12(4):597-602. 

270. Lemmon ZH, Reem NT, Dalrymple J, Soyk 
S, Swartwood KE, Rodriguez-Leal D, Van 
Eck J, Lippman ZB. Rapid improvement of 
domestication traits in an orphan crop by 
genome editing. Nat. Plants. 
2018;4(10):766-770. 

271. Li T, Yang X, Yu Y, Si X, Zhai X, Zhang H, 
Dong W, Gao C, Xu C. Domestication of 
wild tomato is accelerated by genome 
editing. Nat. Biotechnol. 2018;36(12):1160-
1163. 

272. Zsögön A, Čermák T, Naves ER, Notini 
MM, Edel KH, Weinl S, Freschi L, Voytas 
DF, Kudla J, Peres LE. De novo 
domestication of wild tomato using 
genome editing. Nat. Biotechnol. 
2018;36(12):1211-1216. 

273. Sarno R, Vicq Y, Uematsu N, Luka M, 
Lapierre C, Carroll D, Bastianelli G, Serero 
A, Nicolas A. Programming sites of meiotic 
crossovers using Spo11 fusion proteins. 
Nucleic Acids Res. 2017;37(3):283-            
286. 

274. Jacobs TB, Zhang N, Patel D, Martin GB. 
Generation of a collection of mutant tomato 
lines using pooled CRISPR libraries. Plant 
Physiol. 2017;174(4):2023-2037. 

275. Lu Y, Ye X, Guo R, Huang J, Wang W, 
Tang J, Tan L, Zhu JK, Chu C, Qian Y. 
Genome-wide targeted mutagenesis in rice 

using the CRISPR/Cas9 system. Mol. 
Plant. 2017;10(9):1242-1245. 

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

277. Butt H, Eid A, Momin AA, Bazin J, Crespi 
M, Arold ST, Mahfouz MM. CRISPR 
directed evolution of the spliceosome for 
resistance to splicing inhibitors. Genome 
Biol. 2019;20(1):1-9. 

278. Boesch P, Weber-Lotfi F, Ibrahim N, 
Tarasenko V, Cosset A, Paulus F, 
Lightowlers RN, Dietrich A. DNA repair in 
organelles: pathways, organization, 
regulation, relevance in disease and aging. 
Acta BBA - Mol. Cell Res. 
2011;1813(1):186-200. 

279. Srivastava S, Moraes CT. Manipulating 
mitochondrial DNA heteroplasmy by a 
mitochondrially targeted restriction 
endonuclease. Hum. Mol. Genet. 
2001;10(26):3093-3099. 

280. Tanaka M, Borgeld HJ, Zhang J, 
Muramatsu SI, Gong JS, Yoneda M, 
Maruyama W, Naoi M, Ibi T, Sahashi K, 
Shamoto M. Gene therapy for 
mitochondrial disease by delivering 
restriction endonucleaseSmaI into 
mitochondria. J. Biomed. Sci. 
2002;9(6):534-541. 

281. Bacman SR, Williams SL, Pinto M, Peralta 
S, Moraes CT. Specific elimination of 
mutant mitochondrial genomes in patient-
derived cells by mitoTALENs. Nat. Med. 
2013;19(9):1111-1113. 

282. Gammage PA, Rorbach J, Vincent AI, 
Rebar EJ, Minczuk M. Mitochondrially 
targeted ZFN s for selective degradation of 
pathogenic mitochondrial genomes bearing 

large‐scale deletions or point mutations. 
EMBO Mol. Med. 2014;6(4):458-466. 

283. Gammage PA, Moraes CT, Minczuk M. 
Mitochondrial genome engineering: the 
revolution may not be CRISPR-Ized. 
Trends Genet. 2018;34(2):101-110. 

284. Jo A, Ham S, Lee GH, Lee YI, Kim S, Lee 
YS, Shin JH, Lee Y. Efficient mitochondrial 
genome editing by CRISPR/Cas9. BioMed. 
Res. Int. 2015;6(4):1458-1466. 

285. Piatek AA, Lenaghan SC, Stewart Jr CN. 
Advanced editing of the nuclear and plastid 
genomes in plants. Plant Sci. 2018;273:42-
49. 

286. Ruf S, Forner J, Hasse C, Kroop X, Seeger 
S, Schollbach L, Schadach A, Bock R. 



 
 
 
 

Rehman et al.; AJBGMB, 10(4): 1-26, 2022; Article no.AJBGMB.85337 
 

 

 
26 

 

High-efficiency generation of fertile 
transplastomic Arabidopsis plants. Nat. 
Plants. 2019;5(3):282-289. 

287. Bae S, Kweon J, Kim HS, Kim JS. 
Microhomology-based choice of Cas9 
nuclease target sites. Nat. Methods. 
2014;11(7):705-706. 

288. van Overbeek M, Capurso D, Carter MM, 
Thompson MS, Frias E, Russ C, Reece-
Hoyes JS, Nye C, Gradia S, Vidal B, 
Zheng J. DNA repair profiling reveals 
nonrandom outcomes at Cas9-mediated 
breaks. Mol. Cell. 2016;63(4):633-646. 

289. Bothmer A, Phadke T, Barrera LA, 
Margulies CM, Lee CS, Buquicchio F, 
Moss S, Abdulkerim HS, Selleck W, 
Jayaram H, Myer VE. Characterization of 
the interplay between DNA repair and 
CRISPR/Cas9-induced DNA lesions at an 
endogenous locus. Nat. Commun. 
2017;8(1):1-2. 

290. Chang HH, Watanabe G, Gerodimos CA, 
Ochi T, Blundell TL, Jackson SP, Lieber 
MR. Different DNA end configurations 
dictate which NHEJ components are most 
important for joining efficiency. J. Biol. 
Chem. 2016;291(47):24377-24389. 

291. Allen F, Crepaldi L, Alsinet C, Strong AJ, 
Kleshchevnikov V, De Angeli P, 
Páleníková P, Khodak A, Kiselev V, 

Kosicki M, Bassett AR. Predicting the 
mutations generated by repair of Cas9-
induced double-strand breaks. Nat. 
Biotechnol. 2019;37(1):64-72. 

292. Chakrabarti AM, Henser-Brownhill T, 
Monserrat J, Poetsch AR, Luscombe NM, 
Scaffidi P. Target-specific precision of 
CRISPR-mediated genome editing. Mol. 
Cell. 2019;73(4):699-713. 

293. Dreissig S, Schiml S, Schindele P, Weiss 
O, Rutten T, Schubert V, Gladilin E, Mette 
MF, Puchta H, Houben A. Live‐cell 
CRISPR imaging in plants reveals dynamic 
telomere movements. Plant J. 
2017;91(4):565-573. 

294. Ma H, Tu LC, Naseri A, Huisman M, Zhang 
S, Grunwald D, Pederson T. Multiplexed 
labeling of genomic loci with dCas9 and 
engineered sgRNAs using CRISPRainbow. 
Nat. Biotechnol. 2016;34(5):528-530. 

295. Tanenbaum ME, Gilbert LA, Qi LS, 
Weissman JS, Vale RD. A protein-tagging 
system for signal amplification in gene 
expression and fluorescence imaging. Cell. 
2014;159(3):635-646. 

296. Zhang Y, Malzahn AA, Sretenovic S, Qi Y. 
The emerging and uncultivated potential of 
CRISPR technology in plant science. 
Nature Plants. 2019;5(8):778-94. 

_________________________________________________________________________________ 
© 2022 Rehman et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

 
 

 

Peer-review history: 
The peer review history for this paper can be accessed here: 

https://www.sdiarticle5.com/review-history/85337 

http://creativecommons.org/licenses/by/4.0

