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A fascinating GE tool CRISPR/Cas9 was identified for targeted genome manipulations and to express desired genes in
numerous organisms. The CRISPR/Cas9 system has emerged as the most powerful tool for GE in many species
including plants. The latest ground-breaking technology of CRISPR/Cas9 is basically present as an adaptive immune
system of type Il prokaryotes and protects them against invading organisms during phage infection by spacer acquisition,
biogenesis, and target degradation. The toolbox of CRISPR/Cas9 was adapted from bacteria as well as Archaea and in
included in the toolbox of engineered nucleases. There are two main components of the CRISPR/Cas9 system: a single
guide RNA (sgRNA) that identifies a specific DNA sequence and the Cas9 protein which produces DSBs at a targeted
site.
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| 1. Discovery of CRISPR/Cas9 Wonder

The discovery of the CRISPR/Cas9 system dates back to 1987 when Ishino and his colleagues first identified CRISPR
while studying the iap gene in the genome of E. coli. During the cloning of the iap gene, they unexpectedly cloned a
specific portion of CRISPR, and at the conclusion of their experiment, revealed that the bacterial genome consisted of a
successive array of repeats L. After this discovery, an Archaea (Haloferax mediteranii) was also found to contain the
CRISPR sequences [, Mojica et al. (2000) reported a similar type of regularly spaced repeats in Haloferax
mediterranei and Haloferax volcanii, having interrelated functions 3. Only prokaryotes were considered to have such
repetitive sequences, which were named as CRISPR but were not present in eukaryotes and viruses 4. These short
repeats have an average length of 32 bp but are of different sizes from 21 to 47 bp in different organisms. Every repeat
has a unique sequence of nucleotides that are extremely conserved in specific species . It was unveiled that the short
regular repeats are transcribed into small RNAs €.

Four Cas genes (Cas1—4) were discovered in prokaryotes having CRISPR DNA sequences during that period %!, From
then on, many CRISPR/Cas sequences and multiple Cas proteins were identified €. In 2005, CRISPR spacers were
discovered in plasmids and phages by three independent research groups by applying computational and sequencing
technologies [EIE, The function of CRISPR/Cas was still ambiguous before Barrangou et al. (2007) successfully
demonstrated for the first time that CRISPR protected Streptococcus thermophilus from viral attack 29, It was revealed
that the CRISPR defense mechanism prevents the horizontal gene flow in Staphylococci 1. In another study, it was
observed that CRISPR RNAs regulate the CRISPR interference [14. The presence of the CRISPR/Cas system in the
bacterial genome was identified to cut specific sites in plasmid DNA and bacteriophages 12l In 2011, the CRISPR/Cas
machinery of S. thermophilus was exploited to confer immunity in E. coli 14, Some of these important events are
highlighted in Figure 1.
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Figure 1. Historical chart illuminating key developments in the CRISPR/Cas9 system.

| 2. Architectural Organization of CRISPR/Cas9 System and Its Functions

Prokaryotic organisms such as bacteria and Archaea have a special type of defense machinery called CRISPR/Cas 13! in
their adaptive immune network to protect them against the attack of viruses and phages 1€,

All the natural CRSIPR/Cas networks are composed of many Cas genes, which are encoded by homologous palindromic
repeated units, RNA-mediated endonucleases, and novel short RNAs, termed as “spacers” produced by the introduction
of short mobile sequences called protospacers. The protospacers are derived from the unique spacers which move
among the homologous palindromic sequences repeats when the cell is attacked by invaders. These spacers work as
identifying units for the invaded cell and allow the CRISPR-Cas system to cut foreign DNA sequences. There are three
steps to the CRISPR/Cas-mediated immune system, including adaptation, expression, and interference. The first step in
this mechanism is adaptation, which is associated with the sequential layout of the CRISPR-array via a new spacer’s
procurement. Precursor CRISPR-RNA (pre-crRNA) and Cas genes are expressed in the expression stage. Mature cr-
RNAs are produced from precursor CRISPR-RNA using RNase Ill and Cas proteins in the interference event-specific
targeted portion memorized by the combinative properties of both Cas proteins and cr-RNA 4. The CRISPR motif,
termed as protospacer adjacent motif (PAM), is connected with each protospacer and closely situated in the target portion
of the sequence. The PAM was found to be a highly specific part of the foreign phage or virus genome but is not present
on the CRISPR locus in bacterial genome 12,

The PAM sequence consisting of conserved dinucleotides is required upstream of the binding sites of crRNA for Cas
proteins to recognize the target sequence 18 The Cas proteins are unable to detect target DNA for effective cleavage
during PAM site recognition. The PAM is also exceptionally crucial to distinguish between the bacteria’s own DNA and
invader DNA sequences. Such features enable bacteria to defend their own DNA from nucleases 19, In several kinds of
CRISPR networks, PAM sequences are essential for Cas proteins functions, such as PAM sequence 5-NNNNGATT
which is targeted by Cas proteins in Neissseria meningiditis 29, Similarly, Cas9 proteins target the PAM sequence 5'-
NGGNG or 5'-NNAGAA in S. thermophiles 181211 and 5'-NGG in S. pyogenes 28],

Two independent groups of scientists discovered the CRISPR/Cas9 machinery with three major kinds (type I-1I-IIl) and
two classes in host cells 22, In 2015, Markarova and coworkers executed the comparative genomic analysis of existing
data and found two further reputed types and five subtypes 23], During the defense mechanism of CRISPR/Cas9 against
invader DNA, these two classes behave differently, such as class 1 which consists of subtypes (I, Ill, IV) and uses many
Cas proteins, while only a large Cas protein is used by the class 2 system, which has the subtypes (Il, V) 24, In the
adaptation phase of the CRISPR/Cas mechanism, spacers are added by Cas1 and Cas2 proteins and pre-crRNA develop
involving Cas5 or Casé in the type | system. The Cas6 protein is also used in the type Il system for a similar process but



stimulation of 3' end is accomplished by an uncertain element. For crRNA maturation, trans-activating crRNA (tracrRNA)
and RNase are utilized in the type Il mechanism [, as shown in (Figure 2A). Currently, the immune system of S.
pyogenes operates as a type Il system, which is a well-established GE technique known as CRISPR. This CRISPR/Cas9
system is modified by two major units: a non-coding chimeric RNA and Cas9 endonucleases for double-stranded (dsDNA)
breaks in DNA (Figure 2B) (18 The Cas9 protein is directed by the guide RNA (gRNA) and Cas9 proteins recognize
targeted DNA in the presence of the “seed” sequence, which is produced by spacers derived from crRNA and the S.
pyogenses Cas9 (SpCas9) 5 NGG '3 sequence lying closely to the target region 8. The crRNA and tracrRNA are
complementary to each other and it directs pre-crRNA to mature crRNA by means of RNase Ill. After the maturation of
crRNA, it guides Cas9 proteins to break specific DNA sequences [28]. In 2014, Nishimasu et al. (2014) demonstrated that
the SpCas9 and gRNA DNA endonuclease has unigue lobes, such as an assembly composed of a target detection lobe
which is attached to the heteroduplex of sgRNA: a DNA molecule and a nuclease lobe which nicked the target DNA
sequence &, as illustrated in (Figure 2C).
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Figure 2. lllustration of CRISPR/Cas9-mediated GE. The CRISPR/Cas9 system is composed of sgRNA and Cas9. (A)
sgRNA with a guide sequence (colored pink) is developed by the combination of protospacer with crRNA and tracrRNA.
(B) Cas9 machinery combines with sgRNA to form a complex to trigger CRISPR/Cas9 editing. The Cas9 nuclease
consists of two parts, depending on its function and structure. The recognition site identifies the target DNA and interacts
with sgRNA. The nuclease site contains two domains RuvC-like and HNH which cleave the target DNA site non-
complementary by the RuvC domain and complementary by the HNH domain to the gRNA. (C) The Cas9 nuclease
detects the genomic target site (indicated with blue color) having a 20 bp target sequence that is homologous to seed or
guide sequence (indicated with pink color), which is crucial for Cas9 activity and specificity. The specific PAM sequence
(indicated with red color) is detected by Cas9: sgRNA complex and DSBs created by the Cas9 endonuclease three base
pairs upstream of the PAM sequence. (D) Targeted mutagenesis of a desired gene is achieved by filling the DSB
(indicated with black color) by means of the HDR or NHEJ mechanism. The NHEJ repair mechanism generally produces
insertion (indicated with yellow color), deletion (indicated with brown color) or indels (indicated with black line) at the break
point, generating targeted mutants. The HDR repair mechanism uses a template DNA sequence for homologous
recombination to produce gene replacement or gene insertion (indicated with green color).

| 3. Genome Editing Mechanism of CRISPR/Cas9 System

The mode of GE is established by the healing process of the genome. After the identification of the target site, Cas9
allows sgRNA to pair with the target DNA sequence. The Cas9 endonuclease is composed of the HNH and RucV-like
domain, which cuts the target DNA strands three to four bases upstream of the PAM site. The HNH domain cuts the
complementary DNA strands while the RuvC domain cleaves the non-complementary to gRNA. The blunt-ended DSBs
can be repaired by the HDR and NHEJ repair pathways (Figure 2D). The NHEJ is error prone and causes DNA insertion



or deletion at the target sequence [28]. The expression of sgRNA as pair, NHEJ mechanism came up with large deletions.
The large deletions in chromosomes were attained by the NHEJ mechanism utilizing co-expressed sgRNAs. The HDR
repair mechanism is only operational when a specific homologous target site is available with respect to the DSB site. In
plants, through GE, many outstanding repairs were achieved via HDR, such as gene replacement, DNA correction, and
targeted knock-in 29120,

Biolistic and Agrobacterium-mediated transformation can be applied to transfer the sgRNA and Cas9 protein into desired
cells Bl GE by CRISPR/Cas9 is heavily dependent on the choice of sgRNA promoters and ubiquitous expression of the
Cas9 enzyme. Universal CaMV35S RNA polymerase Il promoters have been extensively used for Cas9 expression in
plants. Similarly, for sRNA expression, U3 or U6 RNA pol Il promoters are applied 2. The expression level of sgRNAs
is significantly greater in endogenous promoters as compared to exogenous promoters B3l Moreover, sgRNA expression
is guided by U6 promoters which were derived from monocotyledonous or dicotyledonous varieties and can only be used
in monocot or dicot plants 4. For successful integration of CRISPR/Cas9 machinery in plant nuclei, Cas9 proteins must
join with nuclear localization signals 22

To bind the target DNA by synthetically developed short gRNA sequences of approximately 20 nucleotides, the
mechanism of CRISPR/Cas editing demands the PAM 5" NGG motif for the Cas9 enzyme to cleave 3—-4 bases in the
target DNA sequence after the generation of the protospacer (8. There are two domains of Cas nucleases which have the
ability to cut one strand of DNA like the HNH domain and RuvC-like domain. Simple steps involving the execution of the
CRISPR mechanism are recognition of the PAM sequence; sgRNA development; cloning of sgRNA; transformation into
the host cell; selection of transformed individual organisms; and edited lines confirmation, as described in Figure 3.
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Figure 3. Basic steps in the workflow of CRISPR/Cas9-based genome editing.
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