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Introduction : Genome editing is eevolutionary biotechnology that allows precise modifications

to DNA sequences in living organisms. It involves targeted alterations in the genetic material to
correct mutations, improve traits, and study gene functions. Recent advancements, pairticularly
CRISPRCas9 technology, have significantly enhanced the efficiency, accuracy, and accessibility
of genome editing, leading to groundbreaking applications in agriculture, medicine, and
biotechnology.

1. Importance of Genome EditingGenome editing is crial for various reasons:

1 Precision in Genetic Modifications:Unlike traditional breeding or genetic engineering,
genome editing allows targeted changes without introducing foreign DNA.

1 Advancement in Medicine:It provides tools for treating genetic disorslsuch as sickle
cell anemia, cystic fibrosis, and cancer.

T Agricultural Improvement: Enhances crop resilience, increases yield, and develops pest
resistant varieties.

1 Environmental Benefits: Supports bioengineering strategies to develop stodssant
plants and ecdriendly pest control methods.

1 Scientific Research: Aids in understanding gene functions and disease mechanisms
through gene knockout and modification studies.

History and Evolution of GenomeEditing Tools
The development of genoregliting tedinologies has gone through several milestones:
a. Early GenomeEditing Techniques
T 197038 1980s: Recombinant DNA Technology
o Tools like restriction enzymes and DNA ligases allowed scientists to cut and paste
DNA fragments.
1 1990s: Homologous Recombination
o Genetargeting in mice and other model organisms became possible, but it was
time-consuming and inefficient.

b. The Rise of Engineered Nucleases

1 Zinc-Finger Nucleases (ZFNs) (1990s)



o Artificial proteins that bind specific DNA sequences and cut them usioglaase
domain.
o Challenges: Complex protein engineering and high costs.
T  TALENSs (Transcription Activator -Like Effector Nucleases) (2009)
o Improved specificity compared to ZFNs.
o Challenges: Labeintensive design and assembly.

2. General Aspects of GenomEditing Several key aspects define genome editing:

T Genome Editing Technologies:
o CRISPR-Cas9: The most widely used tool due to its simplicity, efficiency, and
costeffectiveness.
o Zinc Finger Nucleases (ZFNs)Older technology, less commonly used due to
compexity.
o TALENS (Transcription Activator -Like Effector Nucleases):More precise than
ZFNs but still more complex than CRISPR.
o Base Editing & Prime Editing: Newer technologies that allow even more refined
changes to DNA without introducing breaks.
1 Mechanismof Action:
o Recognition of target DNA sequences via guide RNA (in CRISPR)
o Creation of a doubtstrand break (DSB) by a nuclease enzyme
o DNA repair mechanisms (ndmomologous end joining or homologirected
repair) introduce changes
1 Ethical Considerations:
o Safety concerns in human applications
o Regulatory challenges in agriculture and medicine
o Societal and moral implications of gene editing, including germline modifications

3. Applications of Genome Editing

1 Biomedical Applications:
o Treatment of inherited getie diseases (e.g., muscular dystrophy, hemophilia)
o Development of gene therapies for cancer and neurodegenerative disorders
o Creation of disease models for research
T Agricultural Applications:
o Development of higlyield and climateesilient crops
o Engineerig pestresistant and diseasesistant plants
o Reduction of allergenic compounds in food crops
T Industrial and Environmental Applications:
o Biofuel production through genetically modified microorganisms
o Engineering bacteria for waste decomposition and potiutontrol
o Production of synthetic biology products such as bioplastics



This lecture describethree foundational technologi@&<lustered regularly interspaced short
palindromic repeats (CRISPR)RISPRassociated protein 9 (Cas9), transcription activiaker
effector nucleases (TALENS), and zifweger nucleases (ZFNs). Three technologi€&RISPR
Cas9, TALE nucleases, and zfiieger nucleasds have facilitated a genorvediting revolution.
But several challenges (e.g., effectively treating human diseaseshrem

In recent years, the emergence of highly versatile geramtiting technologies has provided
investigators with the ability to rapidly and economically introduce sequspemfic
modifications into the genomes of a broad spectrum of cell types aadisntgs. The core
technologies now most commonly used to facilitate genome editing, showiguire 1, are (1)
clustered regularly interspaced short palindromic repeats (CRIGRESPRassociated protein 9
(Cas9), (2) transcription activatbke effector nucleases (TALENS), (3) z#fiager nucleases
(ZFNs), and (4) homing endonucleases or meganucleases.


https://pmc.ncbi.nlm.nih.gov/articles/PMC5131771/#A023754F1
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Figure 1. Genomeediting technologies. Cartoondlustrating the mechanisms of targeted
nucleases. Frotopto bottom homing endonucleases, zifinger nucleases (ZFNs), transcription
activatorlike effector (TALE) nucleases (TALENS), and clustered regularly interspaced short
palindromic repeat{ CRISPR)CRISPRassociated protein 9 (Cas9). Homing endonucleases
generally cleave their DNA substrates as dimers, and do not have distinct binding and cleavage
domains. ZFNs recognize target sites that consist of twefiriger binding sites that flank% to

7-base pair (bp) spacer sequence recognized by the Fokl cleavage domain. TALENs recognize
target sites that consist of two TALE DN#Anding sites that flank a 1% 20-bp spacer sequence
recognized by the Fokl cleavage domain. The Cas9 nucleasegeted to DNA sequences
complementary to the targeting sequence within the single guide RNA (gRNA) located
immediately upstream of a compatible protospacer adjacent motif (PAM). DNA and protein are
not drawn to scale.

The diverse array of genetic outcasmeaade possible by these technologies is the result, in large
part, of their ability to efficiently induce targeted DNA doubteand breaks (DSBs). These DNA



breaks then drive activation of cellular DNA repair pathways and facilitate the introductites of s
specific genomic modifications. This process is most often used to achieve gene knockout via
random base insertions and/or deletions that can be introduced by nonhomologous end joining
(NHEJ) (Fig. 2A). Alternatively, in the presence of a donor teraplath homology to the targeted
chromosomal site, gene integration, or base correction via homdipted repair (HDR) can

occur (HDR) (Fig. 2B) (se€ig. 2for an overviewof other possible genoreliting outcomes)
Indeed, the broad versatility of these genanmwdifying enzymes is evidenced by the fact that they
also serve as the foundation for artificial transcription factors, a class of tools capable of
modulating the exssion of nearly any gene within a genome.
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Figure 2.Genomeediting outcomes. Targeted nucleases induce DNA desitded breaks
(DSBs) that are repaired by nonhomologous end joining (NHEJ) or, in the presence of donor
template, homologyirected repai (HDR). (A) In the absence of a donor template, NHEJ
introduces small base insertions or deletions that can result in gene disruption. When two DSBs
are induced simultaneously, the intervening genomic sequence can be deleted or iB)dried. (

the presece of donor DNA (plasmid or singltranded oligonucleotide), recombination between
homologous DNA sequences present on the donor template and a specific chromosomal site can
facilitate targeted integration. Lightning bolts indicate DSBs.

Key principles of genome editing, emphasizing many of the engineering advances that have laid
the groundwork for the creation, refinement, and implementation of the current suite of genome
modifying tools.


https://pmc.ncbi.nlm.nih.gov/articles/PMC5131771/#A023754F2

Zinc-Finger Nucleases

ZFNs, which are fusions beéen a custordesigned CysHis, zincfinger protein and the

cleavage domain of the Fokl restriction endonuclease, were the first targeted nuclease to achieve

wi despread use. ZFNs function as dimers, with
seqenced typically nine to 18 base pairs (bps) of DBAia the zinefinger DNA-binding

domain Fig. 1). Dimerization of the ZFN proteins is mediated by the Fokl cleavage domaat wh

cuts DNA within a five to severbp spacer sequence that separates two flankingfinger

binding sites. Each ZFN is typically composed of three or four-fanger domains, with each

individual domain composed @30 amino acid residues thatareamngi zed i n a bbU n
residues that facilitate DNlelical domargand typicallyn ar e
interact with three bps of DNA, with occasional overlap from an adjacent domain. Using methods

such as phage display, a large numbdezic-finger domains recognizing distinct DNA triplets

have been identified. These domains can be fused together in tandem using a canonical linker
peptide to generate polydactyl zifinger proteins that can target a wide range of possible DNA
sequences. n addition to this # mofidgelcanstrucionseetion y 0 ap
based methods for constructing ziimger proteins have also been reported, including those that
consider contextlependent interactions between adjacent -Zinger dmains, such as
oligomerized pool engineering (OPEN). In addition, specialized sets of validatdithg&o, zine

finger modules have been used to assemblefiziger arrays, including those that take cortext
dependent effects into account.

One major conern associated with the use of ZFNs for genome editing (in addition to all targeted
nucleases) is offarget mutations. As a result, several approaches have been undertaken to enhance
their specificity. Among the most successful of these has been theowmredt obligate
heterodimeric ZFN architectures that rely on chiacbarge repulsion to prevent unwanted
homodimerization of the Fokl cleavage domain, thereby minimizing the potential for ZFNs to
dimerize at offtarget sites.

Unlike TALENs and CRISPRCas9 the difficulty associated with constructing zfweger arrays

has hindered their widespread adoption in unspecialized laboratories. In particular, it remains
challenging to create zifftnger domains that can effectively recognize all DNA triplets,
espei al |l y t h-©€NNe3 Np fa-MNrEBNbWNar i et y . As a result,
flexibility inherent to more recent genoraditing platforms. Nevertheless, the potential for ZFNs

to mediate specific and efficient genome editing is evidenced byramgobnical trials based on
ZFN-mediated knockout of the human immunodeficiency virus (HI\Qoreceptor CCR5 for
treatment of HIV/acquired immune deficiency syndrome (AIDS) and a planned clinical trial based

on sitespecific integration of the factor 1Xege into the albumin locus to treat hemophilia B
(Clinical Trial ID: NCT0269516).

TALE Nucleases


https://pmc.ncbi.nlm.nih.gov/articles/PMC5131771/#A023754F1
https://clinicaltrials.gov/ct2/show/NCT02695160

TALE proteins are bacterial effectors. In 2009, the code used by TALE protegtotmize DNA

was uncovered. In a matter of months, this discovery enabled the creation of custom TALENs
capable of modifying nearly any gene. Like ZFNs, TALENs are modular in form and function,
comprised of an aminterminal TALE DNAbinding domain fusetb a carboxyterminal Fokl
cleavage domain. Also like ZFNs, dimerization of TALEN proteins is mediated by the Fokl
cleavage domain, which cuts within a-18 19bp spacer sequence that separates each TALE
binding site Fig. 1). TALEs are typically assembled to recognize betweenal20-bps of DNA,

with more bases typically leading to higher genesdding specificity. The TALBEbinding

domain consists of a series of repeamndins, eacld34 residues in length. Each repeat contacts
DNA via the amino acid residues at positions 12 and 13, known as the repeat variable diresidues
(RVDs). Unlike zinc fingers, which recognize DNA triplets, each TALE repeat recognizes only a
single Ip, with little to no target site overlap from adjacent domains. The most commonly used
RVDs for assembling synthetic TALE arrays are: NI for adenine, HD for cytosine, NG for thymine,
and NN or HN for guanine or adenine. TALE DM#nding domains can be cdnscted using a
variety of methods, with the most straightforward approach being Golden Gate assembly.
However, highthroughput TALE assembly methods have also been developed, including FLASH
assembly, iterative capped assembly, and ligation independairig;lamong others. More recent
advances in TALEN assembly, though, have focused on the development of methods that can
enhance their performance, including specificity profiling to uncover nonconventional RVDs that
improve TALEN activity, directed evolittn as means to refine TALE specificity, and even fusing
TALE domains to homing endonuclease variants to generate chimeric nucleases with extended
targeting specificity (discussed in more detail below).

Compared to ZFNs, TALENS offer two distinct advantafye genome editing. First, no selection

or directed evolution is necessary to engineer TALE arrays, dramatically reducing the amount of
time and experience needed to assemble a functional nuclease. Second, TALENs have been
reported to show improved spfcity and reduced toxicity compared to some ZFNs, potentially
because of their increased affinity for target DNWe€kler et al. 2018or perhaps a greater
energetigenalty for associating with base mismatches. However, TALENS are substantially larger
than ZFNs, and have a highly repetitive structure, making their efficient delivery into cells through
the use of lentivirusHolkers et al. 20130r a single adenassociated virus (AAV) particle
challenging. Methods for overcoming these limitations have emerged as TALENs can be readily
delivered into cells as mRNAahiny et al. 2015Mock et al. 201%and even proteirQai et al.

2014 Liu et al. 2014% although alternative codon usage and amino acid degeneracy can also be
leveraged to express RVD arrays that migatless susceptible to recombinatidfing et al.

20133. In addition, adenoviral vectors have also proven particularly useful for mediating TALEN
delivery to hareto-transfet cell types Holkers et al. 201AMaggqio et al. 2016

CRISPR-Cas9

The CRISPRCas9 syst&, which has a role in adaptive immunity in bacteria, is the most recent
addition to the genommediting toolbox. In bacteria, the type CRISPR system provides
protection against DNA from invading viruses and plasmids via RNiled DNA cleavage by
Cas poteins. Short segments of foreign DNA are integrated within the CRISPR locus and
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transcribed into CRISPR RNA (crRNA), which then anneélans-activating crRNA (tracrRNA)

to direct sequenespecific degradation of pathogenic DNA by the Cas9 protein. Oh22
Charpentier, Doudna, and-@eorkers reported that target recognition by the Cas9 protein only
requires a seed sequence within the crRNA and a conserved protesgijacent motif (PAM)
upstream of the crRNA binding site. This system has since beplifithfor genome engineering

and now consists of only the Cas9 nuclease and a single guide RNA (gRNA) containing the
essential crRNA and tracrRNA elemenisqg. 1). Becausdarget site recognition is mediated
entirely by the gRNA, CRISP®Ras9 has emerged as the most flexible andfusedly platform

for genome editing, eliminating the need for engineering new proteins to recognize each new target
site. The only major resttion for Cas9 target site recognition is that the PAM rotihich is
recognized by the Cas9 nuclease and is essential for DNA cléabagmcated immediately
downstream of the gRNA target site. The PAM sequence f@ttieptococcus pyogen€sas9, for
exanp | e ;NGG8 Nj5 Njal t hou g h-NAGM3 N§ ccrmaen dhees és0 | ZeNjat ed) .
now shed light on the structural basis of DNA recognition by Cas9, revealing that the heteroduplex
formed by the gRNA and its complementary strand of DNA is housedpositively charged
groove between the two nuclease domains (RuvC and HNH) within the Cas9 protein, and that
PAM recognition is mediated by an argirineh motif present in Cas9. Doudna and colleagues
have since proposed that DNA strand displacenmehices a structural rearrangement within the
Cas9 protein that directs the nontarget DNA strand into the RuvC active site, which then positions
the HNH domain near target DNA, enabling Gas@diated cleavage of both DNA strands.

The Cas9 nuclease and gRNA can be delivered into cells for genome editing on the same or
separate plasmids, and numerous resources have been developed to facilitate target site selection
and gRNA construction, includingERISP, among others. Although Cas9 boasts the highsst ea

of use among the targeted nuclease platforms, several reports have indicated that it could be prone
to inducing offtarget mutations. To this end, considerable effort has been devoted to improving
the specificity of this system, including using paireas€ nickases, which increase gewiéing
specificity by requiring the induction of two sequential and adjacent nicking events for DSB
formation, or truncated gRNA that are more sensitive to mismatches at the genomic target site than
a full-length gRNA.


https://pmc.ncbi.nlm.nih.gov/articles/PMC5131771/#A023754F1

Lecture title: CRISPR Cas9 in Genome Editing: Biology, Mechanism, and Relevance

CRISPRCas9 (Clustered Regularly Interspaced Short Palindromic Rép#aSPRassociated
protein 9) is a revolutionary genoraditing tool that allows precise, targeted modifications to

DNA in living organisms. Its simplicity, efficiency, and versatilitgve transformed research in
biology, agriculture, and medicine.

1. The CRISPR-Cas Revolution

1 Discovery of CRISPR in Bacteria (1987)
o Scientists first observed CRISPR sequencé&ssutherichia colwithout
understanding their function.
T 2005 2007: Role of CRISPRin Bacterial Immunity
o Researchers found that CRISPR sequences help bacteria recognize and destroy
viral DNA by storing snippets of past invaders.
1 2012: Repurposing CRISPR for Genome Editing
o Jennifer Doudna and Emmanuelle Charpentier developed the CRI&IR
system as a programmable tool for precise DNA editing.
T 2013: Application in Plants and Animals

o Feng Zhang demonstrated CRISPR's potential for editing the genomes of
mammalian cells.

2. Mechanism of CRISPRCas9: From Bacterial Immunity to Crop Improvement

a. CRISPR-Cas9 in Bacterial Immunity

1 CRISPR is a natural defense mechanism in bacteria and archaea against invading viruses
(bacteriophages).
1 Mechanism:
1. Acquisition: Bacteria capture snippets of viral DNA and integrate them into the
CRISPR locus aspacers."
2. Expression The CRISPR locus is transcribed into a long RNA, which is
processed into small guide RNAs (gRNAS).
3. Interference: Cas proteins, guided by the gRNAs, recognize and cut matching
viral DNA, neutralizing the infection.

b. Repurposing CRISPR-Cas9 for Genome Editing

1 In genome editing, scientists mimic bacterial immunity by designing synthetic guide
RNAs (sgRNAs) to target specific DNA sequences.
1 Mechanism:
1. Recognition The sgRNA binds to the target DNA sequence via complementary
base pairing
2. Cleavage Cas9 introduces a doubdérand break (DSB) at the target site.
3. Repair: The cell repairs the DSB through:



A Non-Homologous End Joining (NHEJ) May introduce insertions or
deletions (indels) that disrupt gene function.

A Homology-Directed Repair (HDR): Enables precise insertion of desired
sequences using a repair template.

c. Applications in Crop Improvement

T CRISPRCas9 has been widely adopted for:
o Creating diseasgesistant crops by knocking out susceptibility genes.
o Developing strestolerant cropgo combat drought, salinity, and heat.
o Enhancing crop yield and quality traits like grain size, fruit ripening, and nutrient
content.
o Targeting multiple genes simultaneously for complex trait improvement.

3. Overview of CRISPR Systems: Cas9, Casl12, afhs13

a. Cas9: The Classic Workhorse

1 Most widely used CRISPR system for genome editing.
Cuts DNA to create doubistrand breaks.
Key Features
o Recognizes a protospacer adjacent motif (PAM) sequence (e.g., NGG
for Streptococcus pyogen€ss9).
o High efficiercy in a wide range of organisms.

Applications:
o Gene knockout, gene insertion, transcriptional regulation, and epigenome editing.

= =4
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b. Casl12: A Versatile Alternative

1 Recognizes and cleaves both sirgfinded and doubkranded DNA.
1 Key Features
o Broader PM requirements (e.g., TTTV fdCas12a.
o Creates staggered (sticky) cuts, which are useful for specific geeditreg
applications.
1 Applications:
o Multiplex editing, diagnostic tools (e.g., SHERLOCK), and epigenetic studies.

c. Casl13: Targeting RNA

T Unique anong CRISPR systems as it targets RNA instead of DNA.
1 Key Features
o No permanent changes to the genome.
o Can degrade or edit RNA transcripts in riale.
T Applications:
o Gene silencing, studying RNA function, and combating RNA viruses in crops.



Comparison of CRISPR Systems

\ Feature H Cas9 H Casl2 H Casl3 |
Target Moleculd|DNA IDNA IRNA |
Cut Type IDoublestrand bred|Single/doublestrand|Singlestrand cleavag
IPAM Sequence|NGG (narrow)  |TTTV (broad) [None required |
/Applications  ||Genome editing ||Precision editing  ||RNA editing |

There are many protein tools in tBRISPR toolboxWhile CRISPRCas10 is a functional
CRISPR system, it's not as widely used as CRISRBI in many apigations becaus€as10
primarily degrades singlstranded DNA instead of creating precise dowdbtanded breaks,
making it less ideal for targeted gene edititig;better suited for applications where broad
spectrum nucleic acid degradation is desiliéd,defense against viruses in bacteria.

Key points about CRISPRas10:
1 Mechanism:

Unlike Cas9, which cuts doubktranded DNA at specific sites, Cas10 primarily degrades
singlestranded DNA, which limits its precision for gene editing.

1 Type lll CRISP R system:

Casl10 belongs to the Type Ill CRISPR system, which is more focused on degrading
invading nucleic acids rather than precise genome editing.

1 cOA production:
A unique feature of Cas10 is its ability to synthesize cyclic oligoadenylates (cOs))
can trigger additional cellular responses against invading pathogens.

When might CRISPRCas10 be useful?

1 Antiviral defense:

Due to its singlestranded DNA degradation activity, Cas10 can be particularly useful in
studying and potentially manipulagrviral genomes.

1 RNA targeting:
Some research explores using Cas10 to target RNA molecules by engineering the guide
RNA to bind to RNA instead of DNA

CRISPRCasl1 is a functional CRISPR system, it's not as widely used as CIRI&®R
becauseén many badatrial systems, the "cas11" gene is often "hidden" within another gene,
requiring special conditions to express it properly, making it difficult to utilize in research and
therapeutic applications compared to the more readily accessible Cas9 proteirgligssent
researchers need to work harder to access and utilize the Cas11 component effectively.
Key points about Cas11:

1 Hidden Translation:


https://mammoth.bio/blog/2019/9/3/the-advantages-of-a-diverse-crispr-toolbox

In certain types of CRISPR systems (like Typ®, II-C, and D), the Casl11 protein is

produced through a processledl"internal translation,” meaning it is encoded within

another gene, like Cas8, which can be challenging to express in other organisms like human
cells.

1 Importance for Cascade Complex:

Despite being "hidden," Casl11 is crucial for the proper functiaghefCascade complex,
which is necessary for targeting DNA in these CRISPR systems.

1 Potential for Applications:
Recent research has shown that by identifying and expressing the "hidden" Cas11 protein,
scientists can utilize CRISPRas3 systems (which rebn Cas11 for full functionality)
more effectively in human cells.

Cas system is suited to a particular suite of uses. For example, the common CRISPR protein
Cas9 is often used fgenome editinglt is not suited for CRISPR diagnostics. In this blog post,
we ol | introduce you to the proteins behind CR

/
dsDNA ssANA ' dsDNA

ol ssDNA ol ssDNA

CRISPR diagnostics make use of nespecific cutting
CRISPR diagnostics have two key components:

1. Proteinguide molecule complexes. These first cut specific nucleic acid sequences that
the user wants to detect. After cutting a usgecified sequence, these complexes non
specifically cut other nucleic acids.


https://mammoth.bio/2020/03/16/the-many-applications-of-genome-editing/

2. Modified nucleic acids (reporters). Thesequce a visual signal when cut. They are only
cut if the usesspecified nucleic acids are cut first. These modified nucleic acids make it
easy to observe when the useecified nucleic acids have been detected (cut).
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Top: The two components of CRISPR diagnostics. 1: Prgigite molecule complexes that cut
user specified nucleic acid sequences. 2: Modified nucleic acids that amncyecifically

after the usespecified nucleic acid sequences. These produce a visual cue signaling that the
userspecified nucleic acids have been detected.

Bottom: The Casl12, Casl13, and Cas14 prajeide molecule complexes. These are capable of
cutting the indicated types of usgpecified nucleic acid sequences. In a CRISPR diagnostic,
these would go on to cut modified nucleic acids nonspecifically.

I n di agnost i c s ;specifit dutsing comestaftecsadcifictcuttiagt Nonspewific
cuting (sometimes called fAcoll ateral, o Atrans
modified nucleic acids. The visual signal produced by the modified nucleic acids then shows that



the userspecified sequence has been detected. Hapecific aitting came first, CRISPR
diagnostics would always produce a visual signal. They would be useless.

Casl2, Casl3, and Casl14 are families of proteins used in CRISPR diagnostics. They form the
protein portion of thé p r e wkeiidhe mo |l ec ul e dabave Indvidumldamilyd es cr i b
members come from specific species of bacteria and archaea. Yet, all members of a given family
share certain characteristics. Characteristics important for CRISPR diagnostics are displayed in

table 1 and discussed below.

Casl2

The Cas12 proteins directly bind to and cut ts@ecified DNA sequences. They can cut either
single or double stranded DNA. Once a Cas12 protein cuts its DNA target, it begins to shred
single stranded DNA nespecifically. Thus CaslBased diagnostics canlg directly detect

DNA. They must be combined with proteins that convert RNA into DNA to detect RNA. Cas12
proteins are on the larger side of the CRISPR diagnostic proteins.

They come in at ~1,300 amino acids long.

Users specify Cas12 DNA targets usirdg4t nt RNA molecules.

Cas12 dsDNA targets are restricted in that they must be found near short stretches of DNA
known as protospacer adjacent motifs (PAMs). For some Cas12 proteins, the PAM sequence is
TTTN. Importantly, Casl-based diagnostics cannot elet DNA sequences without PAMSs.

Cas12 proteins can readily distinguish very similar dsSDNA sequences. This feature is lost when
the target sequence is ssDNA.

Casl3

The Casl13 proteins directly bind and cut essecified RNA sequences. After cutting a target
Cas13 proteins nespecifically cut other RNA molecules. Thus, they can directly detect RNA,
but not DNA. To detect DNA, Casd#ased diagnostics must be combined with proteins that
convert DNA into RNA.

Like Cas12, Cas13 proteins are on the larger etldeo€RISPR diagnostic proteins at ~1,400
amino acids long.



Like Cas12, the Cas13 RNA guide molecule is relatively short at ~64 nt.

Cas13 proteins do not have strong targeting restrictions. Yet, their RNA targets can adopt
structures that are difficult twut. These structural constraints limit the targets detectable by
Casl3based diagnostics.

Cas13 will cut RNA sequences that are 1 nt off from the- gsecified sequence. Thus,
researchers must carefully test Caba3ed diagnostics when using them tdinligiish between
very similar sequences.

Casl14

The Casl14 proteins bind to and cut useecified, singlestranded or double stranded DNA. To
detect RNA, Casthased diagnostics must be combined with proteins that convert RNA into
DNA.

The Cas14 proteinseon the smaller end at 400700 amino acids. However, their guide RNAs
are on the longer side at ~140 nt.

Casl14 proteins have no targeting restrictions when cutting sSDNA. They are highly versatile. For
dsDNA targeting, Cas14 proteins requirgidh PAM sequences like TTTA.

Cas14 proteins can readily distinguish between very similar ssDNA sequences.



Table 1: Casl12, Casl3, and Casl14 properties important for CRISPR diagnostics

RNA)

Protein Family Casl2a Casi3 Casid
h tein | th
fRougn proten ee 1,300 1,400 -400 - 700
(amino acids)
Single guide molecule
d 42-44 nt -64 nt -140 nt
size (nucleotides, nt)
Targeted nucleic Acids
DNA (ss or ds) RNA (ss) DNA (ss or ds)
(DNA or RNA)
Non-specifically cut
nucleic acids (DNA or DNA (ss) RNA (ss) DNA (ss)

Targeting restrictions

dsDNA targets must be
near TTTN

Weak requirements
dependent upon family
member. Activity is also

constrained by RNA
secondary structure

None for ssDNA. dsDNA
targets must be near
T-rich sequences like

TTTA

Accuracy

Effectively discriminates
between targets off by
one bp (dsDNA)

Difficulty discriminating
between targets off by
one bp

Effectively discriminates
between targets off by
one bp (ssDNA)

Conclusion

The CRISPRCas9 technology has revolutionized genome editing by making it simpler, faster,
and more accessible. Its applications in crop improvement are transformative, offering solution
to address food security, climate change, and nutritional challenges. Emerging systems like
Casl12 and Cas13 expand its versatility, paving the way for new advancements in agriculture and
beyond.



Recent Advances of CRISPRBased Genome Editing for Bhancing Staple Crops

Dr Md Abdus Salam
Member Director
Crops Division, Bangladesh Agricultural Research Council
New Airport Road, Farmgate, Dhaka 1215

1. Introduction CRISPRbased genome editing has revolutionized agricultural biotechnology by
offering precise and efficient genetic modifications. The application of CRIGBRsystems in
staple crops has enabled improvements in yield, stress tolerance, disease resistance, and
nutritional quality. This report highlights recent advancements in CRI8EtRated genome

editing for enhancing staple crops, with a focus on rice, wheat, maize, and other key food
sources.

2. CRISPR-Cas Systems in Crop ImprovemenThe CRISPRCas9 and CRISPRas12

systems are widely utilized for targeted genome modifications. Thetsarsyenable gene

knockout, base editing, and gene regulation in crops. Recent developments include prime editing
and multiplex genome editing, further expanding the scope of genetic improvements in staple
crops.

3. Key Applications in Staple Crops

T Rice (Oryza sativa).
o Increased yield through the modification of genes such as GS3, Gnla, and IPAL.
o Enhanced resistance to bacterial blight by targeting SWEET genes.
o Improved salinity and drought tolerance via gene edits in OSNAC and OsHKT.
T Wheat (Triticum aestivum):
o Development of diseagesistant varieties by editing mildew resistance genes
(MLO).
o Improvement in grain quality and yield by modifying TaGW2 and TaVRN genes.
o Enhanced drought tolerance through modifications in AB#ponsive genes.
1 Maize (Zea mays)
o Increased kernel size and starch biosynthesis by targeting GW2 and Sh2 genes.
o Resistance to pests such as fall armyworm through disruption of susceptibility
genes.
o Improvement in nitrogemse efficiency via gene modifications in NRT1.1B.
1 Other Staple Crops:
o Potato (Solanum tuberosum) Resistance to late blight by modifying StMLO.
o Soybean (Glycine max)Improved oil content through FAD2 gene editing.
o Cassava (Manihot esculenta)Enhanced virus resistance by modifying the
elF4E gene.

4. Advances in CRISPR Tehnologies for Crop Improvement



1 Base Editing Allows precise singl@ucleotide changes without dowsand breaks,
reducing offtarget effects.

1 Prime Editing: Offers precise insertions and deletions, expanding genome editing
capabilities.

1 CRISPR-Directed Epigenetic Modifications. Enables gene regulation without altering
DNA sequences.

1 High-Throughput Screening CRISPR libraries facilitate the identification of genes
critical for crop resilience and productivity.

5. Challenges and Future ProspectBespiteits potential, CRISPBased genome editing faces
challenges such as regulatory hurdlestaifet effects, and public acceptance. Future research
should focus on improving editing efficiency, integrating mgéne editing strategies, and
enhancing delivey methods for field applications. The development of-transgenic genome
editing approaches will further facilitate regulatory approvals and commercialization.

6. ConclusionCRISPRbased genome editing holds immense promise for enhancing staple
crops byimproving yield, stress tolerance, disease resistance, and nutritional quality. Continuous
advancements in CRISPR technologies will pave the way for sustainable agriculture and global
food security.

Lecture Notes: Screening and Validation of CRISPRnduced Mutations

1. Introduction CRISPRCas genome editing has transformed plant breeding by enabling

precise modifications in crop genomes. However, successful genome editing requires rigorous
screening and validation of induced mutations to ensure spegiééficiency, and functional
relevance. This lecture covers key methodologies used to detect, confirm, and evaluate- CRISPR
induced mutations in staple crops.

2. Methods for Screening CRISPRInduced Mutations Several molecular, biochemical, and
phenotypicscreening methods are employed to identify and validate mutations introduced by
CRISPRbased genome editing.

2.1 Genotyping and Molecular Analysis

1 Polymerase Chain Reaction (PCRBased Methods

o T7 Endonuclease | (T7E1) AssayDetects insertions and delat®(indels) by
cleaving mismatched DNA strands.

o Cleaved Amplified Polymorphic Sequences (CAPS) and Derived Cleaved
Amplified Polymorphic Sequences (dCAPS)Uses restriction enzyme digestion
to identify mutations.

o High-Resolution Melting (HRM) Analysis: Detects small sequence variations
by analyzing melting curves of DNA fragments.

1 Sanger Sequencing
o Used for smatkcale mutation analysis and validation of edited regions.



1 Next-Generation Sequencing (NGS)
o Enables deep sequencing of target sites to deteationg with high accuracy
and sensitivity.

2.2 Phenotypic Evaluation

1 Morphological and Agronomic Trait Analysis:
o Field and greenhouse assessments to study plant height, leaf morphology, yield,
and resistance to biotic/abiotic stresses.
T Microscopic and Biochemical Assays
o Examines cellular or biochemical changes associated with targeted mutations.
o Example: Chlorophyll content analysis in drougisistant CRISPfdited plants.

2.3 Off-Target Mutation Analysis

1 Whole-Genome Sequencing (WGS)
o Provides a coprehensive assessment of unintended mutations Htanmget
regions.
1 In Silico Prediction Tools:
o Software tools such as Gad-Finder and CRISPResso help predict potential off
target sites and analyze sequence integrity.
1 CRISPR-Cas Variants with Enhanced Sgcificity:
o Engineered Cas9 variants (e.g., Cal8L, eSpCas9) reduce dtrget effects.

2.4 Inheritance and Stability Studies

T Segregation Analysis in Successive Generatians
o Confirms stable transmission of CRISHRIuced mutations.
o Utilizes Mendeliarinheritance patterns in segregating populations.
1 Cas9Free Edited Lines
o ldentification of transgen#&ree plants using PCR or Southern blot analysis.
o Ensures regulatory compliance and facilitates commercialization.

3. Challenges and Considerations in Screeng CRISPR Mutations

T Efficiency of Mutation Detection:
o Sensitivity of assays affects mutation detection, especially fofrieguency
edits.
1 False Positives/Negatives
o PCRbased methods may not detect all mutations, necessitating sequencing
validation.
1 Regulatory and Biosafety Concerns
o Differentiation between transgenic and rteemsgenic CRISPRdited crops.

4. Future Perspectives



1 Development of HighThroughput Screening Methods

o CRISPRbased barcoding for rapid mutation screening.
1 Application of Al and Machine Learning in Mutation Analysis:

o Predicting editing efficiency and analyzing laiggale sequencing data.
1 Adoption of Non-Transgenic Genome Editing Approaches

o Regulatoryfriendly genome editing without foreign DNA integration.

5. ConclusionScreeing and validation of CRISP#duced mutations are essential for ensuring
precise, efficient, and stable genome modifications in crops. Advances in sequencing
technologies, molecular assays, and computational tools are improving the reliability of mutation
analysis. Future research will focus on refining Higtoughput screening methods and

addressing regulatory challenges for broader adoption in agriculture.
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Genome Editing Research in Bangladesh:

Challenges and Opportunities

Dr. Md. Abdus Salam
Member Director (Crops)
Bangladesh Agricultural Research Council

Towards Building Advanced Intelligent System for Agriculture
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Genome editing and itbés u

A Genome editing, also called gene editing, is one of the latest developments in crop

improvement technologies.

A Genome editing is being applied to crops to introduce traits, such as withstanding climatic

factors, resistance to pathogens, improved nutritional value, and even reduced wastage in
the post-harvest stage in multiple crops.

A This technology is more precise and efficient than conventional breeding and, hence, can

reduce the time needed to develop new plant varieties.

A Extensive research efforts are underway for over 70 crops in about 60 countries.

A Genome edited plants are already moving beyond the laboratory, and its products, such as

high GABA tomatg high oleic soybean, milder flavored mustard, etc., are already on the
market in Japan and the USA

Towards Buildinag Advanced Intelligent System for Agriculture
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s Why Genome editing is required?
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é} The OsD/S1 knockout rice lines confer drought tolerance
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A better root architecture is
required toconquerand
survive the plants in drought
prone soils
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Figure 2. Various applications of the CRISPR-CasY system in soybean. This system has been applied in
soybean for the improvement of yield, quality, nodule formation, male-sterile lines as well as biotic and
abiotic stress tolerance.
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Slide 13 Engineering crop plants to herbicide resistance:
fﬁi For effective weed management in agriculture

Manual weed control over large areas is not feasible from the point of labor availability and its associated monetary costs

If the crop plants are engineered for herbicide resistance, then non-selective herbicides
can be used to kill all types of weeds without causing any injury to crop plant

) 4 - "

Spending billons of $ to control weeds
“
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A new solution to gluten sensitivity

{} Challenges and Opportunities in Bangladesh
LT

A Increase yield
A Resistance of emerging disease and pests thus reducing inputs
(e.g., pesticides, herbicides and fertilizers).
A Improve resilience to increasingly extreme weather conditions, including drought.
A Respond to changing consumer demands and preferences by increasing sheHiife,
nutritional value or improving flavor and appearance.

A Adapt to new agronomic systems.

Towards Building Advanced Intelligent System for Agriculture 18
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Primer design and multiplex CRISPR/Cas9 vector construction
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CRISPR/Cas9 Vector
A. Primer design
Multiplex target designs of target gene:

seq_id SgRNA | Scor | Sequence stra | pos| %G

id e nd C
LOC 0Os01g | Guidel | 0.93 | ATTCCACTCACTCAACC + |13 |45
39330 01 12 GAAGGG 71 | %
LOC _0Os01g | Guide9 | 0.82 | GATGTCGGAGAGGAAG + |10 |55
39330 3 05 AGGAGGG 38 | %

Multiplex CRISPR/Cas9 vector construction:
1. Two targets design in the exon of target gene by using CRISPR/Cas9 software
2. Preparation oGuide RNA by adding Double Distilled (DD) Water



Note: Add DD water (Differ). Use ten times DD water

. Preparation of Guide RNA by mixing forward (F) and Reverse (R)

Note: From each targetl forward (F) and reverse (R), mix 2 yl and add 16 ul dd water,
a totalof 20 pl. Shake and Heat for 30 seconds &C9@nd wait 20 minutes (at room
temperature)

. Ligation of two targets (1 and 2) Guide RNA with ssfgecific promoters

Note: Take another small 2 tubes mariBddand B2with a red marker, Shake and
keep it 28C at 15 min

. Two targets with UF Primers and giR- Primers

Note: PCR: 92C-2m, (92C i 10 S, 60C -15 S, 68C -20 S) Cycle28, Cas 1 PCR
about 50 min. Adjust volume up to 100 pl

. Two targets with Pp&GL - PGS GG2 Primers

Note: PCR: Cas 2: 9502m, @50Ci 15 S, 60 0CG15 S, 68 0G20 S) last 68 o€

1m, Cyclel7 about 40 minutes, after PCR, 3 pl 6x loading buffer for all and vortex

& shake clearly. Check sequence, if sequence is good transfer into ecoli bacteria and
keep in-80° C

. Gel Electrophoresis

If you find clear red coloured bands with accurate sizes of U6a and U6b, cut the bands
and put them in a 2 ml tube. Weight tubes and measure the accurate weight of the band

(gram).
. DNA extraction (Zymoclean GEL DNA Recovery kit).



Place the column into 4.5 ml tube. Add 16 DNA Elution Buffer/ dd water and

centrifuge for 1 min and takdano ©®ncentration

LOC_Os03g08930
ATG TGA

larget-1 larget2

WT GASEOCETEETETTTC — CGCs SEE0CATT BETEECATCCAAGSATALCT
Hl GacecceTeEsTs — ————— EOAGEEOCATT GETEECATOCAAGSATALCT —5, WT
CACEOOGTEETE — —— —— —— CAGSECCATT GETEECATCCAAGSATALCT — 65, WT
H5.13 GACSOOSTEET G- —————————— SOCATT GETEECATCCAAGSATSA —COT —10, -1
_ EAGEOOGETESTE — — — ———————— SOCATT EETEECATCCAAGEATA —OT —10, —1
ME.7  heooosTesTe - ————— GO AGESOCATT CETEECATCCAAGSATAACT —5, WT
L EGACECCSTESTET ————— ECA GEEC CATT SETEGCATC CAAGSATALST —4, WT
BE3Z o coCCeTEETETTTE — - GOAGGSCCATT CETEECATCCAAGSATAACT —1, WT
goq GAGECCGTEETGTTTC ACGCAGGHGCCATT GOTGCEOATCCAAGGATALCT +1, WT
CACSOCSTESTE — —— —— OO GEEC CATT CETESCATCCALAGGATALCT —4, WT
M12 BAGGCCSTEETETT - — - — GOAGGSECCATT SETEECATCCAAGSATALST —3, WT
CACSOOGTEETET — - — — CECAGSECCATT CETEECATCCALGSATAACT —3, WT
EAGEOCGTEST — — — — —— USO8 BEE O A TT EETEECATCCALGSATAACT —5, WT

ps.1z I 1 4
pacy N 4,

poso N |
pos S |
|-
vector
PCRCas3 for 4 hours (3¥C 5 min, 18C 5min and 20C 5 min, 15 cycles)

10.Check sequence whether two &tiggare present in tlgRISPR/Cas9 vector



Transformation of multiplex CRISPR/Cas9 vector into plant cell
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Transformation steps:

1. Confirmation of CRISPR/Cas9 Vector+ target genes sequences
Transformation of CRISPR/Cas9 Vector+ target genes sequences to ecoli bacteria
Confirmation of CRISPR/Cas9 Vector+ target genes sequences in ecoli bacteria
Transformation of CRISPR/Cas9 Vector+giirgenes sequencesAgrobacteriuncell

Confirmation of CRISPR/Cas9 Vector+ target genes sequenéggobacteriuncell

o g bk~ w N

Agrobacteriuncell with CRISPR/Cas9 Vector+ target genes sequenceslifigation

with onemonth aged rice callus

7. Successful riceallus transfer to NBD callus induction media

8. Primary selection for callus screening

9. Secondary selection for callus screening

10.Check callus by PCR if there is any mutation

11. Transfer callus to M&regermination (PG) media for rice seedling

12.Transferto MS-Regeneration (RG) media for rice seedlings

13. Transfer rice seedling to MBooting (RT) media

14.Check mutation/edited of rice seedlings

15.Check types of mutation, homozygous or heterozygous

16.If there is heterozygous mutation, grow seedlings for one genetat get homozygous
CRISPR/Cas9 edited rice seedlings

17.Collect CRISPR/Cas9 vector free CRISPR/Cas9 edited rice seedlings

18. Identify phenotypes of edited rice plants

19. Study the function of the target genes by humerous experiments

200Publ i sh t he ngase #id geneffoudewelopg newriceacrop

Target check in Gelelectrophoresis



Mutation Checking:

Callus toTransgenic Plant



Mutation

" detection

Allelel: ACATGATGTCGGAGAGGAAGAGGAGGGAGAAGLCTWT)
Allele2: ACATGATGTCGGAGAGGAAG- GGAGGGAGAAGAT
(complicated variant)

Reference:ACATGATGTCGGAGAGGAAGGAGGGAGAAGEAIACGACAC
CTTCCACACGCTCAGATCACTCCTCCC
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Lab Protocols- DNA Extraction, Tissue Culture, and Plasmid Construction

Dr. Shahanaz Sultana
CSO (Current Charge) and Head
Bi otechnol ogy Di vii7s0ilon, BRRI, Gaziopur

1. Introduction Laboratory techniques such as DNA extraction, tissue culturgglaschid
construction are essential for molecular biology and genome editing research. This lecture
provides an overview of key protocols used in plant biotechnology, with a focus on GRISPR
based genome editing applications.

2. DNA Extraction Protocol DNA extraction is the first step in genetic analysis, allowing
researchers to obtain higjuality DNA for PCR, sequencing, and genome editing.

2.1 Materials Required

Plant leaf or root tissue

CTAB extraction buffer (for plant samples)
RNase A (to remove RNA ctamination)
Chloroform:isoamyhlcohol (24:1)

Isopropanol or ethanol (for DNA precipitation)
TE buffer (TrisEDTA) for DNA storage

=A =4 =4 =4 4 -4

2.2 Procedure

=

Sample Preparation: Collect fresh plant tissue (~100 mg) and grind with liquid
nitrogen.

Lysis and Cell Disruption: Add CTAB buffer and incubate at 65°C for 30 minutes.
Phase SeparationAdd chloroform:isoamyhlcohol, vortex, and centrifuge.

DNA Precipitation: Transfer aqueous phase and add isopropanol. Incub&1@°&t
Pellet Washing:Wash with 70% ethanol arair-dry.

Dissolution and StoragelResuspend DNA in TE buffer and store2@°C.

ouhrwWN

3. Tissue Culture ProtocolTissue culture is crucial for regenerating plants after genome
editing.

3.1 Materials Required

Murashige and Skoog (MS) medium
Plant growth regulats (auxins, cytokinins)
Sterile forceps and scalpels

Laminar flow hood

Growth chamber (25°C, 16h light/8h dark)

=A =4 -4 -4 4

3.2 Procedure



e

Sterilization: Surface sterilize explants using 70% ethanol and 1% sodium hypochlorite.
Callus Induction: Place explants on M&edium with cytokinin/auxin.

Shoot RegenerationTransfer callus to shoot induction medium.

Rooting and Hardening: Transfer shoots to rooting medium, then to soil.

4. Plasmid Construction ProtocolPlasmid construction is a fundamental step in CRISPR
genomeediting.

4.1 Materials Required

=A =4 =4 -4 4

CRISPRCas9 vector

Targetspecific gRNA sequence
Restriction enzymes and ligase

E. coli competent cells

LB medium and antibiotic selection plates

4.2 Procedure

=

A

Guide RNA Design:Use bioinformatics tools (e.g., CHOPCHOP, Bleing) to design
gRNA.

Vector Digestion: Use restriction enzymes to linearize the plasmid.

Ligation: Insert gRNA sequence into the CRISPR vector using ligase.
Transformation: Introduce plasmid into competent E. coli cells via heat shock.
Colony Screening:Select recombinant colonies using antibiotic resistance and PCR.
Plasmid Purification: Extract plasmid DNA for downstream applications.



Delivery methods for CRISPRCas9 in plants (e.g., Agrobacteriunrmediated
transformation, electroporation, and nanoparticle delivery).
Dr. Shah Ashadul l sl am
Senior Scientific Officer (SSO)
Agronomy Division, BRRI, Gazipur

Class Note: Delivery Methods for CRISPRCas9 in Plants

CRISPRCas9 technology has revolutionized plant genetic enginekyiegabling precise
genome editing. However, to effectively utilize this technology in plants, efficient delivery
methods are required to introduce the CRISRIR9 components (Cas9 protein and guide RNA)
into plant cells. There are several methods fovdehg CRISPRCas9 into plant cells, each

with its own advantages and limitations. Here, we discuss three common delivery methods:
Agrobacteriuramediated transformation, electroporation, and nanoparticle delivery.

1. Agrobacterium-Mediated Transformation

Agrobacteriuramediated transformation leverages the natural abiliigpbbacterium
tumefacienso transfer DNA into plant cells. This process is frequently used in plant
biotechnology for generating genetically modified plants. In the conteXR6&PRCas9, this
method involves introducing both the Cas9 protein and the guide RNA (gRNA) into plant cells
via Agrobacterium.

Detailed Process:

T Plasmid Construction: The Cas9 gene and gRNA are first cloned into a binary vector (a
plasmid) that containthe necessary genes for Agrobacterium to infect plant cells. These
plasmids often contain thpaline synthas@NOS) promoter for constitutive expression
of the Cas9 protein and the gRNA under control of a gpatific promoter, like
theU6 promoter.

1 Agrobacterium Infection: Once the plasmid is inserted into Agrobacterium, the bacteria
are cocultivated with plant tissues such as leaf discs, cotyledons, or callus.
Agrobacterium transfers the plasmid DNADNA) into the plant cells, where it
integratesnto the plant genome, either stably or transiently.

1 Regeneration and ScreeningAfter the transformation event, plant tissues are cultured
on selective media containing antibiotics or herbicides to select for transformed cells. The
transformed cells areeh regenerated into full plants using plant tissue culture
techniques.

1 Genome Editing: In the transformed cells, the Cas9 protein and guide RNA are
expressed, targeting the specific gene of interest in the plant genome. Cas9 induces a
doublestrand breaktahe target site, leading to either Aesomologous end joining
(NHEJ) or homologydirected repair (HDR), depending on the presence of a donor
template.



Advantages:

1 Wide Applicability: It is one of the most efficient methods for many plant species,
particdarly for dicots likeArabidopsistobaccq andtomatq and has been adapted for
several monocots, includinge, maize andwheat

T Stable Transformation: Agrobacteriummediated transformation integrates the CRISPR
components into the plant genome, allogvfor stable and heritable gene editing.

T Multiple Gene Targeting: Agrobacterium can carry multiple CRISPR constructs,
enabling simultaneous editing of several genes in a single plant.

Limitations:

T Monocot Limitations: Some monocots (e.gorn, barley, ard sugarcang are less
amenable to Agrobacterium transformation, requiring additional optimization or
alternative methods.

1 Transformation Efficiency: Some plant species have low transformation efficiency,
necessitating improvements in the method for optinsal

2. Electroporation

Electroporation involves applying an electric field to plant cells or protoplasts (plant cells
without cell walls), which creates temporary pores in the cell membrane to facilitate the entry of
DNA molecules, such as ti@RISPRCas9 components.

Detailed Process:

1 Preparation of CRISPR Components:The Cas9 gene and gRNA are either
encapsulated in plasmids or directly synthesized as mRNA and protein.

1 Cell Preparation: Protoplasts (cells without cell walls) or other plantsalle isolated
from plant tissues. These cells are usually prepared by enzymatically digesting the cell
wall or by physical methods.

1 Electroporation: The protoplasts or cells are mixed with the CRISP&9 components
and placed in an electroporation cuget short, higkvoltage electrical pulse is applied
to induce membrane permeabilization.

1 Cell Recovery:After electroporation, the cells are incubated in a growth medium to
allow recovery and regeneration. The CRISPR components can now enter the cells and
initiate gene editing.

Advantages:

1 Versatility: Electroporation can be used for a wide variety of plant species, including
difficult-to-transform plants such as certain monocots.



1 No Biological Vector Required:Unlike Agrobacterium, electroporation doeg rely on
biological systems, making it useful in cases where Agrobacterietiated
transformation is inefficient or unsuitable.

T Transitory Expression: Electroporation allows for transient expression of CRISRR9
components, which can be particularlyfug for researchers studying gene function
without generating stable transformants.

Limitations:

1 Cell Viability: The application of electrical pulses can lead to high rates of cell death,
especially for large, undifferentiated cells.

1 Efficiency Challenges Electroporation is less efficient for plant species with high cell
wall content or low regeneration potential.

1 Limited Regeneration: Protoplastbased electroporation may face issues in regenerating
full plants from edited cells, especially in specied ttanot regenerate easily from
protoplasts.

3. Nanopatrticle Delivery

Nanoparticlebased delivery methods involve using nanoparticles to carry CRCZRRB
components directly into plant cells. These nanopatrticles can be made from a variety of
materials, ach as liposomes, gold nanopatrticles, carbon nanotubes, and pblyseer
nanoparticles. The CRISPR components (such as plasmid DNA, RNA, or proteins) are loaded
onto these nanoparticles for delivery.

Detailed Process:

T Nanoparticle Preparation: Nanopartioks are synthesized using materials like lipids,
metals (e.g., gold), or carbdrased compounds (e.g., carbon nanotubes). These particles
are then loaded with the CRISRFas9 componendseither DNA encoding the Cas9
protein and guide RNA or prassembled C&sprotein and gRNA.

1 Delivery: The nanoparticles are applied to plant tissues, where they may enter cells
through methods such as root soaking, particle bombardment (using a gene gun), or direct
incubation.

1 CRISPR Expression:Once inside the cells, the naaoticles release the CRISFEas9
components, which are then expressed in the plant cells, leading to genome editing.

Advantages:

1 Non-Viral Delivery: Nanoparticles offer a newiral, potentially safer method for
delivering CRISPRCas9 components into plactlls.

1 Precise Control: Nanoparticles can provide more controlled and localized delivery of
CRISPR components, enhancing the precision of gene editing.



1 Wide Application: Nanoparticle delivery has shown promise in a wide range of plant
species, includingdih dicots and monocots. This makes it particularly attractive for
plants that are recalcitrant to Agrobacteribased transformation or electroporation.

Limitations:

1 Toxicity: Some types of nanoparticles may cause cytotoxicity in plant cells, affecting
plant growth and regeneration.

1 Efficiency Issues:The efficiency of nanopatrticle delivery is still under investigation, and
optimizing the method for different plant species remains a challenge.

T Nanoparticle Stability: Nanoparticles must be stablesolution and able to release their
contents inside the plant cell, which can sometimes be an issue depending on the
formulation.

Comparison of Delivery Methods:

Method Advantages Limitations
Agrobacterium- Widely used, high efficiecy in Limited for some monocots,
mediated many species, stable integration transformation efficiency issues
Transformation CRISPR components in certain plants

. Versatile, works for many specie High cell mortality, challenges i
Electroporation : . :
no biological vector regeneration of whole plants
Nonviral, controlled delivery,  Potential toxicity, optimization
Nanoparticle Delivery potential for wide species needed for different species,
applicability variable efficiency

Conclusion

The choice of CRISPIas9 deliverynethod depends on several factors, including the type of
plant, the goal of the research (stable or transient transformation), and the available
infrastructure. Agrobacteritnmediated transformation remains the gold standard for many plant
species, but etdroporation and nanopatrticle delivery are emerging alternatives with significant
promise for expanding the range of editable species and improving transformation efficiency. As
CRISPRCas9 technology continues to evolve, these delivery methods aretdikedgome more
refined, offering exciting possibilities for plant breeding and genetic modification in agriculture.
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