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CRISPR and Plant
Functional Genomics

CRISPR is a crucial technology in plant physiology and molecular biology, resulting in more
sustainable agricultural practices, including outcomes of better plant stress tolerance and crop
improvement. CRISPR and Plant Functional Genomics explores ways to release the potential of
plant functional genomics, one of the prevailing topics in plant biology and a critical technology
for speed and precision crop breeding. This book presents achievements in plant functional genom-
ics and features information on diverse applications using emerging CRISPR-based genome edit-
ing technologies producing high-yield, disease-resistant, and climate-smart crops. It also includes
theories on organizing strategies for upgrading the CRISPR system to increase efficiency, avoid
off-target effects, and produce transgene-free edited crops.

Features:

* Presents CRISPR-based technologies, releasing the potential of plant functional genomics

* Provides methods and applications of CRISPR/Cas-based plant genome editing
technologies

* Summarizes achievements of speed and precision crop breeding using CRISPR-based
technologies

* [Illustrates strategies to upgrade the CRISPR system

* Supports the UN’s sustainable development goals to develop future climate-resilient crops

CRISPR and Plant Functional Genomics provides extensive knowledge of CRISPR-based tech-
nologies and plant functional genomics and is an ideal reference for researchers, graduate students,
and practitioners in the field of plant sciences as well as agronomy and agriculture.
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Preface

For decades, functional genomics has been conducted intensively to explore plant biological net-
works and continues to identify critical components of regulatory and controlling machinery as well
as their functions in sustaining growth and development. In the meantime, the resulting knowledge
and technologies keep benefiting agricultural production through the creation of stress-tolerant,
high-yield, and high-quality crops using multi-omics-assisted breeding strategies. In recent years,
a goal that fits SDGs (Sustainable Development Goals) by the United Nations is to precisely breed
climate-smart crops against global climate change, and therefore, definitely, functional genomics is
the major technology for future sustainable agriculture.

The system of functional genomics evolves rapidly, and one of the game-changing tools is genome
editing technology. Among them, an emerging one is based on CRISPR (Clustered Regularly
Interspaced Short Palindromic Repeats) and the associated Cas proteins. CRISPR-based genome
editing technology can specifically introduce targeted sequence alterations, and thus, it leads to a
new era of plant functional genomics and, meanwhile, a practical system of precision molecular
plant breeding. This book summarizes and comprehensively discusses the introduction and integra-
tion of CRISPR-based technology into plant functional genomics and precision breeding. It consists
of 21 chapters to refine current knowledge from the literature and is organized by scientists and
experts in this field.

Since the post-genomics era, bioinformatics has become an essential tool for dealing with
huge amounts of genomic datasets and for the research field of systems biology, contributing to
an array of research fields, including the construction of CRISPR systems. In this book, a part of
the content pays attention to the design of guide RNA for CRISPR technology, which is critical to
ensure efficient and precisely targeted modification of interest genes, and it can be customized by
some tools belonging to bioinformatics. Another essential component of the CRISPR system is the
association of Cas proteins, and a chapter was organized to illustrate the structures and functions
of their varieties, which provide available types for developing appropriate systems in epigenetic
manipulation.

To deal with the growing human population, the UN sets SDG goals to achieve zero hunger
around the world. The issue of food security majorly depends on agricultural production, and it can
be enhanced by crop improvement. Without a doubt, in the future, CRISPR-assisted precision plant
breeding will be a promising tool to edit bases with the aid of advanced genomics tools, such as
NGS (next-generation sequencing), single-cell omics, spatial transcriptomics, and so on. In mod-
ern times, another global threat is climate change, and therefore, scientists attempt to mitigate the
effect by gaining future crops with the capacity of “climate-smart” or “climate-resilient” through
cutting-edge breeding strategies. One of the effective ways is to apply the emerging CRISPR/Cas
technology, particularly using Cas9, and some achievements have been reported, chiefly focusing on
environmental/abiotic stress tolerance under heat, drought, flood, and so on, and disease resistance
when faced with a changing climate that probably leads to severe damage on yield and quality of
crops. For developing future crops, a revolutionary system must be taken into consideration, namely
pan-genomics which explores a collection of genomic sequences for the entire species or population
and can provide a rich resource for identifying critical genetic variations to advance plant breeding.
In the future, crop breeders can perform CRISPR more efficiently based on the information and
knowledge of the research in pan-genomes to optimize their programs for “speed breeding”.

In agricultural production, a serious negative factor that impacts food security is the huge loss
of crop yield and quality caused by pathogens and pests. Fortunately, plants have evolved an innate
system of defense against viruses, bacteria, fungi, herbivores, nematodes, and so on. Theoretically,
plant immunity has the potential to be released or improved, and it can be achieved by CRISPR-based
technology through the understanding of the interactions between plants and microbes or pests and



X Preface

subsequently ensuring the editing of targeted genes for resistance. For plant pathologists, it’s often
challenging to monitor and control plant viral diseases, and some efforts have been made to use
CRISPR-based technology against plant viruses. In this book, the current achievements using the
emerging CRISPR/Casl3 system to successfully produce virus-resistant plants are systematically
summarized.

Altogether, this book presents the current knowledge of the CRISPR technology based on
refining literature with an emphasis on the fundamental technologies as well as upgraded tools for
the exploration of functional genomics and then toward accelerated and precision plant breeding.
The applications have been reported in some significant crops, such as rice, wheat, maize, soybean,
oil palms, coconut, and ornamental plants. This book provides sufficient and updated knowledge
of CRISPR technology and plant functional genomics and thus is an ideal reference for graduate
students, teachers, researchers, and experts in the field of plant biology as well as agronomy and
agriculture.

As the book editor, I’d like to thank all the authors of this book for their expertise and for their
time and effort in organizing chapters. The friendly assistance and instructions from the staff of
CRC Press/Taylor & Francis Group are very much appreciated.
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’I Advances in CRISPR/

Cas-based Genome Editing

Break New Ground for Plant
Functional Genomics

Hao Hu and Fengqun Yu

1.1 INTRODUCTION

Clustered Regularly Interspaced Short Palindromic Repeats-CRISPR associated protein (CRISPR/
Cas) technology has revolutionized the field of genetic engineering and has become a prominent
tool in genome editing. It is derived from the bacterial immune system and has been adapted for
precise and efficient genome editing in a wide range of organisms, including plants. The discovery
of CRISPR/Cas can be traced back to the early 1990s when unusual repetitive DNA sequences were
identified in the genomes of bacteria and archaea."-* However, it wasn’t until 2007 that researchers
recognized the potential role of these repetitive sequences as part of a prokaryotic immune system.>
Further studies led to the understanding that CRISPR sequences serve as an adaptive immune
defense mechanism against invading genetic elements such as viruses and plasmids.®

The CRISPR/Cas system consists of two main components: the guide RNA (gRNA) and the
Cas protein. The gRNA is a synthetic RNA molecule that guides the Cas protein to the target
DNA sequence of interest based on RNA-DNA recognition and binding. The Cas protein is an
endonuclease that cleaves DNA at specific sites determined by the gRNA sequence. This cleavage,
i.e., double-strand break (DSB), initiates DNA repair either by the error-prone non-homologous
end joining (NHEJ) mechanism or by the donor-dependent homology-directed repair (HDR)
mechanism, leading to various genetic modifications like sequence insertion/deletion (indel) and
gene replacement.® The power and versatility of CRISPR/Cas technology lie in its flexibility to be
easily reprogrammed by designing a specific gRNA sequence complementary to the target DNA
region, which allows researchers to precisely edit genes and introduce designed genetic modifica-
tions. Compared to earlier genome editing techniques, such as Zinc-Finger Nucleases (ZFNs) and
Transcription Activator-Like Effector Nucleases (TALENs), CRISPR/Cas is simpler, faster, and
more cost-effective, making it widely adopted across various fields of research.’

Since its initial discovery, CRISPR/Cas technology has rapidly evolved and expanded, with dif-
ferent variants of Cas proteins, gRNA formats, and new effector proteins being discovered and
engineered. Each Cas variant has unique characteristics, such as Protospacer Adjacent Motif
(PAM) requirements, cleavage patterns, and target specificity. Together with other optimization
strategies, especially by linking novel effectors (such as deaminase and reverse transcriptase) to
Cas protein, current CRISPR/Cas genome editing in plants has been greatly improved in editing
efficiency, specificity, targeting scopes, and the introduction of numerous types of precise edit-
ing. These advancements have deeply impacted fundamental biological research such as plant
functional genomics and enabled the development of more sophisticated applications, such as mul-
tiplexed genome editing (simultaneously targeting multiple genes), base editing (precise nucleotide
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substitutions), prime editing (precise search-and-replace genome editing to install indels and/or
base substitutions), genome-wide screening, and epigenomic modifications. Since its first applica-
tion in plants in 2013,3-1© CRISPR/Cas has been extensively utilized in agriculture to improve yield,
disease resistance, and other agronomically important traits.!'-'3 Overall, the discovery and devel-
opment of CRISPR/Cas technology have transformed the field of genetic engineering, providing
plant scientists with an efficient and precise tool for understanding gene function, unraveling genetic
networks, and driving innovations in various plant research areas including crop improvement.

1.2 PART I. ADVANCES IN CRISPR/CAS TECHNOLOGIES
1.2.1 CAs VARIANTS

Cas proteins, the key components of the CRISPR/Cas system, exhibit remarkable diversity across
different bacterial and archaeal species. CRISPR/Cas systems can be categorized into two classes
based on their mechanism of action. In Class 1 systems, a multi-protein complex (multi-effector) is
involved in the degradation of foreign nucleic acids. On the other hand, Class 2 systems accomplish
the same function using a single, large Cas protein (single effector).!*-1® Due to its simplicity in
application, Cas proteins from Class 2 systems are extensively studied and utilized. Cas9 is the most
widely used Cas protein variant in Class 2. It was initially discovered in Streptococcus pyogenes
and has become synonymous with CRISPR/Cas technology. Cas9 is an RNA-guided endonuclease
that generates DSBs at target DNA sites. The two main domains, known as the RuvC and HNH
nuclease domains, are responsible for cleaving the DNA strands.'” These domains are guided to
the target DNA sequence by a single guide RNA (sgRNA), which is a fusion of a CRISPR RNA
(crRNA, carrying a sequence complementary to the target DNA) and a trans-activating crRNA
(tractRNA, helping in the processing and stability of the crRNA) and provides the necessary speci-
ficity by base-pairing with the complementary DNA sequence (namely protospacer). In addition, a
short DNA sequence located immediately adjacent to the protospacer, i.e., PAM, is also essential
for Cas9 binding and cleavage. The specific PAM sequence recognized by Cas9 varies depending
on the Cas9 ortholog and species.!®2° For the commonly used S. pyogenes Cas9 (SpCas9), the PAM
sequence is NGG (where N can be any nucleotide). Over the years, researchers have identified, char-
acterized, and even modified numerous Cas protein variants of Class 2!4!1¢ (Table 1.1). These Cas
variants exhibit distinct features and functionalities, which greatly serve versatile applications and
the ever-increasing need for editing specificity, efficiency, targeting range, etc.

1. nCas9 (nickase Cas9): nCas9 is a modified version of the Cas9 nuclease protein that
retains its ability to bind to target DNA but has lost one of its two nuclease domain activi-
ties. Unlike the wild-type Cas9, which creates a DSB in the target DNA, nCas9 induces
a single-strand break (SSB) or nick in one of the DNA strands within the protospacer
region. The nicking activity of nCas9 is achieved through specific point mutations in the
nuclease domains of the Cas9 protein. The most commonly used mutation is the DI0A
mutation, which disrupts the endonuclease activity of RuvC domain of Cas9. By using a
pair of gRNAs, one targeting each DNA strand, nCas9 can be employed to create a pair of
nicks on opposite DNA strands.?! This generates a DSB at the desired genomic locus. The
paired nicking strategy reduces off-target effects, as the nicks can be repaired by error-free
mechanisms such as homologous recombination rather than relying on error-prone NHEJ
repair pathways. The use of nCas9 offers several advantages over wild-type Cas9, includ-
ing improved specificity and reduced potential for off-target effects. It allows for precise
genome editing with minimal disruption to the DNA sequence, making it particularly
useful in applications that require high accuracy and minimal impact on the target locus.?!

2. dCas9 (deactivated Cas9 or dead Cas9): dCas9 is a modified version of the Cas9 protein
that lacks both of its nuclease activities. Through point mutations, such as DI0A and H840A,



TABLE 1.1

Popular Cas Variants in Class 2

Cas Type
1I

VI

Cas Variant

Cas9 (i.e., SpCas9 from

Streptococcus pyogenes)
Cas9-VQR
Cas9-EQR
Cas9-VRER
Cas9-NG
Cas9-xCas9
Cas9-SpG
Cas9-SpRY
St1Cas9 (from S. thermophilus)
NmCas9 (from Neisseria meningitidis)
TdCas9 (from Treponema denticola)
FnCas9 (from Francisella novicida)
FnCas9-RHA
nCas9

dCas9

Casl2a

Casl3

Casl4

Target Type
DNA

DNA
RNA

DNA

PAM (5"-3")
NGG

NGA

NGAG
NGCG

NGN
NG/GAA/GAT
NGN
PAM-less
NNAGAA
NNNNGATT
NAAAAN
NGG

YG

NGG

NGG

TTN, or TTTN

A, U CmoG
in PFS)
None

Characteristics

The activity of both RuvC and
HNH nuclease domains create a
DSB at the targeted location on
dsDNA

Lack one nuclease activity (usually
RuvC) through mutation, creating
a nick (single-strand break) at a
specific location on dsDNA

Lack both RuvC and HNH nuclease
activities through mutations, no
cleavage but can still bind to a
specific location on dsDNA.

Staggered cutting

Non-specifically cleaves non-target
RNA
ssDNA specific

Applications

Numerous applications involving
dsDNA/genome editing such as gene
knockout, replacement, etc.

Link with various effectors for precise
editing (base editing, prime editing,
etc.) or gene regulations

Link with various effectors for precise
editing (prime editing, etc) or gene
regulations

Auto-processing pre-crRNA activity
for multiplex gene regulation
mRNA knockdown and RNA editing

ssDNA cutting and single nucleotide
variant detection

References
14-17,23

19,27

28,29

30,31

18

32

21,33,34

22,23,35,36

14-16,24,37,38

14-16,25,39

14-16,26
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which alter critical residues necessary for endonuclease activity, dCas9 is rendered inactive. It
can still bind to target DNA sequences, guided by the associated sgRNA, but does not induce
DNA cleavage. This binding alone is often sufficient to attenuate or block the transcription
of the targeted gene, especially when the sgRNA positions dCas9 in a manner that obstructs
the access of transcription factors and RNA polymerase to the DNA. Instead of introducing
permanent genetic changes, dCas9 can be utilized for gene regulation purposes.?? The modi-
fiable regions of dCas9, typically located at the N- and C-terminus of the protein, can be uti-
lized to attach transcriptional activators, repressors, or other effector domains. When dCas9
is fused with transcriptional activators, it is referred to as CRISPR activation (CRISPRa),
enabling targeted upregulation of gene expression. Conversely, when dCas9 is fused with
transcriptional repressors, it is known as CRISPR interference (CRISPRi), allowing targeted
downregulation of gene expression. This approach offers a powerful tool for studying gene
function, gene networks, and regulatory elements in plants.?>?3

3. Casl2a (previously known as Cpf1): Casl2a is an alternative RNA-guided endonucle-
ase that was first identified in the bacterium Francisella novicida. Casl2a exhibits a key
distinction from Cas9 in its ability to create staggered breaks (i.e., sticky ends).2* When
Casl2a cleaves DNA, it produces overhangs of five base pairs, which proves advanta-
geous for specific applications that necessitate the generation of single-stranded DNA, like
HDR experiments. Moreover, Casl2a is well-suited for targeting genomic regions with
a high adenine-thymine (A-T) content since its PAM does not rely on the presence of
guanine-cytosine (G-C) pairs.?*

4. Casl3 (previously known as C2¢2): Casl3 is an RNA-guided nuclease that distinguishes
itself from Cas9 by its ability to target RNA instead of DNA, and it has been found in
different bacterial species. This unique characteristic makes Casl3 particularly valu-
able for generating transient modifications in signaling molecules, specifically RNA, as
opposed to permanent alterations in the genome. Similar to Casl4, Casl3 exhibits non-
specific cleavage of single-stranded RNA when bound to its RNA target sequence.?> This
RNA-targeting capability renders Casl3 highly effective in targeting mRNA and serves as
a useful mechanism for temporarily suppressing gene expression. As a result, this system
can be employed as an alternative to small interfering RNA (siRNA) or short hairpin RNA
(shRNA) for efficient and multiplexable knockdown of RNA.

5. Casl4 (or Casl2f): In contrast to other Cas enzymes, Casl4 exhibits a preference for
single-stranded DNA (ssDNA) rather than double-stranded DNA (dsDNA). It displays a
remarkable ability to cleave ssDNA with exceptional accuracy, as even a single mismatch
in the target sequence can be detected. Similar to Casl2, Casl4 is considerably smaller
in size compared to the conventional Cas9 protein. Its small size offers advantages for
packaging into viral vectors, potentially facilitating its delivery into cells for genome edit-
ing applications. In addition, akin to Casl2a, Casl4 demonstrates non-specific cleavage of
non-complementary sSDNA upon engagement with its target sequence.?

1.2.2 Precise EDITING TECHNOLOGIES

The efficacy of gene targeting technology largely depends on HDR for introducing desired sequence
modifications, but the limited efficiency of HDR has hindered its application.***' To address this
constraint, alternative genome editing technologies have emerged, including base editing and prime
editing. These CRISPR/Cas-based technologies offer precise sequence editing without requir-
ing DSBs or donor DNA, making them more efficient than HDR in plants. Initially developed for
human cells, cytosine base editors (CBEs) and adenine base editors (ABEs) laid the foundation for
the advancement of dual base editors and precise DNA deletions specifically tailored for plants. In
this section, we provide a brief overview of the recently developed CRISPR/Cas-based technologies
used to achieve precise editing of plant genomes (Table 1.2).



TABLE 1.2

Summary of CRISPR/Cas-based Precise Editing Technologies in Plants

Editing Technology

APOBEC1-CBE2/
CBE3/CBE4

hAID-CBE3

APOBEC3A-CBE3/
CBE4

PmCDA1-CBE2/
CBE3/CBE4

ABE7.10

ABE-P1S
ABES8e

ABE9

CGBE
STEME
pDuBE1
AFID

PE2
PE3
PE4
PES
PEmax

Main Effectors

Rat APOBEC1

Human AID

Human APOBEC3A

Petromyzon marinus CDA1

TadA-TadA7.10

TadA7.10
TadAS8e

TadA9

Anc689(R33A)
APOBEC3A-ecTadA-ecTad7.10
eCDAL-TadAS8e

APOBEC3A, APOBEC3Bctd

M-MLV-RT (H9Y/D200N/
T306K/W313F/T330P/L603W)

Cas Variant

nCas9 (D10A), dCas9
(D10A and H840A), or
nCas9-NG

nCas9, nSpCas9-NG,
nScCas9, or nCas9-SpRY

nCas9

nCas9, dCas9, xCas9,
nSpCas9-NG,
nCas9-NG, or nScCas9+*

nCas9, nSpCas9-NG,
nSaCas9, or nScCas9

nCas9, or nSaCas9

nCas9, nCas9-NG,
nCas9-SpG, or
nCas9-SpRY

nCas9, nSpCas9-NG,
nCas9-SpRY, or nScCas9

nCas9

nCas9, or nCas9-NG

nCas9

Cas9

nCas9 (H840A)

nCas9 (R221K/N394K/
H840A)

Sequence Modification
C:G>T:A

A:T>G:C

C:G>G:C

C:G>T:A and A:T>G:C

C:G>T:A and A:T>G:C

Precise, predictable
multinucleotide deletion

all kinds of base
substitutions, precise
insertions, deletions,
and combinations of
these sequence
modifications

Editing Window
C4-C8, or C3-C9

C3-C8
C1-C17

C2-C5, or C1-C17

A4-A8

Al-A12
A4-A8, A3-A10, or
Al-Al4

Al-Al12, A4-A10,
A3-A10, or A4-A12

C4-C9

C1-C17, and A4-A8

C2-C5, and A4-A8

N/A

Editing Efficiency
(up to %)
75.00

97.92

82.90

86.10

94.12

96.30
100.00

100.00

52.50
15.10, 73.21
87.60
34.80

59.90
70.30
2.10
18.30
77.08

References
34,43,45,47,82,83

31,33,84,85

49

46,47,86-88

50,53,54,85,89

55
31,9091

58

61
62
92
63

66,67,69,93-96
66,70,75,79,94,95,97-100
66
66
66,67
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1. CBE: The initial version of CBE, known as CBEI, was created by linking a rat cyti-
dine deaminase, rAPOBECI, to a dCas9.#> CBEI induces the substitution of cytosine (C)
to thymine (T) by deaminating C to uracil (U) on the non-target DNA strand, which is
then converted to T during DNA repair and replication. However, the presence of ura-
cil N-glycosylase (UNG) in the cellular base excision repair (BER) pathway leads to low
editing efficiency of CBEI due to the elimination of uracil.*> To enhance efficiency, the
second-generation CBE, CBE2, was developed by adding a uracil DNA glycosylase inhibi-
tor (UGI) to the C-terminal of CBEl, preventing UNG activity.*> CBE2 improves edit-
ing efficiency threefold and reduces unexpected indels.** To further enhance efficiency,
the third-generation CBE, CBE3, was created by adding rAPOBECI and UGI to nCas9
(D10A).#24445 Although CBE3 does not cleave dsDNA, it creates an incision in the target
strand to initiate the repair process. The fourth-generation CBE, CBE4, improves deami-
nation activity by linking two UGIs to nCas9, resulting in increased base editing efficiency
and reduced incidents of undesired C to A or G transversions compared to CBE3.46-48
In addition, the Mu Gam protein from bacteriophage was linked to CBE4, resulting in
CBE4-Gam, which further enhances product purity and reduces indel occurrences.*$4°

2. ABE: ABE7.10 was the first ABE created by linking nCas9 (D10A) to a dimer compris-
ing a wild-type adenine deaminase called TadA and an evolved adenine deaminase called
TadA7.10.° ABE7.10 allows the precise conversion of adenine (A) to inosine (I), which is
then recognized as guanine (G) during DNA repair and replication processes.> The editing
window of ABE7.10 is located at positions 4—8 nt in the protospacer region. To enhance
editing efficiency, ABE7.10 underwent codon optimization to improve its performance.
In addition, a nuclear localization sequence (NLS) was added to facilitate the transport
of ABE7.10 into the cell nucleus.””> ABEmax was developed by adding NLS sequences
at both ends of ABE7.10. This modification further increased the editing efficiencies to
less than 50% at most targets.’*->*3* ABEmax demonstrated successful A-to-G conversions
in various target genes in rice plants. A simplified version called ABE-P1S was devel-
oped (i.e., TadA7.10-nCas9 vs. commonly used TadA-TadA7.10-nCas9), and it showed
significantly higher editing efficiency in rice, indicating its potential for precise editing
in plants.® Later, by using another adenine deaminase variant TadA8e (V106W), the
new ABES8e exhibited significantly improved A-to-G conversion and reduced off-target
effects.’®>7 Further, TadA9, an improved adenosine deaminase by introducing V82S and
Q154R mutations into TadA8e, was found to be compatible with various Cas variants.
Thus, ABE9 with TadA9 should have quite relaxed PAM restrictions and demonstrate
stronger editing capabilities with an expanded editing window.®

3. CGBE (C-to-G base editor): CBEs and ABEs are limited to inducing base transitions
rather than base transversions. To overcome this limitation, a novel base editor known as
CGBE has been developed. CGBE consists of a variant of the rAPOBECI cytidine deami-
nase (R33A), anCas9 (D10A), and a UNG. Recent studies have demonstrated the success-
ful use of CGBE in achieving efficient C-to-G transversion in bacteria and mammalian
cells.”%0 Further, a rice-specific base editor called OsCGBEO3 was created through codon
optimization on UNG, which showed efficient C-to-G editing in five rice genes.' The
development of CGBE expands the repertoire of base editing tools, offering a powerful
approach for generating diverse base substitution types in precise crop breeding and the
creation of novel germplasm resources.

4. Dual base editor: A novel gene editing tool called the “saturated targeted endogenous
mutagenesis editor” (STEME) has been developed for the simultaneous editing of cytosine
and adenine bases in plants using a sgRNA.> This system consists of a cytidine deami-
nase (APOBEC3A), an adenosine deaminase (ecTadA—ecTadA7.10), a nCas9 (D10A), and
a UGI. STEME enables the conversion of cytidines to uridines and adenosines to inosines
within the editing window, which are then replicated and repaired by the plant’s DNA
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repair mechanisms, resulting in dual substitutions of C:G>T:A and A:T>G:C. To expand
the editing capacity and target a wider range of sequences, an SpCas9—-NG PAM variant
is used in the STEME system, which recognizes NG PAM sequences.?® This allows for
the editing of a larger number of target sites. The ability to perform dual base editing with
STEME opens up possibilities for the directed evolution of endogenous plant genes in their
native context. In addition, STEME can be utilized for modifying cis-regulatory elements
in gene regulatory regions and for high-throughput genome-wide screening in plants.

5. Multinucleotide deletion: APOBEC-Cas9 fusion-induced deletion systems (AFIDs) are
a type of genome editing tool that combines the activity of APOBEC and Cas9 proteins to
induce targeted deletions in DNA.> APOBEC proteins are naturally occurring enzymes
that can induce DNA mutations, particularly cytosine-to-uracil changes. AFIDs utilize
two cytidine deaminases, namely hAPOBEC3A and the C-terminal catalytic domain of
hAPOBEC3B (hAPOBEC3Bctd), which could generate DNA deletions spanning from the
targeted cytidine or a preferred TC motif to the DSB induced by Cas9, respectively.5® These
predictable deletions ensure more consistent editing outcomes. AFIDs could be applied to
create predictable multinucleotide deletions and study DNA regulatory regions and protein
domains.

6. PE (prime editor): PEs are a class of CRISPR/Cas-based genome editing tools that
offer precise and versatile editing capabilities for targeted genetic modifications. They
are designed to generate all 12 types of base substitutions, precise insertions, deletions,
and combinations of these sequence modifications without the requirement for DSBs or
the reliance on donor DNA templates. The prime editing system consists of a fusion pro-
tein composed of a nCas9 (H840A) (or dCas9), a Moloney murine leukemia virus reverse
transcriptase (M-MLV-RT), and an engineered prime editing guide RNA (pegRNA). The
pegRNA consists of a reverse transcriptase template (RTT, harboring designed edits) and a
primer-binding site (PBS, initiating reverse transcription) at the 3" end of a sgRNA (target-
ing the specific location). PBS pairs with the single-strand DNA nicked by nCas9, which
allows reverse transcription and incorporation of the designed edits from the RTT into the
genome. Subsequently, a series of processes, including equilibration, ligation, and repair,
lead to the desired edit. Since its first introduction in 2019,%* several generations of PEs
(PEL, PE2, PE3, PE3b, and subsequent iterations) have been developed to expand their
functionality and improve editing efficiency, and the engineering of core editor protein
and the redesigning of pegRNA have played a crucial role in the gradual improvement.
Initially, PE1 was created by adding a wild-type virus reverse transcriptase to nCas9
(H840A) to enable prime editing. To increase the editing efficiency, PE2 was developed by
changing the wild-type reverse transcriptase in PEl with a modified version containing six
specific mutations. Subsequently, by incorporating an additional nicking sgRNA to induce
another cut, PE3 was introduced to further increase editing efficiency. However, the PE3
system, inducing two SSBs on complementary DNA strands, could lead to higher indel
frequencies through the NHEJ repair pathway. To mitigate undesired indels, PE3b employs
a specific sgRNA to induce the second nick after the incorporation of the designed edit into
the targeted genome locus is done. In addition, inhibiting critical components of the DNA
mismatch repair (MMR) pathway, like MLHI, has been shown to effectively enhance
prime editing efficiency.®> PE4 and PES were generated by adding a dominant negative
MMR effector (i.e., MLH1dn) to PE2 or PE3, respectively, which can help avoid MMR
and thus enhance prime editing capacity and significantly increase editing efficiency by
several folds. Furthermore, the ability to create nicks in the non-target strand is essential
for efficient prime editing. By switching the nCas9 (H840A) of PE2 with the SpCas9max
variant containing two additional mutations (i.e., R221K and N394K), PEmax has achieved
significantly improved prime editing efficiency.®-¢” Prime editing has several advantages
over conventional HDR strategies, including improved precise genome editing efficiency
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and the ability to generate combinations of various sequence modifications at a relatively
wide range of positions, which reduces constraints imposed by its PAM.54-72 However,
the editing efficiency of PEs in plants is still unsatisfying, even with the utilization of
various strategies like alternative reverse transcriptase orthologs, ribozymes for precise
pegRNA production, temperature optimization, enhanced sgRNA scaffold modifications,
and selective markers for cell enrichment.®3-" In addition, the capacity of PEs to induce
larger genetic edits spanning hundreds of nucleotides and their level of specificity have yet
to be verified in plants.%8.72-80.81

1.2.3  DELIVERY MECHANISMS

To effectively utilize CRISPR/Cas9 technology in plants, it is crucial to have a reliable and
universally applicable method for delivering the necessary CRISPR/Cas components into plant
cells. However, the two commonly used delivery strategies, i.e., Agrobacterium-mediated trans-
formation and biolistics, are both inadequate to meet our needs. First of all, both strategies
require tissue culture, which is time-consuming and laborious. The recipient plant species avail-
able for Agrobacterium infection is increasing, but the editing efficiency still varies significantly
among different genotypes, especially in monocots.!”' Further, the intrinsic feature of random
insertion of foreign DNA into the host genome stirs concerns over safety risks. Regarding biolis-
tics, the mechanical force used for delivery may cause damage to the host genome, and the deliv-
ery efficiency is still unsatisfying. As a result, there is an urgent need for innovative delivery
strategies to overcome these challenges and enhance the application of CRISPR/Cas9 in plant
research.

De novo induction of meristem is a promising approach that utilizes morphogenetic regulators
to facilitate CRISPR/Cas-mediated gene editing in plants. These regulators not only assist in trans-
forming recalcitrant cultivars but can also trigger the formation of new meristems in plants, elimi-
nating the need for tissue culture.!? A recent study demonstrated the effectiveness of this approach
by injecting morphogenetic regulators and sgRNA expression cassettes-loaded Agrobacterium into
pruned sites of Cas9-overexpressing tobacco plants (Nicotiana benthamiana).'” The resulting shoots
directly gave rise to gene-edited plants with inheritable mutations. This methodology holds poten-
tial for various plant species and can greatly expedite plant research. Virus-assisted gene editing is
another promising strategy that leverages the capabilities of plant viruses to generate gene-edited
plants without relying on tissue culture. Certain plant viruses can efficiently deliver sgRNA for
genome modifications. Several single-stranded RNA viruses, such as tobacco rattle virus and the
single-stranded DNA cabbage leaf curl virus, have been utilized for this purpose, and the editing
efficiencies could reach 80%.!4-19 Still, these viruses cannot deliver Cas9 and sgRNA expression
cassettes together due to cargo limitations. To overcome this, researchers inserted Cas9 and sgRNA
cassettes into the genomes of another two plant viruses with better capacity, which enabled systemic
gene editing in tobacco plants.!'%!"! To address the limitation of heritability, sgRNAs were fused
with RNA mobile elements and incorporated into tobacco rattle virus RNA2. These mobile ele-
ments guided the sgRNAs into shoot apical meristem cells, resulting in high efficiencies of heritable
mutations in the offsprings.'

1.3 PART Il. APPLICATIONS OF CRISPR/CAS IN
PLANT FUNCTIONAL GENOMICS

CRISPR/Cas technology has provided plant scientists with a precise, efficient, and versatile tool for
studying gene function, unraveling genetic networks, and accelerating crop improvement efforts.
It has significantly advanced our understanding of plant functional genomics and has the potential
to revolutionize plant breeding and agriculture. Here are some examples of its vast applications in
plant functional studies:
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1. Gene knockdown/activation/visualization: Cas9 can effectively target and silence spe-
cific genes at the DNA level, a phenomenon observed in bacteria where the presence of
Cas9 alone is sufficient to block transcription.!'*!* The use of dCas9 eliminates CRISPR’s
ability to cut DNA while retaining its capability to target specific sequences. When dCas9
is guided to the target gene by the sgRNA, it can effectively block gene transcription or
interfere with RNA processing, leading to a decrease in the expression level of the target
gene. This approach is known as CRISPRi or gene knockdown. CRISPRi operates simi-
larly to RNA interference (RNAI) by targeting specific sites without cutting them, result-
ing in reversible gene silencing.!'> Further, various regulatory factors have been added to
dCas9s by different research groups, enabling them to effectively control gene expression
by turning genes on or off or adjusting their activity levels.!l12.116.117 By fusing a repressor
domain to dCas9, it becomes possible to enhance transcriptional repression by inducing
heterochromatinization. One notable example is the fusion of the Kriippel-associated box
(KRAB) domain with dCas9, which can effectively repress the transcription of the target
gene by up to 99% in human cells.""* On the other hand, CRISPRa enhances gene tran-
scription. In this approach, dCas9 is fused with transcriptional activators or activation
domains. When guided to the target gene’s promoter by the sgRNA, dCas9 recruits tran-
scriptional machinery to promote gene expression and enhance transcriptional activity.!!6
CRISPRa enables researchers to study the effects of gene overexpression and gain-of-func-
tion phenotypes. Furthermore, CRISPR/Cas technology can be utilized for gene visualiza-
tion or labeling within living cells. By fusing fluorescent proteins or other visual markers
to dCas9, researchers can target specific genomic loci and visualize the dynamic behavior
and spatial organization of genes in real time. This technique, known as CRISPR imaging
or CRISPR Live-Cell Imaging, provides valuable insights into gene regulation, chromatin
organization, and nuclear architecture."'® Overall, these applications of CRISPR/Cas tech-
nology in gene regulations have greatly expanded our ability to investigate gene functions,
regulatory networks, and cellular processes.

2. RNA editing: RNA editing using CRISPR/Cas technology has emerged as a powerful
approach to precisely modify RNA sequences, opening up new possibilities for study-
ing RNA functions at the RNA level without permanently changing the underlying DNA
sequence. Several CRISPR/Cas systems targeting RNA, such as Casl3a, have recently
been developed in plants.”> These Cas proteins are engineered to be catalytically active
and capable of performing targeted nucleotide conversions on the RNA molecule. This
is achieved by incorporating an RNA-targeting domain into the Cas protein, enabling it
to bind to the target RNA sequence with high specificity. Once bound, the Cas protein
can introduce single-base changes, insertions, or deletions at specific positions within the
RNA molecule. These systems can downregulate specific transcripts with higher specific-
ity compared to RNAi.'"” Apart from direct RNA targeting, CRISPR/Cas systems can also
modulate pre-mRNA splicing. By editing critical splicing motifs that adhere to the canon-
ical GU-AG rule, splicing can be disrupted, resulting in changes to gene function.’%!20
Further, CRISPR/Cas systems can be utilized to modify micro-RNA and long-noncoding
RNA in plants.””! RNA editing allows for the investigation of RNA functions and regula-
tory mechanisms. By introducing specific modifications into RNA molecules, researchers
can probe the consequences of these alterations on RNA stability, structure, splicing, trans-
lation, and protein interactions. This provides valuable insights into the roles of RNA in
cellular processes and advances our understanding of RNA biology. However, it is impor-
tant to note that RNA editing using CRISPR/Cas technology is still an evolving field, and
there are challenges to overcome. Delivery of the editing components to specific tissues or
cells remains a hurdle, as does the efficiency and specificity of RNA editing. Continued
research and development in this area will further refine and expand the capabilities of
RNA editing technologies.
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3. Epigenomic editing: Epigenomic editing using CRISPR/Cas technology is a rapidly
advancing field that allows precise modifications to be made to the epigenetic marks
on DNA or chromatin, enabling the manipulation of gene expression and regulation.
Epigenetic modifications, such as DNA methylation and histone modifications, play crucial
roles in determining gene activity and cellular identity. Similar to the concept of utilizing
the dCas9 fusion protein for gene knockdown/activation/visualization, the CRISPR/Cas
system is adapted for epigenomic editing by fusing dCas9 with effector domains capable of
modifying the epigenetic landscape (such as DNA methyltransferases, acetyltransferases,
etc.).¥ By directing the fused protein to specific genomic loci using sgRNAs, targeted
changes can be made to the epigenetic marks associated with those loci. For example, by
fusing the catalytic domain of a DNA methyltransferase DNMT3a and a human acetyl-
transferase p300 with dCas9, dCas9-DNMT3a and dCas9-p300 have successfully accom-
plished DNA methylation and acetylation of the targeted region as specified by sgRNA,
respectively.?>!123 However, challenges remain in optimizing the efficiency and specificity
of epigenomic editing,* and the potential off-target effects and unintended alterations to
the epigenome need to be carefully evaluated and minimized. To address this concern, a
CRISPR/Cas-based epigenomic editing system, namely FIRE-Cas9, has been developed
for rapid modification of targeted epigenomic marks, and it allows to reverse the changes
made if something goes wrong.'?* Epigenomic editing using CRISPR/Cas technology pro-
vides a powerful means to investigate the functional impact of epigenetic modifications
and offers potential therapeutic avenues for diseases linked to aberrant epigenetic regula-
tion. Continued advances in this field will further refine and expand the scope of epig-
enomic editing, unlocking new insights into the complex interplay between the epigenome
and gene expression.

4. Multiplexed genome editing: Multiplexed genome editing refers to the simultaneous tar-
geting and modification of multiple genomic loci using CRISPR/Cas technology. It allows
for the efficient and precise editing of multiple genes or DNA sequences within a single
experiment. This approach is particularly useful for studying gene function, pathway engi-
neering, and crop improvement. One of the main advantages of multiplexed genome edit-
ing is its efficiency and cost-effectiveness compared to traditional breeding or single-gene
editing approaches, which could enable the generation of plant lines with multiple desired
traits in a single generation, greatly accelerating the breeding process. Most studies of mul-
tiplexed genome editing in plants involve one kind of Cas protein and multiple sgRNAs.
Various strategies have been developed to express and deliver multiple sgRNAs efficiently.
These include using RNA polymerase III (Pol III)-driven systems, where multiple Pol
IIT promoters (such as U3 and U6) are used to express multiple sgRNAs within a single
construct.!?>!26 Pol II-driven systems are also used, employing different strategies such as
ribozyme sequences, polycistronic tRNA-sgRNA transcripts, or adding linkers to flank the
sgRNAS.127-129 These systems allow for the simultaneous expression of multiple sgRNAs,
each targeting a specific genomic site. However, a single type of Cas protein cannot meet
the needs of multiplexed orthogonal editing, which requires manipulation of the genome
in a synthetic manner. By utilizing different Cas proteins or engineering the sgRNA
sequences, each target site is modified independently without interfering with the editing
activity at other sites. For example, one strategy utilizes a dCas9 combined with different
single-chain RNAs (scRNAs) that carry RNA aptamers to recruit various transcription
activators or repressors in mammalian cells.'3® Another strategy utilizes one sgRNA with
a complete protospacer for gene knockout and another sgRNA with a partial protospacer
for regulating another gene with Cas9, Casl2a-repressor, or Casl2a-activator systems.!3132
These strategies have also been successfully implemented in plants. Furthermore, the
development of a dual-function system, namely SWISS (simultaneous and wide editing
induced by a single system), allows for concurrent base modifications and gene knockouts
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in rice.!33 Another similar system combines a complete and a partial protospacer to modu-
late the activity of a modified CBE with improved specificity, enabling indels and C:G>T:A
base transitions.'** These multiplexed and/or orthogonal editing systems represent signifi-
cant advances in genome manipulation, providing synthetic tools to precisely engineer the
genome and explore diverse applications in plant research and biotechnology.

. Conditional genome editing: Conditional CRISPR/Cas systems in plants refer to the use
of regulatory elements and inducible promoters to precisely control the timing and location
of gene editing events. These systems provide greater flexibility and specificity in targeting
specific genes or tissues, allowing for more precise functional analysis and manipulation
of plant genomes. One approach in conditional CRISPR/Cas systems is the use of tissue-
specific promoters. By incorporating tissue-specific promoters into the CRISPR/Cas sys-
tem, the Cas9 enzyme can only be expressed in certain types of cells or organs. This
enables gene editing to be limited to particular tissues, preventing off-target effects and
minimizing potential adverse effects in other parts of the plant. For example, a CRISPR/
Cas system has been developed with tissue-specific promoters CLV3 or API controlling
the expression of Cas9, and inheritable editing results have been obtained as designed
in Arabidopsis thaliana with superior editing efficiency.!*> Tissue-specific CRISPR/Cas
systems have been employed to study gene function in various plant structures, such as sto-
mata and lateral roots.!*¢ Inducible expression systems are another important component of
conditional CRISPR/Cas systems. These systems allow researchers to control the timing
and level of Cas9 expression by using exogenous inducers, such as chemical compounds or
light. For example, researchers have developed CRISPR/Cas systems that are responsive
to blue light repression or red light induction, as well as heat induction.!3>!37 Furthermore,
the combination of these elements allows for precise control over gene editing, limiting
it to certain cells or organs and regulating it based on the timing of inducer application.
This approach ensures that gene modifications occur only in the desired tissues and at
the desired developmental stages. Overall, by utilizing tissue-specific promoters and/or
inducible expression systems, conditional CRISPR/Cas systems provide researchers with
the means to manipulate plant genomes with high specificity, minimal off-target effects,
and temporal control. They enable a deeper understanding of gene functions, elucida-
tion of gene regulatory networks, and potential applications in crop improvement and
biotechnology.

. Functional genomics screening: CRISPR screening is a powerful tool in functional
genomics that allows for the systematic identification of genes involved in specific biologi-
cal processes or phenotypes. It leverages the precision and efficiency of the CRISPR/Cas
system to perturb the function of individual genes in a high-throughput manner, enabling
the discovery of gene functions and genetic interactions on a genome-wide scale. The work-
flow of CRISPR screening typically involves the generation of a sgRNAs library targeting
individual genes throughout the genome. These sgRNAs are then delivered to a popula-
tion. Each sgRNA guides the Cas protein (e.g., Cas9) to a specific genomic locus, inducing
targeted DNA cleavage or modulation of gene expression, depending on the experimental
design. The pooled CRISPR library is subsequently subjected to selection or screening
assays to identify individuals with specific phenotypes of interest. By analyzing the repre-
sentation of each sgRNA in the selected population using high-throughput sequencing, the
enrichment or depletion of specific sgRNAs provides insight into the functional relevance
of the targeted genes. For example, over 14000 independent lines of rice with confirmed
edits were developed using a library of 25604 pooled sgRNAs.!3 In maize, 1244 candi-
date loci were screened using high-throughput CRISPR/Cas editing, leading to the accu-
rate mapping of genes related to agronomically important traits.'® Similar approaches
have also been applied to tomatoes and soybeans.'**4! CRISPR screening enables the sys-
tematic interrogation of gene function and genetic interactions. It can identify essential
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genes required for cell survival, genes involved in specific signaling pathways, or genes
associated with disease phenotypes. Furthermore, CRISPR screens can uncover genetic
interactions by assessing the effects of gene perturbations in combination, providing
insights into complex biological networks and pathways. Despite its tremendous potential,
CRISPR screening has certain challenges. Off-target effects of CRISPR/Cas systems and
incomplete sgRNA representation in the library can introduce noise and false positives.
Careful experimental design and rigorous bioinformatic analysis are essential to mitigate
these issues and ensure reliable results.

7. Directed evolution: CRISPR/Cas-directed evolution is a cutting-edge technique that com-
bines the precision of CRISPR/Cas genome editing with the power of directed evolution.
Directed evolution aims to modify genes and proteins to acquire enhanced or novel prop-
erties through iterative rounds of mutagenesis and selection. In the context of CRISPR/
Cas, this approach allows for the targeted and controlled evolution of specific genes or
gene products. The traditional directed evolution methods, like error-prone PCR, gen-
erate random mutations throughout the entire gene or gene pool. In contrast, CRISPR/
Cas-directed evolution offers a more targeted approach by utilizing the programmable
nature of CRISPR/Cas systems to introduce precise mutations in specific regions of the
genome.!? The process of CRISPR/Cas-directed evolution typically involves the following
steps: (1) Designing a library of sgRNAs to target the gene or genes of interest (GOIs),
covering different regions or variations within the target sequences; (2) Introduction of
mutations (indels, base substitutions, etc.) at the target sites within GOIs using CRISPR/
Cas system guided by the sgRNA library; (3) Selection for desired traits using selection
pressures (e.g., herbicides or antibiotics) or screening assays; (4) Iterative cycles of muta-
genesis and selection to further enhance the desired traits. CRISPR/Cas-directed evolu-
tion has been successfully applied in various plant systems to modify genes and proteins
with specific objectives. For example, it has been used to confer herbicide resistance in
crops, enhance plant stress tolerance, improve enzyme efficiency, and modify metabolic
pathways.6>142143 The ability to introduce precise mutations in a targeted manner greatly
expands the possibilities of directed evolution in plants and enables the creation of custom-
ized genetic variants with desired properties. As the field progresses, ongoing research
aims to develop more efficient and versatile selection methods, expand the range of target
genes and traits that can be evolved, and improve the scalability and throughput of the
process. CRISPR/Cas-directed evolution holds tremendous potential for applications in
agriculture, biotechnology, and synthetic biology, as it allows for the rapid and controlled
evolution of genes and proteins to meet specific needs and challenges.

1.4 CONCLUSION AND PROSPECTS

In this chapter, the topic of “CRISPR/Cas and plant functional genomics” was discussed by sum-
marizing recent advancements in CRISPR/Cas technology and their applications in plant func-
tional studies. CRISPR/Cas technology has revolutionized both basic and applied plant research by
enabling precise genome manipulation. In addition to inducing indel mutations, numerous Cas vari-
ants have been developed to perform various precise modifications in the plant genome. Along with
the development of Cas variants, various CRISPR/Cas-based plant biotechnologies have also been
developed or improved, encompassing precise gene modulation techniques at different stages of
gene expression, multiplexed and high-throughput methods for sequence modifications at multiple
genomic sites, and novel delivery strategies for efficient gene editing in plants. The fast-evolving
technology of CRISPR/Cas-based genome editing has enabled plant scientists, for the first time in
history, to control the specific introduction of targeted sequence alterations in the plant, thus break-
ing new ground for studying gene functions in plants. Meanwhile, human society is facing unprec-
edented challenges in agriculture brought about by climate change and the booming population,
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which requires constant crop improvement.** CRISPR/Cas-based genome editing technologies
have significant potential for accelerating the breeding process and ensuring the development of
sustainable agriculture."-!3 The new Cas variants, CRISPR/Cas-based biotechnologies, and the var-
ious applications in plant functional studies introduced in this chapter could also be used for crop
improvement. For example, the strategy and workflow of CRISPR/Cas-directed evolution could
be directly utilized in crop improvement if the aimed phenotype of directed evolution is set to be
important agronomic traits such as biotic/abiotic stress tolerance. In fact, many CRISPR/Cas-based
techniques developed for plant functional studies have been extensively utilized in the development
of novel crops and plant breeding technologies. For instance, BEs and PEs have demonstrated the
ability to introduce a substantial proportion of causative mutations (35% and 85%, respectively) in
225 important agronomic trait genes in rice.”! Further, by combining CRISPR/Cas technology and
conventional breeding methods, several innovative breeding methods have recently been developed.
These novel breeding methods have utilized CRISPR/Cas to specifically target reproduction-related
genes and successfully achieved valuable goals like inducing haploid lines, generating male sterile
lines, fixing hybrid vigor, and manipulating self-incompatibility.!?

Despite these exciting advancements, there are still unmet needs in CRISPR/Cas-based plant
genome manipulation. Some agricultural traits are controlled by multiple genes, necessitating the
development of efficient CRISPR/Cas-based technologies to stack desired alleles. To minimize fit-
ness penalties caused by gene disruptions, further progress is required to improve the specificity of
precise editing. Further, understanding the underlying mechanisms that influence the genome edit-
ing results will greatly enhance the precise editing of target genes in plants. Lastly, improvements in
fundamental genetic research are also needed for discovering genes associated with agronomically
important traits. This knowledge will aid in developing tailored genome editing strategies for tar-
geted improvements in crops. Nevertheless, with ongoing efforts, CRISPR/Cas-based technologies
are expected to become commonplace and adaptable tools for precise gene editing in fundamental
plant research and crop enhancement in the coming years.
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