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Foreword

Plants have been enduring a series of biotic as well as abiotic stresses resulting in 
decreased yield and quality. Hence, it is the foremost objective of every established 
crop improvement program at global level to develop crop plants having resilience 
to these stresses and improved end use quality for better income generation. Crop 
improvement has received a huge impetus due to recent advancement in cutting-
edge genome editing technologies. Noteworthy progress has been accomplished in 
the last three decades through the targeted transfer of recombinant DNA into crop 
plants. Nevertheless, the amalgamation of transgenes into the host genome has been 
arbitrary, which has seen lot of criticism. Developments in genome sequencing have 
delivered plentiful data on variances among susceptible and resistant varieties, 
which can now be directly targeted and altered using CRISPR/Cas technology. 
CRISPR/Cas9 is unadorned, handy, less exorbitant, and highly effective than its 
prior compeers. This is the reason CRISPR/Cas9 has become the most globally used 
technology for genome editing in many organisms such as bacteria, yeasts, animals, 
and plants. Since this technology showed fruitful results in trials conducted in recent 
years, hence it has been evidenced that CRISPR-Cas9 system can be metamor-
phosed into workable technology, which can edit the genetic code of almost any 
species. Due to its resourcefulness, it had been marked as “breakthrough of the year 
2015” by Science magazine. In recent years, CRISPR-Cas9-based techniques have 
been pragmatic in various systems, including yeast, zebrafish, Drosophila, mice, 
and cultured human cell lines, and of late have been practiced in plants.

I am fortuitous to know that Dr. Shabir Hussain Wani and Dr. Goetz Hensel have 
edited this volume entitled Genome Editing: Current Technology Advances and 
Applications for Crop Improvement for the reputed publisher Springer Nature. The 
chapters included in this book are courteously written by potential scientists and 
researchers from globally reputed institutions. This book describes recent advances 
in genome editing technologies and their application in crop improvement.
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This book is a timely reference material for academicians, researchers, and grad-
uate students working in the area of plant breeding, genetics, and biotechnology. I 
applaud the editors for bringing up this volume and hope that it will be highly cited 
by scientists, students, and policy makers.

 

Nazir A. Ganai
Vice Chancellor, Sher-e-Kashmir University of Agricultural
Sciences and Technology, 
Srinagar, Jammu and Kashmir, India

Foreword
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Preface

Plant and animal research has boomed due to the recent advancement in genome 
editing technology, particularly since the last two decades. In the last three decades, 
significant development has been achieved through the targeted transfer of recom-
binant DNA into crop plants. However, the integration of transgenes into the host 
genome has been random, which has been met with some unacceptance by the pop-
ulation. Advances in genome sequencing have provided enough information on dif-
ferences between susceptible and resistant varieties, which can now be directly 
targeted and modified using CRISPR/Cas technology. CRISPR/Cas9 is more 
straightforward, much more versatile, less expensive, and highly efficient than its 
previous counterparts. That’s why it has become the most widely used technology 
for genome editing in many organisms such as bacteria, yeasts, animals, and plants. 
Over several years of experimentation and successful results, it has been proved that 
the CRISPR-Cas9 system can be retooled into a viable technology, which can edit 
the genetic code of virtually any species. Due to its versatility, it had been marked 
as the “breakthrough of the year 2015” by Science magazine. For the past few years, 
CRISPR-Cas9-based techniques have been applied successfully in various systems, 
including yeast, zebrafish, Drosophila, mice, and cultured human cell lines. 
Compared to other organisms, comparatively, very few reports are present in plants. 
We have tried to compile this comprehensive book, which focuses initially on fun-
damental research in the area of the CRISPR-Cas system. The first few chapters in 
this book are based on the current status and challenges of plant genome editing 
using CRISPR/Cas technology. They first help readers get basic understanding and 
then explain how to design and implement the CRISPR-Cas9 system for different 
plant systems. The following section comprises chapters highlighting developments 
in the field of CRISPR/Cas technology. Further, the third section stresses on appli-
cations of CRISPR/Cas technology for biotic and abiotic stress tolerance. The last 
section of this book discusses the legal and bio-safety issues accompanied by the 
commercialization and patenting issues of this emerging technology. This book will 
serve as a complete guide for readers, helping them understand this rapidly expand-
ing field.
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We are highly thankful to the contributors of various chapters. The authors of this 
book were selected from diverse and reputed organizations based on their expertise 
in the subject. Also, the authors have profound insight on specific topics, which 
helped us make this volume a state-of-the-art reference material. Our sincere grati-
tude to the dynamic authors for their contribution and for sharing their current 
research. This book will serve as a ready reference for undergraduate and post-
graduate students studying plant breeding, genetics, and plant biotechnology. 
Libraries of institutions dealing with crop science and biotechnology may need this 
book as reference material for students and teachers. The editors once again desire 
to show appreciation to all the contributors and the editorial workforce of Springer 
for their cooperation and speedy production of this book.

Srinagar, Jammu and Kashmir, India� Shabir Hussain Wani
Düsseldorf, Germany� Goetz Hensel 
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Genome Engineering as a Tool 
for Enhancing Crop Traits: Lessons 
from CRISPR/Cas9

Fozia Saeed, Tariq Shah, Sherien Bukhat, Fazal Munsif, Ijaz Ahmad, 
Hamad Khan, and Aziz Khan

Abstract  Over the last few decades, several efforts were made to improve 
cereal and horticulture crops, mainly using conventional or molecular breed-
ing methods. The current situation enabled researchers to successfully inves-
tigate molecular mechanisms by identifying target genes to produce desirable 
plants. High-yielding stress-resistant crops are needed to achieve food secu-
rity for the world’s increasing population. In this context, genetic engineering 
technologies like zinc fingers (ZFNs), transcription activator-like effector 
nucleases (TALENs), and clustered regularly interspaced short palindromic 
repeat (CRISPR) have shown enormous potential in the production of 
improved crop varieties with desired agronomic traits. Since 2013, genome 
editing using sequence-specific nucleases (SSNs), especially CRISPR/Cas9 
ribonucleoprotein, has received extensive attention for plant research due to 
its specificity and ability to simultaneously silence multiple genes. CRISPR/
Cas9 has become a method of choice for researchers worldwide to improve 
crop yield, quality and reduce disease susceptibility. Many food crops, includ-
ing maize, rice, wheat, tomato, potato and citrus have successfully undergone 
genome editing by CRISPR/Cas9 technology. The availability of complete 
genome sequences of various crops together with innovations in genome-edit-
ing techniques opens new opportunities for obtaining desirable traits. This 
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chapter summarizes the crop improvement using CRISPR/Cas9-based 
genome-editing approaches with particular emphasis on cereals and horticul-
ture crops.

Keywords  Cereals · Disease resistance · Horticultural crops · TALENs · CRISPR/Cas

1 � Introduction

Since crops were cultivated, researchers have developed high-yielding, disease-
resistant and climate-resilient crops. Conventional crop improvement approaches 
such as hybridization and mutational breeding have played a crucial role in intro-
ducing the important agricultural and nutritional traits for crop improvement. 
However, the progressive decline in natural diversity in crop plants causes a sig-
nificant effect on crop production (Govindaraj et  al. 2015). In recent decades, 
biotechnology-based interventions such as transgenic and transformation tech-
nology have shown great potential to address the problems of traditional breed-
ing methods and improved the specific traits of crops. Although transgenic 
technology has made significant progress around the world, the frequency of 
targeted insertion of the foreign gene was initially very low, which results in 
unspecific gene silencing (Puchta and Fauser 2013). Therefore, more specificity 
is needed to edit a gene for both function analysis and to find its role in crop 
improvement. Recently, genome modification has raised as an innovative method 
that uses sequence-specific nucleases (SSNs) to incorporate targeted alterations 
in the plant genome with high precision and efficiency. These artificially engi-
neered SSNs include ZFNs, TALENs and CRISPR/Cas9-mediated endonuclease. 
These endonucleases have been widely utilized to edit various genes in animals 
and plants and have also been used to produce various commercial goods. The 
emergence of (CRISPR)/Cas9 systems provides a new dimension in plant sci-
ence and contributes to remarkable progress in crop biotechnology in a relatively 
short time. Recently, CRISPR/Cas9-based genome alteration platforms have 
been quickly accepted by the research community to modify, regulate, and track 
genes in plants, animals and microbes as well (Zhang et al. 2020; Ma et al. 2016; 
Jiang et al. 2013a, b).

Considering the importance of CRISPR/Cas, the use of genome manipula-
tion for the advancement of cereals and horticultural crops has dramatically 
progressed. In this chapter, we briefly introduced the different engineered 
nucleases and their working mechanism. Further, CRISPR/Cas9 technology 
was discussed because of its simplicity of design, acceptability and speed, rela-
tively inexpensive and focused targeting. Moreover, the current implementa-
tions of CRISPR/Cas9 tool for the improvement of different cereals and 
horticulture crops with higher yield, better nutritional quality and disease toler-
ance have also been discussed.

F. Saeed et al.
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2 � Zinc-Finger Nucleases

ZFNs are the first generation endonucleases that serve as a vital technique for 
genome engineering. These are generated by joining the zinc fingers (ZFs) with the 
Fok1 DNA cleavage domain. The FokI endonuclease domain is typically used in 
nonspecific and independent DNA cleavage after dimerization (Carroll 2011). The 
DNA binding domain comprises of 3–6 ZF domains, and each domain recognizes a 
3-bp targeted DNA sequence. A pair of ZFs is fused with a FokI endonuclease 
domain to produce a site-specific cleavage. Binding sites of two individual ZFs 
(each 18–24 bp in length) are separated by 5–8 bp spacer sequence. This spacing is 
a key component of the ZFN construct as it enables the Fok1 monomer to dimerize 
and produce a double-strand break in the targeted DNA sequence (Bibikova et al. 
2003). ZFNs genome editing was initially reported in Arabidopsis and tobacco. 
Subsequently, ZFNs have successfully altered genomes in wheat, rice, maize and 
other plants. In the last couple of decades, various techniques have been proposed 
to increase the applicability, reliability and accuracy of ZFNs. However, ZFNs have 
specific limitations, such as their lower affinity for the AT-rich region; construction 
of ZFN units is complicated and costly. Furthermore, the limited number of avail-
able target sites leads ZFN application towards off-target editing due to non-specific 
DNA binding that brings off-target effects. These features of ZFNs restrict their 
application in genome editing (Khan 2019).

3 � Transcription Activator-Like Effector Nucleases

TALENs belong to second-generation endonucleases used for precise genome edit-
ing. Like the ZFNs, TALENs are generated by combining a transcription activator-
like effector (TALE) with the non-specific domain of FokI endonucleases (Miller 
et  al. 2011). These effector proteins (TALEs) were discovered in bacteria 
Xanthomonas that infect their native plants and attach to the targeted DNA by DNA 
binding domain comprising 33–35 amino acid repeats (Doyle et al. 2012). The TALE 
proteins consist of a C-terminal conserved acidic transcription-activation domain, a 
nuclear localization signal (NLS) and a central DNA binding domain. TALEs’ main 
binding domain is made up of 13–28 repetitive sequences. Each repeat, which con-
tains a highly conserved 34-amino acid sequence, can bind directly to a single nucle-
otide through the variable di-residues at the 12th and 13th locations (Deng et  al. 
2012). The one-to-one pairing, and the lack of context-dependence on neighbouring 
repeats, facilitate TALENs to target particular sequences (Reyon et  al. 2012). 
TALENs were applied to Oryza sativa for the first time in crop development. 
Progressively, TALENs were implied in tobacco, rapeseed, Arabidopsis, flax, potato, 
sugarcane, barley, soybean, rice, tomato, maize and wheat (Martínez-Fortún et al. 
2017). TALENs outperform ZFNs in terms of success due to their uncomplicated 
design, higher binding affinity to their target sites and a higher level of cleavage 

Genome Engineering as a Tool for Enhancing Crop Traits: Lessons from CRISPR/Cas9
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activity. However, despite its potential benefits in crop improvement, TALENs have 
some limitations that restrict their application. A clear drawback of TALENs is their 
significantly greater size relative to ZFNs. A TALEN cDNA is around 3 kb in size 
which makes it difficult to transfer a set of TALENs in a cell. TALE repeats composi-
tion remains a challenge and the efficiency by which TALENs access a specific gene 
varies. Moreover, TALENs are extremely repetitive, which makes them incompati-
ble with certain viral vectors. Researchers often choose to use certain more versatile 
genome editing methods to produce transgenics to avoid this complicated situation.

4 � CRISPR/Cas9 System

CRISPR/Cas9 is considered the third generation and the most efficient genome edit-
ing technology. The success of CRISPR/Cas as a tool for genome editing in the 
present era can be dated back to the late 1980s at the time of its origin (Ishino et al. 
1987). The progress of CRISPR/Cas9 adaptive-immune system of microbes results 
from the efforts of many researchers all over the world. The power of CRISPR/Cas 
method as a novel tool for genome-modification was deciphered by studying its 
function in archaea and bacteria. Various components of CRISPR/Cas and their role 
in ensuring adaptive immunity in microbial cells were revealed through several 
experiments using bioinformatics methods.

CRISPR loci are made up of CRISPR arrays and CRISPR-associated (Cas) clus-
ters of genes on which all immunological-related memories are imprinted 
(Barrangou and Dudley 2016). CRISPR array consists of a genomic locus that 
includes a collection of 21–40 bp direct-repeat sequences separated by 25–40 bp 
spacers or variable sequences (Jansen et al. 2002). In 2005, three different research 
groups proposed that spacer elements serve as signs of past foreign DNA invasions, 
which provide resistance to the infection of phage (Bolotin et al. 2005; Mojica et al. 
2005; Pourcel et al. 2005). They also found that spacers have the same end sequence, 
which is now referred to as PAM. PAM (Protospacer Adjacent Motif) is usually 2–6 
bp short DNA sequence, which follows the targeted region of DNA for cleavage 
through CRISPR system like CRISPR-Cas9. It is necessary for Cas-nuclease for 
cutting and can be found 3–4 nucleotides at downstream of the cut site. Another 
experiment showed that CRISPR arrays, in combination with Cas genes, play a role 
in bacteriophage resistance (Barrangou et al. 2007).

At each infection, new DNA of phage is inserted in CRISPR array, enhancing the 
array’s ability to combat the impending infection. Brouns et al. (2008) discovered 
that spacer sequences of phage are transcribed into the crRNAs (small RNAs), 
which direct Cas proteins towards the targeted DNA. Upon infection, crRNA guide 
the interference machinery known as protospacers, for cleaving complementary 
sequences in foreign genetic material. Another study also reported three nucleotides 
at PAM upstream as well as suggested Cas9 role in inserting DSBs in a specific 
location (Marraffini and Sontheimer 2008; Garneau et al. 2010). In addition, crRNA 
develops a duplex with tracrRNA (trans-activating CRISPR RNA) and directs Cas9 
towards its target (Deltcheva et  al. 2011). The method was further simplified by 

F. Saeed et al.



7

combining the tracrRNA and crRNA to produce a single and simple synthetic guide-
RNA (gRNA) (Jinek et al. 2012). Lastly, Cong et al. (2013) discovered that Cas9 
could promote homology-guided repair while causing minimal mutagenic activity.

5 � Mechanism of CRISPR/Cas9 System

The CRISPR/Cas9 system adaptive immunity is grouped into three stages, includ-
ing adaptation, interference and expression. Invading genetic material (DNA) from 
plasmids or viruses is cleaved in the small fragments and integrated into the locus 
of CRISPR during adaptation. The CRISPR loci transcribed and converted into 
crRNA use base complementarity to direct effector endonucleases for targeting 
viral material (Barrangou et al. 2007; Yosef et al. 2012). In Type-II CRISPR/Cas 
method, the single protein of Cas9 is needed for DNA interference (Hale et al. 2009; 
Zetsche et al. 2015). Cas9 being a large protein comprises many domains, such as 
HNH nuclease and RuvC domain, including tracrRNA and crRNA. Cas9 helps in 
adaptation, assists in the processing of pre-crRNA to crRNA, as well as incorporates 
targeted DSBs directed by tracrRNA and RNase III specific for double-stranded 
RNA (Mulepati et al. 2014). The RNA and DNA cleavage and its interaction with 
the Cas10 cleavage protein distinguish type III CRISPR from type II. The cleavage 
involves transcription-dependent modification of DNA sequence that also includes 
a promoter which is transcriptionally active (Samai et al. 2015). Under certain con-
ditions, the Cas10 system allows bacteria to attain viral spacer components, allow-
ing a form of resistance to foreign DNA. This resistance towards viral/foreign DNA 
inhibits the lytic pathway from being activated, which is harmful for the host organ-
ism. In this pathway, host cells are killed by viruses for producing a large number of 
their progeny. These sequences can also modify the physical attributes of the organ-
ism, giving the host cell a survival advantage (Samai et al. 2015).

In 2013, CRISPR/Cas was used for the first time in plants (Feng et al. 2013; Xie 
and Yang 2013). Feng et al. (2013) used agroinfiltration and protoplast transfection 
to target different endogenous transgenes and genes, resulting in healthy transgenic 
plants using both HR and NHEJ mechanisms. Another study tested the mutation 
effectiveness of 3–8% by introducing three guide-RNAs at different genomic loci of 
rice (Xie and Yang 2013). Off-target modifications were discovered as well, but 
with a minimum efficiency of genome editing compared to matched sites. Different 
studies on sorghum, wheat and maize demonstrated the best example of using 
CRISPR-based gene editing (Jiang et al. 2013a, b; Liang et al. 2014; Wang et al. 
2014). These studies provided the first detailed information on parameters including 
cleavage specificity, mutation efficiency, large deletions of chromosomes, and locus 
structure resolution. The CRISPR/Cas9 technique has been improved continuously 
to increase the specificity and efficiency of gene editing and targeting. The require-
ment of reconfiguring CRISPR/Cas9 method to modify the genome of eukaryotes 
has demanded the introduction of signals of nuclear localization at protein ends. 
The advancement of orthogonal CRISPR/Cas9 mechanisms has significantly 
expanded the range of applications for this technology.

Genome Engineering as a Tool for Enhancing Crop Traits: Lessons from CRISPR/Cas9
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6 � Targeted Improvement of Crop Traits Using CRISPR/
Cas9-Based Genome Editing in Cereals

The CRISPR/Cas9 method has been efficiently used in cereal crops, because of its 
wider acceptability, easiness, speed, overall low-cost and focused targeting. Cereals 
are an essential part of our diet and provide significant health benefits. Cereals are 
the primary source of carbohydrates, proteins, fats, lipids, vitamins, minerals, and 
abundant fibers. The primary goal of cereal crops’ genetic modification is to increase 
food production and give nutritional protection to the world’s increasing population 
growth. Considering the significance, CRISPR/Cas9 tools have been extensively 
used to create novel crops with increased productivity, disease resilience and better 
nutritive values (Usman et  al. 2021; Zhang et  al. 2017). Table  1 enlists targeted 
genes and traits in different cereal crops that were modified using CRISPR/Cas9 
technology.

Table 1  List of targeted genes and traits modified by CRISPR/Cas9-based system in cereal crops

Crop Target gene Target traits References

Maize ALS2 Herbicide resistance Svitashev et al. 
(2015)

ZmIPK1A, ZmIPK and ZmMRP4 Phytic acid synthesis Liang et al. 
(2014)

CLE Enhanced grain yield Liu et al. (2021)
ZmSH2 and WX Super sweet and waxy corn Dong et al. 

(2019)
Wheat TaMLO Mildew resistance Shan et al. 

(2014)
TaEDR1 Powdery mildew resistance Zhang et al. 

(2017)
TaGASR7, TaDEP1 Increased thousand-kernel 

weight
Zhang et al. 
(2016)

TaVIT2 Improved Fe content Connorton et al. 
(2017)

Alpha-gliadin Low-gluten Sánchez-León 
et al. (2018)

TaGW2 Improved seed size with 
increased thousand-kernel 
weight

Wang et al. 
(2018)

(continued)

F. Saeed et al.
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Table 1  (continued)

Crop Target gene Target traits References

Rice Os8n3 Bacterial resistance Kim et al. (2019)
SWEET11, SWEET13 and 
SWEET14

Bacterial blight resistance Oliva et al. 
(2019)

Xa13 Bacterial blight tolerance Li et al. (2020)
OsSWEET14 Bacterial blight resistance Zafar et al. 

(2020)
OsERF922 Blast resistance Wang et al. 

(2016)
eIF4G Tungrospherical virus resistance Macovei et al. 

(2018)
ALS Herbicide tolerance Sun et al. (2017)
OsALS1 Herbicide tolerance Kuang et al. 

(2020)
OsTubA2 Herbicide resistance Liu et al. (2021)
EPSPS Improved aromatic amino acids Li et al. (2016)
OsGFR1 Increased grain filing Dong et al. 

(2019)
OsAH2 Improved grain size and hull 

development
Ren et al. (2019)

Golder rice 1&2 Increased β-carotene Dong et al. 
(2020)

P450s and OsBADH2 Improved aroma in grain Usman et al. 
(2020)

OsSNB Improved grain length and 
weight

Ma et al. (2019)

OsC3’H Increased biomass 
saccharification

Takeda et al. 
(2018)

OsAAP5 Improved yield and tiller number Wang et al. 
(2019a)

OsNramp5 Low Cd accumulation Tang et al. 
(2017)

OsMYB108 Improved lignin accumulation Miyamoto et al. 
(2019)

Waxy Altered amylose content Zhang et al. 
(2018b)

PYL1–PYL6 and PYL12(gp-1), 
PYL7–PYL11 and PYL13(gp-2)

Improved grain productivity and 
yield

Miao et al. 
(2018)

OsLCT1 and OsNramp5 Low cadmium Songmei et al. 
(2019)

OsSPL16 Improved grain yield Usman et al. 
(2021)

OsBADH2 Introduction of aroma Ashokkumar 
et al. (2020)

OsTubA2 Herbicide resistance Liu et al. (2021)
Waxy Altered amylose content Liu et al. (2021)

(continued)
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Table 1  (continued)

Crop Target gene Target traits References

Barley Hv d-Hordein Increased β-glucan, starch and 
amylose content

Yang et al. 
(2020)

HvCOMT1 Improved lignocellulose quality Lee et al. (2021)
Cotton Ghl14–3-3 Verticillium dahlia resistance Zhang et al. 

(2018d)

6.1 � Resistance Against Bacterial Disease

Bacteria cause many plant diseases and produce a range of metabolites, including 
toxins, pectic compounds, polysaccharides and hormones. The best example of 
CRISPR-based induction of bacterial disease protection is the use of OsSWEET 
genes to enhance resistance for bacterial blight resulting from Xanthomonas oryzae 
pv. oryzae. The rice SWEET clade III family comprises OsSWEET11, OsSWEET13, 
and OsSWEET14 genes, that encode a glucose and sucrose transporter involved in 
the interaction between plant and pathogen. The CRISPR/Cas9-induced mutation of 
the OsSWEET13 gene resulted in improved broad-spectrum resistance to bacterial 
blight in rice (Zhou et  al. 2015). Another study recognized that CRISPR/Cas9-
mediated editing of all three OsSWEET genes resulted in improved resistance 
against bacterial blight. (Oliva et  al. 2019). In contrast to OsSWEET genes, the 
CRISPR/Cas9 mediated knockdown of the Os8N3 gene also significantly increased 
resistance against the Xanthomonas oryzae pv. oryzae (Kim et al. 2019).

6.2 � Resistance Against Fungal Disease

Fungal pathogens significantly impact crop yield and quality, producing a troubling 
situation for food and nutrition security. Several methods have been used to enhance 
plant-fungal resistance. Nowadays, potential candidate genes and gene products 
responsible for plant fungal resistance are ideal for CRISPR/Cas9 editing. Three 
genes TaMLO-A1, TaMLO-B1, and TaMLO-D1I were mutated by using CRISPR/
Cas9 tool to improve resistance to powdery mildew in wheat (Wang et al. 2014). A 
CRISPR/Cas9-based knockout of the ERF transcription factor gene OsERF922 has 
been reported to develop a new source of resistance to rice blast (Wang et al. 2016). 
Blast disease-resistant rice plants were recently developed through CRISPR/Cas9-
directed destruction of the rice genes OsERF922 and OsSEC3A (Sánchez-León 
et  al. 2018). OsSEC3A mutated plants also showed enhanced resistance to 
Magnaporthe oryzae, increased level of salicylic acid as well as up-regulation of 
pathogenesis and salicylic acid-responsive genes.

F. Saeed et al.
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6.3 � Resistance Against Viruses

Viruses infect nearly all crop plants, resulting in major losses in agricultural produc-
tion around the world. Viruses are difficult to control chemically because of their 
stringent intracellular pathogenesis. Mainly, the prophylactic measures destroy dis-
eased plants, and extreme pesticide usage is necessary to avoid the virus-carrying 
populations. Traditional breeding has developed many varieties with complete virus 
resistance. However, it is necessary to develop effective and long-lasting virus-
resistant crops that can resist extreme genetic plasticity of viruses. Genome editing 
strategies are promising in this regard. Recently, mutagenesis of the rice eIF4G 
gene has generated resistance to the rice tungro spherical virus (RTSV) (Macovei 
et al. 2018). The transgene-free T2 plants were RTSV-resistant and did not display 
certain mutation in the off-target region. However, translation initiation factors are 
the prime candidates in the host genome. Infection transmitted by viruses can be 
efficiently controlled by altering the specific host genes encoding the responsive 
factors that the viruses need.

6.4 � Resistance and Tolerance Against Herbicides

Weeds have consistently disrupted agricultural crops since their domestication, 
resulting in greater crop losses than diseases and insect pests that have necessitated 
the use of weed control strategies. Therefore, the production of herbicide-resistant 
crop plants is a practical method to control weeds and improve their capacity to 
interfere with competing weeds. Mutation in the rice ALS gene conferring herbicide-
resistance was introduced effectively by CRISPR/Cas9 (Kuang et al. 2020). Zhang 
et al. (2019) used base-editing to modify acetolactate synthase (ALS) and acetyl-
coenzyme A carboxylase genes to create herbicide-tolerant wheat variety. 
Carboxylase genes provide tolerance to herbicides, namely, aryloxyphenoxy pro-
pionate, sulfonylurea and imidazolinone. Li and colleagues created TIPS amino 
acid replacements into OsEPSPS and obtained endogenous gene substitution and 
targeted gene replacement at a rate of 2.0% and 2.20%, respectively. Targeted sub-
stitutions provided glyphosate tolerance in rice in OsEPSPS (Li et al. 2016). In rice, 
OsTubA2 gene was effectively modified by using CRISPR-mediated adenine base 
editors. Edited rice plants showed high tolerance to pendimethalin and trifluralin 
herbicides compared to control plants (Liu et  al. 2021). Herbicide tolerance has 
been considered as the most widely accepted and widely applied traits of cereal 
crops. In order to achieve long-term weed resistance, crops must be engineered with 
multiple herbicide resistance genes as a top priority.

Genome Engineering as a Tool for Enhancing Crop Traits: Lessons from CRISPR/Cas9
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6.5 � Improved Quality and Yield

Many efforts have been made in cereal crops for genetic modification of quality and 
yield traits by employing the CRISPR/Cas9 technique. CRISPR/Cas9 technique 
was adopted in maize to target the ARGOS8 locus, generating ARGOS8 variants 
with enhanced grain yield. Wheat genes such as TaGASR7, which is linked to grain 
length and dense-erect panicle, were targeted with CRISPR/Cas9, and plants with a 
mutation in six alleles were developed in order to grow high yielding modified 
crops. Mutant plants showed improved thousand-kernel weight in wheat crop 
(Zhang et al. 2016). Increased iron contents of wheat was obtained by genome edit-
ing of the TaVIT2 gene (Connorton et al. 2017). In rice, the SBEIIb gene was tar-
geted to increase the amylase content (Sun et al. 2017). Likewise, Mao et al. (2018) 
developed potassium (K+) deficiency tolerant rice by editing the OsPRX2 gene. 
Transgenic rice plants showed stomatal closing and K+-deficiency tolerance under 
the starvation of potassium (Mao et al. 2018). In another study, genome editing of 
rice OsSPL16 gene improved the grain yield by inducing pyruvate enzymes and 
cell-cycle proteins (Usman et al. 2021). Heterosis is the main concern for wheat and 
rice. Recently, four yield-responsive rice genes, IPA1, Gn1a, DEP1and GS3, were 
edited using CRISPR/Cas9 (Huang et  al. 2018). Similarly, the CRISPR/Cas9 
approach was applied to target a number of genes that regulate yield component 
traits, including the number of panicles per plant, number of kernels per panicle/
pod/bear and kernel weight (Upadhyay et al. 2013). Dong et al. (2019) produced a 
super waxy and sweet variety by modifying the SH2 and WX genes associated with 
sugar and starch metabolism (Dong et al. 2019). These studies demonstrating the 
utilization of CRISPR/Cas9 tool to achieve the highest quality and yield by target-
ing multiple genes collectively in cereal crops are supposed to increase dramatically 
in the next few years.

7 � CRISPR/Cas9 Mediated Genome Editing 
in Horticultural Crops

CRISPR/Cas9 is perhaps the most extensively used genome-editing method in the 
plant community. This technology has been used to modify genomes of various 
horticulture crops to achieve a variety of research goals, including nutritional and 
yield quality improvement, and disease resistance to bacterial, fungal and viral 
pathogens. This segment discusses how genome editing technology is being used to 
develop fruit trees, vegetable crops and other ornamental plants (Kwon et al. 2020; 
Veillet et al. 2019). Table 2 enlists targeted genes and traits in different horticulture 
crops modified using CRISPR/Cas9 technology.

F. Saeed et al.



13

7.1 � Resistance Against Bacterial Disease

Citrus canker caused from Xanthomonas citri subsp. citri is an acute disease 
negatively impacting citrus fruit production and quality. Citrus CsLOB1 genes 
were modified by using CRISPR/Cas9 method, and the mutated plants displayed 
enhanced citrus canker resistance (Peng et al. 2017). A high degree of bacterial 
resistance in homozygous mutants was obtained by deleting the entire sequence 
of effector binding elements (EBEPtha4) from the two alleles of CsLOB1. Wang 
et al. (2016) noticed that CRISPR/Cas9-mediated modification of PthA4 effector 
cis-elements in the promoter of CsLOB1 reduced the citrus canker infection on 
the mutant plants. Citrus DMR6 orthologs were edited by the CRISPR/Cas9 plat-
form, and the resultant silenced plants showed tolerance to Huanglongbing 
(HLB) disease produced by Candidatus Liberibacter asiaticus in citrus (Zhang 
et al. 2018c. In tomato, the CRISPR/Cas-based genome editing of SlJAZ2 gener-
ates a resistant variety of tomato to counter bacterial speck infection caused by 
Pseudomonas syringae pv. tomato (Ortigosa et al. 2019). Similarly, fire blight 
resistance was achieved by targeting the DIPM-1, DIPM-2, and DIPM-4 genes in 
the apple (Malnoy et al. 2016).

7.2 � Resistance Against Fungal Disease

Fungal pathogens cause approximately 30% of plant diseases and damage a wide 
range of economically valuable food crops. Fungal disease resistance by CRISPR-
mediated genome alteration is a new area of research in horticulture crops and veg-
etables that is gaining momentum now. A mutated tomato plant was generated using 
two sgRNAs that create a specific mutation in the MLO1 locus, which increased the 
plant resistance against powdery mildew. Zhang et al. (2018d) employed CRISPR/
Cas9 to disrupt a VvWRKY52, which encodes a transcription factor gene to improve 
resistance against Botrytis cinerea in grape (Vitis vinifera) variety. Similarly, Zhang 
et al. (2018b) reported that the CRISPR-based edition of the mitogen-activated pro-
tein kinase 3 (SlMAPK3) gene controls the production of reactive oxygen species 
(ROS), which resulted in tomato plants’ resistance to B. cinerea. CRISPR/Cas9 
mediated knockout and complementation of Solyc08g075770 gene revealed that it 
is important for Fusarium wilt resistance in tomato plants. CRISPR-Cas9-based 
edition of powdery mildew resistance-4 (Pmr4) gene showed a substantial decrease 
in the symptoms of powdery mildew disease in tomatoes (Santillán Martínez 
et al. 2020).

Genome Engineering as a Tool for Enhancing Crop Traits: Lessons from CRISPR/Cas9
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Table 2  List of targeted genes and traits modified by CRISPR/Cas9-based technology in 
horticulture crops

Crop Target gene Target traits References

Tomato SLMLO1 Powdery mildew resistance Nekrasov et al. 
(2017)

TYLCV Yellow Leaf Curl Virus 
resistance

Tashkandi et al. 
(2018)

SlJAZ2 Bacterial speck resistance Ortigosa et al. 
(2019)

ALS1 and ALS2 Herbicide resistance Veillet et al. 
(2019)

ALS1 Herbicide resistance Danilo et al. 
(2019)

MAX1 Root parasitic weed resistance Bari et al. 
(2021)

SlER, SP5, SP early yielding plants Kwon et al. 
(2020)

ALC Long shelf life Yu et al. (2017)
SGR1, LCY-E, Blc, 
LCY-B1, LCY-B2, LCY-B2

Increased lycopene content Li et al. (2018b)

SP5G Rapid flowering and early 
yielding plants

Soyk et al. 
(2017)

SP, SP5G, SlCLV3, 
SlWUS

Improved fruit production and 
Vitamin C content

Li et al. (2018a)

SICLV3 Improved fruit size and plant 
architecture

Rodríguez-Leal 
et al. (2017)

SELF-PRUNING, 
OVATE, FRUITWEIGHT 
2.2, LYCOPENE BETA
CYCLASE

Fruit size, number and lycopene 
content

Zsogon et al. 
(2018)

AP2a, NO, FUL1/
TDR4and FUL2/MBP7

Fruit development and ripening Wang et al. 
(2019b)

Potato ALS1 and ALS2 Herbicide resistance Veillet et al. 
(2019)

StALS1 Herbicide resistance Butler et al. 
(2016)

GBSS, EC 2.4.1.242 Develop amylopectin starch 
cultivars

Andersson et al. 
(2018)

Lettuce LsGGP2 Increased vitamin C content Zhang et al. 
(2018a)

(continued)
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Table 2  (continued)

Crop Target gene Target traits References

Soybean GmPRR3b Improved early flowering and 
growth

Li et al. (2020)

GmPRR37 Improved growth Yang et al. 
(2020)

GmSPLs Improved plant growth and 
architecture

Bao et al. 
(2019)

Oilseed rape BnWRKY11 and 
BnWRKY70

Sclerotinia resistance Sun et al. 
(2018)

BnITPK Increased protein and low 
phytic acid in oil

Sashidhar et al. 
(2020)

BnSFAR4 and BnSFAR5 Enhanced seed oil content Karunarathna 
et al. (2020)

FAD2 Increased fatty acid content Okuzaki et al. 
(2018)

False flax CsFAD2 Increased oleic acid content Morineau et al. 
(2017)

FAE1 Increased oleic acid and 
α-linolenic acid
Content

Ozseyhan et al. 
(2018)

Wild strawberry TAA1 and ARF8 Improved growth and auxin 
biosynthesis

Zhou et al. 
(2018)

FvebZIPs1.1 Increased sugar content Xing et al. 
(2020)

Strawberry FaTM6 Improved quality Martín-Pizarro 
et al. (2019)

Cucumber eIF4E Broad virus resistance Chandrasekaran 
et al. (2016)

Sweet potato IbBBX24 Fusarium wilt resistance Zhang et al. 
(2020a)

Watermelon ClPSK1 Fusarium oxysporum resistance Zhang et al. 
(2020b)

ClALS Herbicide resistance Tian et al. 
(2018)

Pear TFL1.1 Early flowering Charrier et al. 
(2019)

Cassava nCBP-1 and nCBP-2 Brown streak resistance Gomez et al. 
(2019)

Grapevine VvMLO3 Powdery mildew resistance Wan et al. 
(2020)

Sweet orange DMR6 Candidatus liberibacter 
resistance

Zhang et al. 
(2018c)

CsLOB1 Canker resistance Peng et al. 
(2017)

(continued)
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Table 2  (continued)

Crop Target gene Target traits References

Grapefruit CsLOB1 Canker resistance Jia et al. (2017)
Pummelo CsLOB1 Canker resistance Jia and Wang 

(2020)
Apple DIPM Blight resistance Malnoy et al. 

(2016)
TFL1.1 Early flowering Charrier et al. 

(2019)
Banana RGA2, Ced9 Fusarium wilt resistance Dale et al. 

(2017)
MaeBSV Streak virus resistance Tripathi et al. 

(2019)
MaLCYepsilon Fortification of β-carotene Kaur et al. 

(2020)
Kiwi fruit CEN4 and CEN Rapid terminal flowering and 

fruit production
Varkonyi-Gasic 
et al. (2019)

Garden petunia PhACO1 Improved flower longevity Xu et al. (2020)
Wishbone 
flower

TfF3H Altered flower colure Nishihara et al. 
(2018)

Japanese 
morning glory

InEPH1 Improved flower longevity Shibuya et al. 
(2018)

InCCD4 Altered flower color Watanabe et al. 
(2018)

InDFR Anthocyanin biosynthesis Watanabe et al. 
(2017)

Horse 
phalaenopsis

MADS Floral initiation and 
development

Tong et al. 
(2020)

Orchid C3H, C4H, 4CL, CCR, 
IRX

Lignocellulose biosynthesis Kui et al. 
(2017)

7.3 � Resistance Against Viruses

Plant viruses are mainly controlled by better agricultural practices and developing 
virus resistant crop cultivars. In cucumber, the CRISPR-Cas9-mediated eIF4E mod-
ification resulted in successful resistance towards different viruses, for example 
TuMV, papaya ring spot mosaic virus-W, cucumber vein yellowing virus, and zuc-
chini yellow mosaic virus (Chandrasekaran et  al. 2016). Tashkandi et  al. (2018) 
applied the CRISPR/Cas tool to enhance immunity in defence to the Tomato Yellow 
Leaf Cur virus (TYLCV). Later studies mutated the cassava eIF4E isoforms, novel 
cap-binding protein-1 (nCBP-1) and nCBP-2, and demonstrated that this consider-
ably decreased the severity of Cassava brown streak virus infectious disease (Gomez 
et  al. 2019). Likewise, researchers could edit endogenous banana streak virus 
sequences in the banana B genome that prevent virus transmission throughout 
breeding events (Tripathi et al. 2019).

F. Saeed et al.
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7.4 � Resistance and Tolerance Against Herbicide

Weed infestation is a serious problem all around the world; however, selective her-
bicide control is an effective management tool. Tillage practices cause various com-
plications with increased labour inputs. Herbicide-resistant crops are the 
cost-effective way to combat weeds in modern agriculture. For example, herbicide-
resistant watermelon plants were developed using CRISPR/Cas9 to create a single 
point mutation in the acetolactate synthase (ALS) gene, which is a crucial enzyme in 
the biosynthesis of essential amino acids, including leucine, valine and isoleucine 
(Tian et al. 2018). Similarly, the ALS1 and ALS2 genes were mutated to increase 
herbicide-resistance (Veillet et al. 2019). Another innovative method is the use of 
geminivirus replicons, which were used in potato plants and modify CRISPR/Cas9 
sections of the acetolactate synthase 1 (ALS1) gene-targeted site, while the trans-
genic free mutated plants showed reduced herbicide susceptibility (Butler 
et al. 2016).

7.5 � Improved Quality and Yield

The quality characteristics of horticulture crops involve the production of fla-
vour and nutrient components, structure and morphology, influence palatabil-
ity and nutritive values. Efforts have been made for several years to enhance 
the productivity of horticultural crops. The latest development of genome edit-
ing technology with potential uses in horticultural crops offers an approach to 
achieve this aim quickly and efficiently. An interesting study was recently pub-
lished by Zsogon et  al. (2018), in which six main loci were engineered for 
production and productivity by exploiting the CRISPR/Cas9 technology to pro-
duce a novel tomato variety. This research found that modified lines have 
higher lycopene content (500%), three-times greater fruit size, and ten-time 
more fruit number than wild-type plants (Zsogon et al. 2018). Various genes 
involved in the carotenoid metabolic-pathway such as SlLCY-B1, SlLCY-B2, 
SlLCY-E, SlBlc, and SlSGR1 have been altered to enhance the lycopene content 
of tomato fruits. The CRISPR/Cas9 technique was utilized to construct double 
mutants missing the SlGAD2 and SlGAD3 genes, raising the level of GABA 
(gamma-Aminobutyric acid) in tomato fruits (Nonaka et al. 2017). GABA is a 
non-proteinogenic amino acids, which is effective in lowering blood pressure 
in hypertensive-patients. Similarly, Miao et  al. (2018) found significantly 
increased accumulation of GABA in genome-edited lines using a multiplex 
CRISPR/Cas9-method designed to target GABA-TP1, GABA-TP2, GABA-TP3, 
SSADH and CAT9 genes simultaneously.

Genetic modification of ACO (1-aminocyclopropane-1-carboxylate oxidase) 
using CRISPR/Cas9 increased the flower longevity in contrast with wild-type petu-
nia plants (Yang et al. 2020). The vitamin C content of lettuce was increased by 
editing the ORF (open reading frame) of LsGGP2 gene, which is important in 
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vitamin C biosynthesis (Zhang et al. 2018a). SGAs (steroidal glycoalkaloids) are 
highly toxic substances that are abundant in potato tuber sprouts and flowers. SGA-
free potato variety have been created by modifying St16DOX gene with CRISPR 
technology (Nakayasu et  al. 2018). CRISPR-mediated editing of floral repressor 
TFL1.1 gene resulted an early-flowering phenotype in 9% of pear plants and 93% of 
resulted apple plants (Charrier et al. 2019). Tartaric acid synthesis genes related to 
other flower characteristics were also edited. A carotenoid cleavage dioxygenase 
(CCD) gene was modified which resulted in 20-fold improved carotenoid contents 
in mutated Japanese morning glory (Watanabe et al. 2018). Ethylene is an important 
post-harvest quality regulator for cut flowers. EPHEMERAL1 (EPH1), an ethylene-
mediated NAC transcription factor gene, was edited to delay senescence and extend 
the flowering time in Japanese morning glory (Shibuya et al. 2018).

8 � Conclusion

In recent decades, CRISPR/Cas-driven gene editing has become one of the most potent 
genetic engineering tools in crop biotechnology. CRISPR/Cas-based gene editing 
allows for effective, accurate and targeted genetic manipulation in cereals, fruits, veg-
etables and other ornamental crops to increase yield and nutritional value with also 
increasing disease resistance. Such applications offer an advantage to the latest genetic 
engineering strategies for food safety and combating undernourishment of vitamins, 
minerals, and nutraceuticals to the world’s growing population. Although CRISPR/
Cas9 tool has truly evolved as the most powerful technique for crop improvement, the 
genome editing of cereals and other important horticulture crops confronts various 
obstacles in its application. The unintended targets, genome stability, transformation 
efficiency and lack of specific PAM is a significant concern of wide use of the CRISPR-
based genome editing for crop development. These hurdles must be eliminated to facil-
itate the successful implementation of these techniques with promising future prospects. 
Refinement of editing capacity, the establishment of transformation methods and 
advancement in delivering the CRISPR/Cas method will be the key prospects for pro-
gressing genome editing measures in important commercial crops. With these advance-
ments, CRISPR/Cas genome editing would be a promising tool for creating novel 
stress-tolerant varieties, higher-yielding crops, improved pathogen resistance, and 
increased nutritional value in the upcoming decades.
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Abstract  In the current agricultural scenario, high nutritional value and yield are 
the major goals to deal with increasing population and malnutrition. Vegetable crops 
include a wide variety of species having high genetic diversity and form a crucial 
part of the human diet worldwide. Recent biotechnological interventions have 
allowed for incorporation of desired traits into target varieties. Among these inter-
ventions, genome editing has gained widespread application at a rapid pace. Tools 
like zinc finger nucleases (ZFNs), transcription activator-like effector nucleases 
(TALENs) and CRISPR/Cas have been utilized extensively and curated accordingly 
for the improvement of vegetable crops. This chapter focuses on the progress and 
challenges pertaining to CRISPR/Cas and will also shed light on the biosafety 
aspect of genome editing in vegetable germplasms globally.
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1 � Introduction

Vegetable crops provide an extensive plethora of nutritional value in the form of 
vitamins, minerals, antioxidant compounds, fibre, and carbohydrates. However, 
vegetables are sensitive to pest and diseases, as well as to abiotic stresses. Along 
with this, owing to the high demand of food as well as deficiencies, it has become a 
necessity to explore and further enhance the nutritional components of these crops. 
In this framework, continuous efforts have been made in breeding and molecular 
techniques to improve the ever-growing global food demand in an efficient and 
cost-intensive way. Even though over the years, trait improvement in vegetable 
crops has taken major strides, time constraints have created severe obstacles for 
vegetable breeders. Hybridization-based breeding approaches are quite useful for 
creating variability and combining the desirable traits into adoptable genetic back-
grounds. However, the trait introgression becomes challenging in case of linkage 
drag with the undesirable traits, such as plant type, low yield, nutritional quality, 
and market preferred traits such as seed size and color. Additionally, hybridization 
breeding techniques can take several years for the generation of final outputs (Xiong 
et al. 2015). As a result of these shortcomings, biotechnological techniques such as 
mutation breeding and transgenic technology saw a rise. While mutation breeding 
technology ensures specific variations for new characteristics, it is highly inherit-
able and low in frequency (Parry et al. 2009). The advent of transgenic technology 
paved the way for modern biotechnological techniques and provided a rather pre-
cise technology for trait improvement without altering the genetic components of 
superior varieties. While the field of biotechnology provides a rather wholesome 
approach for crop improvement, the biosafety aspect and legal regulation limits the 
exploration on the field scale. Also, recalcitrancy in several crops also is a hindrance 
to successful genetic transformation (Xiong et  al. 2015). Therefore, in order to 
reduce the time-intensive process of traditional breeding and regulatory constraints 
of modern biotechnological techniques, genome editing using zinc finger, TALENs 
and CRISPR/Cas9 is being utilized. Genome editing utilizes engineered endonucle-
ases, which bind to specific DNA or RNA sequences and cleave in a sequence-
specific manner. These sequence breaks then are repaired by cellular damage repair 
mechanisms such as homology-directed repair (HDR) and non-homologous end-
joining (NHEJ) breaks consequently causing gene modifications at desired sites. 
Among the genome editing techniques, ZFNs and TALENs are the early gene edit-
ing techniques, which were comparatively more time-consuming and less efficient 
(Chen et al. 2020). All these tools provide a viable approach to targeting specific 
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genes in the plant genome. However, among these, CRISPR/ Cas9 is the most 
widely utilized genome editing tool (Tian et al. 2021).

CRISPR/Cas9 is based on the Streptococcus pyogenes system which contains the 
Cas9 endonuclease and binds to two naturally occurring molecules, viz, crRNA and 
tracrRNA. These two molecules are known as single-guide RNA (sgRNA) and con-
tain a binding site for Cas9 along with a sequence complementary to the target gene 
sequence (protospacer adjacent motif, PAM) (Corte et al. 2019). CRISPR/Cas9 has 
been utilized for various vegetable crops such as tomato, potato, cucumber and cab-
bage among many (Chen et  al. 2020). The incorporation of the sgRNA is done 
mainly via Agrobacterium-mediated transformation, which is the most effective 
method now. In the T0 generation, four major genotypes are obtained, namely, 
homozygotes, heterozygotes, chimeras and biallelic. The sgRNA is removed in the 
subsequent generations through segregation which gives rise to a transgene-free 
plant with desired mutations (Corte et al. 2019).

The trait improvement for vegetables focuses on goals such as extended shelf 
life, improving yield and quality, enhancing pest and disease resistance, enhance-
ment of secondary metabolites, abiotic stress tolerance and improvement of nutri-
tional value along with phytohormones. These can be achieved via targeted 
mutagenesis, gene knockout, microRNA knockdown screening which will also pro-
vide a cumulative perspective about the gene function (Kamburova et al. 2017). One 
of the key necessities of genome editing is the availability of whole genome 
sequence of the concerned crop. Due to this, genome editing has been explored 
comparatively more in major cereals. Genomes of model plants have been used as 
reference genome for editing in vegetable crops. However, over the years, the 
genome sequence of vegetable crops such as cabbage, Chinese cabbage, radish, 
spinach, Spanish pepper, tomato, eggplant and potato have been assembled and 
made available in the public domain (Chen et al. 2019). The availability of genomic 
sequences would further allow to elucidate the underlying mechanisms of various 
traits and in turn facilitate the identification of genes for specific targeting using 
CRISPR/Cas9 (Xiong et al. 2015).

In vegetable crops, the most trait improvement has been explored in tomato and 
potato which can be owed to availability of genomic resources and calcitrancy of 
crops to Agrobacterium-mediated transformation. Development of improved deliv-
ery reagents, other variants of nucleases, plant regeneration methods and transcrip-
tional regulation would enhance genome editing in vegetable crops in the near 
future (Cardi et al. 2017). The current chapter elucidates the status of genome edit-
ing for traits such as pest and disease resistance, nutritional trait improvement and 
abiotic stress tolerance along with the biosafety regulations in major vegetable crops.

Vegetable Crop Improvement Through CRISPR Technology for Food Security
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2 � Applications of Genome Editing in Improvement 
of Vegetable Crops

Due to various consequences in climate change, crops are attacked by new patho-
gens (bacteria, viruses, fungi, etc.) and pests that cause drastic reduction in the yield 
and renders them susceptible to different biotic and abiotic stress. Plants, which are 
biologically resilient to numerous pests and diseases, can impact pesticide drop and 
crop protection. Although, they contribute the resistance, yield and other yield con-
tributing characters like plant height might face consequences (Gao et al. 2020; Van 
Butselaar and Van den Ackerveken 2020). Thus, alternate resistance mechanism 
sources which coordinate yield, growth and defence are highly essential. With all 
these challenges, breeding programs aim to develop resistant varieties and genome 
editing is one of the powerful technologies to meet this. Qualitative traits include 
traits such as improvement of shelf life, enhancement of active compounds and 
minerals, starch quality regulation, delayed ripening, and pigment biosynthesis 
modifications. In vegetable crops, the major species which has been explored for 
nutritional trait enhancement using genome-editing tools are tomato, potato, carrot, 
yam, and sweet potato. While CRISPR/Cas9 has been applied to vegetables such as 
cauliflower and cabbage, there are no reported studies of trait enhancement in these 
vegetables. Abiotic stresses, including drought, salinity, extreme temperature, heavy 
metal toxicity, are the major yield-limiting factors and greatly affect vegetable crop 
production worldwide (Canter 2018). All major stresses including extreme tempera-
ture, drought, and salinity have been discussed in the past to describe how they lead 
to significant yield losses in major food crops (Mantri et al. 2012). Physical stress 
sensing may start anywhere in the cell, in different cell organelles or any cellular 
compartments. In plants, initial stress signals are perceived on the cell surface or at 
the transmembrane. Signalling events are controlled by secondary massengers and 
regulatory proteins (Ca+2 and protein kinases) and will be transmitted downstream 
to activate transcriptional regulators such as transcription factor binding proteins 
(TFBPs), hormones, and transcription factors (TFs) (Zhu 2016). Major stress 
responses are marked as, increase in the primary metabolism to meet the high 
energy demand, decrease in the secondary metabolism for efficient energy conser-
vation, increase in the accumulation of callose, lignin, and polyphenols for strength-
ening secondary cell wall, rapid anti-oxidative mechanism, changes in cell cycle 
activity for cell size maintenance, and increase in the cytoskeleton, chaperon and 
signalling proteins (Zhang et al. 2021). Most importantly, all the abiotic stresses are 
often interconnected and induce the excessive production of reactive oxygen spe-
cies (ROS) which causes cellular damage, alters major physiological processes, and 
inhibits overall plant growth (Choudhury et al. 2017). Abiotic stress is a complex 
trait consisting of different molecular components and metabolic pathways. Stress 
responses resulted in induced expression of the genes involved in a series of molec-
ular and metabolic pathways. Stress-induced genes can be categorized into struc-
tural and regulatory genes. The class structural genes mainly consist of genes, which 
encode transmembrane proteins, enzymes involved in the osmolyte biosynthesis 
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and detoxification. Genes encoding Late Embryogenesis Abundant (LEA) protein, 
anti-freezing proteins, chaperons, and miRNA binding protein can also be consid-
ered as the structural genes. Genes-encoding transcription factors (TFs) including 
dehydration-responsive element-binding proteins (DREB’S), transduction prote-
ases (e.g phospholipase C), protein kinases such as ribosomal protein kinases and 
receptor kinases fall into the regulatory genes category (Dos Reis et al. 2012). A 
wide range of genes have been identified across major vegetable crops in order to 
obtain desired traits using CRISPR technology (Table 1).

2.1 � Qualitative Traits

2.1.1 � Starch Content

Potato (Solanum tuberosum) is one of the most widely consumed vegetables from 
the tuber family. Some of the main focuses of breeding pipeline pertaining to pota-
toes are in reduction of toxic steroidal glycoalkaoids (SGAs), low starch content 
and reduced polyphenol oxidases to minimize browning. CRISPR/Cas9 technology 
has been significantly studied in this crop for the above-mentioned traits. Regulation 
of starch properties is crucial in potato consumption to reduce the health risk associ-
ated with it. Potato starch is readily digested in the body and therefore effects blood 
sugar level as well as contributes to obesity. Therefore, efforts are being made to 
make the potato starch less digestible thereby reducing the health risks. CRISPR/
Cas9 technology has been employed for generating mutations in starch branching. 
The granule bound starch synthase I (GBSSI) gene has been targeted in potato along 
with a translational enhancer, dMac3 owing to tetraploid nature of potato. The trans-
lational enhancer was seen to enhance the digestion efficiency of Cas9 and conse-
quently improve the mutation frequency. Targeting the GBSSI gave rise to progenies 
which exhibited reduced amylose content in potato starch. Amylose-free potato is a 
valuable component of the paper industry (Kusano et al. 2018). Potato starch might 
be deleterious effects on human and animal health as it is readily digestible and 
subsequently causes increased blood sugar levels along with obesity. Therefore, less 
digestible starch in the form of amylose-rich potato is being preferred and is now 
crucial trait studied in the breeding pipeline. While amylose is a large α-1, 4 linked 
glucose polymer, amylopectin consists of α-1, 4 linked glucose and α-1, 6 linkages. 
Upon gelatinization and cooling, the long linear chains which become packed 
together are resistant to α-amylase which is predominantly seen in amylose-rich 
starch and long branched amylopectin chains. Starch-branching enzymes (SBEs) 
aid in the formation of α-1, 6 linkages. In order to increase the amylose content, the 
SBEs concentration need to be reduced which was attained by targeted mutagenesis 
of SBE1 and SBE2. The study demonstrated that SBE mutagenesis through CRISPR/
Cas9 technology can aid development of a wide range of genotypes with varying 
starch properties (Tuncel et al. 2019). Another isoform which has been examined is 
SBE3 gene attached to translational enhancer dMAC3. The resultant mutants 
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Table 1  Summary of genome editing studies targeting gene/s governing qualitative and abiotic 
stress tolerance traits for vegetable crop improvement

Stress/trait Plant Targeted gene (s) Effect Reference

Drought, 
heat, high 
light

Tomato SlLBD40 Enhanced drought 
tolerance

Liu et al. 
(2020)

Tomato SlMAPK3 Reduced drought 
tolerance

Wang et al. 
(2017)

Tomato SlNPR1 Reduced drought 
tolerance

Li et al. (2019)

Tomato SlAGL6 The mutants could 
produce fruit under 
heat stress

Klap et al. 
(2017)

Potato StCDF1 and StFLORE Increased drought 
tolerance

Ramírez 
Gonzales et al. 
(2021)

Potato StAOX Resistant to high-light 
stress

Hua et al. 
(2020)

Soybean GmLCLs Reduced drought 
tolerance

Yuan et al. 
(2021)

Soybean GmNAC8 Reduced heat tolerance Yang et al. 
(2020)

Soybean GmHsp90A2 Decreased tolerance to 
heat stress

Huang et al. 
(2019a)

Lettuce LsNCED4 Increase in the 
temperature for seed 
germination

Bertier et al. 
(2018)

Salinity Tomato SlARF4 Increased salinity 
tolerance

Bouzroud et al. 
(2020)

Tomato SlHyPRP1 Enhanced salinity 
tolerance

Tran et al. 
(2021)

Tomato SlHAK20 Enhanced salt and 
osmotic stress 
tolerance

Wang et al. 
(2020)

Pumpkin 
and 
Cucumber

RBOHD Enhanced salinity 
tolerance

Huang et al. 
(2019a)

Cold and 
chilling

Tomato SlCBF1 Decreased chilling 
tolerance

Li et al. 
(2018b)

Mineral 
deficiency

Potato StMYB44 Increased phosphate 
transport

Zhou et al. 
(2017)

Tomato SlPHO1;1 Decreased phosphate 
transport

Zhao et al. 
(2019)

Multiple 
abiotic stress

Tomato Class II glutaredoxin 
(GRX) family (S14, 
S15, S16, and S17)

Increased heavy metal 
accumulation and 
increased heat 
sensitivity

Kakeshpour 
et al. (2021)

(continued)
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Table 1  (continued)

Stress/trait Plant Targeted gene (s) Effect Reference

Qualitative 
traits

Oilseed rape FAD2 Desaturation of oleic 
acid

Okuzaki et al. 
(2018)

Chinese 
cabbage

Bra003491, Bra007665, 
Bra014410

Generation of genic 
male sterility

Xiong et al. 
(2019)

Chinese 
Kale

BoaCRTISO Alteration of 
carotenoids and 
chlorophyll content

Sun et al. 
(2020)

Carrot F3H Regulation of 
anthocyanin 
biosynthesis pathway

Klimek-
Chodacka et al. 
(2018)

Potato GBSSI Regulation of amylose 
content in starch

Kusano et al. 
(2018)

SBE1, SBE2 Regulation of amylose 
content in starch

Tuncel et al. 
(2019)

SBE3 Regulation of amylose 
content in starch

Takeuchi et al. 
(2021)

St16DOX Removal of toxic 
SGAs

Nakayasu et al. 
(2018)

StPPO1-9 Reduction of 
enzymatic browning

González et al. 
(2020)

Sweet potato IbGBSSI and IbSBEII Starch content 
alteration

Wang et al. 
(2019a)

Tomato Ap2a, NOR, FUL1 and 
FUL2

Regulation of fruit 
ripening

Wang et al. 
(2019b)

SlNAC4 Regulation of fruit 
ripening

Gao et al. 
(2021)

Alc Enhanced shelf-life Yu et al. (2017)
PL, PG2a, TBG4 Enhanced shelf-life Wang et al. 

(2019c)
GABA-TP1,2,3, CAT9 
and SSADH

GABA regulation Li et al. 
(2018a)

demonstrated loss-of-function of the SBE3 gene causing reduced amount of amy-
lose indicating towards the role of SBE3 as a major starch branching enzyme 
(Takeuchi et  al. 2021). Sweet potato (Ipomoea batatas) is another crucial high-
starch content tuber consumed globally containing high nutritional value. Apart 
from the above-mentioned SBEs and GBSSI genes, the other major enzymes asso-
ciated with starch biosynthetic pathway are ADP-glucose pyrophosphorylase 
(ADPG), starch synthases (SS) and starch debranching enzymes (DBEs). Genetic 
studies pertaining to sweet potato are limited due to inefficiency in genetic transfor-
mation and limited genomic information. Targeted mutagenesis has been performed 
in sweet potato against two genes, IbGBSSI and IbSBEII. Knockout of both the 
genes by CRISPR/Cas9 system did not significantly reduce the starch content in 
sweet potato; however, the amylose percentage was found to be altered in both 
cases. Further selective knockout studies would help in regulation of amylose levels 
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in other cultivars of sweet potato. Additionally, multiple targeting of genes involved 
in the starch biosynthetic pathway through CRISPR/Cas9 would help in improve-
ment of sweet potato varieties (Wang et al. 2019a).

2.1.2 � Pigmentation

Mutagenesis studies performed in Chinese kale (Brassica oleracea var. alboglabra) 
to alter the pigment synthesis was successfully carried out using CRISPR/Cas9 
technology. Chinese kale has high antioxidant and anticancer properties along with 
possessing high levels of vitamin C and carotenoids. Carotenoids facilitate the anti-
oxidant process and therefore is crucial to the vegetable crop. Carotenoid isomerase 
(CRTISO) enzyme plays a role in conversion of lycopene precursors to lycopene. 
The loss of function of CRTISO leads to synthesis of yellow or orange colour in 
various crop species such as tomato, rice, and Chinese cabbage (Isaacson et  al. 
2002; Chai et al. 2011; Su et al. 2015). Chinese kale is usually devoid of colour 
except for light green leaves. Targeted editing via knockdown of the BoaCRTISO 
gene, of Chinese kale, was observed to cause alteration in pigmentation of the veg-
etable. The mutation of BoaCRTISO gene leads to down regulation of genes associ-
ated with carotenoid as well as chlorophyll biosynthesis pathway leading to 
yellowing of the crtiso mutants. However, it was also observed that two genes, Psy3 
and PDS2 were upregulated which might suggest a compensatory mechanism of the 
plant which needs to be further explored to determine the functional variations 
among the genes. The technique, however, shows promise for commercial purposes 
for generation of Chinese kale with new colours as it also effects the sensory per-
ceptions (Sun et al. 2020).

Carrots (Daucus carota) are another important vegetable crop due to its high 
content of Vitamin-C carotenoids and have been extensively explored for plant tis-
sue culture and related genetic transformations. However, owing to its biennial 
cycle and high-inbreeding depression effects, it has not been studied as extensively 
using modern biotechnological techniques. Nevertheless, carrot callus grows fast 
and therefore serves as an excellent material for genetic research using in vitro cul-
ture studies. Additionally, the recent genome sequencing data of carrot (Iorizzo 
et al. 2016) provides further foundation for genomic research and subsequently in 
crop improvement. Anthocyanins are a group of pigment proteins whose colours 
vary based on side group arrangement of the compound. A colourless flavanone is 
the precursor in the pathway which is subsequently converted to unstable di-
hydroflavonol, which is then hydroxylated to anthocyanin. Thus the hydroxylation 
process is crucial for anthocyanin biosynthesis which is regulated by the 
Flavanone-3-hydroxylase (F3H) enzyme. Inhibition of expression of F3H restricts 
the expression of the pigments. Loss of function has been induced through multi-
plex CRISPR/Cas9 vectors resulting in white calli of carrot. This proved the func-
tionality of F3H gene in the anthocyanin biosynthesis pathway as well as a visual 
marker to determine the mutants. Further, it also validated the callus regeneration 
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system in carrot for application of genome editing in other traits as well (Klimek-
Chodacka et al. 2018).

2.1.3 � Saturated Fatty Acid Content

Oilseed rape (Brassica napus) is one of the most important oil crops containing an 
abundance of nutritional fatty acids. One of the fundamental traits being explored 
through various breeding and biotechnological methods in this crop is high oleic 
content as it imparts increased stability to the oil. Oleic acid, linoleic acid and lino-
lenic acid unsaturated fatty acid compounds present in oilseed whose desaturation 
is regulated by fatty acid desaturase genes. CRISPR/Cas9 system has been utilized 
to modify the fatty acid desaturase gene FAD2 which catalyzes the desaturation of 
oleic acid. Targeting the FAD2 gene resulted in progenies which contained higher 
levels of oleic acid as compared to the wild type implying towards the effectiveness 
of the technology in providing viable trait enhancement results (Okuzaki et al. 2018).

2.1.4 � Improvement of Shelf-Life and Quality

Tomato (Solanum lycopersicum) has been mainly studied in the context of increas-
ing the shelf life of the ripening vegetable. However, apart from this, other traits 
which have been explored in tomato are nutritional in nature. Several factors have 
been determined which are responsible for tomato ripening and the subsequent 
change in taste and texture. The RIPENING INHIBITOR (RIN), NON RIPENING 
(NOR), APETELA2a (AP2a), COLORLESS NON RIPENING (CNR), alcobaca 
(ALC) and FRUITFUL (FUL) are some of the important transcription factors which 
regulate the early or late ripening in tomatoes. Spontaneous mutations have been 
observed across genotypes which have been further explored through forward 
genetics. CRISPR/ Cas9 has proven to be an efficient tool for the exploration of 
mutant generation in tomato. Knockout mutants of these genes were carried out and 
the phenotype of these mutants was observed. The ap2a mutation exhibited distinct 
phenotype while nor mutants showed mild phenotype. Additionally, FUL1 and 
FUL2 of FUL mutants showed partially redundant phenotypes collectively with 
FUL2 demonstrating role in early fruit development (Wang et  al. 2019b). Apart 
from this, the NAC transcription factors are also known to play a vital role in tomato 
ripening as well as carotenoid accumulation. CRISPR/Cas9 technology-based 
knockout mutants have been developed against SlNAC4 transcription factor. SlNAC4 
mutants were found to have softer fruit as compared to wild type which indicates 
that the transcription factor is a positive regulator of tomato ripening. The transcrip-
tion factor was also found to be directly associated with SlEXP1 (expansin) and 
SlCEL2 (endo-β-1,4 glucanase) genes which function in cell wall metabolism (Gao 
et al. 2021). The ALC mutation has also been explored through CRISPR/Cas9 for 
enhancing the shelf life of tomato lines. Targeted gene replacement of the alc gene 
was performed and the phenotypic changes were observed. Heterozygote plants in 
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T0 generation and homozygotes in T1 was obtained. While the T1 mutants demon-
strated comparable plant height, stem diameter and soluble solid content as that of 
the wild type, it exhibited enhanced shelf life at room temperature. This would be 
the first successful study of allelic substitution in tomatoes using CRISPR/Cas9 
technology suggesting the potential of the technology in tomato breeding (Yu et al. 
2017). Shelf-life in tomatoes has also been studied taking into consideration the 
genes encoding pectin-degrading enzymes pectate lyase (PL), polygalacturonase 2a 
(PG2a), and b-galactanase (TBG4). Mutants of these genes generated using 
CRISPR/Cas9 were analyzed for pectin localization in pericarp of ripe fruit. While 
softening of fleshy fruits and vegetables is important for palatability, it significantly 
affects the shelf-life of the same. Pectin is a cell wall polysaccharide and is classi-
fied into three major classes of polymers, viz, homogalacturonan (HG), rhamnoga-
lacturonan-I (RG-I), and rhamnogalacturonan-II (RG-II). CRISPR/Cas9-based 
mutant lines showed that only PL mutants showed firmer fruits while PG2a and 
TBG4 mutants affected the colour and weight of tomatoes. Additionally, PL silenc-
ing caused loss of de-esterified HG and degradation of RG-I and HG by the other 
two enzymes (PG2a and TBG4) (Wang et al. 2019c).

Enzymatic browning occurring in vegetables such as potato is another important 
trait which needs to be investigated thoroughly as it compromizes the quality of the 
crop. Polyphenol oxidases (PPOs) are compounds present in higher plants, which 
converts phenolic compounds to quinones which in turn self-polymerize to impart 
the dark brown colour often exhibited in potato. This undesirable trait is controlled 
usually via physical or chemical agents which are unfavourable for long-term solu-
tions. Therefore, the exploitation of modern technologies is vital for the reduction 
of enzymatic browning. PPOs are encoded by multigene families and in potato itself 
9 PPOs have been identified, viz, StPPO1-9. Mutations via genome editing in the 
StPPO2 gene of tetraploid potato cultivar, Desiree, was seen to cause reduction of 
PPO activity to about 69%. Additionally, the enzymatic browning was found to 
reduce 73% in mutants as compared to wild type. The study provided valuable 
insight into the functionality of a single gene of the PPO family as well as the poten-
tial of CRISPR/Cas9 system in development of superior potato varieties (González 
et  al. 2020). The accumulation of SGAs in potato, namely, α-solanine and 
α-chaconine, are known to confer bitter taste to the tuber and also cause toxicity to 
other organisms. Regulation of genes associated with SGAs have led to generation 
of potato with reduced SGAs. Knockout of St16DOX gene encoding steroid 
16α-hydroxylase in SGA present in hairy root of potato, using CRISPR/Cas9, led to 
mutation of the gene and subsequently no accumulation of SGAs. However, glyco-
sides of 22, 26-dihydroxycholesterol were found,  which is the substrate of 
St16DOX. Site-directed mutagenesis successfully carried out in tetraploid root dem-
onstrated the efficacy of multiplex gRNA expression for mutagenesis studies in 
other crops as well (Nakayasu et al. 2018).
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2.1.5 � Other Qualitative Traits

The development of genic male sterile lines using multiplex genome editing has 
been performed targeting Bra003491, Bra007665, and Bra014410 genes of Chinese 
cabbage (Brassica campestris). The aforementioned genes are orthologs of the 
VGDH2 gene of Arabidopsis which encodes pectin methylesterases (PME) has 
functional role in pollen and pollen tube development. Stable mutagenesis fre-
quency was observed in T0 generation. While the study did not demonstrate genera-
tion of genic male sterile transformants, the high mutation frequency implied 
towards the potential of multiplex genome editing in B. campestris for the develop-
ment of heritable mutations (Xiong et al. 2019).

In a rather novel CRISPR/Cas9 system, pYLCRISPR/Cas9 has been constructed 
which consists of six sgRNA cassettes. Tomatoes consist of vital nutrients such as 
vitamin C and E, alkaloids, lycopenes and ɣ-aminobutyric acid (GABA). GABA is 
essential for plant growth and fruit development. GABA is regulated by GABA 
shunt metabolic pathway. In this, GABA is synthesized from glutamate and then 
converted to succinic semialdehyde (SSA) by pyruvate- dependent GABA trans-
aminase (GABA-TP) which is then oxidized to succinate via Succinate semialde-
hyde dehydrogenase (SSADH). The cat9 protein helps in transportation of GABA 
to mitochondria for catabolism. pYLCRISPR/Cas9 was utilized to target 5 genes 
(GABA-TP1, GABA-TP2, GABA-TP3, CAT9 and SSADH) in GABA shunt leading 
to 6 GABA mutants. Following this, the GABA content in leaves was found to be 
19-folds greater than the wild type. Also, this technique showed the potential of 
pYLCRISPR/Cas9 system in multisite knockout mutation studies (Li et al. 2018a).

2.2 � Abiotic Stress Tolerance

Progress in genetic engineering techniques has been offering a wide range of appli-
cations to improve the vegetable crops for stress tolerance and quality vegetable 
production. CRISPR-Cas9-based genome editing is a simple, efficient, and poten-
tial tool for crop improvement. CRISPR-Cas9 is considered the new breeding tech-
nique and has been extensively utilized to improve different traits in vegetable 
crops. Most of the genome editing for abiotic stress tolerance have been performed 
in tomato (Wang et al. 2017).

Structural genes can be targeted to achieve the high-level specific features of 
stress tolerance. New terminologies have been introduced to define negative and 
positive regulators of abiotic stresses. Structural genes were called positive regula-
tors (sensitivity genes or S genes) and negative regulators (tolerance gene or T 
genes) (Zafar et al. 2020). Genes encoding detoxification enzymes such as catalases 
(CATs), superoxide dismutase (SOD), glutathione reductases (GRs), glutathione 
S-transferases (GSTs), and many peroxidases (PODs) are referred to as T genes. T 
genes are the choice to be targeted, as they have a direct impact on all the major 
abiotic stresses. The majority of the T genes encode antioxidant enzymes which are 
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involved in the detoxification of ROS, which is a common response to multiple 
stressors (Zhang et al. 2021). Several other positive regulators that can be targeted, 
to achieve high-level stress tolerance, are papain-like cysteine proteases (PLCPs) 
and melatonin biosynthetic genes. Biosynthetic T genes can increase the antioxi-
dant melatonin production during the different stresses to scavenge ROS and reac-
tive nitrogen species (RNS). Strategies to target these T genes have been reviewed 
before (Zafar et  al. 2020). On the other hand, knocking down S genes encoding 
negative regulators of abiotic stresses can be explored to enhance stress tolerance in 
vegetable crops. A good example for the S genes is those that enhance the ROS spe-
cies (H2O2) production in response to various stresses. Genes like stress-related 
RING finger protein 1 (SRFP1), DIS1 (induced SINA protein 1) and DST (drought 
and salt tolerance) are belonging to the E3 ubiquitin ligase class and know to reduce 
the activity of antioxidant enzymes. Several S genes belonging to this class were 
targeted in rice. However, these S genes can also be mutated in vegetable crops 
using CRISPR-Cas9 to enhance abiotic stress tolerance (Fang et  al. 2015). 
Regulatory genes including transcription factors have been extensively studied and 
are always the preferred target for improving stress tolerance. Stress-induced regu-
latory factors can increase the expression of stress-related genes by physically bind-
ing in their prompter regions. Generally, positive regulators increase the expression 
of the antioxidant enzymes to facilitate ROS detoxification. Negative regulators 
including stress-responsive transcription factors, on the other hand, decrease the 
expression of the stress-responsive genes (Javed et  al. 2020). Cis-regulatory 
sequences and small non-coding RNAs like miRNAs can also be an important target 
to achieve high-level stress tolerance. Expression of stress-responsive genes may 
alter by targeting their promoter regions where mostly cis-regulatory sequences are 
present. Position and sequence variation of cis-regulatory sequence within the pro-
moter region resulted in increased, reduced and no expression. Besides, miRNAs 
could positively and negatively regulate stress tolerance by regulating the expres-
sion of a single of multiple stress-responsive genes. CRISPR-Cas9 system provides 
an opportunity to knock-down negative regulators (miRNAs, cis-regulatory 
sequences) to improve tolerance to different stresses in vegetable crops.

2.2.1 � Drought and Extreme Temperature

Drought is one of the serious abiotic stresses responsible for heavy yield losses in 
vegetable crops across rainfed ecologies. Adequate water supply to crops is chal-
lenging across many vegetable-growing nations due to severe climate change. There 
are multiple reports available in tomato where CRISPR-Cas9 is used to edit struc-
tural and regulatory genes to generate drought-tolerant tomato. The LATERAL 
ORGAN BOUNDARIES DOMAIN (LBD)-containing gene SlLBD40 was 
knocked-out using the CRISPR-Cas9 and edited tomato plants showed the increased 
tolerance to drought compared to wild type and overexpressing transgenic tomato 
plants (Liu et al. 2020). Mitogen-activated protein kinases (MAPKs) are important 
signalling molecules induced upon various stresses including heat and drought. In 
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tomato, SlMAPK3 gene mutation using CRISPR-Cas9 lead to varied expression of 
other stress-responsive genes such as SlLOX, SlGST, and SlDREB (Wang et  al. 
2017). CRISPR-Cas9-induced mutation within the SINPR1 gene reduced the 
drought tolerance in tomato. The SlNPR1 gene is a master regulator which controls 
the expression of stress-responsive genes and mutant plants showed the lower activ-
ity level of stress-responsive genes including SlGST, SlDHN, and SlDREB (Li et al. 
2019). Single, double, and triple combinations of Slgrxs14, 16, and 17 mutated 
tomato plants generated by using multiplex CRISPR-Cas9 system showed the 
increased tolerance to multiple stresses including heat and drought (Kakeshpour 
et al. 2021). Role of mutation within SlAGAMOUS-LIKE 6 (SlAGL6) gene was 
confirmed, fruit production under heat stress, using CRISPR-Cas9 in tomato (Klap 
et al. 2017). In potato, transcription factor StCDF1 association with StFLORE is 
known to enhance drought tolerance. This gene association was studied by generat-
ing mutations within the StFLORE promoter. This is the classical example of using 
CRISPR-Cas9 for gene association studies apart from routine loss-of-function and 
gain-of-function analysis (Ramírez Gonzales et al. 2021). In soybean, the circadian 
rhythm gene (GmLCLs) was characterized as a negative regulator of ABA signalling 
during the drought stress (Yuan et al. 2021). The CRISPR-Cas9 mutagenesis system 
assisted in characterizing positive regulators (TFs) of abiotic stresses. The role of 
BRASSINAZOLE RESISTANT 1 (BZR1) TF in response to heat was studied by 
generating a bzr1 mutant using the CRISPR-Cas9 system. The same study in tomato 
also showed the binding of BZR1 to the promoter region of FERONIA2 (FER2) and 
FER3 genes. These genes encode FERONIA Receptor-Like Kinase involved in 
ROS signalling in response to heat stress (Yin et al. 2018). CRISPR-Cas9-based 
soybean mutants of GmLCLs showed improved response to drought conditions. The 
study confirmed that GmLCLs negatively regulates ABA perception and signalling 
(Yuan et al. 2021). In another study, CRISPR-Cas9 was used to knock-down tran-
scription factor GmNAC8 and characterized as the positive regulator of drought 
stress (Yang et al. 2020). Similarly, the role of GmHsp90A2, a positive regulator of 
heat stress, was characterized using CRISPR-Cas9 mutagenesis (Huang et  al. 
2019a). In lettuce, CRISPR-Cas9 induced homozygous mutation within the 
LsNCED4 (9-cis-EPOXYCAROTENOID DIOXYGENASE4) gene, increased the 
overall temperature required for seed germination (Bertier et al. 2018). The role of 
cyanide-resistant respiration against the high-light stress was studied by knocking 
out the alternative oxidase (AOX) gene using CRISPR-Cas9 in potato (Hua et al. 
2020). Chilling is another important abiotic stress factor in vegetable crops. 
C-Repeat Binding Factors (CBFs) are transcription factors and are familiar for their 
role in low temperature or chilling stress in plants. The freezing tolerance gene 
SlCBF1 was characterized in tomato by generating SlCBF1 gene mutants. Mutants 
generated by CRISPR-Cas9 reduced the expression of downstream cold stress relate 
genes and showed significant decrease in the chilling tolerance (Li et al. 2018b). 
CRISPR-Cas9 knock-out of Class II glutaredoxin (SlGRX) – previously discussed 
for drought stress – showed increased sensitivity to cold stress in tomato (Kakeshpour 
et al. 2021).
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2.2.2 � Salinity and Mineral Deficiency

In plants, there are similar physiological consequences to salt stress in comparison 
with drought stress. Only a few studies, wherein CRISPR-Cas9 genome-editing tool 
has been used to generate heritable mutations. SlHyPRP1 gene encoding proline-
rich protein 1 (HyPRP1), a previously characterized negative regulator of salt stress 
tolerance, was manipulated to alter the protein domain region. CRISPR-Cas9-
mediated manipulation of the SlHyPRP1 gene exhibited high salt stress tolerance in 
tomato (Tran et al. 2021). In another study, it was shown that the Auxin Response 
Factor 4 (ARF4) is involved in the salt and osmotic stress response. The gene-
encoding ARF4 was mutated using CRISPR-Cas9, and the mutant tomato plants 
showed increased tolerance to salinity and osmotic stress (Bouzroud et al. 2020). 
CRISPR-Cas9 induced mutation with the coding region of SlHAK20 (clade IV 
HAK/KUP/KT transporters) revealed its function as it is associated with the change 
in NA+/K+ ratio. Also, mutant plants confer salt tolerance in tomato (Wang et al. 
2020). Cucumber (Cucumis sativus) is known for having low tolerance to salt as 
compared to the other vegetables in the same family, like pumpkin. K+ uptake by 
roots is regulated by H2O2 signalling under salt stress. Under salt stress, few of the 
differentially expressed genes (DEGs) in both the species were found as NADPH 
oxidase (respiratory burst oxidase homolog D; RBOHD), 14-3-3 protein (GRF12), 
plasma membrane H+-ATPase (AHA1), and potassium transporter (HAK5) which 
were exhibiting higher expression in pumpkin when under salt stress. Mutation of 
RBOHD using CRISPR/Cas9 resulted in lowered H2O2 and K+ content as well as 
GRF12, AHA1 and HAK5 expression subsequently leading to salt-sensitive pheno-
type. This suggested the role of RBOHD in salt tolerant phenotype of pumpkin. 
HAK5 expression is known to enhance K+ uptake and accumulation in root apex, 
thus preventing programmed cell death and consequently demonstrating salinity 
tolerance. The study sheds light on the differential tolerance of salt within the 
Cucurbitaceae family which can be further analyzed to comprehend the mechanism 
(Huang et al. 2019b).

There are only limited number of genes which are studied to describe mineral 
homeostasis in vegetable crops. Recently, two studies used CRSIPR-Cas9 system to 
characterize StMYB44 in potato and SlPHO1;1 in tomato. In the first study, it was 
shown that the StMYB44 negatively regulate phosphate transport, since StMYB44 
mutation failed to increase the expression of PHOSPHATE1. The second study in 
tomato, validated the phosphate transport role of gene encoding PHOSPHATE 1 
(PHO1) (Zhao et al. 2019; Zhou et al. 2017).

As it is having been described earlier, different abiotic stresses have similar phys-
iological responses. There are few studies where CRISPR-Cas9 gene editing 
resulted in multiple stress tolerance in vegetable crops. In potato, gene-encoding 
coilin, the main structural protein functionally associated with subnuclear Cajal 
bodies (CBs) was mutated using CRISPR-Cas9. The coilin mutants showed the 
tolerance to salt and osmatic stresses (Makhotenko et al. 2019). Similarly, targeting 
class II glutaredoxin (GRX) gene family generated multiple mutant tomato plants. 
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Few of these gene mutants exhibited multiple stress responses (Kakeshpour 
et al. 2021).

2.3 � Pest and Disease Resistance

There are various tools in genome-editing tools now-a-days which are widely used 
in various crops to knockout mutations and identify the specific genes of interest for 
producing sustainable crops with abiotic and biotic stress resistance. There are vari-
ous effectors built by the plants to manipulate the adaptation for defence reaction. 
This allowed not only discovering new biotechnological tools (Doron et al. 2018) 
but also to interrupt plant-pathogen/plant-insect interactions by target mutation to 
inhibit host influence and thereby accelerating the resistance. The latest study in 
tomato by (Guzman et al. 2020) demonstrated that TARK1 (tomato receptor kinase), 
required for pattern triggered immunity (PTI) when lost, inhibited bacteria and 
bacteria-associated induction of stomatal reopening. These types of phenomena are 
also seen in other crops like barley. Powdery mildew resistance in barley was devel-
oped by mutating MLO (Mildew resistant locus O) which does not confer resistance 
to the crop (Kusch and Panstruga 2017). The loss of MLO causes decline in growth 
and yield as this is a negative controller of plant defence (Brown and Rant 2013). 
Host-induced gene silencing (HIGS) involving miRNAs anticipated to resist away 
virus-related, mycological, pest, or nematode worm pathogens (Younis et al. 2014; 
Huang et  al. 2019c; Iqbal et  al. 2016) as pathogens employ RNAi mechanism 
including ‘small noncoding sRNAs’ which help in gene silencing (Weiberg et al. 
2013). Natural mutations create variations which are undirected and may lead to 
off-target mechanisms. These may result in negative phenomenon like decline in 
growth and crop production. Advancements in genome editing approaches aim to 
establish mutations at specific loci depending on SSNs (Single Specific Nucleases) 
and can be useful for biotic stress resistance. Moreover, foreign gene insertion 
which is conferring the resistance at loci helps in inhibiting the negative effects 
caused by that introgression and increase the resistance. Association mapping iden-
tified QTLs or phenotypes by GWAS further aiding the prediction of the potential 
candidate genes (Alqudah et al. 2020). Due to the availability of genome-sequencing 
information for most of the crops, precise genome editing could be done to the tar-
get allele at specific locus in complex genomes including tetraploid crops such as 
potato (Johansen et al. 2019). Despite several challenges in using this technology, it 
has been successfully implemented in various vegetable crops. Classical breeding 
takes several years to incorporate resistance through backcrossing. Virus resistance 
is incorporated without any classical approach and transgenics in cucumber for the 
first time (Cucumis sativus L.) utilizing Cas9/sub genomic RNA (sgRNA) tech-
nique for knocking the role of recessive eIF4E (eukaryotic translation initiation 
factor 4E) factor (Chandrasekaran et al. 2016).

CRISPR/Cas has been effectively executed in producing resistant plant varieties 
against bacteria, fungi, and viral pathogens. Factors encoding susceptibility is 
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extensively studied as knockout of genes can directly cause resistance (Zaidi et al. 
2018). MLO genes in many crop species confer resistance to downy mildew when 
it is in recessive state. Mutation of MLO in tomato using CRISPR/Cas9 has ren-
dered resistance against powdery mildew (Nekrasov et  al. 2017). Similarly, in 
cucumber, mutation in the recessive eIF4E has induced resistance against Cucumber 
Vein Yellowing Virus (CVYV) (Chandrasekaran et al. 2016). Various other suscepti-
bility genes like DMR6 are also seen in Arabidopsis (Van Damme et al. 2008) and 
potato (Sun et al. 2016) for downy mildew resistance. The same gene in tomato was 
reported to bring about the resistance against various other pathogens like 
Pseudomonas syringae pv. tomato (Pto), Phytophthora capsici, and Xanthomonas 
spp (de Toledo Thomazella et al. 2016).

Manipulation of gene regulatory pathways in plant defence systems helps in 
increasing the resistance. Exploitation of these pathway, like SA-JA, indicate posi-
tive impact on agronomical traits and shows negative impact on defence. CRISPR/
Cas9 system has made it possible to prevent defence potential trade-offs in tomato 
crop by inactivating JAZ2. This helped in avoiding the reopening of stomata in reac-
tion to toxin (COR) coronatine generated by Pseudomonas syringae, with no 
adverse influence on the defence reaction in contrast to necrotroph Botrytis cinerea 
(Ortigosa et al. 2019). In a study related to conferring resistance to late blight of 
potato, the role of the StCCoAOMT (full form) gene has been examined via gene-
editing technique. A SNP mutation of the StCCoAOMT gene was found to increase 
the resistance-related biosynthetic genes which in turn reduced the disease severity 
(Hegde et al. 2021). Through CRISPR/Cas technology, it is possible to introgress 
the resistance (R) genes in the host plants which may enhance the pathogenic resis-
tance. But in hosts, R genes are less and need to be recognized by interrelating 
helper NLR (nucleotide-binding site leucine-rich repeat) proteins (Wang et  al. 
2019d). Moreover, dominant allele-mediated resistance lasts less in contrast to the 
recessive allele-mediated resistance and mostly confined for a less race-specific iso-
lates, which is able to rapidly develop resistance through higher mutation rate 
(Pandolfi et al. 2017; Kourelis and Van Der Hoorn 2018). Therefore, gene pyramid-
ing helps to attain high durability in resistance that could be further assisted by 
CRISPR/Cas9-generated HDR (Pandolfi et al. 2017). In addition to this, the trans-
mission of pattern recognition receptors may also give significantly enhanced resis-
tance that has been demonstrated successfully in crops like tomato and Arabidopsis 
(Karasov et al. 2017). These methodologies help plants to sense novel pests and 
counteract the defence reaction with pathogen accordingly by reduction in the yield 
potential penalty.

Some of the notable studies with CRISPR/Cas technology in enhancing the 
nature of resistance by viral genomes targeting directly have been studied in potato 
where the targeted mutagenesis in regions of P3 (potyviral membrane protein), CI 
(laminate cytoplasmic inclusion bodies), Nlb (viral replicase), CP (capsid protein) 
confers resistance to Potato Virus Y (PVY) through Cas13a effector (Zhan et  al. 
2019). Similarly, in tomato mutations in the target region CP and Rep (replication-
associated protein) induce resistance to Tomato Yellow Leaf Curl Virus (TYLCV) 
via Cas9 (Tashkandi et  al. 2018). Further, targeting a CseIF4E host gene in 
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cucumber provide resistance to various viral diseases such as CVYV, Zucchini 
Yellow Mosaic Virus (ZYMV), Papaya Ringspot Virus (PRSV) (Chandrasekaran 
et al. 2016).

Tomato is one of the essential crops grown worldwide, and infestation by various 
pathogens and pests hampers the production, cultivation and shelf life. Initial report 
of mutagenesis through genome editing was done in tomato with the application of 
TALEN and CRISPR/Cas9 (Brooks et al. 2014; Lor et al. 2014). Mostly cas9 base 
editing (Shimatani et al. 2018), homologous recombination (Čermák et al. 2015) 
and prime editing (Lu et al. 2021) have been used to detect the variations through 
genome editing. Studies have suggested that an increase in salicylic acid confers 
resistance to many oomycetes and bacterial pathogens when there is a mutation in 
single gene DMR6 in Arabidopsis (de Toledo Thomazella et  al. 2016). CRISPR 
technology also has been exploited to increase the pathogen and pest resistance by 
targeting the gene SlMLO1-Oidium neolycopersici against powdery mildew 
(Nekrasov et al. 2017), Pseudomonas syringae pv. tomato for gene SlJAZ2 (Ortigosa 
et  al. 2019), P. syringae, Phytophthora capsica for gene SlDMR6 (de Toledo 
Thomazella et al. 2016), Xanthomonas sp, Oidium neolycopersici (powdery mil-
dew) for gene SlPMR4 Oidium via Cas9 (Martínez et al. 2020) with no negative 
effect on Lycopersicon esculentum development and growth.

Insects are also the main reason for lower yields in most of the essential crops 
grown worldwide. For control of these insects, farmers usually adopt chemical con-
trol causing detrimental effects to the environment and humans. These challenges 
encouraged researchers to create new and eco-friendly management strategies 
(Bisht et al. 2019). Resistance in insect or pest population can be obtained through 
the alterations in genetic material associated with receptor molecules responsible 
for distracting insects and release of toxin. Despite all these complex challenges, 
genome editing helps in combating the pests and serves as a new breeding strategy 
(Razzaq et  al. 2019; Vats et  al. 2019). Knockout of the targeted key regulatory 
sequences through genome editing may remain the long-term future strategy in 
tackling insect pests (Tyagi et al. 2020). Editing of the genomes is effectively uti-
lized within a two-step approach including the alteration of target pests, as well as 
their consequent release in the environment (Bitew 2018). Knocking down the 
detoxification genetic factors in pests such as gossypol-producing cytochrome p450 
ensued in susceptibility of the pest. Similarly, in polyphagous pests like Helicoverpa, 
knocking down of CYP6AE factor demonstrated the function of enzymes in decon-
tamination of several toxins and phytochemicals (Maher et al. 2020). Other strate-
gies of pest management via genome editing are by targeting the genes that will 
destroy the chemical signalling and detection of suitable partner for mating (Larsson 
et al. 2004). These strategies could revolutionize the establishment of effective plant 
insect interactions. Olfactory receptors in the insects are vital for recognizing the 
mating partner. In Drosophila, the preference of egg-laying site in the host is dis-
rupted by causing the mutation in gene Or83b. Moreover, due to this, the cumula-
tive effect on impaired olfactory detection was also affected. Correspondingly, Orco 
(olfactory receptor coreceptor) genetic factor in Spodopthera via CRISPR/Cas9 
knockout resulted in interruption of the mating companion choice and leading to 
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anosmia (Koutroumpa et  al. 2016). Loss of function mutants through CRISPR/ 
Cas9 resulted in the generation of abd-A mutant phenotypes in agricultural pests 
like Spodoptera litura (Sun et al. 2017), Spodoptera frugiperda (Wu et al. 2018), 
and Plutella xylostella (Sun et al. 2017). Insects created in this way had deformed 
segments over the body, unarmed prolegs, abnormal sex glands, and embryonic 
fatality, showing that genome editing was effective (Belfort and Bonocora 2014) 
and can be extrapolated to other related insect species as well.

2.4 � Biosafety and Legal Regulations

The apprehensions on the possible negative effects of transgenic plants/ GMOs/ 
LMOs on the environment have led to the requirement of biosafety and risk assess-
ment for products developed through transgenic or genome editing technologies. 
These concerns arose because these genetic-engineering technologies may uninten-
tionally interfere with well-structured physiological or biochemical pathways 
through alteration in the expression of various associated genes. The recombinant 
DNA evolved novel trait such as herbicide tolerance is a concern for the environ-
ment, food, animal feed and agricultural systems (Beckie et al. 2019). Besides these, 
the foreign DNA has also been reported to cause genomic irregularities through the 
alternation of secondary metabolites of plants (Aharoni and Galili 2011). Thus, 
traceability and tagging of genetically engineered products allow consumers choice 
as well as monitoring of ill effects on food, non-target and environment. Some of the 
countries have developed well-defined regulatory structures for GMOs; however, it 
is still in debate whether to consider GE products under the same legislation or to 
have a separate framework for their risk assessment and biosafety. The GE products 
also classified as NBTs (new breeding technologies) represent two different tech-
nologies viz. site-directed nucleases (SDN) and oligonucleotide-directed mutagen-
esis (ODM). Unlike GMOs, the GE technologies such as TALEN (transcription 
activator-like effector nucleases), MN (meganucleases), and CRISPR do not neces-
sarily involve the integration of foreign DNA into the target genome. The SDN 1 
and SDN 2 approaches are employed to deliver small insertions and deletions in the 
DNA, while SDN3 integrates a long chuck of DNA at the target sites (Podevin et al. 
2013; Petolino and Kumar 2016). The traceability of SDN1- and SDN 2-based 
alteration remains a challenge due to few bases changes, which are indistinguish-
able from those obtained through naturally occurring mutations (Gao 2018). There 
is a larger opinion to make SDN1- and SDN2-based products available in the field 
in the shortest possible time owing to their high similarity with mutation breeding, 
while the GE products evolving from the SDN3 approach have to be considered as 
transgenic (Lassoued et  al. 2019; Bhattacharya et  al. 2021). Generally, any risk 
assessment procedure cannot identify as well as quantitate all aspects of the threats 
to the environment and non-targets because of lack of complete knowledge of 
intended and unintended effects on modified organisms, receiving environment, and 
their interactions. This is the reason that the risk assessment approach of 
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well-known global agencies has been criticized because of their conjectures that 
every genetic change in GE organisms acts separately from any and all other genes 
and changes (Hilbeck et al. 2020). Thus, risk assessment considerations and meth-
odologies for any type of genetically engineered organisms should be strengthened 
in terms of precautionary principles due to limited safety data and high scientific 
uncertainties. All GE applications either based on SDN1, SDN2 or SDN3 have the 
potential to cause genomic irregularities and off-target effects that may be related to 
their process or the trait (Norris et al. 2020; Modrzejewski et al. 2019). The unin-
tended effects in GE crops can cause numerous unanticipated effects for example 
cleaving of an untargeted (off-target) gene (s) by nuclease, which may lead to 
change in some physiological processes. This will, in turn, have an impact on the 
biochemical, metabolic, and protein profile of the organism or the final product 
leading to its safety concerns to consumers or the environment. Before placing any 
GE product in the open environment for commercial use or even for evaluation, 
such effects need to trace as well as evaluated for their consequences on the environ-
ment. The risk of each genome-edited product has to be assessed individually focus-
ing on genomic as well as epigenomic irregularities, on-site intended and off-target 
unintended alteration occurring beyond the recognition error of gRNA. Currently, 
the majority of GE studies use in silico tools for search for off-target hits as well as 
prediction of target sites (Modrzejewski et al. 2019); however, these tools are not 
fully reliable and may miss detecting unintended insertions and genomic irregulari-
ties. There is a need to identify protocols to address these issues through a combina-
tion of whole-genome sequencing and potent bioinformatics tools. The major 
challenge with the genome sequences will be to differentiate between the naturally 
occurring variations and unintended effects. The unintended effects of GE are not 
only restricted to the genome but can have an impact on the epigenome, transcrip-
tome, proteome, and metabolome. Thus collective ‘omics’ approach can assist in 
the risk assessment of genome-edited products and processes (Kawall et al. 2020). 
The European Union Directive of 2001 and Regulation # 1829/2003 for first-
generation GMOs seek information for both unintended and intended effects; how-
ever, the molecular data is restricted to insert and flanking regions of the insert site. 
For GE products these directives need to be revised as they cannot be restricted to a 
specific site but have to be evaluated in context to the earlier discussed ‘omics’ 
approach.

The regulation, release, and trade of GMOs were established in the Cartagena 
Protocol on Biosafety and having implications to this treaty the GE technologies fall 
under its dictate. However, a wide disparity has been observed in the regulation, 
production, and consumption of these genome-edited organisms/products, with 
some countries banning their production while others producing and consuming 
them (Turnbull et al. 2021). Similar to first-generation genetically modified organ-
ism regulations, the genome-edited products also fall under two substructures, i.e 
the regulation of the process and the final product. The regulation of GE products/
organisms is not uniform across countries with some having established their bio-
safety norms while others are still in the deciding phase (El-Mounadi et al. 2020; 
Eckerstorfer et al. 2019). The hitches in developing the regulatory policies are also 
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because the SDN1- or SDN2-based products are in the dilemma of being considered 
as GMO or non-transgenic as the latter is similar to the plant varieties created by 
naturally occurring genetic variations. Thus, the biosafety and commercialization of 
these products may escape the strict regulatory guidelines (Van Vu et al. 2019) as 
declared by the United States Department of Agriculture (USDA) in 2018 that for 
some specific cases the GE is equivalent to conventional breeding (Waltz 2016a). 
Genetically engineered mushroom for resisting browning has not been regulated 
and approved for commercialization with the basis that it didn’t carry any transgene 
(Waltz 2016b). As mentioned earlier the regulatory framework for GE products/ 
organisms has not been laid uniformly across the globe with most countries/ unions 
still in the process of devising guidelines for these technologies. The European 
Union (EU) has maintained its stand for GE products similar to its earlier opinions 
for transgenic crops. In 2018, the Court of Justice of the European Union (ECJ) 
declared that the gene-edited crops must pass the same stringent regulations like 
first-generation transgenic plants (Waltz 2016a). Australia in its amendment to the 
schedule of the Gene Technology Act (GT Act) in 2019 has excluded organisms 
modified through SDN activity and CRISPR-Cas9. New Zealand, which has one of 
the most stringent regulatory frameworks for the development and field testing of 
GMOs under the aegis of Hazardous Substances and New Organisms Act 1996 
(HSNO Act), has clarified its stand in 2016 that all GE products/processes will be 
under the same GMO regulations. In India, the evaluation of GMOs is carried out 
under rules and regulations of the Institutional Biosafety Committee, the Genetic 
Engineering Evaluation Committee, and the Genetic Engineering Review 
Committee. These regulations suggest that, for SDN1, extensive data demonstrating 
successful gene editing is required, while for SDN2, in addition to the data proving 
effectiveness of gene editing, field trial data demonstrating effectives of transforma-
tion are also required. The SDN3-based approach must pass through GMO-based 
regulations and safety guidelines (Bhattacharya et al. 2021). Likewise, the status of 
genome-editing based organisms and products in different countries is listed in 
Table 2. No matter the points discussed in this section give a general overview of the 
safety and regulatory framework of genome-edited organisms, the regulations are 
the same for food crops, vegetables, animals, or any other modified organism.

2.5 � Conclusion

Conventional breeding techniques have taken major strides over the years for the 
improvement of agronomic traits such as yield, disease and pest resistance and abi-
otic stress tolerance as well as nutritional quality improvement. However, due to 
limited genetic germplasm and genetic diversity, conventional breeding has now 
been taken over by more modern technologies. Modern cultivars are sensitive to 
various stresses due to long-term artificial selection and domestication based on the 
excessive utilization of naturally occurring allelic variation. There is a need to 
develop vegetable cultivars with high yield and tolerance to various abiotic stresses. 
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Table 2  Country-wise status of regulatory framework of genome-edited organisms or products

Country Status

United States of America Non-regulated
European Union, Canada, India, Malaysia, New Zealand, South 
Africa, Thailand, Mexico

Regulated

Argentina, Chile, Brazil, Colombia Case-by-case if no 
foreign DNA then not 
regulated

Paraguay, Uruguay, Bangladesh, Nigeria, Kenya Likely case-by-case if no 
foreign DNA then not 
regulated as GMOs

Phillippines, Indonesia
United Kingdom
Norway

Discussion ongoing
Discussion ongoing for 
post-Brexit
Discussion ongoing and 
the proposal is if no 
foreign DNA then not 
regulated as GMO

 Japan, Australia, Israel If no foreign DNA then 
not regulated as GMO

China, Burma, Nepal, most of the African countries except Kenya 
and Nigera, Russia, and other European nations except those in EU, 
UK and Norway, Mediterranean nations, Latin American nations-
Ecuador, Peru, Bolivia, Venezuela, Guyana, French Guyana, Cuba, 
Other nations not listed in above categories

No information on 
regulatory and biosafety 
of GE crops/organisms/
products

Modified from Schmidt et al. (2020)

It is important to select such new cultivars to meet the global food supply and mar-
ket demands owing to the availability of whole-genome sequences of various crops, 
CRISPR/Cas9 has now been utilized for obtaining germplasm of various cultivars 
with genetic diversity. While CRISPR/Cas9 has evidently achieved tremendously in 
terms of crop improvement, the selection of genes is vital in the process. Additionally, 
traits such as abiotic stress, disease resistance and nutritional improvement are 
highly complex traits which are more often than usual governed by multiple genes. 
Therefore, it is essential to target multiple genes for obtaining desired phenotypic 
changes. Additionally, the regeneration of edited plants in major crop systems such 
as rice, wheat, maize and relevant model crops have been achieved over the years. 
However, this does not hold true for vegetable crops where the embryogenic com-
petency is low. Appropriate and effective transformation protocols with expression 
of regulatory genes are crucial for efficient regeneration of edited vegetable crops. 
While Agrobacterium-mediated, PEG and electroporation have been utilized for 
major crops, other deliver methods such as plant RNA and DNA virus vector sys-
tems might prove to be more effective in the case of vegetables.

Despite these challenges, CRISPR/Cas system remains one of the most promis-
ing tools in revolutionizing vegetable breeding pipelines as compared to its conven-
tional counterpart. Genome editing will undoubtedly open newer avenues for 
exploration of several other crops which can eventually be extended for industrial 
benefits.
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CRISPR/Cas9-Mediated Targeted 
Mutagenesis in Medicinal Plants

Meghna Patial, Kiran Devi, and Rohit Joshi 

Abstract  At present, traditional biotechnology techniques have usually been 
exploited for medicinal plant breeding. However, recent biotechnology-based 
breeding techniques, i.e., genome editing diversify the platform to develop custom-
designed medicinal plants. The sequence-specific nucleases of TALENs, ZFNs, and 
Cas are advance genome editing tools which produce user-defined plants. CRISPR/
Cas-based genome editing is an emerging technique that utilizes artificially engi-
neered nucleases for digesting DNA at targeted locations in the genome for high-
throughput biotechnology-based breeding of valuable medicinal plants. Due to its 
wide application in gene mutagenesis, transcriptional regulation, high efficiency 
and easy manipulation, several plant-specific CRISPR/Cas9 vector systems have 
been designed. This methodology is based upon the type II adaptive immunity 
response of prokaryotes, which comprises of a CRISPR-associated (Cas)9 protein 
and an engineered sgRNA that specifically targets the nucleic acid sequence to 
induce selective mutagenesis. In this chapter, various CRISPR/Cas-based approaches 
are discussed with emphasis on CRISPR/Cas9 vector platforms, multiplex editing 
strategies, analysis methods for induced mutations, and its applications in medicinal 
plants. This chapter provides the advancements in genome editing technologies and 
their associated strategies, giving an insight on the limitations of CRISPR/Cas9 
technique and its future advances to improve the quality of traditional medicinal 
herbs. This new system will further open new arena to manage synthetic biology of 
medicinal plants for industrial purposes and to investigate the function of gene to 
accelerate basic plant research.
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1 � Introduction

In the modern era, plants are defined as “green factories,” having a broad range of 
chemical complexity to support food, feed, and biopharma industries (Niazian 
2019). In the present context, plant-derived medicines are very much popularized 
due to their safe application (Upadhay et  al. 2014; Niazian 2019). Despite their 
numerous applications and advantages, medicinal plants are constantly being 
deprived of domestication and breeders are constantly giving efforts to develop 
faster methods for their proliferation by utilizing modern biotechnology-based tools 
(Bahuguna et al. 2011). With the advancement of high-throughput omics, i.e., pro-
teomics, transcriptomics, genomics, and metabolomics, a new area called “phyto-
chemical genomics” has emerged, which investigates the evolution, function, and 
regulation of phytochemical metabolites. In addition, recent genome editing tech-
nology has emerged as a reliable molecular tool to precisely manipulate target 
metabolites (Fuller et al. 2015).

In a plant breeding program, a well-known method of producing novel traits is 
randomly introducing mutations into the genome, leading to an improvement in 
quality and yield. Over the past few years, a sharp increase in induced mutagenesis 
was observed which includes broad-range screening for characterization of superior 
traits in plants. Mutagens used for inducing mutations include physical agents like 
radiations (gamma rays and ion beams) as well as chemicals such as EMS (ethyl 
methane sulfonate). The double-stranded DNA break (DSB) repair mechanism, 
which occurs during early meiosis, is essential for inducing precise breaks in the 
genome (Osakabe et al. 2012; Vats et al. 2019). DSBs occur due to the production 
of reactive oxygen species by environmental exposure to radiation such as UV or 
chemical agents that cause damage to DNA bases and cause lesions that block DNA 
replication. Homologous recombination (HR)/ Homologous end joining (HEJ)/
Homology-directed repair (HDR) and non-homologous end joining (NHEJ) are two 
methods possessed by cells to repair DSBs (Negritto 2010). NHEJ is dominant in 
eukaryotes whereas HEJ dominates in bacteria and yeast.

HEJ involves a general recombination mechanism that uses homologous 
sequence to repair DNA. This process requires recombination proteins to identify 
and bring together regions of DNA sequence that match the corresponding chromo-
somes. The undamaged chromosome is then used as template to transfer genetic 
information to the broken chromosome and repair the chromosome without chang-
ing DNA sequence. NHEJ is an emergency solution to repair DSB, in which, broken 
ends are put together and rejoined by DNA ligation. Usually one or more 
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nucleotides got lost at the joining site. Broken ends are detected via hetero-dimeric 
Ku70 and Ku80 proteins that allow Artemis and DNA-dependent protein kinase 
(DNA-PKcs) to act as nuclease. Artemis shows both endonuclease and exonuclease 
activity. Finally, DNA ligase IV in association with XRCC4 joins the double strand 
ends (Pannunzio et al. 2018). NHEJ is particularly common in the G0 and G1 phase 
whereas Homologous recombination predominates in the S and G2 phases (Lieber 
2010). NHEJ is more subject to errors as it causes insertions, substitutions, and 
deletions of nucleotides. Double strand DNA breaks (DSBs) lay the concept of 
genome engineering. An efficient method for genetic engineering is genome editing 
with engineered nucleases (GEEN) which digest DNA at the specified site in 
genome of plants using artificially engineered nucleases (Osakabe and Osakabe 
2015). An induced DSB introduced by the engineered nuclease at a particular site 
then undergoes repair through natural processes of HR and NHEJ.

There are three types of engineered nucleases: zinc finger nuclease (ZFN), tran-
scription activator-like effector nuclease (TALEN), and CRISPR (clustered regu-
larly inter-spaced short palindromic repeats)/Cas9 (CRISPR-associated9) (Joshi 
et  al. 2019). For genome editing TALEN and CRISPR/Cas9 are widely used in 
plants. The ZFNs were the first genuinely targeted protein reagents to change the 
entirety of genome manipulation field (Chandrasegaran and Carroll 2016). ZFN was 
first identified in Xenopus laevis (African clawed frog). ZFNs have been commonly 
used in various plant species, such as Arabidopsis, tobacco, and maize, for targeted 
genome modifications (Vats et al. 2019; Iqbal et al. 2020). ZFNs structurally con-
sists of the restriction enzyme FokI endonuclease domain and DNA binding zinc 
finger protein (ZFP; Kim et al. 1996). Type II restriction endonuclease FokI has 
been isolated from the N-terminal DNA-binding domain and C-terminal DNA 
cleavage domain of Flavobacterium okeanokoites (Durai et  al. 2005). With FokI 
monomer, two DNA-binding ZFNs are attached to develop a 5–6 bp spacer, which 
allows FokI to be functional on dimerization and create DSBs (Bibikova et  al. 
2003). TALENs were first described in plant pathogenic bacteria (Xanthomonas). 
TALENs are highly specific as they target only one nucleotide at a target site (Joung 
and Sander 2013). TALENs have three domains: C-terminal domain including an 
activator domain, N-terminal domain, and DNA binding domain. DSB introducing 
activity of TALENs is influenced by length of N and C terminal. TALENs have been 
used successfully for genome editing of both angiosperms and bryophytes. 
CRISPR/Cas9 is based on acquired immune response of microbes that aids bacteria 
to defend themselves from invading phages, offering an excellent alternative to first 
generation site-directed nucleases (Terns and Terns 2011). Despite been identifica-
tion of CRISPRs in bacterial DNA in 1987, their role in providing immunity with 
Cas protein was demonstrated in 2007. For gene editing, TALENs and ZFNs have 
been successfully used, but CRISPR/Cas has many advantages over other methods 
in terms of versatility, sensitivity, design, multiplexing, and expense (Boch and 
Bonas 2010). Gene editing using CRISPR/Cas was first done using cell-free system 
by Jinek et al. (2012). Later in 2013, gene editing via CRISPR/Cas9 was first shown 
in Nicotiana benthamiana, Arabidopsis, and Oryza sativa as model plants (Li et al. 
2013; Nekrasov et al. 2013; Shan et al. 2013). In this chapter, we provide details of 
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CRISPR/Cas9 mechanism, different CRISPR/Cas9 vector system for plants and 
their efficiency, medicinal plants modified using CRISPR/Cas9 and applications of 
genome editing for further improvement of medicinal plants.

2 � CRISPR/Cas9 Mechanism

The locus of CRISPRs includes tandem repeats and spacers, where the former con-
sist of the same sequence and later consist of various exotic DNA-derived sequences. 
CRISPR repeats and spacers differ in size, respectively, from 23 to 47 bp and from 
21 to 72 bp respectively (Fig. 1). CRISPR-associated (Cas) genes are required for 
providing immunity against invading foreign DNA. Cas genes encode proteins for 
nuclease, helicase, and polymerase. CRISPR/Cas9 comprises sgRNA (single guided 
RNA), CRISPR-RNA (crRna), trans-activating crRNA (tracrRNA) and nuclease 
protein Cas9.

When editing a gene, crRNA and trans-crRNA are linked together to form single 
guide RNA (sgRNA). Because of its complementarity to crRNA, the target 
sequences (DNA) are recognized by crRNA. The ribonucleoprotein invades the tar-
get gene sequence with the sgRNA sequence and forms a 20 bp hybrid of RNA/
DNA. Cas9 is a nuclease protein consisting of two endonuclease domains: RuvC 
(named for an E. coli protein involved in DNA repair)-like nuclease domain which 
cleaves non-target DNA strand and HNH (named for characteristic histidine and 
asparagine residues) nuclease domain that cleaves the complementary strand of 
crRNA (target DNA). Cas9 binds to DNA-RNA hybrid and cleaves a RuvC-like 
nuclease domain with the displaced DNA strand and HNH nuclease domain with a 
complementary DNA strand (target DNA strand) (Nishimasu et  al. 2014). After 
encountering the Protospacer adjacent motif (PAM), such as NGG sequence, it also 
displaces the opposite non-target DNA strand. Researchers have exploited this pro-
cess by constructing synthetic guide RNAs (sgRNA) that direct the cas9 nuclease to 
genomic targets.

Fig. 1  Schematic diagram depicting CRISPR/Cas9 locus organization. CRISPR loci consist of 
23–47 bp palindromic repeat sequences which are separated by 21–72 bp spacer sequences. Cas 
genes are located close to CRISPR loci
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2.1 � Cleavage Activity of Cas9

Three main components involved in CRISPR/Cas9 technology are: the Cas9 pro-
tein, sgRNA, and target sites of DNA upstream of PAM (Jinek et al. 2012; Doudna 
and Charpentier 2014). DNA sequences, which expresses crRNA having proto-
spacer and tracrRNA, are linked to develop sgRNA; the target sequence does not 
include PAM rather the target sequence is present in the 5′ terminal position of 
sgRNA so that it can pair with the target site (Ma et al. 2016). The sgRNA precisely 
imitates the initial duplex of tracrRNA– crRNA and ease the manipulation of 
CRISPR/Cas9. A Cas9 nuclease complex forms the Cas9 protein and the sgRNA 
(Ma et al. 2016). Cas9/sgRNA complex search for the target sequence of DNA next 
to PAM that is required for effective detection of target (Sternberg et al. 2014). After 
identifying the target site, Cas9 cleaves the desired sequence allowing sgRNA to 
link with the complementary target strand (Fig. 2). The RucV and HNH domains 
cleave from three bases upstream of PAM in both strands of the target DNA, form-
ing a blunt-ended DSB. For precise gene editing, DSB can be mended either via 
HDR in the presence of homologous donor DNA template to induce gene knock-in 
or by NHEJ to create point mutations in the desired location. Importantly, Cas9 can 
be guided to the correct locations inside the same cells by different sgRNA with 
specific target sequences (Cong et al. 2013; Ma et al. 2016).

Fig. 2  Schematic diagram depicting the mechanism of CRISPR/Cas9 and cleavage activ-
ity of Cas9
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3 � CRISPR/Cas9 Vector System for Plants

The vector system of CRISPR/cas9 for plants comprises expression cassettes which 
are part of vector DNA.  Expression cassettes have a regulating sequence which 
directs the cell for transcription and translation.

3.1 � sgRNA Expression Cassettes

sgRNA is a result of fusions of critical regions of tracrRNA with the guide and PAM 
domains of crRNA (Jiang et al. 2013). The expression of sgRNAs is driven by U3/
U6 small nuclear RNA promoters (snRNA) in plants. sgRNA is expressed by RNA 
polymerase III (Wang et al. 2018). sgRNA expression cassettes can be developed 
with target sequences by overlapping PCR or target adaptor ligation. The cassette 
developed is known as U3/U6 promoter: sgRNA expression cassette (Long et al. 
2018). This cassette can be incorporated into CRISPR/cas9 binary vector through 
Gibson assembly or Golden gate cloning. This technique was previously reported to 
be more efficient and simpler to construct expression clones for CRISPR/Cas9-
mediated genome editing in rice (Ma et al. 2020).

3.2 � Cas9 Expression Cassettes

Cas9 has a coding sequence of length 4107 bp initially. Fusion of NLS (nuclear 
localization signal) with the coding sequences of cas9 results in nuclear localization 
of cas9 in eukaryotes (Wang et al. 2018). Cas9 genes can be modified to enhance the 
expression of Cas9 cassettes for effective genetic engineering. For example, in the 
case of rice at 5′ terminal region, which is known as plant codon optimized Cas9 
gene (Cas9p), GC content has been increased to modify Cas9 gene (Zhang et al. 
2014; Ma et al. 2016). For callus based transformations, promoters such as ubiquitin 
of Arabidopsis, Zea mays and Oryza sativa and of Cauliflower mosaic virus (CaMV) 
35S can be applied to induce the Cas9 gene in plants for successful genome editing. 
In certain cases, using ubiquitin promoters has achieved better performance in edit-
ing than the CaMV 35S promoter (Ren et al. 2021). Cas9 and sgRNA vectors are 
induced in plant cells through Agrobacterium-mediated transformation as it is the 
most successful method of transformation in plants. Other methods to induce vec-
tors in plants include PEG mediated transformation, protoplast fusion, and particle 
bombardment (Liu et al. 2019).
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4 � CRISPR/dCas9 and Epigenome Editing in Plants

dCas9 is nuclease dead Cas9. In dCas9, activity of endonuclease is removed through 
point mutations in its endonuclease domain. The CRISPR/dCas9 system consists of 
three major components: a nuclease-dead Cas9 (also known as dcas9 null mutant), 
sgRNA, and transcriptional activators.

4.1 � Nuclease-Dead Cas9

The cas9 nuclease domains were mutated in S. pyogens by introducing D10A muta-
tion in RuvC domain and H840A mutation in HNH domain (Jinek et al. 2012). This 
dead version of the Cas9 cannot bind DNA anymore, but it still targets and connects 
DNA to sgRNA with the same precision. Rather than permanently changing the 
genome, linking of dCas9 disrupts transcription at the target location, resulting in 
temporary gene silencing. Instead, standard CRISPR/Cas9 relies on DSBs by means 
of Cas9 endonuclease action, which is then accompanied by manipulating gene 
editing DNA repair mechanisms, dCas9 activation systems integrate transcriptional 
N and C-terminal protein enabler (Piatek et al. 2015; Polstein and Gersbach 2015; 
Li et al. 2017). Thus, dCas9 can modulate gene expression without permanently 
modifying the DNA.

4.2 � sgRNA

Fusion of tracrRNA and crRNA results in the formation of gRNA (Jinek et al. 2012). 
The gRNA comprises of scaffolding and spacer regions. The spacer region includes 
nucleotides complementary to the sequences present in the promoter region of tar-
get gene. Scaffolding region forms a complex with dcas9. Both regions bind with 
cas9 and guide it to target gene. CRISPR systems are extremely versatile as any 
genes or nucleotides with a complementary base to the spacer region can be used as 
targets. Due to spacer region, CRISPR systems are extremely versatile as the gRNA 
in former region can be changed for any genes or nucleotides that is complementary 
to the spacer region. The Cas9 binding sequence within the sgRNA is required for 
the formation of the dCas9 complex (Ivanov et al. 2020).

4.3 � Transcriptional Effectors

Transcriptional regulators are fusion proteins, whose functional domain is con-
nected to DNA binding domain (Piatek et al. 2015). Transcriptional effectors include 
domains of proteins or proteins that are linked to dcas9 or sgRNA. They also include 
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transcriptional activators or repressors. Transcription effectors have two functions; 
firstly, the gene that is regulated by its DNA-binding domains is defined and sec-
ondly, they are capable of stimulating transcription. A gene sequence with active or 
repressive domains can be recruited for the purpose to improve transcription of 
RNA polymerases. In eukaryotes DNA nucleosome interactions can be loosen or 
modifications can be made in histones for easier gene transcription (Ma et al. 2015). 
For CRISPR activation and CRISPR interference (CRISPRi), sgRNAs are neces-
sary, as enhanced or suppressed transcription of the target gene can be achieved by 
dCas9 repressors or activators directed by gRNA(s). To activate or suppress the 
function of gene with dCas9 activators or suppressors, the gene of interest (GOI) 
promoter area should also be targeted by sgRNAs (Dahlman et al. 2015). The plant 
transcription regulatory experiments based on CRISPR-dCas9 also involve a single 
T-DNA expression of individual gRNAs and dCas9-effector fusion proteins (Lowder 
et al. 2017). Synthetic transcriptional regulators may include a zinc-finger protein 
trans-activation region, TALE transcription activators, Herpes simplex viral protein 
16 (VP16) (Adli 2018) and other unrelated sequence transcription activation 
domains (TADs). Studies have suggested that these simple fusion proteins trigger or 
suppress endogenous genes, although their efficiency in the transcriptional activa-
tion is limited by a single gRNA to an average two to five-fold. Transcriptional 
effectors can be incorporated to CRISPR/dCas9 system by fusing them with sgRNA 
or dCas9. As artificial guide RNAs can be modified easily to achieve specific new 
target, dCas9-TAD are simple and have multiplex-ability in contrast to ZFP-TAD 
and TALE-TAD (Moradpour and Abdulah 2020).

5 � Analysis and Efficiency of Targeted Mutations

To validate the use of CRISPR/Cas9 in genome editing, it is necessary to confirm 
and determine the target mutations. This can be validated through reporter genes, 
single strand conformation polymorphism, high resolution melting, high throughput 
sequencing, and sanger sequencing. The details are discussed below:

5.1 � Reporter Genes

Reporter genes can be utilized as an indicator of edited mutations to monitor the 
functionality of the designed CRISPR/Cas9 vector framework. For instance, reporter 
gene can be modified to have an objective position that causes a frame shift; Cas9/
sgRNA complex mutation of the target can repair the gene’s reading frame for 
restoring its expression. Also in Arabidopsis, green fluorescent protein (GFP) was 
used to quantify the targeted mutation via CRISPR/Cas9 (LeBlanc et al. 2018).

M. Patial et al.



63

5.2 � Single-Strand Conformation Polymorphism (SSCP)

ssDNA with nucleotide variations can modify the components of the single-strand 
conformation polymorphism (SSCP). When dsDNA is denatured, it takes its pri-
mary conformation; if there is mutation, then its primary conformation will differ 
from the original conformation. This can be displayed as different migration rates 
into a non-denatured PAGE gel.

5.3 � High-Resolution Melting (HRM)

HRM is performed on double-strand DNA. First, the target DNA with mutation is 
amplified using polymerase chain reaction. After amplification, HRM analysis starts 
that employs real-time PCR which is achieved by fluorescent dyes which bind specifi-
cally with dsDNA.  During HRM analysis, as the temperature rises separation of 
dsDNA strands begin (Li et al. 2020). Initially, fluorescence is brighter as dye has 
many copies of amplified dsDNA to bind with, but gradually the fluorescence 
decreases because DNA strands separate due to melting at higher temperature. Melting 
curve of different DNA can be compared as slight change in base pair or a single base 
cause’s change in melting temperature (Denbow et  al. 2017). Thus, the two DNA 
strands one with mutation and other one with original strand, will have different melt-
ing temperature and therefore the mutations can be verified (Zischewski et al. 2017).

5.4 � High-Throughput Sequencing (HTS or Deep Sequencing)

NGS technique is used for detection of rare mutations and complex chimeric muta-
tions specifically for finding potential off-target mutations across the entire genome 
either by using whole genome or single or multiple PCR amplicons. However, the 
technique is expensive (Fauser et al. 2014; Feng et al. 2014).

5.5 � Sanger Sequencing

Sanger sequencing or chain terminator method is used to determine the sequence of 
nucleotides in a given fragment of DNA. First, the target DNA strand is amplified in 
the presence of dNTPs and a complementary DNA strand which serve as a primer. 
To determine any mutation, dideoxynucleotide triphosphates (ddNTPs) are incorpo-
rated. These ddNTPs are labelled with fluorescent dyes which are observed by cap-
illary electrophoresis technique after which the sequences are determined (Xie 
et al. 2019).
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6 � Medicinal Plants Modified Using CRISPR/Cas9

Medicinal plants are a vital component of herbal remedies, cosmetics, beauty prod-
ucts, and any natural product. They are utilized all around the world because of the 
secondary metabolites. These secondary metabolites are nevertheless produced in 
small quantities but have a high demand in the pharmaceutical industry, so the 
CRISPR-Cas9 mediated strategy, which greatly improves metabolism and pathway 
technology due to its simplicity and effectiveness, will be used to combat this and 
improve their quality and quantity. Genetic engineering enables to play with the 
genes involved in various pathways of metabolite synthesis. This technology has 
been successfully used in several plant species, of those few medicinal plants such 
as Salvia miltiorrhiza, Dendrobium officinale, and Dioscorea zingiberensis are 
described below.

6.1 � Salvia militorrhiza

The first medicinal plant whose genome was edited successfully via CRISPR/Cas9 
is Salvia miltiorrhiza (Li et al. 2017). It is a medicinal herb used for the treatment 
of cardio-vascular and cerebrovascular conditions. The presence of phenolic com-
pounds like lithospermic acid, salvianolic acid, and rosmarinc acid and diterpenes 
such as tanshinones means that these plants have their medicinal features. In the 
Salvia miltiorrhiza roots, tanshinones are most prevalent. Mevalonic acid pathway 
and methylerythritol phosphate pathway are biosynthesis pathways of tanshinones 
(Yang et al. 2013). The gene for diterpenes synthase (SmCPS1) in Salvia milltior-
rhiza is involved in tanshinone biosynthesis. Rosmarinic acid synthesis is through 
Shikimic acid and phenylpropanoid pathway (Chen et al. 2018). Rosmarinic acid 
synthase gene (SmRAS) is involved in biosynthesis of rosmarinic acid. CRISPR/
Cas9 has been used to knockout SmCPS1 gene and edit SmRAS gene. By 
Agrobacterium rhizogenes-mediated transformation, eight chimeric and three 
homozygous mutants were produced from 26 separate transgenic hairy root lines 
while knocking out the SmCPS1 gene. Metabolomic analyses showed that homozy-
gotic mutants are completely missing from tanshinones. Tanshinones that resemble 
a previously reported RNAi SmCPS1 study were lowered but can be detected in 
chimeric mutants. These results demonstrate the simple and effective genome edit-
ing tool used by the Agrobacterium rhizogenes transformation using CRISPR/Cas9.
To improve quality and output of this valuable traditional Chinese herb, it is neces-
sary to elucidate its secondary metabolites (Li et al. 2017). SmRAS was edited using 
CRISPR/cas9. In order to accurately edit the main SmRAS gene from the 11 family 
members, sgRNA was selected by bioinformatics. The sequencing results showed 
that 50 percent genomes have been successfully edited from the transgenic regener-
ated hair radicals. Expression and metabolic analysis subsequently showed by suc-
cessfully editing hairy-root lines, specifically in the homozygotic mutants, the 
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contents of phenolic acids, including Rosmarinic acid (RA) and RAS expression 
levels decreased. In addition, 3, 4-dihydroxyphenyllactic acid was substantially 
increased in the RA precursor. These findings show that with bio informatics studies 
CRISPR/Cas9 could be used to classify key genes in a several set of similar genes 
(Zhou et al. 2018).

6.2 � Dendrobium officinale

Dendrobium officinale is a pharmacologically patented orchid. Presence of high 
content of  lignocellulose affects its taste and popularity. So, CRISPR/Cas9 was 
employed to knock out the genes involved in the biosynthesis of lignocellulose. In 
D. officinale CaMV 35S promoter, superfold green fluorescence protein (SGP) and 
β-glucuronidase (GUS) were introduced as reporter genes in plants through 
Agrobacterium rhizogenes. Five genes involved in biosynthesis of ligno-cellulose 
are IRREGULAR XYLEM5 (IRX), CINNAMOYL COENZYME A REDUCTASE 
(CCR), CINNAMATE 4-HYDROXYLASE (C4H), 4-COUMARATE: COENZYME A 
LIGASE (4CL), and COUMARATE 3-HYDROXYLASE (C3H) were targeted. 
Fluorescence emission from transformed plants indicated that this technique can 
produce modifications (insertions, deletions or substitutions) ranging from 10% to 
100%. Gene activities with different promoters was compared and it was found that 
the 35S promoter for the transformation was as successful as MMV (Mirabilis 
mosaic virus), CVMV (Cassava vein mosaic virus) and PCISV (Peanut Chlorotic 
Streak Caulimovirus) promoters (Kui et al. 2017).

6.3 � Dioscorea zingiberensis

It has high content of diosgenin in its rhizome. Diosgenin serves as a raw material 
for various steroid hormones. Due to asexual reproduction, diosgenin content has 
been decreased in this plant. The precursor molecule of diosgenin is farnesyl pyro-
phosphate (FPP) which is synthesized through mevalonic acid pathway and methy-
lerythritol phosphate pathway (Dhar et al. 2013). The key enzyme involved in the 
synthesis of FPP is farnesyl pyrophosphate synthase (FPS) which is the product of 
gene Dzfps. Through CRISPR/Cas9, Dzfps gene was targeted and sgRNA expres-
sion cassette was used as a CRISPR/Cas9 vector. Transformation was done through 
Agrobacterium tumefaciens with high mutation frequency. The squalene concentra-
tion was decreased in the mutant plants when compared to wild plants which showed 
that the activity of FPS was reduced. Hence, CRISPR/Cas9 has successfully tar-
geted the Dzfps which lead to decrease in its function (Feng et al. 2018).
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7 � Applications of Genome Editing in Medicinal Plants

Genome editing via CRISPR/Cas9 has many uses in studying the metabolic path-
ways and genes involved in various pathways. With CRISPR/Cas9 plants can be 
improved genetically for their yield, disease resistance, and stress tolerance. 
Through CRISPR/Cas9 metabolic pathways can be altered to enhance plant’s qual-
ity and metabolite production by transcriptional regulation, gene knockout, and 
gene mutation (Joshi et al. 2018). With CRISPR/Cas9, the following techniques can 
be performed:

•	 Gene knock out: Using CRISPR/Cas9 genes can be inactivated for a particular 
function. Genome editing through CRISPR/Cas9 can be used to eliminate unde-
sirable trait from plants.

•	 DNA free gene silencing: In this DNA vectors are not used, instead it requires 
RNA or protein components. It has the advantage that undesirable genetic altera-
tions occurring due to plasmid DNA at the cut site can be avoided.

•	 Gene knock in/gene replacement: CRISPR/Cas9 method uses cells homology-
directed repair to insert a gene.

•	 Transient gene silencing: For this Cas9 protein is modified so that it doesn’t cut 
DNA. To reduce transcriptional activity and gene expression, promoter region of 
the gene is targeted by altered Cas9 guided by RNA.

•	 The main practical advantage of CRISPR/Cas9 is the ease of multiplexing. The 
DSBs can be introduced at various sites simultaneously and thus several genes 
can be edited at the very same time (Li et al. 2013; Mao et al. 2013).

•	 For development of synthetic biology system and to enhance the secondary 
metabolite production in medicinal plants, an artificial polyploidy is induced, 
subsequent to CRISPR/Cas9-armed Agrobacterium rhizogenes-mediated hairy 
root culture.

8 � Conclusion

In both developed and developing countries, long-term consumption of synthetic 
medicines were reported to cause various health problems. In this condition, sec-
ondary metabolites of medicinal plants provide valuable and promising material for 
quality health. Increasing evidence shows that genes regulating biosynthetic path-
ways form clusters, which can provide in-depth insights into evolution and function 
of specialized metabolisms. With the evolution of genomics and metabolomics, 
medicinal plants emerged as an untapped reservoir for novel bioactive secondary 
metabolites. However, conventional methods of cultivation and breeding are not 
enough to remove the technological hurdles of industrial-scale production of these 
wild-crafted and low-accessible medicinal plants. High throughput omic techniques 
provide promising avenues to overexpress the precursors, regulatory enzymes and 
rate limiting enzymes for biosynthesis of these metabolites. CRISPR/Cas9 has 
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emerged as a flexible, versatile and highly efficient system with broad applicability 
for targeted mutation in the genome of medicinal plants and subsequent alteration 
in their metabolism (Wani et al. 2018). CRISPR/Cas9 is different from ZFNs and 
TALENs as in former case target sequences can simply be inserted into sgRNA, and 
after identification of target site via Cas9/sgRNA nuclease complex desired site can 
be engineered whereas ZFNs and TALENs rely on protein domains binding to 
DNA. At present, the use of CRISPR/Cas9 is limited in medicinal plants because in 
medicinal plants whole genome sequence information along with regeneration and 
genetic transformation protocols are lacking. Till date, it is premature to proclaim 
that CRISPR/Cas9 technology is in a golden era for manipulation of medicinal 
plants for drugs. Still, this advance tool can be used to regulate the biosynthesis 
pathway of many plants to increase the production of various metabolites. In con-
clusion, newly emerged gene editing technologies of medicinal plants will be quite 
promising to improve global future by cooperation to tackle the sustainable devel-
opmental goals.
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Genome Editing: A Review 
of the Challenges and Approaches

Dimple Sharma, Harmanpreet Kaur, Harsimran Kaur Kapoor, 
Rajat Sharma, Harpreet Kaur, and Mohd Kyum

Abstract  Genome editing is a recent technological advancement in life sciences 
that is being used to create novel genetic changes in the genome across different 
species, including plants, bacteria, and animals. Site-directed nucleases were earlier 
used for genome editing, and nowadays, CRISPR/Cas (clustered regularly inter-
spaced short palindromic repeats)-based genome editing technology is popular 
among scientists due to its simplicity, flexibility, and ease of access. In this review, 
mechanisms  such as  repairing double-stranded breaks through non-homologous 
end joining and homologous recombination as well as history of genome editing 
and different genome-editing approaches, including ZFNs, TALENs, meganucle-
ases, base editing, prime editing, and CRISPR/Cas, are discussed. CRISPR/Cas 
have been successfully used for treating human diseases and crop improvement. But 
despite numerous advantages of using CRISR/Cas as a tool of gene modification, it 
is also facing major hurdles. The review highlights complex designing, inefficient 
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delivery systems, selection of target sites, design of guide RNA (gRNA), occurrence 
of off-targets, weak efficiency of repair of eukaryotes, endonuclease activity, and 
cytotoxicity of Cas9 as the major challenges. The information provided in this 
review will facilitate in understanding genome editing and approaches that it 
includes along with their technological advancements and challenges.

Keywords  Genome editing · CRISPR/Cas9 · Base editing · Prime editing · gRNA

1 � Introduction

Plant breeders have tried to improve crop varieties in order to satisfy the hunger of 
exponentially growing human population. Furthermore, steady changes in climatic 
conditions and reduction in natural resources gave birth to new problems which 
limited the scientists to achieve desirable outcomes within time. Traditional breed-
ing methods utilize already available genetic variation in natural population to pro-
duce a new variety which takes around 8–10 years, lacking behind in the race to 
feed the ever-growing population. In addition, it leads to degradation of genomic 
diversity, ultimately resulting in the generation of vulnerable genetic stock (Haroon 
et al. 2020). Genome-editing (GE) technology creates fundamental insight into biol-
ogy of crop plants ultimately revolutionizing the agriculture sector at commercial 
scale (Chen et al. 2019). The GE techniques including the custom-based site-specific 
nucleases (SSNs), such as meganucleases, zinc finger nucleases (ZFNs), and tran-
scription activator like effector nucleases (TALENs), come under the traditional 
techniques. However, GE came into the limelight after CRISPR/Cas9 was devel-
oped and was considered as a modern technique (Chen et al. 2020). CRISPR/Cas9 
technique is mostly utilized in plant breeding programs for the sake of its high 
efficiency, easy to perform, and high flexibility in comparison to conventional GE 
techniques. Plants generated through these techniques are almost similar to their 
wild types except the corresponding trait allowing them to be separate from the 
genetically modified organisms (GMOs) legislation (Ran et al. 2017). The GE tech-
niques are now known as new breeding techniques (NBT) which influenced the 
academic institutions, legislation authorities, and government bodies to rewrite the 
regulation document. Together with conventional plant breeding methods, NBT 
have shown immense potential in future of trait improvement of elite cultivars. 
SSNs directed generation of double-stranded breaks (DSBs) are simultaneously 
repaired by two natural mechanisms either non-homologous end joining (NHEJ) or 
homologous recombination (HR), resulting into a loss of function or replacement of 
gene, respectively (Yin et  al. 2017). Using the idea of natural mechanism, plant 
breeders are exploiting NHEJ pathway for the production of knock-out mutants and 
synthetically deriving homology-directed repair (HDR) pathway for development 
of knock-in mutants. However, GE offers great opportunities to basic and applied 
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research areas, but on the other hand it is also arousing many dynamic challenges. 
Independent responses of a particular plant species or cultivar against in vitro pro-
cesses, transformations, and survival rate are its major drawbacks. Furthermore, 
off-targets and unintended modification due to integration of cassettes in plant 
genomic background affect the productivity of GE techniques (Ellison et al. 2020). 
Since the beginning of CRISPR in plant GE, there has been tremendous improve-
ment in this technique with the introduction of novel tools. These include DNA free 
editing, base editing, prime editing, epigenome editing, CRISPRa (gene activation 
by CRISPR), CRISPRi (gene induction by CRISPR), etc. (Zhang et al. 2019, 2020). 
The future of plant science is looking promising, although substitution of every 
novel technique needs to be simultaneously addressed to avoid any delay for better-
ment of agricultural sciences. This chapter highlights the current scenario of GE 
techniques along with their challenges and new approaches with future 
perspective.

2 � Mechanisms of Repairing Double-Stranded Breaks

2.1 � Non-Homologous End Joining (NHEJ)

NHEJ is a type of DSB repair which is not a result of immense homology. There are 
two types of NHEJ – classical NHEJ and alternative NHEJ. The former one needs a 
lot of factors such as Ligase 4, KU70/80, XRCC4, etc. (Burma et al. 2006), whereas 
the latter one will lead to the least of the DSB repair that is required, and it doesn’t 
need any of the mentioned factors that are needed in classical NHEJ. Alternative 
NHEJ usually results in minimum homology and a deletion at the repair junction. It 
is not clear up to what extent is alternative-NHEJ different from homology directed 
repair (Guirouilh-Barbat et al. 2004). NHEJ can lead to mutations and the error rates 
can be as high as 50% (Paris et al. 2015).

The DNA repair mechanisms either NHEJ or HDR play a role in genome editing. 
In bacteria, the DSB can be repaired by either HDR or NHEJ. In eukaryotes, breaks 
by CRISPR/Cas can be most effectively repaired by NHEJ, which leads to indel 
mutations (Bernheim et al. 2017). For example, different pathways can affect how 
CRISPR/Cas will perform. These pathways lead to the regulation of the DSB, if it 
will be available or if it will compete with the CRISPR/Cas machinery for DNA 
substrate. Also, as the DNA substrate becomes available for the CRISPR/Cas mech-
anism, it might inhibit the DNA repair mechanism pathways to work. It has been 
observed that after a DSB, spacers from CRISPR/Cas have been obtained from a 
DNA repair mechanism called RecBCD pathway (Levy et al. 2015).
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2.2 � Genome editing and Homologous Recombination

Homologous recombination refers to the exchange of identical DNA sequences. 
This mechanism makes sure that the precise replacement and joining of DNA 
molecules happen; however, the exchange might not be possible if there is less 
homology. This process is very helpful when certain mutations are required to be 
brought into the organism’s system or when certain mutations are needed out of the 
same system. Different kinds of mutations can be introduced into the DNA with the 
help of certain nucleases called SSNs (sequence-specific nucleases). As the name 
suggests, SSNs are very specific in cutting the double-stranded DNA at a particular 
targeted sequence. The natural DSB repair mechanisms of the host come into play 
afterwards and have been studied in yeast and bacteria (Doudna and Charpentier 
2014). This indispensable mechanism has a lot of applications in the biological 
systems. This is an efficient and simple method for gene deletion as a minimal level 
of gene homology would also lead to targeting a specific gene. Gene targeting is 
very successful in mouse model system. Mammalian cells were not targeted that 
often but as such techniques improved, it leads to manipulating the non-selectable 
genes more frequently and with much higher efficiency (Müller et al. 1999; Sedivy 
and Dutriaux 1999). Once damage is done to the DNA, the DSB can be repaired by 
SDSA (synthesis dependent strand annealing) pathway, or by the formation of a 
DSBR (double-stranded break repair) which follows either a non-crossover or a 
crossover approach, or SDSA, which follows only the non-crossover approach 
(San Filippo et al. 2008).

2.2.1 � History of Genome Editing

Gene targeting was first done in animal cells, which were earlier considered hard to 
work with. But shortly after the creation of first knockouts in animal cells, it was 
seen that the same can be done in plant cells as well. Nicotiana spp. was used as a 
transformation system using PEG (polyethylene glycol)-mediated transformation, 
which had led to low transformation efficiency and is also time consuming 
(Paszkowski et  al. 1988); however, Agrobacterium-mediated transformation has 
been later proved to be more efficient (Offringa et  al. 1990). Agrobacterium-
mediated transformation method is more efficient in terms of transformation effi-
ciencies but less efficient in terms of targeting efficiencies, and it is also considered 
to be less labor intensive. With Agrobacterium-mediated transformation, transfor-
mation efficiency increased and the targeting efficiency decreased (Offringa et al. 
1990). False positives can be a problem. Some gene targeting products that were 
thought to be positive proved to be random integrations. It may have happened 
because of the cell’s repair mechanism that resulted in the integration of a random 
sequence in place of the target sequence. Agrobacterium-mediated transformation 
has also shown low transformation efficiencies as PEG (Hrouda and Paszkowski 
1994). Lower organisms such as Chlamydomonas also show low transformation 
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efficiencies as higher organisms such as tobacco or Arabidopsis (Smart and Selman 
1991; Sodeinde and Kindle 1993; Gumpel et al. 1994).

Most of the time, the tissues used were from the mesophyll protoplasts of leaf 
from Arabidopsis or tobacco, and sometimes the root tissue from Arabidopsis was 
also used (Miao and Lam 1995). Vacuum infiltration is another method that made 
use of inflorescence of Arabidopsis (Bechtold 1993). It was hypothesized that the 
positive-negative selection as well as the endogenous genes might also have caused 
the efficiency to be low. By using a negative selection system, a very high efficiency 
has been seen in rice (Terada et al. 2002).

2.2.2 � Homologous Recombination in E. coli

It is common knowledge that prokaryotic systems are easier to understand as com-
pared to eukaryotes (Roca and Cox 1997). In eukaryotes, as well as prokaryotes, 
there are different kinds of enzymes involved in HR. DSBs are identified and 
repaired by the RecBCD pathway (Kowalczykowski et al. 1994). The heterotrimer 
of RecB, RecC, and RecD proteins recognizes the break and uses its exonuclease 
and helicase activity, which also requires Mg2+ ions. Recombination hot spots are 
created by Chi(χ)-site sequences, with which the said heterotrimer complex inter-
acts and the enzyme degrades the 3′ terminal strand, followed by 5′-terminal degra-
dation. Single-stranded DNA on the 3′ terminal is produced by RecBCD complex, 
followed by RecQ helicase providing a substrate for RecA to produce a nucleopro-
tein filament by coating the tail of 3′ssDNA (Bianco and Kowalczykowski 1997; 
Arnold and Kowalczykowski 2000). RecBCD displaces single-stranded binding 
proteins from the ssDNA, which is stabilized with the binding of RecBCD (Meyer 
and Laine 1990).

Branch migration is promoted by proteins such as RuvA, RuvB, and RecG. RuvA 
identifies the holliday junction, RuvB is important for the migration of branch, and 
RecG is also important for branch migration, but at a smaller scale (West 1996; 
Whitby and Lloyd 1998). Mutants of RecA proteins show no recombination events 
(Cox 1999).

2.2.3 � HR in Saccharomyces cerevisiae

HR is more important when it comes to S. cerevisiae as compared to NHEJ. The 
cells that were competent for HR didn’t show any DSB. NHEJ activity could only 
be seen when the HR system is disabled, acting as a backup system (Siede et al. 
1996). RAD genes such as RAD54, RAD55, RAD52, RAD50, RAD50, RAD 57, 
RAD55, and MRE11, XRS2 are involved in HR. The function of these genes is writ-
ten in Table 1. The mutants of these genes are not affected by infrared but by ultra-
violet light (Petes 1991; Pâques and Haber 1999; Pastink et al. 2001; Symington 
2002; van den Bosch et al. 2002). RAD52 is the most important of all the said genes 
for HR. Mutant of rad52 shows IR (Infrared) sensitivity. But when a double mutant 
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Table 1  List of factors involved in homologous recombination

S.N.
HR factor in S. 
cerevisiae Gene function

1 Rad50 ATPase activity, DNA binding activity
2 Mre11 ssDNA endonuclease, dsDNA exonuclease, DNA duplex 

unwinding, and DNA binding
3 Rad51 DNA strand exchange, DNA binding, homologous pairing
4 Rad52 DNA strand exchange, ssDNA annealing, homologous pairing, 

DNA binding
5 Rdh54/Tid1 DNA binding, ATPase activity
6 Rad55 ATPase, DNA binding, homologous pairing, creation of filamentous 

structures with Rad51D
7 Rad57 ATPase, homologous pairing, DNA binding, creation of filamentous 

structures with Rad51C
8 Rad58 ssDNA annealing, DNA binding activity

Source: Dudáš and Chovanec (2004)

is made with rad52 and one of rad52, rad54, rad55, or rad57 genes, the phenotype 
is consistent with each other. Other than RAD52, RAD51 is also needed for some 
HR events. The mutants of other genes involved in HR in S. cerevisiae such as xrs2, 
mre11, and rad50 also show similar phenotypes as described before (Game and 
Mortimer 1974).

Different genes in S. cerevisiae that are involved in HR are connected by 
networks.

2.2.4 � HR in Higher Organisms

Genes involved in homologous recombination in higher organisms are a little differ-
ent than the ones found in lower organisms. Gene targeting in mice helped scientists 
generate thousands of mutations, which lead to loss of function of a protein (Smithies 
1987). One integration event in a hundred could be seen in embryonic stem cells 
(Jasin et al. 1996). The same has not been seen in plants, where the transformation 
frequencies are much lower (Paszkowski et  al. 1988). Generally, transformation 
methods such as using polyethylene glycol, electroporation, and Agrobacterium-
mediated transformation are employed; however, the gene transformation efficien-
cies are always as low as 1 in 10,000 or 1 in 100,000 (Zupan et al. 2000; Potrykus 
and Spangenberg 2013). Up to 22 kb DNA has been transferred (Thykjær et  al. 
1997). Recombination can be increased in plants by induction of DSBs (Pâques and 
Haber 1999).

Transformation mediated by Agrobacterium in Arabidopsis to target TGA 
(TGA1A-related gene 3) locus has been used. The number of calluses that were 
used was 2580, whereas only one of them showed the targeted TGA locus (Miao and 
Lam 1995). In Arabidopsis, MADS-box gene AGL5 (Agamous-like 5) was knocked 
out. Out of 750 events, one showed to have the said gene actually targeted, when 
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vacuum infiltration was used (Kempin et al. 1997). Out of the two models of recom-
bination double-stranded break repair (DSBR) and SDSA, it is observed that chro-
mosomal rearrangements, specifically translocations can occur, according to the 
DSBR model, whereas translocations are completely avoided according to the 
SDSA model (Gorbunova and Levy 1999; Puchta 1999).

Gene targeting has also been done in moss, Physcomitrella patens, where DNA 
was very efficiently integrated into the organism using homologous recombination 
(Schaefer 2001). The reason for more efficient gene transfer in moss compared to 
plants can be given to the fact that gene transfer occurs at a particular stage in the 
life cycle of a moss, which is the G2/M phase (Reski 1999).

3 � Different Genome Editing Techniques

3.1 � Meganucleases (MNs)

Meganucleases or homing endonucleases are the type of endonucleases that cleaves 
DNA at a larger recognition site of around 14–40 bp (Iqbal et al. 2020). They are 
naturally occurring restriction enzymes that are found in prokaryotic and unicellular 
eukaryotic organisms (Carroll 2017). The recognition site of MNs is bigger than 
normal type II restriction enzymes and can alter the target sequence in a highly 
efficient manner. MNs are encoded by mobile genetic elements and are composed 
of both DNA binding and DNA cleavage domains. The double-stranded breaks 
formed by MNs are repaired by NHEJ or HDR process (Silva et al. 2011).

Based on their structural and sequence motifs, MNs have been characterized into 
five families: HNH, His-Cys box, GIG-YIG, PD-(D/E) XK, and LAGLIDADG 
(Zhao et al. 2007). Among all these families, the LAGLIDADG family is well char-
acterized and is highly used for genome modification purposes. I-SceI 
(Saccharomyces cerevisiae), I-CreI (Chlamydomonas reinhardtii), and I-DmoI 
(Desulfurococcus mobilis) are widely used meganucleases of the LAGLIDADG 
family (Khandagale and Nadaf 2016). They can withstand site-specific polymor-
phism without loss of binding and cleavage activity. This technology has been suc-
cessful with I-SceI-mediated transformation in prokaryotes and eukaryotes, but the 
structure of I-SceI is quite complex which makes it difficult for re-engineering to 
target genes of interest (Zaman et al. 2019). The structure of I-CreI is less complex 
and has been widely used to knockout genes in several organisms (Arnould et al. 
2007). For example, The Cre-I-based meganuclease was used to target two maize 
loci, namely, liguless 1 and ms26, which upon treatment induced the insertion and 
deletion mutations at target loci (Gao et  al. 2010; Djukanovic et  al. 2013). 
Furthermore, it has been shown that the DSB repair by NHEJ led to gene knockout 
in Arabidopsis and tobacco (Kirik et  al. 2000). Thus, overall meganucleases are 
easy to use and can be used to edit the genomes of plants and animals. They also 
possess a small size (40 kD) which makes them compatible with viral vectors with 
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shorter coding sequences (Iqbal et al. 2020). Despite these advantages, they have 
not been commonly used in genome engineering as other genome-editing tools due 
to certain limitations. The first limitation is that the DNA binding domain and cata-
lytic domain are overlapping. To edit the target gene, one has to engineer the DNA 
recognition sites of MNs but as both domains overlap each other, it is really hard to 
re-engineer the MNs compared to other genome-editing tools (Khandagale and 
Nadaf 2016; Iqbal et  al. 2020). Second, meganucleases are prone to sequence 
degeneracy which can highly result in off-target binding and cleavage (Argast et al. 
1998). So, in order to overcome the limitations of MNs, researchers were focusing 
on other simple and efficient methods of gene editing which gave rise to ZFN, 
TALENs, and CRISPR.

3.2 � Zinc Finger Nucleases (ZFNs)

ZFNs are the proteins, designed to cut the DNA at specific sites known as DSBs, 
which subsequently leads to induction of HR or NHEJ. These repair mechanisms 
result in deletions, insertions, and base mutations at the site of cleavage (Carroll 
2011). Hence, this technology has been employed for the editing of plant and mam-
malian genomes. ZFNs have different DNA-binding and DNA-cleavage domains 
(Li et al. 1992).

Fok1 is a type IIS restriction enzyme (Kim and Chandrasegaran 1994). It con-
sists of N-terminal DNA-binding domain and non-specific DNA cleavage domain at 
the C-terminal end. The cleavage domain has no sequence specificity and hence, can 
be redirected by substituting with the alternative recognition domains and the most 
useful for these were Cys2His2 zinc fingers (Kim and Chandrasegaran 1994). Various 
sequences can be attacked by using novel assemblies of ZFNs. When both sets of 
ZFNs bind to their recognition sequences on the DNA, dimerization and cleavage is 
achieved. Short linkers of 5–6 bp (base pair) are generally used between the domains 
of the protein and binding sites (Bibikova et al. 2001; Händel et al. 2009; Shimizu 
et al. 2009).

Kim et al. (1996) created first ZFNs as chimeric restriction endonucleases, and 
the first success was achieved using a ZFN pair that targeted the genome of 
Drosophila. However, frequency of target modification varies, and ZFN pairs have 
been successfully used in a wide range of organisms and cell types (Carroll 2011). 
The success of this technique of genome editing depends on the delivery method 
used to deliver ZFNs into the host cell. Earlier experiments were dependent on the 
genomic integration of ZFN-coding sequences and donor DNA via P-element-
mediated transformation, (Bibikova et al. 2002, 2003; Beumer et al. 2006) which 
used to require elaborate and complex construction of delivery system of the 
ZFNs. A major breakthrough in this technology occurred when it was demonstrated 
that both DSB repair mechanisms could be obtained through injecting ZFN 
mRNAs and donor DNA into the host embryo (Beumer et al. 2006). This method is 
well-established in zebrafish, rat (Geurts et al. 2009; Mashimo et al. 2010), frog 
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(Young et al. 2011) as well as sea urchin (Ochiai et al. 2010), and ZFN-induced 
mutagenesis had been achieved in a number of genes (Doyon et al. 2008; Meng 
et al. 2008; Foley et al. 2009). In the higher organisms such as plants, including 
Arabidopsis thaliana and several crop species, Agrobacterium-mediated transfor-
mation had been used through the delivery of coding sequences which are under the 
control of viral promoter (Lloyd et al. 2005; Cai et al. 2009; De Pater et al. 2009; 
Osakabe et al. 2010; Zhang et al. 2010). In addition to this, direct transfer of DNA 
(Wright et al. 2005; Cai et al. 2009; Shukla et al. 2009; Townsend et al. 2009) and 
viral delivery has been a success in the plants as well (Ira et al. 2010).

The design of ZFNs to target genetic modifications is smooth; however, substan-
tial proportion of ZFN pairs fail (Ramirez et al. 2008; Joung et al. 2010; Carroll 
2011). This is the reason that scientists at Sigma-Aldrich and Sangamo Biosciences 
always practice making multiple pairs for sequences within a single target gene to 
do extensive testing. There are various methods to select three sets of ZFNs from 
partially randomized libraries, which can be quite time consuming (Meng et  al. 
2007). ZFNs for some DNA triplets derived by ToolGen explain the individual fin-
ger in their collection that behaves best in modular assembly (Kim et al. 2011).

The modular structure of ZF motifs and recognition by ZF domains allows 
designing of the artificial DNA binding domains to facilitate genetic modification at 
the specific target site in the genome (Pabo et al. 2001; Beerli and Barbas 2002). 
The ZF motifs binds the DNA through insertion of its α-helix into the major groove 
of helical structure of DNA (Pavletich and Pabo 1991). Key amino acids are present 
at −1, +1, +2, +3, +4, +5, and +6 positions (relative to the start of α -helix) of ZF 
motif (Pavletich and Pabo 1991; Shi and Berg 1995; Elrod-Erickson and Pabo 
1999). In order to bind long sequences of DNA, several ZF motifs are linked in a 
tandem fashion which forms zinc finger proteins (ZFPs) (Kim et al. 1996; Liu et al. 
1997; Beerli et  al. 1998). Zinc finger activators (ZFAs), zinc finger transcription 
repressors (ZFRs), and zinc finger methylases (ZFMs) make the whole ZFP plat-
form (Xu and Bestor 1997; Bartsevich and Juliano 2000; Zhang et al. 2000; Liu 
et al. 2001; McNamara et al. 2002; Rebar et al. 2002; Ren et al. 2002; Bartsevich 
et al. 2003; Snowden et al. 2003; Dai et al. 2004; Rebar 2004).

ZF recognition depends upon the match to the target DNA sequence as well as 
mechanisms being employed for DSB repair. This ability of ZFNs to modify spe-
cific sequences of genes in order to create variants with loss-in-function is a power-
ful tool for investigating the function of genes as well as development of new 
products (Osakabe et al. 2010). Gene knockouts have been prepared by the scien-
tists in zebrafish. Similarly, mutagenesis and gene replacement had been achieved 
in mice (Carbery et al. 2010). Alterations in the genomic loci had been also achieved 
in the crop plants. Tobacco (Townsend et al. 2009) and maize (Shukla et al. 2009) 
can be regrown again from the callus, modified in culture by ZFNs. ZFN knockout 
of CCR5 gene is one of the therapeutic application in humans, which provide resis-
tance to HIV with an improved immune system (Urnov et  al. 2005). Similarly, 
efforts are being made to knock out the targeted genes in order to treat the neurode-
generative diseases in humans such as Huntington’s, Parkinson’s, Schizophrenia, 
and amyotrophic lateral necrosis (Swarthout et al. 2011).
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This technology is broadly applicable and versatile in the genetic engineering of 
plants. Before the emergence of this technology, targeted gene modification was 
difficult in plants, engineering of plant traits had always been laborious, time con-
suming, and unpredictable (Puchta 2002). Zinc finger consortium (ZFC) had been 
established to ensure the development of ZFNs technology through creation of soft-
ware, resources, and other required tools for engineering zinc fingers for performing 
genome editing (Wright et al. 2005; Maeder et al. 2008). For instance, using this 
publicly available consortium, ZFNs were engineered to recognize SuR loci to 
achieve high-frequency modification of plant genes (Townsend et al. 2009). Jeffrey 
A. Townsend et al. (2009) used ZFN to target acetolactate synthase genes (ALS, 
SuRA, SuRB) in tobacco, which resulted in herbicide-resistance mutations. ZFC had 
developed a method, called oligomerized pool engineering (OPEN), that uses 
genetic selections in bacteria for identifying variants of zinc finger arrays (ZFAs) 
that recognize specific target sequences in the genome (Maeder et al. 2008). These 
ZFAs function as ZFNs. Similarly, other researchers also used ZFNs to modify 
endogenous loci in plants, for instance, Shukla et al. (2009), described the use of 
this technology for genome editing in the crop species of Zea mays. Furthermore, 
ZFNs is a powerful tool for genome modification of animals as well (Rémy et al. 
2010). Initially, genetic manipulations of embryonic cells were done by cloning 
through nuclear transfer which was limited to only some species and modification 
at specific loci started with emergence of ZFNs. It has been used to modify 
Drosophila, zebra fish, and rats (Beumer et  al. 2008; Ekker 2008; Geurts et  al. 
2009). Mammalian cells, including the human genome had been modified perma-
nently via HR of targeted DSB (Durai et al. 2005).

Scientists have also faced several challenges with delivery of the targeting mate-
rials. High level of somatic mutagenesis in the targets of genomes as well as extra 
chromosomal arrays was achieved using heat shock promoter for driving ZFN 
expression from a DNA template in Caenorhabditis elegans. Due to RNA interfer-
ence, parallel expression in the germline was undetectable (Morton et  al. 2006). 
Apart from the use of ZFN for mutagenesis, there have been other studies reporting 
gene replacement using ZFNs. Some genomic regions and sequences within a sin-
gle gene are sometimes inaccessible due to compact chromatin structure or modifi-
cations in the DNA. For instance, chromatin structure prevents cleavage of intact 
recognition sites during mating-type switching in Saccharomyces cerevisiae 
(Rusche et al. 2003). DSB repair mechanisms differ with cell types and their devel-
opmental stages; hence, understanding of the biological system of every organism 
is essential to overcome these limitations. Another challenge is specificity of ZF 
binding, as some bind equally well to triplets other than their supposed preference. 
The addition of fingers can improve both, specificity and affinity; however, it might 
lead to binding at off-target sites. The separation of two-finger modules with a short 
linker was shown to improve specificity (Moore et al. 2001). Death of the host cells 
is the ultimate result due to off-target cleavage, as the number of breaks outstrips the 
DSB repair capacity of the DNA (Bibikova et al. 2002; Porteus and Baltimore 2003; 
Alwin et al. 2005).
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3.3 � Transcription Activator-Like Effector Nucleases (TALENs)

TALENs are the restriction enzymes which can be engineered to cut the DNA at 
specific sequences; hence, they are being used as site specific nucleases for targeted 
genome editing. TALENs are the fusions between non-specific DNA cleavage 
domain and a custom-designed DNA binding domain (Miller et  al. 2011; Wood 
et al. 2011). DSBs are induced at the desired site on the DNA, which can be repaired 
by HDR or NHEJ to create small insertions or deletions at the cleavage sites. This 
technology emerged as an alternative to one of the similar genome-editing technolo-
gies, i.e., ZFNs. It contains DNA-binding domains which contain highly conserved 
repeats, derived from TALENs. These are proteins secreted by Xanthomonas spp. 
(Boch and Bonas 2010). Both ZFNs and TALENs can cleave the DNA at similar 
efficiency (Hockemeyer et al. 2011; Tesson et al. 2011; Reyon et al. 2012). The dif-
ference between them is that, TALENs more site specific with lesser off-target 
effects as compared to ZFNs (Chandrasegaran and Carroll 2016).

TALENs can be easily and rapidly designed using “protein-DNA code,” relating 
DNA-binding TALE repeat domains to the target-binding site. One TAL effector 
repeatedly binds to one base pair of DNA (Boch et al. 2009; Moscou and Bogdanove 
2009). These TAL effector repeats can also be joined together to develop extended 
arrays that can recognize new targets in DNA (Boch et al. 2009; Morbitzer et al. 
2010; Miller et al. 2011; Weber et al. 2011). Most of the methods that are used to 
construct TALENs, use golden gate cloning method with some variations (Morbitzer 
et al. 2010; Cermak et al. 2011; Huang et al. 2011; Li et al. 2011; Sander et al. 2011; 
Weber et  al. 2011). However, none of them are adaptable for automated high-
throughput production (Maeder et al. 2008; Morbitzer et al. 2010; Cermak et al. 
2011; Li et al. 2011; Sander et al. 2011; Weber et al. 2011). DNA-binding domains 
with highly conserved repeats of 33–35 amino acids are transferred into the host 
cells via Type III secretion system of the bacteria, Xanthomonas spp., hence, facili-
tating bacterial colonization to alter the transcription of genomic DNA of the host 
cells. The two hypervariable residues identify the site at the DNA where the TALE 
repeats bind. Hypervariable residues, viz., NN, NI, HD, and NG, in nearly all engi-
neered TALE repeats  recognize guanine, adenine, cytosine, and thymine respec-
tively (Joung and Sander 2013). 

Fast ligation-based automatable solid-phase high throughput (FLASH) is a rapid 
and cost-effective technology for assembly of TALENs at large scale (Reyon et al. 
2012). This technology had been used previously to construct 48 TALEN pairs 
which were targeted to diverse range of gene sequences in human beings and 100% 
of nucleases were active in human cells, similarly FLASH TALEN pairs had been 
targeted to 96 genes involved in epigenetic regulation in humans, out of which tar-
geted alterations arose in 84 genes (Reyon et al. 2012).

Genes in a wide range of cell types or organisms can be engineered using this 
technology; thus, this technology has significant effects on biological research and 
has a potential to treat genetic diseases as well as has applications in crop improve-
ment (Joung and Sander 2013). For reflecting its wide importance, it was named the 
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2011 “Method of the Year” by the journal “Nature Methods” (Baker 2011). This 
technique had been employed in a variety of organisms, including yeast (Li et al. 
2011), zebrafish (Sander et al. 2011), frog (Lei et al. 2012), roundworm (Wood et al. 
2011), rat (Tesson et al. 2011), cow, pig (Carlson et al. 2012), rice (Li et al. 2012), 
thale cress (Cermak et al. 2011), silkworm (Ma et al. 2012), cricket (Watanabe et al. 
2012), fruit fly (Liu et al. 2012), and somatic and pluripotent stem cells of human 
beings (Cermak et  al. 2011; Hockemeyer et  al. 2011; Miller et  al. 2011; Reyon 
et al. 2012).

Construction of TALE repeat arrays can be challenging due to the need for 
assembling multiple, identical repeat sequences. Different platforms have been 
designed, including “Golden Gate” cloning; solid phase assemble; standard restric-
tion enzyme; and ligation-based cloning to facilitate the assembly of plasmids that 
encode TALE repeat arrays (Joung and Sander 2013). Usually, TALENs are built to 
bind 18-bp sequences or even longer than that; however, recent studies have sug-
gested that use of larger TALENs may result in less specificity (Guilinger et  al. 
2014). Off-target effects are also one of the major concerns regarding TALENs, as, 
in one of the studies where this technology was used in human pluripotent stem 
cells, mutagenesis at 19 possible off-target sites was reported (Hockemeyer et al. 
2011). The size of cDNA encoding TALEN is approximately 3 kb. This large size is 
also one of the disadvantages of TALENs, which makes it harder to deliver and 
express TALENs into the host cells. The ability of the TALENs to get delivered by 
some of the viral vectors is often impaired due to their highly repetitive nature 
(Holkers et al. 2013); however, this limitation can be overcome through diversifica-
tion of the coding sequences of the TALE repeats (Yang et al. 2013).

3.4 � Clustered Regularly Interspaced Short Palindromic 
Repeats/CRISPR Associated Protein

TALENs came as an alternative approach to the less accurate and error prone ZFNs. 
CRISPR is even easier to be prosecuted and is more efficient compared to TALENs 
and ZFNs. CRISPR and different types of Cas have been widely adapted as a gene-
editing technology, which shows a lot of applications and many promising results. 
Emmanuelle Charpentier and Jennifer Doudna won the 2020 Noble prize in chem-
istry for CRISPR discovery (NoblePrize.org). Different types of Cas proteins are: 
Cas1, Cas2, Cas3, Cas5, Cas6, Cas7, Cas9, Cas10, etc. (Makarova et  al. 2011). 
CRISPR/Cas is part of the immune system of bacteria to provide resistance against 
viruses. Once the bacteria encounter the same virus again, it attacks it with the 
memory from before (Horvath and Barrangou 2010). It consists of Cas endonucle-
ase, a variety of which, i.e., Cas9 is derived from Streptococcus pyogenes and 
sgRNA (Heler et al. 2015). sgRNA consists of a tracrRNA and a crRNA (Deltcheva 
et al. 2011), also known as trans-activating crRNA and CRISPR RNA respectively. 
The sgRNA has a part that binds to the target sequence of the host, and another part 
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that loops on itself (Cui et al. 2018), the former can be made specific for any target 
sequence (Cong and Zhang 2015). The target sequence consists of the region to be 
targeted by sgRNA, and a PAM (protospacer adjacent motif) sequence, which usu-
ally is NGG, where N pertains to any nucleotide, and G is guanosine. The target 
sequence is usually 20 nucleotides. If the PAM site is absent, the Cas9 endonuclease 
will not be able to recognize and hence cleave the target sequence. If the PAM site 
is present right before the sgRNA, the Cas9 endonuclease can bind to it and leads to 
the creation of a DSB exactly the size of the target sequence. Once that sequence is 
cut, the natural mechanisms of the host cells come into play to repair the DSB, by 
the mechanisms such as NHEJ and HDR (Wyman and Kanaar 2006). The latter will 
not, but the former one might lead to the creation of insertions and deletions, which 
leads to the loss of gene function.

Figure 1 shows different parts of CRISPR. CRISPR cannot only lead to loss of 
gene function, i.e., gene knockouts (CRISPRko) (Mali et al. 2013) but is also help-
ful in inducing the gain of function of a gene. CRISPRi (Qi et al. 2013) includes a 
non- functional Cas9 endonuclease, which doesn’t cleave the target sequence. 
CRISPRa (Gilbert et al. 2014) can be used for the activation of the gene when non-
functional Cas9 is attached to a transcriptional activation domain. The sgRNA can 
be designed in various ways. Along with binding to the target sequence, sgRNA also 

Fig. 1  Mechanism of CRISPR/Cas. (Modified from https://www.labiotech.eu/in-depth/
crispr-cas9-drug-discovery/)
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works in recognizing the target sequence in the whole genome. A good sgRNA will 
have specificity as well as efficacy.

The mutations that are created by NHEJ can be identified by Sanger sequencing, 
AFLP (amplified fragment length polymorphism), and restriction enzyme assays 
(Belhaj et al. 2013; Belhaj et al. 2015). Instead of targeting only one gene, multiple 
genes can be targeted together, which is called target gene multiplexing (Cong et al. 
2013; Čermák et al. 2017). This can be used either to target different genes or 
different sequences in the same gene to increase efficiency, by having multiple 
sgRNAs either under different promoters or under the same promoter (Čermák et al. 
2017). The other versions include Cys4-gRNA or tRNA-gRNA (Xie et al. 2015). 
The former is an endoribonuclease from Pseudomonas aeruginosa. It has been 
applied in plants such as wheat, Arabidopsis, tomato, potato, rice, banana, and 
tobacco (Upadhyay et  al. 2013; Andersson et  al. 2018; Kaur et  al. 2018; Castel 
et al. 2019).

4 � Challenges in the CRISPR/cas9 System

Despite having several advantages, CRISPR/Cas9 system in gene modification 
faces major hurdles, lowering the efficiency or complete failure of genome editing.

4.1 � Complex Designing

Despite of being highly specific, the conventional techniques are restricted to only 
research laboratories due to the inefficient understanding of their complex nature. 
The customized protein engineering varies from species to species and is more dif-
ficult in polyploidy genomes. Use of meganucleases is limited because of a rare 
homing site present in particular genome which requires extensive research to 
design DNA-binding domains ultimately narrowing their application in plant sci-
ence (Wright et  al. 2014). Additionally, it is also time consuming and costly in 
comparison to other GE techniques (Aglawe et al. 2018). ZFNs overcome few of the 
problems of meganucleases and broaden the scope of plant genome editing in vari-
ous agriculturally important crops. However, the selection-based fabrication of 
large sized libraries for different traits make it inadequate to be used in diverse labo-
ratories, since it requires high technical expertise (Maeder et al. 2008; Nelson and 
Gersbach 2016). The most specific technique, i.e., TALENs, requires monomer 
DNA-binding domains; perhaps, comprehensive knowledge is needed to achieve 
significant target efficiency. Various methods of TALEs construction have been 
developed using 20–30 monomers involving ligation, cloning, to generate dimers 
library, and subsequently, golden gate assembly is used which is very tedious and 
time-consuming process (Abdallah et al. 2015). Currently, CRISPR/Cas9 technique 
is a preferred approach, bypassing the meganuclease, ZFNs, and TALENS due to 
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its simple RNA-dependent DNA binding followed by cleavage of target site via 
single protein (Zhang et al. 2014; Sharma et al. 2017).

4.2 � Inefficient Delivery

To modify plant genome, the construct of GE machinery needs to be effectively 
introduced in plant cell, making it a very crucial step to achieve beneficial outcome. 
The methods available for delivery of cassettes into plants are based on 
Agrobacterium, viral vector, gene gun mediated, lipofection, etc. (Nelson and 
Gersbach 2016, Yin et al. 2017, Liu et al. 2020). The target tissues for transforma-
tion being utilized are callus, immature embryos, protoplast, shoot apical meristem, 
etc. (Altpeter et al. 2016, Ran et al. 2017). Delivery of construct is very challenging 
because of the specific requirement of independent genotypes, explants, and type of 
in vitro culture conditions (Ran et al. 2017). Additionally, the requirement of trans-
gene free altered plants at commercial scale implies restriction on the most fre-
quently used methods of delivery of GE cassettes, creating a tough task for the 
researchers. This emerges as a principal obstacle toward the generation of novel 
traits in plants (Baltes et al. 2014). Although considerable achievements have been 
obtained for transformation or delivery of GE reagent in various crops, their low 
regeneration ability and unstable integration are hindering the scientific endeavors 
(Altpeter et al. 2016).

4.3 � Selection of Target Site and gRNA Design

The major advantage of CRISPR machinery is its ability to target ~21–23 base pair 
(bp) DNA sequence containing a PAM sequence on forward or reverse strand. The 
PAM motif on average occurs every 8bps which provides higher flexibility in target 
site selection (Ramakrishna et  al. 2014). In addition, Cas9 proteins from several 
other organisms have been studied and different PAM sites have been identified. 
This diversity in PAM sites have increased choices for choosing target sequences. 
However, recent reports have shown that the target site selection and designing of 
guide RNA is not as simple as it was previously assumed. Due to post-transcriptional 
modifications of mRNA transcribed by RNA polymerase II, it is not possible to use 
RNA polymerase II for sgRNA construction (Zhang et al. 2014). Currently, RNA 
polymerase III along with Ubiquitin3 (U3) and U6 small nuclear RNA (snRNA) 
promoters are used for guide RNA production. The Ubiquitin genes are housekeep-
ing genes and cannot be used to generate tissue specific or cell specific gRNAs (Gao 
and Zhao 2014). As the RNA polymerase III is not commercially available, this also 
limits the production U3- and U6-based guide RNA. Therefore, various approaches 
should be developed to overcome the application of ubiquitin promoters-based 
gRNA construction.
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4.4 � Off-Target Effect

In additional to the rational design of sgRNA, off-target DNA cleavage by Cas9 
endonuclease is a major challenge, reducing the efficiency of the machinery. During 
the process of CRISPR/Cas9 gene editing, the interaction of endonuclease and 
target strand initiated by the recognition of PAM motif, which denatures DNA 
upstream of the motif, therefore allowing the binding of target sequence and sgRNA 
to form R-loop (Ebrahimi and Hashemi 2020). The Cas9 enzyme then cleaves the 
target DNA having less number of mismatches, ultimately resulting in the off-target 
cleavage (Herai 2019; Newton et al. 2019). This off-target cleavage came from natural 
combat between bacteria and virus where the DNA sequence of virus mutates itself 
to escape from the chopping effect of Cas9 nuclease, but Cas9 in return is capable 
to bind and chop target virus with minimum number of mismatches (Li et al. 2019). 
Based on these accepted number of mismatches, various algorithms have been 
developed to design guide RNA and to check off-target sequences. In general, 
highly specific sequence with zero mismatch is required for cleavage of DNA at 7–9 
PAM proximal bases, and 3–4 mismatches away from PAM site is admissible for 
attachment of Cas9 but not cleavage (Dagdas et al. 2017; Singh et al. 2017).

The off-target effect is solely not based on the Cas9 endonuclease, but also 
depends highly on sgRNA design. Therefore, modifications in Cas9 protein and 
sgRNA can limit these off-target effects respectively. One approach is the modifica-
tion of sgRNA backbone chemically. The introduction of 2′O-methyl-3′-
phosphonoacetate at particular sites of sgRNA or partial substitution of 
ribonucleotides with deoxyribonucleotides can reduce off-target effects respectively 
(Ryan et al. 2018). Another approach includes creating mutant Cas9 systems where 
ZFNs and TALENs serve as an inspiration for improved target precision. This 
mutant Cas9 system involves the fusion of dcas9 (deactivated) and a Fok1 nuclease 
dimer. Here, the 20–21bp guide RNAs binds the target strand. After binding of 
sgRNA, the fok1 nuclease dimers become functional Fok1 and cause double-strand 
breaks (Guilinger et al. 2014; Tsai et al. 2014). This system significantly reduces 
off-target cleavage but increases the size of genome-editing tool, thereby reducing 
the efficiency of transformation in  vivo. Another mutant approach involves the 
fusion of Cas9 protein with ZFPs or TALEs, which can target the genomic loci with 
better precision (Bolukbasi et al. 2015).

4.5 � Weak Repair Efficiency of HDR in Eukaryotes

In eukaryotic cells, the double-strand breaks are repaired by NHEJ mechanism with 
higher efficiency. This mechanism commonly repairs the DNA without the use of 
template DNA resulting in indel mutations, which causes the initiation of frameshift 
resulting in establishment of gene knockout or knockdown (Shalem et al. 2014). On 
the other hand, the efficiency of HDR-mediated repair from double-strand break is 
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very low in mammalian cells. It has been reported that the HDR repair in mice after 
cas9-based genome editing is 0.5–20% whereas the repair efficiency through NHEJ 
is ~20–60% (Maruyama et al. 2015).

Various strategies have been developed to increase the HDR repair process and 
reduce NHEJ efficacy. The use of tiny molecules known as inhibitors (for NHEJ) or 
inducers (for HDR) is one of the approach for improving recombination frequency 
(Aird et  al. 2018). The application of SCR-7 (NHEJ inhibitor) or RS-1(HDR 
enhancer) have been reported to increase the HDR efficiency by several folds (Yu 
et al. 2015; Vartak and Raghavan 2015; Song et al. 2016). In addition, the other 
approaches include the gene silencing, use of cell lines deficit in NHEJ machinery 
(Weinstock and Jasin 2006), cell cycle synchronization, or controlled cas9 expres-
sion (Weber et al. 2015). The controlled delivery of CRISPR/Cas9 machinery along 
with cell cycle has increased the CRISPR/Cas9 mediated DNA repair. The synchro-
nization of Cas9 protein with cell cycle progression can be made by fusing Cas9 
protein with human DNA replication inhibitor (geminin), which modifies Cas9 
endonuclease post-translationally (Gutschner et al. 2016). While the use of NHEJ 
inhibitors or HDR inducers have resulted in increased HDR mediated genome edit-
ing, they are really toxic to host cells and cause numerous problems for sufficient 
cell growth. To overcome these problems, another approach has been developed 
which rely on covalent tethering of repair template to ribonucleoprotein complex. 
The utilization of this approach led to the increase in HDR repair by ~30 folds, and 
it was proved that this strategy can be applied in various other organisms and target 
loci (Aird et al. 2018).

4.6 � Cas9 Endonuclease Activity and Cytotoxicity

Several Cas9 proteins from different species have been found and used in genome 
editing, including Staphylococcus aureus (SaCas9) (Ran et al. 2013a, b), S. thermo-
philes (StCas9) (Kleinstiver et  al. 2016), and Streptococcus pyogenes (SpCas9) 
(Vento et al. 2019). Among all, SpCas9 is an endonuclease enzyme commonly used 
for genome editing in prokaryotic bacteria. SpCas9 is a well-characterized endo-
nuclease with simple PAM site and has high expression rate in various prokaryotes. 
On the other hand, different Cas9 proteins have been used in eukaryotes and the 
selection of specific Cas9 ortholog for each organism showed improved efficiency 
of editing for a specific sequence. In addition to the selection, many factors have 
shown to affect the activity of Cas9 protein. For gene editing to occur in eukaryotes, 
the Cas9 protein must translocate in nucleus, and the nuclear location signal (NLS) 
should be associated with Cas9 protein. It has been reported that by reducing the 
proximity of NLS and Cas9 using 32 amino acid spacer, the DNA cleavage activity 
increased to a higher extent (Shen et al. 2013). In addition, by increasing the guide 
RNA:Cas9 ratio was shown to increase on target chopping activity, by ensuring all 
Cas9 protein form active R loop with the sgRNA and DNA complex (Kim et al. 
2014). Unlike other endonucleases, the activity of Cas9 protein is significantly less 
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with a single turnover rate of ~0.4–1.0 per min (Jinek et al. 2012). Also, when bind 
to the target DNA, the displacement rate of Cas9 protein is quite challenging. It has 
been reported that even after DSB formation, the 1 nm Cas9 enzyme cleaved ~2 nm 
plasmid DNA after 2 h (Jinek et al. 2012). This shows Cas9 enzyme works more 
like actuator rather than a catalytic enzyme.

In addition to enzyme activity, the cytotoxic effect of Cas9 protein can be consid-
ered as a crucial obstacle in gene editing (Vento et al. 2019). Various attempts have 
been made to reduce this toxic effect of Cas9 protein for efficient genome editing 
using programmable DNA cleavage. The first approach includes the usage of induc-
ible expression system for Cas9, where the activity of Cas9 protein is highly reduced 
when no inducer is present (Reisch and Prather 2015). Another approach includes 
the use of toxin-free endonucleases or variant nucleases. The variant of cas9 pro-
tein: cas9n has shown reduced toxicity because it targets only single strand of DNA 
(Standage-Beier et al. 2015).

5 � Approaches

5.1 � Base Editing

Base editing allows nucleotide substitutions in the genome by using modified Cas 
effectors without the requirement of producing DSBs (Komor et al. 2016). There are 
two types of base-editing tools, cytidine base editor (CBE) and adenine base-editor 
(ABE), that enable cytosine-guanine to thymine-adenine and adenine-thymine to 
guanine-cytosine transitions (Chen et al. 2019). These CBE and ABE tools make 
use of cytosine and adenosine deaminases for cytosine and adenine base editing 
(Komor et al. 2016; Nishida et al. 2016; Gaudelli et al. 2017; Ren et al. 2018; Wang 
et al. 2018). In the CBE system, nick/dead Cas protein fuses to cytidine deaminase, 
catalyzing conversion of cytidine (C) to uracil (U). In the ABE system, engineered 
Escherichia coli RNA adenosine deaminase (TadA) fuses to nick/dead Cas protein, 
leading to conversion of adenine (A) to inosine (I), which is recognized as guanine 
by DNA polymerase during replication of DNA.  Plasmid transfection and viral 
delivery are the common methods of delivery of the base editors in the living cells 
(122,124). Hence, they introduce targeted substitutions in the genes, and it had been 
intensively employed in model plants and crops for the improvement of agricultural 
traits, including flowering, plant height, disease, and herbicide resistance (Chen 
et al. 2017; Shimatani et al. 2017; Kang et al. 2018; Tian et al. 2018; Chen et al. 
2019; Wu et  al. 2020). Other major applications are the study or treatment of 
disease-associated point mutations, use of base editors as the recorder of cellular 
events in biomedical research, and introduction of premature stop codons by CBA 
to disrupt genes in homogenous manner (Landrum et al. 2014, 2016; Farzadfard and 
Lu 2018). However, in mammalian cells, challenge is to circumvent DNA repair 
processes that oppose target base pair conversion (Rees and Liu 2018). Human cells 
undergo effective cellular repair of U.G intermediate through base excision repair of 
U.G in DNA, in which uracil N-glycosylate (UNG) recognizes U.G mismatch and 
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cleaves glycosidic bond between uracil and backbone of deoxyribose (Kunz et al. 
2009). Generation of indels, targeting limitations and off-target editing DNA base 
pairs, had been also reported (Rees and Liu 2018), and various scientists are doing 
efforts worldwide to overcome these limitations. Base editing in RNA is also pos-
sible that provide powerful capabilities to life sciences and medicine. To date, 
deamination of A to I has been only reported (Vogel and Stafforst 2019).

5.2 � Prime Editing

Prime editors are being employed for precise editing, employs same mechanism as 
conventional CRISPR/Cas systems but does not require DSBs (Anzalone et  al. 
2019). It involves longer-than-usual guide-RNA, commonly known as 
pegRNA. Fusion of Moloney murine leukemia virus (M-MLV) reverse transcriptase 
(RT) and Cas9 nickase (nCas9) is the major component of prime editor. Complex of 
nCas/M-MLV/pegRNA mediates site-specific nicking by nCas9, which is then 
served as a template for RT and then at the end reverse transcriptions leads to pro-
duction of stable edited DNA (Zhan et al. 2020). Base conversions and small inser-
tions can be achieved through the use of prime editors (Anzalone et al. 2019). There 
are three prime editors: first is PE1 that is a combination of Cas9 H840A nickase 
and wild type (WT) M-MLV RT enzyme; second is PE2, improved thermostability, 
processivity, and DNA-RNA substrate affinity of the RT component; and third is 
PE3, in which second gRNA was introduced in addition to pegRNA (Anzalone et al. 
2019). Prime-editing systems have the capability of performing precise genome 
editing in human cells, and scientists also tried to create mutations in the genome for 
treating rare genetic diseases, including SCD, Tay-Sach, and prion diseases in 
humans (Matsoukas 2020). Recently, Xu et al. (2020) has developed plant prime-
editing system, plant prime editor 2 which was tested through targeted mutation on 
an HPT-ATG reporter in rice. Its development is an essential addition to the genome-
editing technologies and also addresses CRISPR/Cas limitations. However, this 
technology also has some challenges, it may not be able to create large DNA inser-
tions or deletions as compared to conventional CRISPR/Cas systems, possibility of 
addition of cDNAs due to presence of RT, and large protein constructs may affect 
the delivery of full-length therapeutic protein (Matsoukas 2020). Hence, further 
research is required for optimizing prime editors and maximizing their efficiency in 
different cell types.

6 � Conclusion and Future Prospects

The steady and undesirable variations in climatic conditions, supplemented with 
depletion of the natural resources and biodiversity, are creating new challenges 
toward sustainable crop production. The rapid and constantly evolving nature of GE 
techniques assists plant scientists via numerous applications in crop improvement. 
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These advances widen the scope of trait refinement in the diverse genetic back-
ground, irrespective of their natural mechanism. However, the efficient utilization of 
GE techniques seeks a deep understanding of the interaction between the genotype 
and their respective phenotype under the different environmental conditions as most 
of the agronomically important plant features are controlled through a complex 
genetic mechanism. Conventional GE techniques initially gained the attention of 
researchers due to their ability to induce directed DSBs followed by the natural 
repair mechanism. But, the natural weapon of the bacterial immune system trans-
formed the era of GE and emerged as a principle genome modifying tool. The 
necessity of short sgRNA and single unit Cas9 nuclease protein makes it the first 
preference over the conventional methods. CRISPR opens up tremendous opportu-
nities in the living world beyond the DSB mediated SDNs, including the study of 
regulatory elements, complex genetic mechanisms, cell signaling, chromatin mod-
eling, etc. These developments broadened the way of assessment in various agricul-
turally important monocot and dicot species as well as the plants having multiple 
copies of genomes. The adequate information of functional genomics is a prerequi-
site to target any specific genotype. GE techniques, especially CRISPR, have shown 
the ability of precise mutation through knock-out, knock-in, and knock-down muta-
tion resulting in loss of function, the gain of function, and specific transient modula-
tion, respectively. The rapid advancement in CRISPR techniques accompanied by 
dynamic natural variations display enormous opportunities for the betterment of 
plant sciences. On the other hand, the technical difficulties and various shortcom-
ings such as off-targets, genotype dependency, construct delivery, unintended 
effects, etc. take time to translate these techniques from basic research to applied 
studies. The techniques are already standardized in model plants such as Arabidopsis 
and Rice, but their exploitation in other important plant species needs to be simulta-
neously addressed. The exponential growth in recent years in the field of GE prom-
ises to plant scientists in providing customized and flexible solutions of their 
beneficial thoughts with regards to the nourishment of agricultural sciences. 
Conclusively, this handy approach has shown the potential to counter the upcoming 
challenges of agricultural, environmental, social, and geological issues ultimately 
hindering the fate of the food crisis in the scenario of climate alterations.
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Recent Advances and Application 
of CRISPR Base Editors for Improvement 
of Various Traits in Crops

P. Sushree Shyamli, Sandhya Suranjika, Seema Pradhan, and Ajay Parida

Abstract  The rapidly increasing demands for quality food and cash crops have 
highlighted the need to develop crop varieties with trait-specific changes at molecu-
lar level to increase yield as well as quality of important crops. This in turn has led 
to the development of techniques to induce beneficial variations in the genomic 
structure of plants. The success of such method relies on their flexibility and feasi-
bility, which allows customization using available resources. CRISPR-Cas systems 
have emerged as front-runners for such activities as they meet these requirements. 
Traditionally, these systems have been used to produce gene knockouts for func-
tional characterization of important genes. However, they have now evolved to 
facilitate the introduction of single-base changes to introduce stable genetic changes 
in the plant species. These CRISPR base-editing technologies have contributed to a 
breakthrough in the field of plant biology and have the potential to revolutionize 
strategic crop improvement programs. In this chapter, we provide an account of the 
advances made in the development of these base editors and their application in 
crop improvement and hope that it offers some clarity regarding the possibilities of 
CRISPR base editors in securing food security in the future.

Keywords  CRISPR · Base editors · CBE · ABE · Crop improvement

1 � Introduction

An exponential growth in the world’s population has created an imminent crisis 
leading to decreasing food productivity and posing the critical challenge to provide 
food for every individual. As per FAO (2017), the human population is estimated to 
reach about 9.1 billion by 2050. In order to meet the growing demand and to feed 
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the world’s ever-increasing population, the production of food needs to increase by 
a minimum of 60%. In addition to this, nearly one billion people in the world are 
projected to suffer from malnourishment. At the same time, our agricultural systems 
are deteriorating due to several reasons such as reduced agricultural land availabil-
ity, increasing uncertainties of climate change, and increasing biotic and abiotic 
stresses (Peng et al. 2018). With the global population expected to surpass the pro-
jected statistics, modern-day agriculture is already facing massive challenges. Crops 
with higher yields and better quality with fewer inputs have become a necessity 
(Shiferaw et al. 2013).

The state of agricultural productivity has seen some improvements in the devel-
oped countries, somewhat meeting their food necessities, which also resulted in 
increased stress on food production affecting the consumption patterns (Voss-Fels 
et al. 2019). Therefore, it is necessary to develop scientific technologies for crop 
improvement and increase production while taking into account the growing needs 
of large number of small and marginal farmers who cannot afford expensive means 
for agriculture. To this end, conventional breeding and in some instances molecular 
breeding has been widely used in crop improvement. The progress has been slow as 
it takes several years to screen phenotypes and genotypes of viable crops and 
develop them into commercial varieties. Despite many innovations in plant breed-
ing (Varshney et  al. 2006), the present annual yield in major crops needs to be 
doubled to fulfil the rising demand for crop production (Li et al. 2018a, b, c, d, e).

Over the last decade, techniques such as modern speed breeding, high-
throughput phenotyping (HTP), and genomic selection methods have accelerated 
the process of plant breeding (Hopkins 2003). To develop crops with desirable 
characteristics, molecular methods and genetic engineering techniques are being 
put in use (Araus et al. 2018; Majid et al. 2017; Watson et al. 2018; Zhang et al. 
2014). Techniques such as high-throughput molecular markers, cis-genesis, intra-
genesis, rapid gene isolation, large-scale sequencing, polyploidy breeding, genom-
ics, and mutation breeding for the advancement of commercially important crop 
species’ breeding are included (Mujjassim et al. 2019; Murovec et al. 2017; Muth 
et al. 2008). However, conventional breeding techniques often fall short when it 
comes to genome enhancement for developing new plant varieties. This led to the 
switch from conventional plant breeding to molecular marker-assisted breeding for 
the selection of superior lines/varieties (Dreher et al. 2002). The success of a breed-
ing strategy largely depends on the choice of plant species. For example, diploid 
crops with shorter reproductive cycles prove to be far better for genetic improve-
ment compared to polyploid crops (Abreu and Souza 2010; Kandemir and Saygili 
2015; Lammerts Van Bueren et al. 2011). The advancements in major crops’ yield 
have reached a plateau and even declined in many cases in most parts of the world 
despite substantial success during the last century (Acreche et al. 2008; Sadras and 
Lawson 2011).

One of the key goals of molecular biology is gene manipulation. It includes rec-
ognizing and manipulating genes by using the available high-quality genome 
assemblies. Next-generation sequencing (NGS) platforms have now made it possi-
ble for researchers to construct vast gene libraries and work out entire genomes 
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(Wendler et  al. 2014). The finding of molecular markers and novel regulatory 
sequences have been made easier because of the advancements in these platforms 
(Metzker 2010). Molecular biology has facilitated the study of important aspects of 
plant development such as the detection of diverse cytoplasmic male sterility 
sources in hybrid breeding. Cloning of some fertility restorer genes in rice, maize, 
and sorghum has also been done (Dwivedi et al. 2008). The structure of plant germ-
plasm has been determined using bulked segregant analysis (Zou et al. 2016), asso-
ciation mapping, genome resequencing (Bolger et  al. 2014; Edwards and Batley 
2010), and fine gene mapping in most studies. Germplasm structure analysis have 
enabled the identification of single nucleotide polymorphisms (SNPs), single base-
pair polymorphisms based on single sequence repeats (SSRs), and unique biomark-
ers related to quantitative trait loci (QTL) for germplasm augmentation, genome 
manipulation, and generating gene libraries (Rashmin et  al. 2015). Conventional 
mutagenesis, attempted in many species, requires large-scale screening, and there-
fore, it is time-consuming and can produce non-desirable mutations in many 
instances (McCallum et  al. 2000). A direct approach for tracking mutations is 
marker-assisted screening (MAS). It helps to improve backcrossing efficiency 
(Nadeem et al. 2018) and for determining the homogeneity of the progeny pheno-
types. In general, genome cleavage techniques work by making blunt ends, double-
stranded breaks (DSBs), or overhangs of target nucleotide fragment, by site-directed 
incorporation/substitution of genes, homologous recombination, or knockout muta-
tions (Lloyd et al. 2005). The DSBs, formed as a result of the activity of sequence-
specific nucleases (SSNs), are repaired by the non-homologous end joining (NHEJ) 
mechanism, directing DNA substitutions at target sites (Symington and Gautier 
2011). Genome editing is largely possible due to three main SSN systems. One is 
zinc finger nucleases (ZFNs), which forms the basis for DNA manipulation; the 
second system involves transcription activator-like effector nucleases (TALENs); 
and more recently, clustered regularly interspaced short palindromic repeats/associ-
ated protein 9 (CRISPR-Cas9) system is being used (Bolger et al. 2014; Lloyd et al. 
2005; Wood et al. 2011). ZFNs are not cost-effective as they involve non-specific 
nucleotide recognition and designing and transformation of the constructs are not 
easy in plants (Pater et  al. 2013; Schneider et  al. 2016). Since most restriction 
enzymes are derived from bacteria, TALENs were also isolated from the prokary-
otic plant pathogen Xanthomonas (Li et al. 2011). However, a lot of time and accu-
racy to edit the target sequence is needed as TALENs comprise huge and repetitive 
constructs (Char et  al. 2015). Another promising nuclease (CRISPR-Cas9) was 
found in a bacterial immune system (Mahfouz et al. 2014) soon after the finding of 
TALENs. Due to its high effectiveness and accuracy in inducing site-directed breaks 
in double-stranded DNA, this system has been extensively used in recent plant 
genome-editing studies and has started replacing the TALEN and ZFN systems 
(Zhang et al. 2017). In recent times, a CRISPR-associated endonuclease, Cpf1 from 
Prevotella and Francisella1, has emerged as an alternative tool for precise genome 
editing. It has higher specificity, potency, and enormous possibilities for compre-
hensive applications (Li et  al. 2018d; Zaidi et  al. 2017). To generate point 

Recent Advances and Application of CRISPR Base Editors for Improvement of Various…



108

mutations, CRISPR-nCas9 (Cas9 nickase) or dCas9 (deactivated Cas9) combined 
with cytidine deaminase has proved to be a powerful tool for base editing.

In this chapter, we have summarized the methods used for crop improvement 
mainly focusing on the amelioration of different CRISPR-based base-editing plat-
forms. We discuss the CRISPR base editors and their efficiencies in both DNA and 
RNA toward the transformation and advancement of desired phenotypes in plants. 
This chapter highlights the potential applications of base editing technology in crop 
improvement using specific case studies, their impediments, and the future implica-
tions of this novel emerging technology.

2 � The Discovery of CRISPR (Clustered Regularly 
Interspaced Short Palindromic Repeats)-Based 
Genome-Editing System, Its Components, and Mode 
of Action

The timeline of how CRISPR-based editing was discovered in bacteria is very well 
known. Its usefulness in genome editing was first demonstrated in mammalian cells 
by Jinek et al. 2012. However, it was only after Doudna and Charpentier (2014) 
developed and fine-tuned the genome-editing technology that the method found its 
true potential and wide acceptability. According to Makarova et al. 2011, CRISPR 
and their associated proteins (Cas) are encoded by most archaea and many bacteria 
as an adaptive immunity feature to protect them from invading pathogens like 
viruses. The modular nature of the CRISPR-Cas system was initially interpreted to 
function in DNA repair, since the domains of Cas proteins exhibited properties sim-
ilar to nucleases, polymerases, a helicase, and RNA binding proteins (Jansen et al. 
2002; Makarova et al. 2002). This misconception was dispelled by the perceptive 
observation that some of the unique spacers in the CRISPR were nearly identical to 
the fragments of the genetic material of the invading virus or plasmid, thereby lead-
ing to the hypothesis that CRISPR-Cas systems may be involved in defence (Bolotin 
et al. 2005; Mojica et al. 2005; Pourcel et al. 2005). Later on, a lot of work was done 
to explore the homology-dependent cleavage mechanism and thus, the technology 
of CRISPR-Cas9 mediated  cleavage became a promising genome-editing tool 
(Mojica et al. 2005; Liu et al. 2017). Plant and animal genome-editing studies have 
seen advancement due to the use of CRISPR in recent times. Nearly 5000 articles 
have been published between 2010 and 2018, describing the applications and impli-
cations of CRISPR. Compared to ZFNs/TALENs, CRISPR-Cas9 methodology 
have been more widely used to edit plant genomes in the last half decade, including 
model species such as Arabidopsis, rice, tobacco and a number of other crop spe-
cies, reflective of its ease of use (Zhang et al. 2020).

Like any adaptive system, the CRISPR-based editing systems are comprised of 
two parts; one highly conserved and the other variable between organisms. CRISPR 
genome editing is more simple, unlike ZFNs and TALENs, and involves designing 

P. S. Shyamli et al.



109

a guide RNA (gRNA) of about 20 nucleotides complementary to the DNA stretch 
within the target gene (Mishra et al. 2020). A typical CRISPR-Cas system consists 
of a series of inter-related mechanisms that work in a highly coordinated manner to 
modify the genome. Such coordination is also seen in the functioning of each com-
ponent of the CRISPR-Cas system responsible for the execution of these mecha-
nisms. The CRISPR-Cas loci are comprised of: (i) a CRISPR array which is made 
up of up to several hundred short (25–35 bp), direct, often palindromic repeats sepa-
rated by unique spacers (30–40 bp) and (ii) adjacent cas genes and accessory genes 
ordered into operon(s) (Yin et al. 2017). The CRISPR-Cas9 gene knockout system 
has four important features: (a) synthetic guide RNA (about 18–20 nucleotides) 
binding to target DNA, (b) Cas9 cleavage at 3–4 nucleotides after the adjacent proto 
spacer motif (PAM) (generally, 50 NGG identifies the PAM sequence) (Jinek et al. 
2012), (c) selection of a suitable binary vector and sgRNA cloning, and (d) trans-
forming the construct in explants via Agrobacterium or micro-projectile gene bom-
bardment. Agrobacterium-mediated transformation is favored in most cases given 
its effectiveness and secure delivery (Wang et al. 2018a).

3 � Classification of CRISPR/Cas Systems

Robust classification of any system depends on the presence of “universal markers”, 
which, in essence, are motifs that are present in all members of the system, provid-
ing them with unique features that distinguish them as a group. However, such 
markers are difficult to find in CRISPR-Cas systems due to the fast evolution of 
CRISPR-Cas loci, which also lends them their adaptability, therefore making them 
very efficient tools of defence. However, this also makes it very difficult to develop 
a comprehensive classification system for their categorization. The earliest attempts 
at classification were based on sequence similarities in the loci and conserved Cas 
proteins such as Cas1 (Makarova et al. 2011, 2015). This formed the basis for the 
classification of the CRISPR-Cas loci into two broad classes, class 1 and class2, 
based on the structure of their effector modules involved in crRNA processing and 
interference. Class 1 systems have effector modules comprised of multiple Cas pro-
teins while the class 2 systems have a single effector module comprised of multiple 
domains (Makarova et al. 2015). The classification has since evolved to include a 
number of sub-categories or types and comprises six types divided into two broad 
classes: class 1 with types I, III, and IV and class 2 with types II, type V, and type 
VI (Murugan et al. 2017; Koonin and Makarova 2019). The system of classification 
is still evolving and has resulted in addition of many subtypes as well as restructur-
ing to include more subtle characteristics. At present, classification accounts for 2 
classes, 6 types, and 33 subtypes, which have been beautifully explained by 
Makarova et al. 2020. In their review, Makarova et al. (2020) set forth three signifi-
cant developments that have led to this increase in the subtypes. Firstly, a number of 
RNA targeting type VI and subtypes of type V CRISPR-Cas systems have been 
discovered after the focus on class 2 systems due to their widespread applications in 
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molecular biology. Secondly, several derived CRISPR-Cas systems were discov-
ered with functions distinct from the previous systems and include variants of type 
I and type V. The third major development was the identification of gene families 
involved in roles other than adaptive immunity and associated, in particular, with 
type III variants. These efforts have made it possible to outline a strategy for clas-
sification and nomenclature of CRISPR-Cas systems.

4 � An Overview of CRISPR-Cas9 in Crop Improvement

Since its discovery and successful customization, the CRISPR-Cas technology has 
been applied to improve various aspects of crop improvement such as disease resis-
tance, abiotic stress tolerance, and genetic enhancement. For example, bacterial 
blight is among the most destructive afflictions of cultivated rice and is caused by 
Xanthomonas oryzae pv. Oryzae. The expression of OsSWEET13, which is a dis-
ease susceptibility gene, is necessary for causing this infection (Zhou et al. 2015). 
CRISPR-Cas9 technology was used to develop two knockout mutants of 
OsSWEET13 targeting its promoter. This led to an improved resistance to bacterial 
blight disease in indica rice, IR24 (Zhou et al. 2015). In one such study, to examine 
the role of plant annexins in protection from environmental stresses and plant devel-
opment, OsAnn3 CRISPR knockouts were built to study the role played by the rice 
annexin gene (OsAnn3) under cold stress (Shen et al. 2017). It was interesting to 
note that the survival of T1 mutant lines decreased compared to wild-type plants 
under cold treatment, which reiterates the observation that several vital traits such 
as yield and abiotic stress tolerance are controlled by two or more genes. Several 
studies have attempted to map these quantitative regions (quantitative trait loci or 
QTL) that control agronomically important traits. Introgression into elite lines for 
developing better performing varieties can be possible with the identification of 
such QTL regions. However, introgression of closely linked QTLs is tedious, and 
introducing non-target regions into the elite line may cause deleterious effects. 
Hence, CRISPR-Cas9 system can prove to be a powerful tool to initiate and study 
rare mutations in crop plants.

Many important agronomic traits are determined by point mutations or a few 
base changes in a gene (Doebley et al. 2006; Ma et al. 2015). To correct the point 
mutations in the target gene CRISPR-Cas9-mediated gene replacements via 
homology-directed repair (HDR) has been reported as a feasible approach and has 
the potential for accelerating crop improvement (Li et al. 2018a, b, c, d, e; Sun et al. 
2016; Wang et al. 2017a). In plants, however, low efficiency of template DNA deliv-
ery and occasional occurrence of HDR have always been a roadblock in achieving 
successful transformants (Ran et  al. 2017). Moreover, CRISPR-Cas9 system is 
appropriate for gene knockout or knock-in, but cannot convert one base into another. 
For stable, unambiguous, and precise genome editing in crops, the need for different 
approaches was emphasized upon due to such limitations. “Base editing” has 
emerged as an alternative tool to HDR-mediated replacement which enables precise 
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editing of plant genome by converting one single base to another in a programmed 
manner, without requiring a donor template or interruption of a gene (Komor et al. 
2016). Generally, DNA base editors consist of a fusion of a catalytically inactive 
nuclease and a catalytically active base-modification enzyme that acts only on sin-
gle-stranded DNAs (ssDNAs). Base editing is limited to four transition mutations 
(C → T, G → A, A → G, and T → C). It is an articulate technology for producing 
elite trait variations in crop plants, engineering novel traits in agriculturally impor-
tant crops, and a key to food security (Eid et al. 2018). The base-editing approach 
has been efficiently standardized and ingrained in several crops including wheat, 
maize, rice, and tomato (Lu and Zhu 2017; Tang et al. 2019; Zong et al. 2017). So 
far, two types of DNA editors, the cytosine and adenine base editors (CBEs and 
ABEs) have emerged as tools for efficient genome modification in eukaryotic 
genomes (Hua et al. 2018; Liu et al. 2018; Qin et al. 2020; Zong et al. 2017).

5 � Base Editors: Structure and Mechanisms

It has been inferred from extensive genome-wide organization studies that SNPs are 
an important sect of genetic variations that confer many important agronomic traits 
to plants (Li et al. 2017b, 2018a; Lu and Zhu 2017; Veillet et al. 2019). However, 
incorporating these favorable single nucleotide changes into commercial cultivars is 
a challenging endeavor and may take several years. The conception of CRISPR-Cas 
systems provided a faster, more accurate means to incorporate these variations. 
However, in many laboratories, this system remains unfeasible due to occurrences 
of off-target indel formation. This necessitated further improvement of this system 
to make it more precise and conducive to customizations. Thus, base editors cou-
pled with CRISPR-Cas system are becoming a popular technology for converting 
one target nucleotide into another without DSBs and DRT (DNA damage repair/
tolerance) (Komor et al. 2016; Li et al. 2018e; Nishida et al. 2016).

6 � The Development and Evolution of Base Editors

Base editors are engineered ribonucleoprotein complexes that act as tools for single 
base substitution in cells and organisms. Single base substitutions are now a pre-
ferred method of plant genome modification since it can avoid off-target indels. 
These modifications are possible through base editors (Gaudelli et al. 2017; Komor 
et al. 2016). The DNA target module is either a catalytically inactive Cas9 nuclease 
(dCas9) or a Cas9 nickase guided by a sgRNA molecule. An “R-shaped loop” was 
created by the binding of dCas9-sgRNA to the target DNA, where a stretch of 
approximately 5–8 nucleotides of the target DNA gets unpaired. For cytosine modi-
fication, this small single-stranded domain acts as an editing or catalytic window for 
dCas9-tethered deaminase. The frequency of indels is limited by the use of base 
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editors as they are capable of making single-base changes or substitutions without 
creating a DSB in the DNA. There are two types of DNA base editors: cytosine base 
editors (CBEs) and adenine base editors (ABEs).

6.1 � Cytosine Base Editors (CBE)

The simplicity involved in the manufacture of the first-generation cytosine base 
editor (CBE1) could be misleading. It involved fusing cytidine deaminase, a rat 
apo-lipoprotein B mRNA-editing enzyme (rAPOBEC1), to the amino terminus of 
dCas9 using a 16-amino-acid linker (Komor et al. 2016). This CBE1 is capable of 
converting the cytidine (C) residue in the non-target strand to uracil (U), which is 
then recognized as Thymine (T) by cell replication machinery, resulting in a C·G to 
T·A transition (Komor et al. 2016). However, like any engineered system, the first 
generation of CBEs presented scope for improvement. The drawback was that base-
excision repair usually reverses the conversion of C·G to T·A, and uracil DNA 
N-glycosylase (UNG) generally removes U in the C·G to U·A pair (Kunz et  al. 
2009). A second-generation cytosine base editor (CBE2) was developed to counter 
this problem. The activity of UNG was diminished by the inclusion of a uracil DNA 
glycosylase inhibitor (UGI) into CBE1 (Di Noia and Neuberger 2002). The system 
was further improved by the development of third-generation CBEs (CBE3) by 
replacing the dCas9  in CBE2 with Cas9 nickase (nCas9) containing the D10A 
mutation (Bharat et al. 2020). The D10A mutation causes the modified nCas9 to 
nick the gRNA-complementary DNA strand or the target strand at a site that flanks 
the U/G mismatch. The mismatch repair system of the cell recognizes this nick as it 
is a preferred substrate and then excises the newly synthesized DNA strands accord-
ing to the existence of nicks (Kunkel and Erie 2015). The U/G mismatch and the 
flanking nick generated by CBE3 are thus, recognized in the target strand and G of 
U/G mismatch is excised. Consequently, the remaining U-containing non-target 
strand is used as a template for DNA re-synthesis to install a U/A pair, which would 
then be converted to a T/A pair after DNA replication or repair. This led to a consid-
erable improvement in the efficiency of CBE3 over CBE2 (Komor et  al. 2016). 
However, the inherent ability of cells to reject any type of change in the genome 
makes incorporating even single base modifications very difficult. Although CBE3 
provides a go-around for the mismatch repair system, researchers were now faced 
with the base excision repair machinery, which is responsible for removing damaged 
bases with DNA glycosylases (Carter and Parsons 2016). This lead to low C-to-T 
editing efficiency as the U in the editing intermediate (U/G pair) could still be 
excised by UDG.  Therefore, using a number of different methods, the fourth-
generation cytosine base editor (CBE4) was engineered. In one strategy, Komor et al.
(2017) fused another copy of UGI into CBE3 to keep the U in place leading to 
higher efficiency. Another strategy involves streamlining of codon to enhance the 
expression of the base editors, which increased base editing frequency by up to 
nine-fold (Koblan et al. 2018; Zafra et al. 2018). Yet another barrier to efficient base 
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editing is the process of DNA methylation which suppresses the cytosine deamina-
tion catalyzed by mouse APOBEC1 (mA1) (Nabel et  al. 2012). This led to the 
screening of efficient base editors that could induce editing in highly methylated 
regions of the genome. As a result, the human hA3A-derived CBE (hA3A-BE3) 
was identified to have the highest efficiency (Wang et al. 2018b). Another approach 
to optimize the CBE was to decrease indel formation at the time of base editing. 
This has been achieved by:

	(a)	 creating a mutation in rAPOBEC1 to narrow the catalytic window (5th–sixth 
nucleotide) compared to CBE3 and therefore improve the accuracy of editing 
(Kim et al. 2017c),

	(b)	 to generate an activation-induced cytidine deaminase (AID) base editor, com-
bining Lamprey cytidine deaminase (pmCDA1), which is similar to rAPO-
BEC1  in structure and function, with activation-induced cytidine deaminase 
(AID), nCas9 (D10A), and UGI showed a low frequency of indel mutations and 
high on-target activity (Nishida et al. 2016),

	(c)	 fusing Gam, a DNA-binding protein from bacteriophage Mu, with CBE3 to 
reduce indel formation during base editing as Gam can form a complex with 
ends of DSBs and protect them from degradation (di Fagagna et al. 2003).

Unlike SpCas9, which requires G/C rich PAM sequences (Kim et al. 2017a, b, c; Li 
et al. 2018c, 2019a, b, c; Tang et al. 2017; Wang et al. 2017a, b; Xu et al. 2017) 
Cpf1, a class 2, type V CRISPR-Cas system, is capable of recognizing the thymidine-
rich TTTN PAM.  Therefore, complementing the more popular SpCas9 system 
(NGG PAM) with Cpf1 could enable editing of AT-rich regions such as 5′ and 
3′UTRs and promoter regions (Zetsche et al. 2015; Zong et al. 2017). Moreover, the 
PAM sequences could also be altered to improve accuracy and specificity (Hu et al. 
2018; Nishimasu et al. 2018; Hua et al. 2019a).

6.2 � Adenine Base Editor (ABE)

Another group of base editors facilitate the conversion of A·T to G·C in genomic 
DNA and are known as Adenine base editors (ABE). Generally, ABEs are single 
polypeptide chains comprised of: a) a wild type E.coli tRNA-specific adenosine 
deaminase (TadA) monomer, b) a synthetic E. coli TadA monomer (TadA*) which 
catalyzes deoxyadenosine deamination, and c) a Cas9 (D10A) nickase (Gaudelli 
et  al. 2017). These components were combined to develop ABE7.10 which can 
effectively convert A•T-to-G•C while minimizing the levels of unwanted by-
products, such as indels, in many organisms including plants (Kang et al. 2018; Ryu 
et  al. 2018). In native conditions, the E. coli TadA homodimerises to deaminate 
adenosine located in a transfer RNA (tRNA) anticodon loop generating inosine (I) 
(Losey et al. 2006). Thus, ABE functions by binding to a target DNA sequence in a 
guide RNA-dependent manner, creating a small bubble of single-stranded DNA 
where the TadA-TadA* acts to deaminate an A located in this bubble to generate 
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I. Inosine (I) is recognized as G, following DNA repair or replication, and finally the 
original A·T base pair is replaced with a G·C base pair at the target site (Li et al. 
2019a; Wolf et al. 2002). ABEs have emerged as a more popular choice for base 
editing as numerous studies have reported that the occurrence of RNA-dependent 
off-target DNA mutations were much lower in ABE7.10 as compared to CBEs 
(Jin et al. 2019; Zuo et al. 2019).

As in the case of CBEs, the efficiency of ABEs has also been improved using 
codon optimization and nuclear localization sequence optimization (Koblan et al. 
2018; Zafra et al. 2018). Rees et al. (2019) were able to greatly reduce low-level 
cellular RNA editing from ABEs by introducing the E59A or E59Q mutation into 
TadA and the V106W mutation in TadA* without heavily compromising on-target 
DNA editing. Recently, ABE-P1S, a simplified base editor containing ecTadA*7.10-
nSpCas9 (D10A) is known to show much higher editing efficiency in rice than the 
widely used ecTadA-ecTadA*7.10-nSpCas9 (D10A) fusion. The ecTadA*7.10-
nCas9 fusion may ameliorate the editing efficiency of other ABEs containing 
SaCas9 or the SaKKH-Cas9 variant (Hua et  al. 2020). Exploiting more efficient 
ABEs will facilitate the application of adenine base editing in crop improvement.

7 � RNA Base Editors

Despite their widespread use, the Cas9 in DNA base editors presents the drawback 
of requiring a protospacer adjacent motif (PAM) at the editing site (Kim et al. 2017a, 
b, c) which led researchers to look out for alternatives that could produce a similar 
effect post-transcriptionally. The process of RNA editing has been widely studied in 
humans and is mediated by Adenosine deaminases acting on RNA (ADAR) which 
convert Adenosine (A) to Inosine (I) (Gilbert et al. 2016; Zhao et al. 2016). This is 
read as guanosine by the splicing and translation apparatuses, thereby leading to a 
modified amino acid sequence (Nishikura 2016). Cox et al. (2017) came up with the 
idea of editing RNA transcripts to alter their coding potential in a programmable 
manner and named it “RNA Editing for Programmable A to I Replacement” 
(REPAIR). A type VI CRISPR-associated RNA-guided RNase, Cas13 has RNA 
binding abilities and a previous study also reported that the Cas13a enzyme from 
Leptotrichia wadei (LwaCas13a) could cleave RNA and could be expressed in 
mammalian and plant cells for targeted knockdown of transcripts (Abudayyeh et al. 
2017). The E488Q-mutated ADAR2 deaminase domain (ADARDD) was fused to 
catalytically inactive PspCas13b (dCas13) to generate the first generation of the 
REPAIR system. REPAIR is capable of editing full-length transcripts containing 
disease-relevant mutations in a mammalian cell and has no strict sequence limita-
tions (Cox et al. 2017). The same group also improved the system and developed 
REPAIRv1 and REPAIRv2, which demonstrated higher precision than other 
RNA-editing platforms (Stafforst and Schneider 2012; Cox et al. 2017).

In addition to the REPAIR system, Abudayyeh et al. (2019) were also responsible 
for the development of an efficient RNA-editing system for precise C-to-U 
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conversion called RNA Editing for Specific C to U Exchange (RESCUE). To 
accomplish this, they mutated the adenine deaminase domain of ADAR2, through 
directed evolution, to turn it into a cytidine deaminase and fused it to catalytically 
inactive Cas13 (dCas13).

8 � Application of Base Editors in Crop Improvement

Transgenic breeding, where genes from other species/ organisms are introduced 
into crop plants of interest, has been one of the more adopted and used methods of 
crop improvement. Despite being standardized and widely applied, this method has 
given only a few transgenic crops to be utilized at field conditions (Raman 2017). 
The reason for such low output is the strict regulation of these genetically modified 
crops since this method integrates foreign DNA at random positions in the plant 
genome, sometimes leading to deleterious effects. However, crop improvement 
does not necessarily mean integrating long pieces of DNA into the plant genome. 
Single nucleotide changes in the genome are responsible for several agronomically 
important traits. Hence, base editing can be used as a powerful tool to introduce/
correct point mutations and accelerate crop improvement. Since base editors, espe-
cially RNA base editors, could generate DNA-free editing, these plants could be 
potentially free of the GMO tag and the regulations that are imposed with it (Voytas 
and Gao 2014). This is one of the major incentives for the popularization of base 
editors. To edit specific genes conferred by single nucleotide polymorphisms, 
cytosine and adenine base editors have been successfully used in a wide range of 
major crops and model plants (Hua et al. 2018; Li et al. 2018a, b, c, d, e; Lu and Zhu 
2017; Ren et al. 2018).

8.1 � CBE-Mediated Base Editing in Plants

The effective customization of CBEs using codon optimization, linker addition, tan-
dem UGIs, etc., has been applied to develop stable and improved plants. The method 
has proved to be effective and even led to desired changes that could be carried into 
the next generation of offspring. To assess the C·G to T·A base-editing activity of 
xCas9-3.7 in plants, in one study, SpCas9 was replaced with xCas9-3.7 in CBE3, 
giving rise to xBE3. xBE3 has the ability to edit sites with NGN, GAA, and GAT 
PAMs. However, CBE and ABE containing the xCas9 variant failed to edit most 
target sites in plants. Cas9-NG variants, Cas9-NGv1 and Cas9-NG in rice proto-
plasts and stable lines, showed reduced activity at canonical NGG PAM sites but 
showed noticeable mutation frequency at non-canonical NG PAM sites (Hua et al. 
2019a; Ren et al. 2019; Zhong et al. 2019). Zeng et al. (2020) were able to develop 
Plant high-efficiency CBEs (PhieCBEs) with expanded target ranges by fusing 
genetically evolved cytidine deaminases with two Cas9n-NG variants. In yet another 
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commendable effort, Jin et al. (2020) were able to design CBEs with more precision 
in their genome-wide activity by designing their deaminase domains to have lower 
affinities for ssDNA. All these efforts reiterate the versatility of base editors. Some 
of the examples of successful gene editing are listed in Table 1.

Table 1  Application of CBEs in crop improvement

Base editor 
used Plant Target Effect References

CBE Rice OsPDS, OsSBEIIb High amylose rice Li et al. 
(2017b)

CBE3 Rice NRT1.1B and SLR1 Improved nitrogen use 
efficiency

Lu and Zhu 
(2017) and Hu 
et al. (2015)

CBE Tomato Acetolactate 
synthase (ALS) 
gene

Marker-free and 
herbicide-resistant

Shimatani 
et al. (2017)

nCas9-cytidine 
deaminase 
fusion

Rice, wheat, 
and corn

OsCDC48, 
OsSPL14, TaLOX2, 
ZmCENH3 genes

Efficient and site-specific 
C to T base editing in rice, 
wheat, and maize, with a 
deamination window 
covering 7 bases of the 
protospacer and produces 
virtually no indel 
mutations.

Zong et al. 
(2017)

Codon-
optimized 
cytidine 
deaminase-
Cas9n-UGI 
(CBE3)

Arabidopsis Acetolactate 
synthase (ALS) 
gene

Herbicide resistance Chen et al. 
(2017) and 
Dong et al. 
(2020)

CBE Rice Pi-d2andOsFLS2 Blast resistance Ren et al. 
(2018)

CBE Watermelon Acetolactate 
synthase (ALS) 
gene

Herbicide resistance Tian et al. 
(2018)

CBE tomato and 
potato

Acetolactate 
synthase (ALS) 
gene

Herbicide resistance Veillet et al. 
(2019)

CBE Cotton GhCLA and 
GhPEBP genes

Visible phenotype (editing 
of GhCLA can generate an 
albino phenotype and 
GhPEBP participates in 
the multiplex-branch 
developmental process

Qin et al. 
(2020)

A3A-PBE Oilseed rape ALS gene Herbicide tolerance Cheng et al. 
(2021) and Wu 
et al. (2020)
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8.2 � ABE-Mediated Base Editing in Plants

When it comes to minimizing off-target mutations, ABEs have proved to be superior 
to CBEs. In one study, researchers observed that there was a higher rate of C > T 
mutation in BE3 and HF1-BE3 plants relative to controls which could be attributed 
to APOBEC1 and/or UGI. On the other hand, ABE is derived by fusing a nCas9 
protein with an engineered RNA adenosine deaminase, and therefore, it is possible 
that the engineered RNA adenosine deaminase does not show excessive DNA base 
editing. This minimizes the generation of genome-wide A > G SNVs outside the 
sgRNA targeting windows (Jin et  al. 2019) making ABEs a preferred choice for 
genome editing in plants. In recent years, a number of changes have been intro-
duced into the backbone of ABEs to cater to the specific needs of plant biologists. 
For example, to efficiently introduce A·T to G·C conversion, fluorescence-tracking 
adenine base editor (rBE14) using the nCas9 (D10A)-guided TadA: Tad A7.10 het-
erodimer has been developed in OsMPK6, OsSERK2, and OsWRKY45 at respective 
frequencies of 16.7%, 32.1%, and 62.3% in rice (Yan et al. 2018). A·T to G·C con-
version was enabled at frequencies up to 7.5% in protoplasts and 59.1% in regener-
ated rice and wheat crops, where they could produce high precision substitutions at 
the targeted loci with low indels. This was done using a new plant ABE based on an 
evolved tRNA adenosine deaminase fused to the nCas9 (Li et al. 2018a). A plant 
ABE (designated ABE-P1 for adenine base editor, plant version) was developed by 
Hua et al. (2018) by fusing recombinant E. coli TadA (ecTadA*7.10) protein to the 
N terminus of the nCas9 (D10A). The editing efficiency of ABE-P1 was evaluated 
in OsSPL1 and OsSLR14 gene loci of rice, and the editing efficiencies were 26.0% 
and 12.5%, respectively. ABE-P1 also enabled multiplex base editing with high 
efficiency (Hua et al. 2018). A similar approach was used to synthesize four plant-
compatible ABE binary vectors (pcABEs) (Kang et al. 2018). The target regions for 
pcABE7.10 were sequenced and showed that the efficiency A·T to G·C editing 
activity was up to 4.1% and 8.8% in Arabidopsis and Brassica napus (rapeseed) 
respectively. To broaden their targetable sites, new ABEs were developed using 
engineered SpCas9 variants. This was emulated in the editing efficiencies of two 
target genes, OsSPL17 and OsSPL14 in rice. Through such results, the applications 
of ABE in plants further expanded as it exhibited that ABEs containing SpCas9-NG 
worked efficiently in rice with broadened PAM compatibility (Hua et al. 2019a, b). 
Moreover, it has been shown that adenine and cytosine base editing could be simul-
taneously performed in rice (Hua et al. 2019a). Some of the other attempts at crop 
improvement and study of plant developmental processes using ABEs are listed in 
Table 2.
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Table 2  Application of ABEs in crop improvement and functional characterization

Base editor 
used Plant Target gene Effect References

Enhanced 
ABE 
system

Rice Carboxyl transferase 
domain of OsACC

Herbicide resistance (although 
accompanied by severe growth 
retardation and sterility)

Liu et al. 
(2020)

ABE Rice OsWSL5,OsZEBRA3(Z3) Visible phenotype of white 
stripe leaf and light green/dark 
green leaf pattern, respectively.

Molla et al. 
(2020)

ABE Rice OsTubA2 gene Produced rice lines resistant to 
otherwise lethal levels of 
trifluralin and pendimethalin 
without fitness penalty

Liu et al. 
(2021)

8.3 � Best of Both Worlds: Combining CBEs and ABEs for More 
Efficient Crop Gene Editing

Together, ABEs and CBEs enable the introduction of all four transitions (C·G to 
T·A or A·T to G·C) at target loci in the genome in a user-defined way, greatly 
expanding the capability of base editing. Therefore, it was logical to combine the 
editing capabilities of CBEs and ABEs to develop a highly efficient base editor that 
could facilitate directed mutagenesis in the plant genomes. This has led to engineer-
ing of saturated targeted endogenous mutagenesis editors (STEMEs) that combined 
dual base editors with a single sgRNA to achieve C:G > T:A and A:T > G:C substi-
tutions by fusing cytidine deaminase with adenosine deaminase nCas9 (D10A) and 
uracil DNA glycosylase inhibitor (UGI) (Li et al. 2020). A similar approach was 
used to develop the base-editing-mediated gene evolution (BEMGE) method, 
employing both Cas9n-based cytosine and adenine base editors as well as a single-
guide RNA (sgRNA) library tiling the full-length coding region, for developing 
novel rice germplasms with mutations in any endogenous gene (Kuang et al. 2020). 
These novel methods of base editing have proved to be useful in targeting any 
endogenous gene in any crop related to a trait of interest (e.g., plant height, leaf 
angle, seed size, seed protein content) in plants to identify novel alleles of varying 
strength. Thus, BEMGE is a powerful tool that can be used in breeding programs to 
identify functional genetic variants with precision and develop crops with specific 
traits in the near future.

9 � RNA Editing in Plants

Despite their usefulness being established in some animal systems, RNA-editing 
methods (REPAIR and RESCUE) have not yet been utilized in plant systems effec-
tively. However, there have been attempts at editing the mRNA in plants using 
base editors to disrupt gene activity post transcriptionally. This method of editing 
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relies on the knowledge that although the internal sequences of introns exhibit great 
variations, the donor and acceptor sites, i.e., the GT and AG dinucleotides at the 5′ 
and 3′ ends of an intron, are highly conserved across plants and animals. Introducing 
point mutations at either the donor site GT or acceptor site AG of an intron would 
cause mRNA mis-splicing, leading to gene disruption (Brown 1996). Inspired by 
those natural mRNA mis-splicing mutants, Li et al. (2019c) applied this principle 
and modified CBEs to mutate these sites in OsGL1-1 and OsNAL1 genes in rice, 
thereby inducing mRNA mis-splicing and target gene inactivation.

10 � Limitations and Prospects

The CRISPR base editing technology has been used extensively not only in animal 
systems but also in several plants, since it permits accurate and effective conversion 
of single-base at targeted genomic sites. Limited PAM sites, high off-target activity, 
and wide editing window are some of the limiting factors for the pervasive use of 
base editors (Shimatani et al. 2017; Tian et al. 2018; Zong et al. 2017). A lot of 
efforts have been put in the past 2 years to upgrade the specificity of base editors and 
minimize their limitations. Further research efforts are required for improving the 
existing ABE and CBE tools, developing novel base editors, and applying REPAIR 
and RESCUE systems in plants. The CBE system can also engineer base substitu-
tions simultaneously at multiple loci (Shimatani et  al. 2018)  and is being used 
widely for crop improvement. It uses multiplex base editors that allow editing of 
crop plants with various desired SNPs at multiple gene loci. Despite the low effi-
ciency of editing, the RNP method provides a potential path to avoid regulatory 
obstacles and to make DNA-free base editing useful in advertising crops with 
improved agronomic traits (Rees et al. 2017).

10.1 � Off-Target Activity of Base Editors

The application of base editing technique is limited by off-target editing. This 
occurs when additional cytosines are edited at a site proximal to the target base in 
the same DNA molecule. The genome-wide off-target activity of CBE has been 
demonstrated in rice and mouse cells (Jin et al. 2019; Zuo et al. 2019). However, in 
some studies it was shown that ABEs displayed unexpected cytosine deamination 
activity in human cells in addition to off-target single-nucleotide conversions at the 
DNA or RNA level in the presence or absence of sgRNAs (Kim et al. 2019). In a 
recent study, it was observed that CBEs BE3 and high-fidelity BE3 (HF1-BE3) 
induce unexpected and unpredictable genome-wide off-target mutations in rice 
crop. These mutations were usually the C to T type of single nucleotide variants 
(SNVs) (Jin et al. 2019). It was suggested that to minimize the off-target mutations, 
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it is necessary to optimize the level of cytidine deaminase and UGI (Zuo et al. 2019). 
These CBE limitations could be resolved by:

	1.	 Using different cytosine deaminases and Cas-nuclease fusions to generate more 
efficient CBEs.

	2.	 Developing DNA base editors that have reduced undesirable RNA-editing 
activity.

	3.	 Reducing sgRNA-independent deamination activity by the generation of cytosine 
deaminase (Zhou et al. 2013).

	4.	 Regulating the expression level of cytosine deaminase-UGI protein complex 
(Grünewald et al. 2019b).

Gene therapy in animal cells has become a major concern due to induced off-target 
edits by CBE and ABE base editors at the DNA and RNA level (Grünewald et al. 
2019a). However, these effects might not create any hurdle in plants if the off-target 
effects did not affect major agronomic traits and the desired base substitutions are 
acquired.

10.2 � Generation of Indels

As compared to genome editing, DNA base editing yields a lower rate of indel for-
mation; however, indels are still present. It has been conjectured (Kim et al. 2017b) 
that nCas9 (D10A) cleavage of single-stranded DNA is responsible for the produc-
tion of these indels. Usually, the frequency of introduced indels is lower for ABEs 
than for CBEs (Gaudelli et  al. 2017). Komor et  al. indicated that the number of 
indels can be greatly reduced by fusing SunTag to the N-terminus of the Cas9 
(D10A) nickase (Jiang et  al. 2018) or by fusing bacteriophage Mu-derived Gam 
(Mu-GAM) protein to BE4 (Komor et al. 2017).

10.3 � Need for a More Relaxed PAM Requirement

ABE and CBE base editors without any gene disruption can mediate efficient base 
editing. However, the presence of Protospacer Adjacent Motif (PAM) sequences 
and the editing window at the target locus limit the applications of DNA base edi-
tors. The PAM sequences determine the editing frequencies within the genome as 
most editors are based on the CRISPR-Cas9 system. Only the NGG PAM site was 
recognized by the first generation of base editors. It was engineered based on 
SpCas9 (Komor et al. 2016). To further expand the technology, new types of Cas 
protein and engineered Cas9 variants with altered PAM sequences have been intro-
duced into base editors (Hu et  al. 2018; Nishimasu et  al. 2018). For example, a 
T-rich PAM sequence is recognized by LbCpf1-BE0, a Cpf1-based CBE that cata-
lyzes C·G to T·A conversion in a narrow window (eighth-13th nucleotide of the 
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protospacer) (Li et  al. 2017a). The use of modified SpCas9 to create a modified 
adenine and cytosine base editors considerably broadened the range of targets 
(Hua et al. 2019b). xCas9 and SpCas9-NG base editors in plants helped in achieving 
C·G to T·A and A·T to G·C conversions at target sites with NG PAMs (Hua et al. 
2019a, b; Ren et al. 2019; Zhong et al. 2019). Another drawback of DNA base edi-
tors are large editing windows. To overcome this limitation, the linker sequences 
were modified and the non-essential sequences were removed by developing high-
precision base editors with narrowed editing windows that narrowed down from ~5 
to as few as 1–2 nucleotides with engineered YEE-BE3 base editors. These 
YEE-BE3 base editors contain mutated cytidine deaminase domains that enable 
discrimination of neighboring C nucleotides, which would otherwise be edited with 
similar efficiency in HEK293T cells (Kim et al. 2017a, b, c). The specificity of base 
editing has increased significantly by the development of improved base editors and 
is expected to be used for precise single-base substitutions in plants.

10.4 � Limited Application of RNA Base-Editing Technology 
in Plants

RESCUE and REPAIR systems have been used to edit RNA transcripts containing 
disease-relevant mutations in mammalian cells. However, the use of RNA base edit-
ing in crop improvement awaits exploration. The use of CRISPR base-editing tech-
nology in RNA transcripts in plants will greatly expand by these new systems. RNA 
base editing will be significant for plant biological research, such as in functional 
analysis of genes involved in a complex metabolic pathway. However, it is difficult 
to distinguish phenotypic variation caused by base changes in RNA transcripts from 
the position effect of a base editor transgene, if such effect is present.

10.5 � Future Perspectives of the Emerging Technology

Since their invention, base editors are being used for basic research purposes and 
are being continually optimized for use in medicine and agriculture. For molecular 
breeding of crops, improved base editors will prove to be valuable tools. Newly 
engineered variants need to be adapted to improve the existing CBE and ABE base 
editors to expand the scope of base editing and increase the efficiency of editing in 
an extensive variety of crops. The plant ABE system has been successfully adapted 
in a wide range of crops (Li et al. 2018a, b, c, d, e; Yan et al. 2018). However, engi-
neered Cas9 variants recognizing different PAM sequences or Cpf1 can be used for 
improving and extending the plant ABE system (Hu et al. 2018; Kim et al. 2017a, b, 
c). Moreover, to correct point mutations, the sgRNAs could be ligated with different 
aptamers MS2, PP7, COM, and boxB to facilitate simultaneous base conversions 
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(C-T and A-G) (Ma et al. 2016; Zalatan et al. 2015). Precise conversion of nucleo-
tides is possible through protein delivery of base editors (Rees et al. 2017). Thus, 
highly accurate plant base editors should be generated and delivered through RNP 
delivery to establish DNA free strategy. In several crops, base editors have already 
been used in correcting point mutations related to agricultural traits. They were used 
to edit genes in rice, wheat, and corn with C: G to T: A editing efficiencies of 
12–44%. However, RNA editing in plants is yet to be explored. At present, the 
REPAIR system enables A to I conversion in RNA editing. In future, C to U conver-
sions may also be possible by fusion of dCas13 with other catalytic RNA-editing 
domains such as APOBEC (Cox et al. 2017). Catalytically inactive dCas9 or dCpf1 
could enable conversion of A to I on DNA substrates either through formation of 
DNA–RNA hetero-duplex targets (Zheng et  al. 2017) or mutagenesis of ADAR 
domain (Cox et  al. 2017). The use of REPAIR system in plants is unexplored, 
although it is being utilized to correct disease-relevant mutations in human. Stable 
expression of CRISPR base editors is required for use of RNA editing, and there-
fore, it may not be highly beneficial in crop bioengineering. However, it could be 
useful for functional gene analysis. There are vast applications of this system that 
remains unexplored and researchers may find it interesting to unearth the many 
applications, which can be used for crop plants in the near future.

11 � Conclusion

Genome editing has become a powerful tool since the development of the first 
CRISPR-Cas editing system less than a decade ago. Base editing is a novel platform 
within the genome designing tool kits, competent in modifying crops precisely and 
enhancing the quality of crops in the future. Base editors are proving to be an effec-
tive genome-editing approach, as instead of causing DSBs in DNA, it enables nucle-
otide substitutions. The process uses CRISPR components such as, guide RNAs, a 
mutant Cas9 and deaminase enzymes, to mutate single bases without altering the 
nearby sequence and without a DSB or donor template. For base editing in plants as 
well as in animals, cytidine and adenine deaminase-based base editors are continu-
ously being upgraded and used. Base editing seems to be the method of choice for 
fixing point mutations as it removes the unwanted insertion and/or deletions caused 
by gene editing. However, due to their innate properties like PAM sequence depen-
dency, base editors cannot act upon all bases in a genome. Moreover, the unexpect-
edly high number of off-targets introduced by CBEs is a major issue. Adopting the 
Cas9 variants and narrowing down the catalytic window to improve the existing 
CBE and ABE base editors can enhance DNA specificity and lower the off-target 
activity. This emerging base-editing technology is still in its infancy and needs 
optimization as highly precise base editors can have many applications and scope in 
model plants and crops for precision breeding.
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New Cas Endonuclease Variants 
Broadening the Scope of the CRISPR 
Toolbox

Goetz Hensel

Abstract  The biotechnological usage of the bacterial-derived CRISPR/Cas system 
allowed specific and straightforward manipulation of plant genomes for the first 
time. Different Cas proteins have other binding prerequisites associated with the 
mechanistic interaction between Cas proteins and genomic DNA. The gene-specific 
protospacer-associated motif (PAM) for the common SpCas9 is NGG. Although 
this is a common motif frequently found in plant genic sequences, it still limits a 
flexible targeting of any genomic position. Further analysis of related and unrelated 
species identified similar proteins with different PAM requirements. In addition, the 
in  vitro evolution of canonical Cas proteins expanded the toolbox further. This 
chapter introduces the natural origin of Cas proteins, summarises PAM require-
ments and Cas engineering, and highlights the new functionalities through fusion 
with exogenous protein domains, base and prime editing.

Keywords  SpCas9 · Base editors · Prime editing · Cas evolution

1 � Introduction

The biotechnological use of sequence-specific endonucleases (SSNs) has revolu-
tionised the directed study of the inherited traits of organisms. Systems such as 
clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 are 
widely used to (1) study gene functions in different organisms or (2) make 
application-oriented modifications, such as improving agronomically essential 
plant traits. In terms of the effort required to create the functional units, they are the 
most convenient gene modification tools currently available. In contrast to protein-
mediated binding of zinc finger nucleases (ZFN) or transcription activator-like 
effector nucleases (TALEN), Cas proteins are RNA-directed endonucleases; these 
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cleave DNA in a targeted manner, most commonly used for site-directed mutagen-
esis or genome/gene editing. The following chapter will point out the different Cas 
variants, their origin, similarities and differences, and examples of their use.

2 � The Natural Origin of Cas Proteins

In their natural environment, cas proteins are part of bacterial defence systems 
(Barrangou et al. 2007), organised in clusters of cas genes (Haft et al. 2005). For 
biotechnological use, only two components of these bacterial defence systems are 
used. For navigation in the target genome or site-specificity, a guide RNA (gRNA) 
is used. This can vary depending on the cas protein used. For binding to the target 
DNA, SpCas9 requires an approximately 130 nucleotide long hybrid RNA consist-
ing of a 42 nucleotide long CRISPR RNA (crRNA) and an 89  bp long trans-
activating crRNA (tracrRNA) (Jinek et  al. 2012). In contrast, AsCas12a only 
requires a 42 nucleotide long tracrRNA (Zhong et al. 2019), which, for example, 
significantly reduces the cost of synthetic production.

The second component is the double-strand break-inducing Cas protein. Whole-
genome sequencing has identified more than 45 Cas families, further subdivided 
based on functional elements (Haft et al. 2005). At least 4 Cas genes (cas1–4) have 
been associated with other subtypes, with cas1 considered a universal marker for 
CRISPR systems (Haft et al. 2005). Barrangou and co-workers (Barrangou et al. 
2007) have experimentally demonstrated that new spacers are integrated into the 
CRISPR array after bacteriophage infection, leading to resistance to this 
bacteriophage.

2.1 � Cas Proteins Have Different PAM Requirements

Cas proteins require a sequence called protospacer adjacent motif (PAM) for their 
binding to double-stranded DNA, which varies depending on the origin of the Cas 
protein (Fig. 1A). For the most commonly used Streptococcus pyogenes Cas9 pro-
tein (SpCas9), this sequence is NGG, where the N is variable and represents all four 
nucleotides (Jinek et al. 2012). In addition, the PAM is located downstream from the 
gRNA recognition sequence. The limitation in selecting the target sequence due to 
the presence of this PAM is overcome by using Cas proteins from other organisms 
such as FbCas12a (TTTV, (Zetsche et al. 2015)) or a targeted modification of the 
Cas9 protein (xCas (Hu et al. 2018a)), or SpCas9-NG (Nishimasu et al. 2018). This 
means that almost any genomic sequence is now accessible.

Cas endonucleases differ not only in terms of their PAM but also the type of 
double-strand break induced. While SpCas9 produces smooth cut ends, sticky ends 
are obtained when using LbCas12a. Another difference is the localisation of the 
PAM concerning the gRNA recognition sequence. While for SpCas9, xCas and 
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Fig. 1  Illustration of PAM requirements and cutting patterns of Cas proteins. (a) Enzymes as 
SpCas9 and Cas proteins of other species need an NGG for which the N stands for any other of the 
four nucleotides (left) or TTTN for FbCas12a (right). (b) The nuclease domains of SpCas9 induce 
a double-strand break three nucleotides upstream of the PAM, while FbCas12a induce sticky ends 
while cutting 19/23 nucleotides downstream of the PAM

SpCas9-NG, the PAM is always located downstream, for FbCas12a and AsCas12a, 
the PAM is located upstream of the gRNA (Fig. 1B).

2.2 � Protein Engineering of Cas Proteins

By elucidating the structure of Cas proteins, various functional domains could be 
described. For example, SpCas9 contains nuclease (NUC) and recognition (REC) 
domains (Jiang and Doudna 2017). These have been modified using directed evolu-
tion methods (for review see (Liu et al. 2020)). By mutating specific amino acids in 
the previously named nuclease domains, SpCas9 could be converted into a single-
strand break-targeting nuclease (Cas-nickase), designated nCas, or into a catalyti-
cally inactivated nuclease, designated dCas (Mali et al. 2013; Qi et al. 2013).

To increase target specificity, changes were made in the REC domain of the Cas9 
protein. Changes to amino acids D1135V, R1335Q and T1337R resulted in a variant 
called SpCas9-VQR (Kleinstiver et al. 2015). SpCas9-VQR had higher editing effi-
ciency than the SpCas9 wild-type protein in rice, for example (Hu et al. 2018b). To 
further reduce off-targets, further modifications were suggested. SpCas9-HF1 is a 
quadruple mutant altering all Cas9-mediated DNA contact sites to the target strand’s 
phosphate backbone (Kleinstiver et  al. 2016). The authors showed by EGFP 
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disruption assay that the enzyme retains on-target while harbouring reduced off-
target activity.

As previously mentioned, PAM requirements limit the use of CRISPR technol-
ogy. Hu and colleagues (Hu et al. 2018a) used phage-assisted continuous evolution 
(PACE) to rapidly generate Cas9 variants that accept an expanded range of PAM 
sequences. They developed an xCas9 3.7 enzyme with comparable on-target activ-
ity to SpCas9 at NGG PAM sites and substantially higher efficiencies at NG, GAA 
and GAT PAM sites. The GUIDE-seq (Tsai et al. 2015) assay could not confirm the 
expected higher off-target activity.

In a similar approach, Nishimazu and colleagues (Nishimasu et al. 2018) devel-
oped the SpCas9-NG protein. It has additional amino acid substitutions in predicted 
protein interaction sites with the sugar-phosphate backbone of the PAM duplex and 
the interaction with the ribose moiety of the second G. Modifying the enzyme in the 
following amino acids (R1335V/L1111R/D1135V/G1218R/E1219F/ A1322R/
T1337R) lead to the VRVRFRR variant designated as SpCas9-NG. While having 
lower activities at NGG PAM sites, it still expands the applicability of the CRISPR/
Cas toolbox (Molla et al. 2020a).

2.3 � New Cas Functionality Through Fusion with Exogenous 
Protein Domains

Using only the target sequence specificity of the gRNA/Cas protein complex, the 
fusion of the dCas protein with the domain of transcriptional regulators such as 
activators or repressors can enable the regulation of gene expression (Pan et  al. 
2021a). This offers advantages over conventional overexpression of target genes 
and is demonstrated for the first time in human cells (Maeder et al. 2013; Perez-
Pinera et  al. 2013). Initial success for gene activation in plants was achieved by 
fusing dCas9 with VP64 (Piatek et al. 2015; Lowder et al. 2015). VP64 is a tetra-
meric repeat derived from the VP16 protein of the herpes simplex virus (Sadowski 
et al. 1988). Further improvements here have since led to a system called CRISPR-
Act3.0, which has elucidated a significant increase in effective target gene activa-
tion, causing simultaneous activation of many enzyme-coding genes in the 
β-carotene biosynthetic pathway and the proanthocyanidin biosynthetic pathway in 
rice, as well as multigene activation in Arabidopsis (Pan et al. 2021b).

Gene inactivation (CRISPR interference, CRISPRi) involves another application 
of CRISPR/Cas technology. Here, binding of the dCas protein to the promoter of a 
target gene near the transcription start site (TSS) prevents the function of the RNA 
polymerase or the binding of transcription factors. In plants, there are few examples 
of the use of CRISPR-mediated gene inactivation (Piatek et al. 2015; Lowder et al. 
2015). In analogy to gene activation, chimeric Arabidopsis’s SUPERMAN 
Repression Domain X (SRDX) domains are coupled to the dCas (Hiratsu et  al. 
2003). Results from Arabidopsis (Piatek et al. 2015; Lowder et al. 2015) and rice 
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(Tang et al. 2017; Ming et al. 2020) achieved a 40% reduction compared to the wild-
type control.

The latest development is epigenetic regulation using CRISPR-based program-
mable epigenome editor protein, termed CRISPRoff-V1, composed of ZNF 
10KRAB, Dnmt3A (D3A) and Dnmt3L (D3L) protein domains fused to catalyti-
cally inactive S. pyogenes dCas9 (Nuñez et al. 2021). In this process, gene regula-
tion is blocked by methylation. This change can also be transferred to the progeny.

Fusion with reporter genes can also be used for live-cell imaging of specific 
genomic regions (CRISPR imaging, (Khosravi et al. 2020)). This technique allows 
overcoming the limitations associated with the long-used fluorescence in situ 
hybridisation (FISH) technology. FISH requires cell fixation and a DNA denatur-
ation step that can lead to altered chromatin structure, preventing the visualisation 
of dynamic processes (Kozubek et  al. 2000; Boettiger et  al. 2016). For CRISPR 
imaging, the target-specific property of CRISPR/Cas technology is used to visualise 
specific chromosomal regions using fluorescent reporter genes. Dreissig and col-
leagues (Dreissig et al. 2017) observed dynamic telomere movements in Nicotiana 
benthamiana. A corresponding review article provides deeper insight into this 
(Singh and Jain 2021).

A summary of CRISPR approaches in rice, which also refers to the use of pos-
sible Cas variants, was recently published (Ganie et al. 2021).

2.4 � Base Editors and Prime Editing

Another variant of the Cas proteins was the fusion with so-called base editors. These 
are fusion proteins that allow base exchange in the vicinity of the single-strand 
break by combining catalytically compromised Cas proteins with single-strand 
deaminases. There are currently three types, adenine, cytosine and cytosine trans-
version base editors (Molla et al. 2020b). Adenine base editors (ABEs) catalyse the 
exchange of A-T base pairings into G-C base pairings. In contrast, cytosine base 
editors (CBEs) allow conversion of C-G into T-A base pairings. After binding of the 
RNA-protein complex to the target sequence, the DNA double-strand is bent apart 
(Jiang and Doudna 2017), making an R-shaped single strand accessible to the deam-
inase. In CBEs, the cytosine is converted to uracil, which is read as thymine by 
polymerases (Komor et al. 2016).

Similarly, in ABEs, adenosines located within the R-loop are converted into ino-
sines using laboratory-adapted TadA* deoxyadenosine deaminases (Gaudelli et al. 
2017). These are then read as guanines by cellular polymerase. In this way, several 
identical nucleotides can also be edited within the R-loop. However, mismatches 
generated in this way are mutagenic, which has led to the development of corre-
sponding repair mechanisms in many organisms (Wood 1996). Uracil is removed 
from the genomic DNA faster than inosine (Gaudelli et  al. 2017). Therefore, 
improved CBEs employ uracil glycosylase inhibitor proteins (UGIs), which extend 
the half-life of uracil and thus support base exchange (Komor et al. 2017; Wang 
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et al. 2017). Similar experiments with corresponding inhibitors for ABEs have not 
achieved an increase in base editing, suggesting that this process is slower in mam-
malian cells (Lau et al. 2000).

Several deaminases are most commonly used for CBEs are APOBEC (Komor 
et al. 2016) and CDA (Nishimasu et al. 2018). APOBEC stands for apolipoprotein 
B mRNA-editing enzyme, catalytic polypeptide-like. There are several family 
members of APOBEC enzymes that have a preference for TC motifs (APOBEC1) 
or CC motifs (ABPOBEC A3G) (Liu et al. 2019). Base editors, such as CDA (cyto-
sine deaminase), have a larger ‘processing window’ and higher activity than 
APOBEC enzymes (Nishida et al. 2016). Different classes of deaminases used in 
generating base editors could be found in an earlier review article (Molla and 
Yang 2019).

Initial experiments here have used SpCas9 as the endonuclease (Kim et  al. 
2017b). In subsequent years, other combinations of CBEs with xCas9 (Hu et al. 
2018a; Zhong et al. 2019; Tan et al. 2020), SaCas9 (Kim et al. 2017a) or LbCas12a 
(Li et al. 2018) have been successfully tested. Something similar is also true for 
ABEs. A good summary was published by Anzalone and colleagues (Anzalone 
et al. 2020).

Limitations of the base editors are the restriction in terms of the ‘editing window’ 
and that not all theoretically possible base substitutions can be made. An extension 
of base editors is the so-called prime editing (Anzalone et al. 2019). This system 
allows an exchange of all possible base pairings and thus further improves targeted 
gene editing. Furthermore, short DNA sequences can also be inserted at defined 
positions. Prime editors are fusion proteins between a Cas9 nickase and a reverse 
transcriptase. Here, the synthetic target sequence is brought along as an extension of 
the gRNA, mainly at the 3′ end. The gRNA modified in this way is called 
pegRNA. After binding to the target sequence, a single-strand break is generated 
with Cas9 nickase. The released 3′ end is used as a template for reverse transcription 
with the pegRNA extension. To facilitate DNA repair, the pegRNA also contains a 
region of homology to the target site. Although many of these systems are being 
developed in human cell cultures, there are also applications in plants. A summary 
of this was recently published by Molla and colleagues (Molla et al. 2021).
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Abstract  Agronomic relevant plant traits are mainly complex and therefore hard to 
manipulate. Targeted mutagenesis using CRISPR/Cas technology allows a simple 
introduction of a mutation in the preferred genomic location. By following sophis-
ticated cloning procedures such as Golden Gate cloning or by using polycistronic 
tRNA-gRNA arrays, targeting multiple genomic positions became feasible. Basic 
and applied research got; therefore, numerous options manipulating plant genomes. 
This multiplex genome editing does not only include setting mutations to inactivate 
genes or gene families. By using fusions of functional domains with catalytically 
inactive Cas enzymes, genes can be activated, repressed, or altered in any other way. 
The present chapter summarizes strategies and the basic principles of multiplexed 
genome editing. It introduces the two-component transcriptional unit multiplex sys-
tem, multiplexing using a single Pol III promoter, using bidirectional promoters, 
and highlights applications using the respective cloning procedure.
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1 � Introduction

The biotechnological use of sequence-specific endonucleases (SSNs) has revolu-
tionized studies of inherited traits of organisms. Systems such as clustered regularly 
interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) proteins 
Cas9 and Cas12a are widely used to (1) study gene functions in different organisms 
or (2) make application-oriented modifications, such as improving agronomically 
essential plant traits. They are currently the most convenient gene modification tools 
regarding the effort required to create two functional units (gRNA and Cas). Unlike 
DNA-directed zinc finger nucleases (ZFNs) or transcription activator-like effector 
nucleases (TALENs), Cas proteins are RNA-directed endonucleases. Cas proteins 
cleave DNA in a targeted manner most commonly used for site-directed mutagen-
esis or genome/gene editing. Cas proteins require an adjacent protospacer motif 
(PAM) sequence for their binding to double-stranded DNA, which varies depending 
on the origin of the Cas protein. For the most commonly used Streptococcus pyo-
genes Cas9 protein (SpCas9), the PAM sequence is NGG, where the N is variable 
and represents all four nucleotides (Jinek et al. 2012). Cas endonucleases differ in 
terms of their PAM and the type of double-strand break-induced. While SpCas9 
generates smooth cut ends, sticky ends are obtained when using LbCas12a. The 
limitation in selecting the target sequence due to the presence of this PAM is over-
come by using Cas proteins from other organisms or engineering the Cas9 protein 
(xCas9 (Hu et al. 2018), SpCas9-NG (Nishimasu et al. 2018)). Thus, almost any 
genomic sequence is accessible. A plethora of Cas variants with alternative PAM 
sequences have been listed earlier (Molla et al. 2020c).

SpCas9-based plant gene editing has been extensively studied and applied in 
many plant species (for review, see chapter “Genome Engineering as a Tool for 
Enhancing Crop Traits: Lessons from CRISPR/Cas9” and Kumlehn et  al. 
(2018)). Although SpCas9 and FnCas12a have nearly identical sizes (1368 vs 
1307 amino acids), Cas9 has two nuclease domains (HNH and RuvC) while 
Cas12a has only RuvC domain. For binding to the target DNA, Cas9 requires an 
approximately 130 nucleotide long hybrid RNA consisting of a 42-nucleotide 
long CRISPR RNA (crRNA) and an 89  bp long trans-activating crRNA 
(tracrRNA) (Jinek et al. 2012). In contrast, Cas12a requires only a 42 nucleotide 
long tracrRNA (Zhong et al. 2018), which significantly reduces the cost of syn-
thetic production.

In addition, Cas proteins could be modified by mutating specific amino acids in 
the previously named nuclease domains, converting them into a nuclease targeting 
double-stranded DNA but cleaves only one strand (Cas nickase), designated nCas or 
none (dead nuclease designated dCas; (Mali et al. 2013; Qi et al. 2013)). Fusion of 
the dCas protein with the domain of transcriptional regulators such as activators or 
repressors allows regulation of gene expression (Tang et al. 2017; Qi et al. 2016). 
Fusion with reporter genes can also mark specific genomic regions (CRISPR imag-
ing, (Khosravi et al. 2020)). A recent development is an epigenetic regulation using 
CRISPR-based programmable epigenome editor protein, termed CRISPRoff-V1, 
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composed of ZNF 10KRAB, Dnmt3A (D3A), and Dnmt3L (D3L) protein domains 
fused to catalytically inactive S. pyogenes dCas9 (Nuñez et al. 2021). In this pro-
cess, gene regulation is blocked by methylation. This alteration can also be trans-
mitted to the progeny.

The interaction of multiple genes often characterizes agronomically important 
traits. These can be different members of a gene family or numerous genes in a 
network (e.g. (Zuo and Li 2014)). As a result, simultaneous or sequential targeting 
of different sites in the same target genome is essential. This process, called multi-
plexing, is easier to achieve with CRISPR/Cas technology. The sequence-specific 
navigation elements do not consist of several polypeptides but a short RNA mole-
cule about 20 nucleotides long. These are easier to clone or synthesize. Since func-
tional endonuclease elements are often transferred as part of a bacterial T-DNA, the 
size of these elements plays a crucial role here.

In Cas9 technology, target specificity is determined by an 18–20 bp guide RNA 
(gRNA) that can theoretically be designed for any target (Baltes and Voytas 2015). 
A single gRNA can be used to target alleles or homeoalleles of a gene or gene fam-
ily in a conserved region (Sánchez-León et al. 2018). Multiplexing allows multiple 
gRNAs to target different genes (Shen et al. 2017).

To create stable mutants, transfer requires functional units that contain sequences 
for the cas gene and one or more gRNAs and usually plant selection marker ele-
ments. Alternatively, these units can be pre-assembled as a ribonucleoprotein com-
plex (RNP) in the test tube, which has advantages in regulatory hurdles in some 
parts of the world (chapter “Genome Editing: A Review of the Challenges and 
Approaches”). Modular systems are used for ease of assembly, such as MoClo 
based on Golden Gate technology (Weber et al. 2011) or vector set published by 
Hahn et al. (2020). All building blocks, such as promoters, coding sequences, and 
terminators, are in individual vectors assembled arbitrarily in different modules. 
Alternatively, methods based on homology-dependent cloning systems (e.g. Gibson, 
overlap-PCR) can be used.

Cas proteins were expressed in plants in the first generation of vectors by poly-
merase II and gRNAs by polymerase III promoters, such as U3 and U6 promoters. 
Because of limitations regarding using elements from dicots in monocots, these 
regulatory building blocks must be specific to monocot or dicot species. Pol III-
transcribed small nucleolar RNAs (snoRNAs) such as U3 and U6 require a specific 
ribonucleotide, A and G, respectively, to initiate their transcription. While this 
reduces the number of potential Cas/gRNA target sites in the genome, small tricks 
can quickly convert gRNAs that begin with C or T. For this purpose, if an A or G is 
present at position −19, the first nucleotide can be omitted, or it can be replaced by 
an A or G.  Both approaches have already been successfully applied (Le Cong 
et al. 2013).

This chapter summarises the approaches used for multiplexing in targeted muta-
genesis, gene activation/repression, base editing, and de-novo domestication. The 
methodological differences will be exemplified by model and crop plant species, 
while a comprehensive but not complete overview will be given in a table.

Multiplexed Genome Editing in Plants Using CRISPR/Cas-Based Endonuclease Systems
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Targeted Mutagenesis
Although genome editing is predominant in the literature, the most common appli-
cations are targeted mutagenesis of one or more genes or gene alleles. Therefore, it 
is not surprising that most results on simultaneous targeting using CRISPR/Cas 
technology also describe targeted knockout. Below are descriptions of the most 
commonly used variations in the structure and combination of functional units. 
Table 1 summarises several examples for the successful knockout in a diverse set 
of plants.

It should be noted that multiplexing refers to the simultaneous targeting of sev-
eral gene variants in a diploid plant, or the simultaneous targeting of a gene in the 
different subgenomes of a polyploid plant, or also the knockout of unrelated genes. 
Table 1 shows examples of all the cases mentioned above. Only two examples are 
given here as examples. Celiac disease is a human disease in which patients are 
allergic to specific storage proteins of the wheat grain (Sollid et al. 2012). In bread 
wheat, α-gliadins are encoded by approximately 100 genes, and pseudogenes 
(Ozuna et al. 2015) organized in tandem at the Gli-2 loci of chromosomes 6A, 6B 
and 6D.  In an attempt to target a conserved region within these loci using two 
gRNAs, scientists have shown wheat lines in which 35 of 45 different α-gliadin 
sequences were mutated (Sánchez-León et al. 2018). Since wheat is challenging to 
transform, Budhagatapalli and colleagues (Budhagatapalli et al. 2020) chose a dif-
ferent route. They took advantage of the fact that maize is easier to transform, and 
wheat can be pollinated with maize pollen. After fertilization, the chromosomal 
DNA of maize is not passed on, and the haploid embryo can then undergo genome 
duplication either spontaneously or using chemicals. It has been shown that both 
bread wheat and durum wheat can be mutated almost genotype-independently using 
this method (Budhagatapalli et al. 2020). Since wide hybridization has also been 
described for other plant species, this is another way to modify genes efficiently.

Multiplex Gene Activation/Repression
Due to its targeting accuracy and ease of cloning, CRISPR/Cas technology can be 
used not only for targeted induction of double-strand breaks. By inactivating RuvC 
(Cas12a) or both nuclease domains (HNH and RuvC, Cas9), one can deliver a dCas 
fusion protein to the desired target in the subject. The possibilities for such fusions 
are numerous and, as described in the introduction, range from activating or repress-
ing genes, setting epigenetic modifications, or visualizing genomic regions by 
fusion with a reporter gene. Therefore, it stands to reason that such approaches 
would also be interested in simultaneously targeting multiple targets. To date, there 
are only examples in the literature from Arabidopsis and rice describing such results. 
In both cases, multiplexing was achieved by multiple gRNA arrays within a T-DNA 
(Lowder et al. 2015; Xiong et al. 2021). Thus, a fusion of the deactivated Cas9 with 
the VP16 or VP64 domain measured a two- to sevenfold increase in the transcrip-
tional activity of the transcription factor AtPAP1 (Lowder et al. 2015). The same 
authors also showed by fusing the SRDX domain to the deactivated Cas9 that the 
Arabidopsis RNA processing factor AtCSTF63 could be reduced in activity to 60% 
of the wild-type level. The latest development in this field has been CRISPR–Act3.0, 
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which allowed a robust activation of up to seven genes for metabolic engineering in 
rice (Pan et al. 2021). To test the system in dicot plants, the authors modified the 
expression of AtFT1 and AtTCL1, genes involved in flowering time and trichome 
development. Using the CRISPR-Act3.0 system, early flowering Arabidopsis T3 
mutant plants with reduced trichomes could be generated (Pan et al. 2021).

Multiplex Base Editing
After successfully establishing targeted double-strand breakage using CRISPR/Cas 
technology, various base editing systems have been introduced in recent years 
(Molla and Yang 2019). These are based on exchanging single or multiple bases in 
a specific section within the target region. These include adenine base editors, which 
cause an A-to-G exchange (Gaudelli et al. 2017). Furthermore, cytosine base editors 
exchange C-to-T (Ren et al. 2018). Recently a new set of base editors have been 
developed to install C-to-G editing (Molla et  al. 2020a). It stands to reason that 
these systems are also of interest for multiplexing. The first paper on this has been 
published in rice (Yan et al. 2021). This work showed that when driving two targets 
simultaneously, between 75% and 94% of gene editing could be achieved on the 
single sequences and about 73% co-editing efficiency. If four targets are controlled 
simultaneously, this is still 56% (Yan et al. 2021). Another example for multiplex 
adenine base editing was provided by targeting OsWSL5 and OsZEBRA3 (Z3) in 
rice protoplasts and stable transgenic plants (Molla et al. 2020b). Through selfing 
and genetic segregation, transgene-free, base edited wsl5 and z3 mutants were 
obtained, displaying the expected variegated leaves phenotypes (Molla et al. 2020b). 
Examples for multiplexing using cytosine base editors were recently published. 
Zhang and colleagues (Zhang et al. 2020b) used the SaKKH Cas9 ortholog 15 target 
sites in OsALS, OsNRT1.1B, OsGRF4, and OsWaxy, were targeted. As a result, 
2.5–45.9% of the target sites were modified (Zhang et al. 2020b).

De novo Domestication
Knowledge of more and more gene functions is leading to the ability to break new 
ground in breeding. The genetic diversity lost during the domestication process can 
now again be expanded by using CRISPR/Cas technology (Fernie and Yan 2019). 
This means that it is now possible to repeat domestication in fast motion. For exam-
ple, it has already been shown that CRISPR/Cas-induced mutation of six genes can 
transform a wild form of tomato into cultivated tomato (Zsögön et al. 2018). Another 
research group has converted an African landrace into cultivated rice by mutating 
plant height via a knockout in HTD1 and three gene loci relevant to grain size and 
yield (GS3, GW2 and GN1A) (Lacchini et  al. 2020). Another example has been 
given recently by modifying six agronomically important traits in allotetraploid rice 
Oryza alta (Yu et al. 2021). After establishing an efficient tissue culture and trans-
formation system, CRISPR/Cas technology was used for de novo domestication of 
allotetraploid rice to develop into a new staple cereal to strengthen world food secu-
rity (Yu et al. 2021). Thus, multiplexing here allows a significant improvement in 
our gene pool available for breeding. Therefore, traits of wild forms, such as drought 
tolerance or resistance to certain pests, can be transferred to cultivated forms with-
out linkage drag.

N. Budhagatapalli and G. Hensel
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2 � Strategies for the Expression of Multiple gRNAs

In higher cultivated plants, multiplex genome editing can be achieved by combining 
the cas protein with multiple gRNAs as single or numerous transcription units in a 
T-DNA. The size of a gRNA expression unit varies from 250–500 bp, consisting of 
RNA Pol III promoter, gRNA sequence, and minimal termination signal (poly-A) or 
Pol III terminator. Due to plasmid size and transgene silencing by multiple promot-
ers, U3 or U6, simultaneous expression of various gRNAs would be challenging 
(Ma et al. 2015). Therefore, several advanced strategies and cloning methods have 
been developed to combine multiple gRNAs into a single unit and to combine dif-
ferent cas and gRNA units.

In contrast to plants, highly efficient mutagenesis can be achieved in animals by 
co-injection of multiple gRNAs and/cas-coding mRNA into single cells. This is not 
applicable in higher plants, but transient expression of gRNA and cas, as genes in 
multiple constructs and ribonucleoprotein complex (RNP), could be achieved by 
transfection of protoplast cells. Regeneration of plants from protoplast cultures is 
complex, especially in monocotyledons. In tobacco, PDS-gene-edited plants regen-
erated from protoplasts have been reported (Lin et al. 2018).

Possible strategies (Hsieh-Feng and Yang 2020) for multiplexing in plants are 
shown in Fig. 1, and examples for different plant species are summarised in Table 1.

2.1 � Two-Component Transcriptional Unit Multiplex System

Initial approaches for simultaneous targeting of multiple targets followed the need 
for the CRISPR/Cas system to consist of two components. One is the target-specific 
gRNA, and the other is the molecular scissors, the Cas protein. Both parts can be 
transferred into the cells as transcriptional units. In the form of pre-processed RNA, 
any number of units can be mixed. Alternatively, circular or linearized plasmid 
DNA can be used. The last option is to assemble Cas protein with synthetic or self-
processed RNA, called ribonucleoprotein complex (RNP). RNA, plasmid DNA, or 
RNPs can then be biolistically transferred either PEG-mediated into protoplasts, by 
Rhizobium radiobacter, or into any plant cells after binding to tungsten or gold 
particles. Other transfer methods have been developed (liposomes, nanoparticles), 
but these cannot be discussed further here.

2.1.1 � Cas9 and Multiple gRNA-TU Arrays

For simultaneous targeting of different targets, multiple gRNAs can be expressed as 
single gRNA cassettes, each transcribed by a separate RNA Pol III promoter. With 
the advancement of cloning methods, such as Golden Gate Cloning or Gibson 
Assembly, multiple gRNA expression units can now be assembled with individual 
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Fig. 1  Schematic overview of diverse options for multiplexed CRISPR/Cas units
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gRNA modules (Lowder et al. 2015; Ma et al. 2015; Xing et al. 2014). In Arabidopsis 
and rice, up to eight gRNAs have been assembled for multiplex genome editing of 
members of a gene family (Ma et al. 2015). In tomato protoplasts, eight gRNAs 
have been reported to be expressed with individual Pol III promoters to simultane-
ously delete four genes, each 3 kb in size (Čermák et al. 2017). Recently, a paper 
was published in which up to 32 sgRNA transcription units (TUs) were assembled 
(Stuttmann et al. 2021). The authors generated an octuple mutant in Nicotiana ben-
thamiana using a construct with ten sgRNA TUs.

Furthermore, using a 24 sgRNA TUs construct, they targeted twelve genes in 
Arabidopsis thaliana. They were able to detect a duodecuple mutant (12x) in the T2 
generation, which showed the functionality of their approach (Stuttmann et  al. 
2021). However, one should remember that Pol III promoters have limited choice 
and availability, as they are not well characterized in higher plants. Another limita-
tion of this method is that the insertion of larger T-DNA into plant cells and multiple 
gRNAs with repetitive promoter sequences is complicated and can lead to recombi-
nation and silencing.

2.1.2 � Cas9 and Multiple gRNAs Using Single Pol III Promoter

The t-RNA processing system is a conserved and precise mechanism to produce 
diverse and most abundant snoRNA with tRNA from a single polycistronic gene in 
virtually all organisms. In polycistronic tRNA-gRNA (PTG), an array of multiple 
gRNAs is flanked by pre-tRNA with 5′-leader and 3′-trailer sequences that are rec-
ognized and cleaved by endogenous RNase P and RNase Z, respectively, at specific 
sites. The t-RNA gene sequences have box A and box B elements bound by tran-
scription factor IIIC (TF IIIC), which recruits TF IIIB and RNA Pol III to the tran-
scription start site at the Pol III promoter. Since t-RNA sequences have higher 
transcriptional activity, the engineering of the endogenous t-RNA system is thought 
to be suitable for processing multiple gRNAs. At the same time, this may overcome 
the limitation for the start nucleotide of gRNA for U3/U6 promoters. Therefore, Xie 
and colleagues (Xie et al. 2015) developed a system using a polycistronic tRNA-
gRNA (PTG) gen to produce multiple target gRNAs simultaneously. After testing in 
protoplasts, they used the technique in stably transgenic rice plants. They demon-
strated that multiple genomic loci were mutated simultaneously and that short chro-
mosomal fragments could also be excised (Xie et al. 2015).

A similar study was conducted in maize (Qi et al. 2016). The tRNA processing 
system was established using the maize U6 promoter to mutate genes in single and 
multiplex approaches (Table 1). The authors noted that they demonstrated higher 
mutation efficiency in the multiplex approaches. In kiwi, Wang and colleagues com-
pared the TCTU and PTG (Wang et al. 2018b). While using TCTU, only less than 
10% of the generated calli had a detectable mutation at one or both target regions in 
the PDS gene. Calli developed with PTG had between 65 and over 90% of the target 
regions mutated. Additional examples are summarised in Table 1.
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Since the Cas12a endonuclease, unlike Cas9, can also correctly process an array 
of multiple crRNAs in series, rice was used to investigate whether this leads to fur-
ther simplification of the PTG system described previously. To this end, the authors 
performed a comparison with a TCTU and a so-called SSTU using FnCas12a and 
LbCas12a. The constructs used in this process contained a crRNA array of 8 and 9 
targets, respectively. The mutation efficiencies obtained were comparable, making 
this system another simplification (Wang et al. 2018b).

2.1.3 � Cas9 and gRNA Using Bidirectional Promoters

Other options include the use of bidirectional promoters (BiP), in which Cas and 
gRNA genes are expressed in opposite directions with a single Pol II promoter. BiPs 
described to date include the Mini 35S enhancer and the rice BiP promoter (OsBiP1). 
These BiP systems were tested and used for site-directed mutagenesis in Arabidopsis 
and rice. In direct comparison, OsBiP1 showed higher and intense expression, 
resulting in 75.9–93.3% mutation efficiency in rice (Ren et al. 2019). Multiplexing 
with bidirectional promoters has not been described so far.

2.2 � Single Transcriptional Unit

As previously described, the cas gene is expressed by a Pol II promoter, and the 
gRNA is expressed by a Pol III promoter. Since Pol III promoters are constitutively 
expressed, it is not possible to develop an inducible or tissue-specific CRISPR sys-
tem using them. To overcome the limitations of Pol III promoters, single or multiple 
gRNAs can be expressed as a single long transcript driven by Pol II promoters. For 
proper processing, the gRNA functional units must then be flanked with interfaces 
for appropriate endogenous enzymes. In rice, it has been reported that the Pol II 
promoter ZmUbi1 can be used to express a single crRNA ribozyme cassette and 
achieve mutation efficiency of up to 100% (Zhong et al. 2018; Tang et al. 2017).

In the intron-based single expression unit, gRNA(s) or crRNA(s) are inserted 
into introns. Such introns are then integrated into the open reading frame (ORF) of 
Cas proteins. After transcription and precise splicing of the intron-based single-
expression unit, the Cas ORF is translated into a functional protein, and the gRNA 
matures independently. A flexible intron-based single expression system was intro-
duced in rice, and multiplexing gRNAs was achieved by polycistronic tRNA-gRNA 
(PTG) and direct repeat (DR) and hammerhead (HH) hepatitis delta virus (HDV) 
ribozymes self-cleavage sites for Cas9 and Cas12a (Zhong et al. 2020). Details of 
the ribozymes are described in the following section.
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2.2.1 � Ribozymes-gRNA Ribozyme Array

Ribozymes are catalytically active RNA molecules that can, among other things, cut 
RNA. They are present in every cell and thus suitable to cut even long transcripts, 
such as gRNA arrays, to the correct length. Two of these ribozymes have been suc-
cessfully used for multiplexing using CRISPR/Cas: one is the Hammerhead ribo-
zyme and the Hepatitis Delta Virus (HDV) ribozyme. A synthetic gene, 
ribozyme-gRNA ribozymes (RGR), has successfully expressed multiple gRNAs 
driven by Pol II and III promoters in animals and plants (Lee et al. 2016; He et al. 
2017). A gRNA is flanked by ribozyme-encoding sequences, HH at the 5′ end and 
HDV at the 3′ end; the RGR transcript is catalyzed by ribozymes that release the 
mature gRNA. Multiple RGR units connected by a linker of 12 bp achieved multi-
plexing genome editing in rice (He et al. 2017).

2.2.2 � Csy4 gRNA Array

The CRISPR system Yersinia 4 (Csy4) is an endoribonuclease that processes RNA 
hairpins to release gRNAs. It was first identified in the bacterium Pseudomonas 
aeruginosa, which is involved in adaptive immunity. It is highly specific in the rec-
ognition, binding, and cleavage of a 20 bp sequence motif (Tsai et al. 2014). The use 
of Csy4 RNase-based multiplexing has been extensively reported in human cells 
and yeast (Tsai et al. 2014; Nissim et al. 2014). To express multiple gRNAs as a 
single RNA transcribed from a single promoter, each gRNA is flanked by Csy4 
cleavage motifs as spacers (Čermák et al. 2017). Csy4 is fused to the cas protein in 
a single transcription unit (Tang et al. 2019).

3 � Parameters Influencing Successful Multiplex Targeting

For successful simultaneous targeting of positions in a plant genome, some param-
eters should be considered. First, there is the question of the appropriate selection of 
regulatory elements. There is experimental evidence that specific promoters express 
differently in different plant species and tissues, which should be considered for the 
particular approach. It is equally important to have a sufficiently large number of 
molecules available. Processes in which multiple gRNAs compete for too small an 
amount of cas protein will be less efficient than those that take this aspect into 
account when selecting the expression system. The limitation of the construct’s 
size, which mainly concerns viral vector-based expression systems, has been largely 
overcome. Also, potential problems associated with simple cloning and directed 
ordering within a construct have been overcome by cloning techniques such as 
Golden Gate or Gibson assembly. If one wants to cut fragments between 2 target 
sites, the size and position (+/−strand) between the interfaces can decide success. 
For example, if the distances are too small, the binding of the second gRNA/Cas 
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complex may be blocked by the presence of the other. Although there has been a 
success in removing or reversing entire chromosomal segments in Arabidopsis 
(Schmidt et al. 2020), all the details that guarantee such a successful experiment are 
unknown. To this end, the cellular repair pathways (NHEJ, HDR, MMEJ, etc.) that 
are functional in the overhangs generated at the interfaces must also be considered.

Another issue is the secondary structure of the gRNA. Again, there is to note that 
successful binding to the cas protein is only guaranteed if the appropriate loops are 
formed. Online tools such as RNAfold (RNAfold web server (univie.ac.at)) can 
provide valuable help in this regard. Before going to the main experiment, the effi-
ciency of guide RNAs can be checked in vitro (Budhagatapalli et al. 2016; Karmakar 
et al. 2021) to avoid potential failure. Furthermore, accessibility in a chromosomal 
context should also be considered. Thus, some genomic positions will be easier to 
access than others.

4 � Conclusion

In summary, simultaneous targeting of multiple genomic targets has been success-
fully tested in some plants. This includes targeted mutation, tissue-specific muta-
tion, and approaches targeting activation, repression of gene activity or even base 
editing. Limitations concerning the size of the constructs or the expression level 
could be overcome. At the same time, however, transferring the elements into the 
corresponding target cells remains. Without effective regeneration systems, only 
limited information about possible phenotypes is possible from widely used proto-
plast systems. The question of off-targets has been insufficiently investigated so far. 
Does the simultaneous targeting of multiple gene loci also lead to more off-targets? 
If so, it still might be less critical, as such unwanted mutations can be lost during the 
segregation of sexually propagating plants. Since selecting suitable gRNAs gener-
ally determines the number of off-targets, there should not be significant changes 
here. Also, few authors address position effects within the array. In any case, there 
is still a need for research here.
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Transgene-Free Genome Editing in Plants

Thorben Sprink, Frank Hartung, and Janina Metje-Sprink

Abstract  Genome editing has revolutionized genetics and breeding likewise. 
Especially in plant breeding, it opened new ways to address traits with never known 
specificity. In many cases genome editing tools are provided by classical transgenic 
methods, i.e., by Agrobacterium-based delivery, but it is also possible to perform 
genome editing without the use of a transgene by providing proteins, or nucleic acid 
protein complexes. These methods have the big advantage that transgene organisms 
can be avoided at any time; even transgenic intermediates are not needed. However, 
transgene-free methods are technically challenging, and editing rates are often 
lower compared to classical methods. Nevertheless, it offers great opportunities to 
produce plants without the need of any transgene, simplifying the regulatory pro-
cesses in many jurisdictions around the globe. In this chapter, we present methods 
and delivery methods that can be used for transgene-free editing and present first 
promising examples.

Keywords  Genome editing · Mito TALEs · Meganucleases · Plastid editing · 
Transgene-free methods

1 � Introduction

For many years, scientists and breeders have tried to precisely edit the genome of 
plants, an aim that was a long time hard to achieve and, in many species, almost 
impossible due to missing technologies and techniques. In the past, genes of organ-
isms have been changed by breeding, and new variability was added either by ran-
dom mutagenesis due to treatment with radiation or chemicals or by the insertion of 
T-DNA randomly into the genomes. In the 1990s, a new method appeared using 
natural occurring nucleases from either bacteria, fungi, or archaea. This so-called 
Homing Endonucleases or Meganucleases were used for precise editing of genomes 
as they have a defined recognition site. By modifying the natural occurring ones and 
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by creating artificial Meganucleases with altered recognition sites could be altered 
and further regions of the genome were addressable. These Meganucleases founded 
the first era of genome editing tools, since the usage of engineered nucleases has 
made great progress and three other nucleases have been identified which in prin-
ciple work the same way. Zinc finger nucleases are more flexible as the recognition 
domain (the zinc-finger) is a univalent present domain in all kinds of proteins, which 
interact with the DNA. These domains have been fused and the enzymatic part of a 
nuclease (FokI) has been added. Even though being more flexible, zinc-finger 
nucleases are still tricky in design and handling as one zinc-finger recognizes a base 
triplet and some domains even cross-react making them hard to design and apply 
(Beumer et al. 2013 ). The next generation of genome editing tools were based on 
Transcription Activator like effectors (TALEs), proteins used by bacteria to high-
jack plant genes and use them for their own good. They use a one-by-one recogni-
tion code, where each repeated protein domain recognizes a single base pair. 
However, the recognition still depends on a protein. Things changed when CRISPR-
Systems have been adapted for genome editing applications, as their recognition 
depends on RNAs, making the design and application much easier. To date, most 
genome editing applications in plants are based on CRISPR-Systems (see Menz 
et al. 2020) and new discoveries in the field of CRISPR-based GE are made nearly 
on a daily basis. Even though, all of the above mentioned techniques can theoreti-
cally be used in a DNA-free manner, but we will focus on the most commonly used 
ones TALENs and CRISPR-Systems in this chapter. DNA-free genome editing has 
gained more and more attention since many jurisdictions have released guidelines 
or amendments to their national biosafety laws (for an overview see Menz et al. 
2020). In many of those guidelines, products of genome editing do not face GMO 
regulation in cases where a transgene has not been used or is not present in the final 
product. Nevertheless, the concept or method of proofing this is not further elabo-
rated in the respective legislations and remain interpretable by the competent 
authorities. If the use of a transgene or any kind of DNA has been avoided, in the 
first place, the space for interpretation is rather limited and products should pass the 
legislation inspection without any further delays.

2 � Targeted Nucleases

Organisms found multiple ways to interact with their own or foreign DNA due to 
many reasons, some of them are the regulatory control of genes or the defense 
against viruses or other invading nucleic acids. Transcription activator-like effectors 
(TALEs), for example, have its origin in Xanthomonas spec., which infect plants. 
These bacteria use a segregation type III system to introduce the effector-like pro-
teins into plant cells to manipulate the cellular processes of its host (Göhre and 
Robatzek 2008). Once reaching the nucleus, the TALE recognizes its target by 
“scanning” the DNA for its binding partner (Becker and Boch 2016). Once bound 
to the DNA, the TALE begins to modify the expression of its host gene, e.g., the 
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SWEET 14 gene in rice (Oliva  et  al. 2019), to provide itself with nutrients and 
enable the best conditions for the bacteria to live and start an infection such as bac-
terial leave blight. In 2010, the code of TALEs has been revealed paving the way to 
use them as a genome editor. The TALE protein consists of three functional domains: 
(i) the N-terminal region with the bacterial secretion signal and a nonspecific DNA-
binding domain which enables general attachment of the protein to the DNA; (ii) 
the C-terminal domain with an interaction part for plant transcription factors IIA, an 
acidity activation domain, as well as two nuclear localization signals; and (iii) the 
center part of the TALE with its programmable DNA-binding region (for more 
details see Becker and Boch 2021).

The CRISPR system has a different origin, and most of the archaea and roughly 
60% of all bacteria species encode for one or even more CRISPR systems. CRISPR-
Cas formerly known as clustered regularly interspaced short palindromic repeats in 
combination with CRISPR-associated proteins (Cas) was first described in 1987 as 
“junk DNA” found in E. coli (Ishino et al. 1987). For a long time, this discovery had 
no huge impact on science; in 2002, two groups of scientist agreed on the term 
CRISPR, which is used since then (Jansen et al. 2002). They described that CRISPR 
is common in all kinds of bacteria and archaea. In 2005, the CRISPR spacer 
sequence was found to be highly homologous with exogenous sequences from bac-
terial plasmids and phages (Pourcel et al. 2005; Mojica et al. 2005; Bolotin et al. 
2005). In addition, in 2007 the practical application of CRISPR had been recog-
nized as a kind of adaptive immune system of bacteria against invading viruses and 
nucleic acids, which can be programmed to protect the host (Barrangou et al. 2007). 
However, since their discovery as DNA-interacting partners to a programmable 
DNA editing tool, it took additional years. CRISPR systems are very diverse and are 
currently classified into two main classes with five types and 16 subtypes. The types 
differ in the number of proteins and the distribution of the main domains, as well as 
the type of nucleic acid recognized (for detail see Makarova et al. 2020).

3 � From Natural DNA Modifiers to Programmable 
Genome Editors

The main step on the way to the TALE nucleases (TALENs) was the decryption of 
the hidden code of these natural occurring navigation systems, the mode of interac-
tion with the nucleic acid and fusing them to the already used enzymatic part of the 
FokI nuclease (Boch et al. 2009; Cermak et al. 2011). TALENs are always used as 
pairs because FokI is cutting DNA, as a dimer making them a precise tool for 
addressing and cutting DNA (Sprink et al. 2015). TALEs and TALEN offer a unique 
feature compared to other genome editing tools; TALENs are able to differentiate 
between methylated and non-methylated nucleotides. They can even be used to dif-
ferentiate between two sequences which differ only in the methylation stage of a 
single nucleotide opening them for methylation-dependent DNA modification. 
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Furthermore, the mode of action for the target search is different compared to other 
genome editors. TALENs wrap around the DNA and perform a one-dimensional, 
non-rotational unbiased search for the target sequences. Many other genome editors 
are either hopping from one site to the other by frequent binding and release of 
DNA or by “rotating” around the DNA following its major groove. The concept of 
wrapping that is used by the TALENs is astonishingly faster, allowing a rapid 
identification of the target even in large genomes.

CRISPR systems have been formed to genome editors in 2012 when the two 
RNAs which are responsible for the target identification (CRISPR-RNA and 
trans-activating CRISPR-RNA) have been artificially fused to a single-guide RNA 
(Jinek et al. 2012). In its “original” form, CRISPR is still used to optimize and pro-
tect bacteria in dairy production from phage invasion when cheese is produced 
(Grens 2015). Since the first described editing of a plant in 2013 by Feng et al., 
hundreds of publications showing CRISPR editing in plants appeared. Besides 
“proof-of-principle” articles, basic research and gene function studies play an 
important role in CRISPR-based genome editing as the technique is easy to apply 
and enable scientist to address precise locations of the genome (Modrzejewski et al. 
2019). Furthermore, companies and scientist are also addressing market-oriented 
traits with CRISPR as well as TALENs (see Menz et al. 2020; Metje-Sprink et al. 
2019, 2020). First plants have entered the market and more are likely to be released 
in the near future (Menz et al. 2020).

The classical system that is used for CRISPR-based genome editing is based on 
the CRISPR-Cas9 System from Streptococcus pyogenes, which belongs to the Class 
II type II variants of CRISPRs. Its great advantage is that all functional domains are 
combined in a single protein and that many vector systems are available for research; 
one disadvantage is the relatively large size of the protein and the rather restrict 
intellectual property policy of using SpCas9 for industrial uses. Since the discovery 
of Cas9 from S. pyogenes, multiple variants of Cas9 have been identified in many 
species and modified to be used for genome editing in plants; the most frequently 
used one besides S. pyogenes is the one from Staphylococcus aureus as well as 
protein-engineered versions of those (see Huang and Puchta 2021). Another nucle-
ase that is used in CRISPR-based genome editing is CRISPR/Cpf1 (from Prevotella 
and Francisella), recently named Cas12a. The system differs in some points from 
Cas9 as the PAM is different and the Cpf1 protein is even smaller compared to Cas9.

Recently, a new nuclease has been described which belongs to the same type of 
CRISPR systems as Cpf1, Mad7, which has the great advantage of being even 
smaller and licensing is easy and public available. Mad7 has been shown to function 
for genome editing applications in humans and recently also in plants (Lin 
et al. 2021).

Other CRISPR systems like Cas13 tend to alter RNA instead of DNA and can 
be used for transcriptome editing (see Ali et al. 2018). Recent work has shown the 
possibility of using Cas13 for mRNA editing as well as to combat invading viral 
RNA replication (Aman et al. 2018).
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Besides the classical CRISPR systems and TALENs, many modifications exist 
which all can be used in a DNA-free matter. Some of those have been made for both 
systems and some are specific for either CRISPR or TALEN.

4 � Base Editors

Base editors are a fusion of a deaminase either to a dead-Cas (dCas, both nuclease 
sites deactivated) or a TALE without a nuclease. They are precise tools to modify a 
chosen sequence by mutating it without the need of introducing a double-strand 
break, foreign DNA template or homologous recombination. Like in a classical 
CRISPR system, the guide RNA defines the site of modification and guides the 
dCas deaminase to the distinct region of the genome; the dCas is then generating 
single-stranded DNA R-loops which are accessible to the deaminase. Currently 
there are two types of deaminases, cytidine deaminase and adenine deaminase. 
Cytidine deaminases convert cytidine to uridine creating mismatches between the 
former C-position and guanine within an editing window. Most organisms have a 
uracil base excision repair pathway to excise U from its DNA as it is mutagenic. By 
blocking this repair pathway, researchers have increased the C to T transition rate in 
mammals as well as in plants (Zong et al. 2017). With the cytidine base editor, it is 
possible to mediate transition mutations of C to T and G to A. One further aim was 
to enable the other transition mutations of T to C and A to G. As no natural occur-
ring adenine deaminase is known, researchers started to do targeted protein engi-
neering with the E. coli tRNA adenine deaminase, receiving a version of the protein 
that is able to deaminase adenine in DNA rather than that in tRNA (Gaudelli et al. 
2017). The adenine base editor is converting adenine to inosine, which is recognized 
as guanine by the polymerase converting AT to GC pairs also in plants (Kang et al. 
2018). As many desirable traits in plants can be achieved by a single mutation of a 
nucleotide, base editors may have a great potential for future application in plants as 
well. Furthermore, they can be used in a DNA-free matter enabling the change of 
the genome without any break or introduced nucleic acid, as shown recently for 
wheat (Zhang et al. 2019). The typical base editing window is defined by the type of 
nuclease used and can be between one and five nucleotides. Furthermore, CRISPR 
base editors seem to have a low off-target rate (Modrzejewski et al. 2020).

To be used as base editors, it was necessary to modify CRISPR systems as the 
Cas9 proteins are unwinding double-stranded DNA and deaminases only work on 
single-stranded DNA. TALENs do not have the ability to unwind double-stranded 
DNA as the mechanism is different from CRISPR, so they were originally not suited 
for base editing. Nevertheless, recently also TALEs have been modified to be used 
for base editing by fusing them to the newly discovered bacterial double-stranded 
DNA deaminase toxin A (DddA). DddA is a bacterial toxin that serves as a deami-
nase facilitating C/G to T/A conversions. First approaches of fusing DddA to TALEs 
resulted in cell death, but using a split protein fusing each half to an opposite bind-
ing TALE solved this issue (Mok et al. 2020; for an overview see Becker and Boch 
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2021). A combination with uracil glycosylase inhibitor is enhancing the efficiency 
as shown for CRISPR-cytidine base editors. Nevertheless, adenine base editors for 
TALEs are not available so far.

5 � Mito TALEs (Plastid Editing)

Another promising approach is the possibility of novel gene editing tools to alter 
plastids. Especially TALENs offer a great opportunity as they are purely protein 
based, making them in principle able to translocate in any part of an organism that 
is accessible by proteins. By fusing a mitochondrial targeting sequence to the 
TALENs, it was possible to edit mitochondrial DNA and cure cytoplasmic male 
sterility in rice and rapeseed (Kazama et al. 2019). Furthermore, TALE base editors 
are functional in mitochondria, thus making them the first functional base editing 
tools available for compartments, whereas CRISPR systems always struggle with 
the co-transfection of RNA and protein into the mitochondria. TALE base editors 
seem to be working also in chloroplasts as recent data let assume (Kim et al. 2021). 
Even though these approaches have still been generated using classical transforma-
tion methods, they are also suitable for a DNA-free approach and will be applied in 
the near future.

6 � Delivery of Genome Editing Reagents into the Cells

Just like classical methods, DNA-free genome editing can only work if the reagents 
have been delivered to the point of action (mostly the nucleus). Since the first 
description of DNA-free delivery of Cas9 into plants, various methods have been 
tested, but two main ways of genome editing tool delivery in the cell are currently 
used to achieve DNA-free editing of various plant species. The first method is the 
delivery of RNP (ribonucleoprotein) complexes or proteins into plants, and the sec-
ond method is based on the use of RNA-virus vector systems. Both methods are 
feasible for DNA-free genome editing, but there are some minor differences between 
the techniques, which are discussed further. For many jurisdictions, it is necessary 
to prove the absence of foreign DNA (or recombination of DNA) in the final prod-
uct. This can be an easy task in some jurisdictions but can turn nasty in others as no 
general protocol or definition is defined how to prove the absence of something. 
Therefore, it would be of great advantage to show that DNA has ever been used dur-
ing the production of the plant, which is only the case for the RNP delivery systems, 
making those the system of choice. Nevertheless, we will introduce all systems and 
also show the differences in the delivery methods.
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7 � Viral Vector Delivery

Viral-based delivery of reagents to cells is a routine application in animal cells and 
has been lately also transferred to plants (Butler et al. 2016; Ma et al. 2020). Most 
of the currently published methods are referring to the use of DNA viruses such as 
geminiviruses or to the introduction of guide RNAs into a plant that is constantly 
expressing Cas9 (Baltes et al. 2014; Cody et al. 2017). These applications are often 
described as DNA-free but should be handled with caution as DNA is used as an 
intermediate step and does not fulfill the sensu stricto definition of DNA-free 
genome editing. Modifying plant viruses as vectors for genome editing is somehow 
challenging due to the size of the genome editing tools. Many viruses, mostly DNA 
and RNA plus strand, are limited in the capacity of nucleic acid, which can be incor-
porated without losing their function. Furthermore, as viruses replicate rather fast, 
sequences in the viral genome can be unstable and change during replications 
including deletions. Lately two approaches have been successful in delivering guide 
RNA and Cas9 in parallel into the plants.

Ariga et al. constructed Potato virus X, a plus-stranded RNA virus for the deliv-
ery of Cas9 and guide RNA and introduced it into N. benthamiana plants (Table 1). 
They have achieved editing in two different genes of N. benthamiana, by using both 
Agrobacterium-based transfection and direct delivery of the virus into the plants by 
mechanical inoculation. Although the editing efficiency has been reduced (2.5% vs. 
60%) in the DNA-free approach, plants with biallelic mutations were obtained. 
Furthermore, they also constructed a viral-based base editing system that can also 
be used in a DNA-free manner (Ariga et al. 2020).

In another approach Ma et al. used the sonchus yellow net rhabdovirus, a minus-
stranded RNA virus for the delivery of Cas and guide RNA into the plants. The 
advantage of this approach is that minus-stranded RNA viruses are tolerating larger 
DNA inserts, but the disadvantage is that their transformation is tricky. Ma et al. also 
used N. benthamiana for the experiments targeting multiple genes in the plants 
reaching an efficiency of up to 90%. Just like Ariga et al., they also used agrobacte-
rium delivery as well as mechanical inoculation. Both methods resulted in edited 
plants with a satisfying efficiency (Ma et al. 2020).

8 � RNP or Protein Delivery into Plants

The delivery of preassembled RNP complexes or unassembled proteins and free 
guide RNA into plants is used more frequently compared to the viral-based systems. 
For the delivery of RNPs, the complex is assembled prior to transformation in vivo. 
This is only possible due to the ability of Cas proteins to interact with guide RNA 
without additional factors. For this, Cas9 (or TALENs) have to be produced using 
bacterial production systems followed by an extensive cleanup and concentration. 
Many vector systems for the production of various Cas variants are currently 
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Table 1  Recent publications using DNA-free genome editing approaches

Plant species Trait
GE 
technique Tissue Delivery

Editing 
efficiency

Off 
targets Reference

N. 
benthamiana

POC CRISPR/
Cas9 
RNPs

Leaves Mechanical 
inoculation 
RNA(+)Virus

3% 
biallelic

n.d. Ariga 
et al. 
(2020)

N. 
benthamiana

POC CRISPR/
Cas9 
RNPs

Leaves Mechanical 
inoculation 
RNA(-)Virus

n.d. 0/13 Ma et al. 
(2020)

N. 
benthamiana

POC CRISPR/
Cas9RNPs

Leaves Agrobacterium 
type IV 
secretion 
system

2.5% n.d. Schmitz 
et al. 
(2020)

H. 
brasiliensis

Fast 
breeding, 
veg. growth

CRISPR/
Cas9RNPs

Protoplasts PEG delivery 3.74–
20.1%

n.d. Fan et al. 
(2020)

B. rapa POC CRISPR/
Cas9RNPs

Protoplasts PEG delivery 1.2–
24.5%

n.d. Murovec 
et al. 
(2018)

B. oleracea POC CRISPR/
Cas9RNPs

Protoplasts PEG delivery 0.1–2.3% n.d. Murovec 
et al. 
(2018)

S. tuberosum Reduced 
browning

CRISPR/
Cas9RNPs

Protoplasts PEG delivery 68% 
mono 
allelic
24% tetra 
allelic

0/2 González 
et al. 
(2019)

C. arietinum Drought 
tolerance

CRISPR/
Cas9RNPs

Protoplasts PEG delivery 2–79% 0/0 Badhan 
et al. 
(2021)

G. max Oil 
composition

CRISPR/
Cpf1 
RNPs

Protoplasts PEG delivery 4.8–15% 0/13 Kim and 
Choi 
(2021)

G. max Oil 
composition

CRISPR/
Cpf1 
RNPs

Protoplasts PEG delivery 0–11% 0/13 Kim et al. 
(2017)

Musa × 
paradisiaca

POC CRISPR/
Cas9RNPs

Protoplasts PEG delivery 0.9% 0/1 Wu et al. 
(2020)

Petunia spec Flower 
color

CRISPR/
Cas9RNPs

Protoplasts PEG delivery 11.9–
26%

n.d. Yu et al. 
(2021)

O. sativa POC CRISPR/
Cas9RNPs

Zygotes PEG delivery 14–64% n.d. Toda et al. 
(2019)

N. tabacum POC CRISPR/
Cas9RNPs

Protoplasts Lipofection 6% n.d. Liu et al. 
(2020)

N. tabacum POC CRISPR/
Cas9RNPs

Suspension 
culture 
cells

Biolistic 
bombardment

3% n.d. Liu et al. 
(2020)

(continued)
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Table 1  (continued)

Plant species Trait
GE 
technique Tissue Delivery

Editing 
efficiency

Off 
targets Reference

T. aestivum Herbicide 
resistance

Cas9 base 
editing 
mRNA

Immature 
embryos

Biolistic 
bombardment

0.5% n.d. Zhang 
et al. 
(2019)

B. oleracea POC CRISPR/
Cas9 
RNPs

Protoplasts Electroporation 3.4% n.d. Lee et al. 
(2020)

B. oleracea POC CRISPR/
Cas9 
RNPs

Protoplasts PEG delivery 1.8% n.d. Lee et al. 
(2020)

N. tabacum POC, 
drought 
stress

CRISPR/
Cas9 
RNPs

Leaf discs Pulsed 
laser-induced 
shockwaves

5.6%; 
8.7%

n.d. Augustine 
et al. 
(2021)

C. reinhardtii POC CRISPR/
Cas9 
RNPS

Cells Cell-
penetrating 
peptide

POC n.d. Kang 
et al. 
(2020)

GE technique genome editing technique, POC proof-of-concept, n.d. not determined, RNP ribonu-
cleoprotein

available, but as the process is complicated and labor-intensive, not all labs can 
produce their own reagents. Due to this, many vendors offer purified Cas proteins. 
The guide RNAs can either be chemically synthesized (having the advantage that no 
DNA has been used as template) or be produced by using a T7 (or another) poly-
merase and a suitable template. One big advantage of using RNPs for the transfor-
mation of plants is the omission of codon optimization, making it, once established, 
a universal system for all kinds of plants and tissues. Currently, there are two main 
ways to introduce RNPs (or mRNA) into the cells and multiple minor ones. The 
main techniques of introduction are (i) protoplast transformation and (ii) biolistic 
delivery.

9 � Protoplast Transformation

Production and transformation of protoplasts is a long-known method to introduce 
plasmid DNA into plant cells. For the isolation of protoplasts, different tissues can 
be used, in many cases meristem tissue is the most suitable one to lead to efficient 
regeneration. For the protoplast generation, the tissue is treated with an enzyme 
mixture that is degrading the cell wall making the cellular membrane accessible to 
reagents. Much care has to be taken during handling of protoplasts as they are frag-
ile and each species may need its own media concerning enzyme concentration, pH, 
and sugar/salt content. Protoplast transformation has been the first method of choice 
to introduce RNPs into plants cells and has been used in many species to date. The 
use of protoplast for DNA-free editing is highly efficient but comes with some 
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drawbacks. First, protoplastation and regeneration protocols are genotype depen-
dent and not all species are amenable to regeneration from protoplasts. Furthermore, 
there is a long in vitro phase up to several months involved in the process of proto-
plastation to regeneration, which might enhance unwanted somaclonal variation. 
Different methods are available for the transformation of protoplasts; the most fre-
quently used one is the polyethylene glycol (PEG)-mediated vesicle fusion, which 
has also been the first method that was adapted for RNP delivery. PEG-mediated 
transformation makes use of PEG vesicles that enclose cargo (e.g., RNPs or DNA), 
these vesicles fuse with the cell membrane, and the cargo is released into the cell. 
PEG-mediated protoplast transformation is still the most commonly used technique 
for the introduction of RNPs into plants. It was recently used in many species, 
including soybean (Kim et  al. 2017; Kim and Choi 2021), cabbage and Chinese 
cabbage (Murovec et al. 2018), chickpea (Badhan et al. 2021), banana (Wu et al. 
2020), rubber tree (Fan et  al. 2020), and potato (González et  al. 2019). Another 
upcoming approach for protoplast transformation is the use of lipofection reagents. 
The lipofection method is frequently used in animal cell culture transformation and 
has recently been adapted for protoplast transformation. The functional principle of 
lipofection-mediated protoplast transformation is similar to PEG-mediated trans-
formation but has not been widely applied in plants so far. In a first proof-of-concept 
(POC) approach, tobacco protoplasts were transformed with RNPs mediated by two 
lipofection reagents (lipofectamine 3000 and RNAiMAX) which both worked well 
(Liu et al. 2020) for editing endogenous targets as well as an introduced transgene. 
Aside from the mentioned vesicle fusion-based transformation methods, scientists 
have tried to fuse protoplasts with (semi)synthetic nanoparticles, and the delivery of 
DNA by nanoparticles is already used for genetic engineering in plants (for a review 
see Wang et al. 2019). However, RNP delivery by nanoparticles was only shown for 
fungi protoplasts so far, but it is probably only a matter of time until plant proto-
plasts are addressed by nanoparticles as well. Li et al. delivered RNPs into proto-
plast of the phytopathogenic fungus M. oryzae by biomimetic mineralized RNP 
nanoparticles and reached an editing efficiency of up to 20 % (Li et al. 2019). Just 
like bacteria protoplast can also be transformed using electric voltage, and electro-
poration of protoplasts with RNPS was shown in a proof-of-concept study in cab-
bage and has been compared with PEG-mediated transformation. Lee et al. found a 
slightly higher editing efficiency after electroporation, but further studies need to be 
done before any recommendation can be made (Lee et al. 2020).

10 � Biolistic Delivery

Just like protoplast transformation, bombardment of tissues with gold or tungsten 
particles is an established technology for the transformation of plants with DNA 
plasmids, which has been adapted to carry RNPs. The particles that breach the cell 
wall are used as a carrier for the RNPs. One main advantage of this technique is that 
there is no need for enzymatic digestion of the cells. Nevertheless, it still has some 
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restrains as not all plants are suitable for biolistic delivery and the efficiency of the 
delivery is highly depended on physical parameters, e.g., helium pressure, particle 
size, and target distance, that need to be reevaluated for each tissue individually. 
Besides leaf tissue, which is subsequently regenerated into whole plants via tissue 
culture, also embryogenic material can be used for the delivery having the advan-
tage of avoiding the regeneration phase, as embryos develop directly into plants. 
However, in most cases biolistic delivery results in chimeric plants that need to go 
through an additional generation before non-chimeric T1 plants can be generated. 
Although biolistic delivery is frequently used with plasmid delivery of Cas9, the 
studies using RNPs are still low in the last 2 years because only two studies in rice 
and one in potato have been published as previously reported (Banakar et al. 2019, 
2020; Makhotenko et al. 2019; see Metje-Sprink et al. 2019).

11 � Additional Methods

Besides biolistic delivery and the transformation of protoplasts, some other methods 
have been developed or adapted from animal cell culture that might have applica-
tions in RNP-based plant transformation. However, most of these techniques have 
only been applied in a single species so far and need more studies to prove their 
ability for an efficient editing. All of the techniques presented here have some 
advantages compared to the established ones but may also come with some chal-
lenges to be implemented in various species. One method that is comparable to the 
PEG-mediated transformation of protoplast is the PEG-mediated transformation of 
zygotes. Instead of enzymatic digestion of cells, zygotes are produced in vitro by 
electrofusion of egg and sperm cell. This technology has the big advantage that the 
zygotes directly develop into plants, without going through long in vitro culture 
phases reducing the chance of somaclonal variation and chimeric plants as one plant 
results from a single cell. Currently, this system has only been applied to rice but 
shows great potential also for other cultures in which in vitro production of zygotes 
is established (Toda et al. 2019).

A novel approach that also avoids the use of protoplasts and even of other iso-
lated cells is the use of a pulsed laser-induced shockwave to generate cavitation 
bubbles on plant leaf discs. This cavitation bubbles introduce transient cell wall and 
membrane pores in intact cells for direct RNP uptake. Augustine et al. (2021) have 
shown in a proof-of-concept approach that this technique is functional in tobacco by 
editing PDS as well as a drought resistance gene. This technique shows the unique 
feature that no pre-preparation of cells is necessary which could have an advantage 
for some species, but the technique has to be tested on other species and also non-
model organisms to prove its common ability (Augustine et al. 2021).

Another approach, for the delivery of RNPs, that seems to be promising is the 
use of cell-penetrating peptides (CPPs). However, to our knowledge to date, no 
publication on the editing of a higher plant, using CPPs, is published, but a lot of 
work has been put into this method, and protein delivery of CPPs into higher plants 
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has been shown (e.g., Guo et al. 2019). A current problem might be the size of the 
cargo, which seems to be limited for some CPPs. Nevertheless, efficient editing of 
the green algae Chlamydomonas reinhardtii has been achieved using CPPs in a 
proof-of-concept study albeit with low efficiency (Kang et al. 2020). It might be 
only a matter of time until first editing of a higher plant using CPP-based RNP edit-
ing will be published.

Apart from using isolated RNPs for the transformation of plant material, there is 
an alternative approach using Cas9-producing Agrobacteria tested by Schmitz et al. 
In this approach, Agrobacterium tumefaciens is transformed with a plasmid to pro-
duce Cas9, and guide RNA and RNPs do form in the bacteria. These Agrobacteria 
are subsequently used to infiltrate plant material, and the RNP complex is trans-
ported into the cells via the type IV secretion system, which is normally used to 
transfer the Vir genes into plants. Schmitz et al. succeeded to edit the PDS gene in 
N. benthamiana in a proof-of-concept study. However, the editing efficiency 
increased when the guide RNA is transferred to the plants on a separate plasmid and 
is being produced in the plant, but this approach is not fulfilling the requirement of 
being DNA-free (Schmitz et al. 2020).

12 � Current Regulatory Views on DNA-Free Genome Editing

Products of genome editing are no longer only present in the lab and made the tran-
sition from research to application in a remarkable short time. The first products 
already entered national markets, and more and more will appear on national and 
probably on international markets in the coming months or years. Due to this, a 
clarification of the legal status of such crops is urgently needed. In some jurisdiction 
such as the European Union, products of genome editing are seen and handled just 
alike GMOs; this status has been strengthened with the ruling of the European court 
of justice in July 2018. We have recently published a study on this and the regula-
tory status of GE products (see Menz et al. 2020). However, since then the European 
Commission published a “Study on the status of new genomic techniques under 
Union law and in light of the Court of Justice ruling in Case C-528/16” accompa-
nied by two reports from the Joint Research Center and one by the European group 
of Ethics in Science and new technologies in April 2021. This study is a first step in 
a policy action to clarify the status of products of new technologies including 
genome editing in the European Union. This is important for an appropriate han-
dling of products via import from countries outside the Union, as many jurisdictions 
outside Europe don’t regulate all products of GE as GMO (Menz et  al. 2020). 
Especially in the Americas and in some Asian countries (particularly Japan), some 
products of genome editing are out of the regulatory scope of GMO legislation and 
special regulations are in place (Menz et al. 2020). In most of these regulations, a 
special focus is laid on the transgene status of the final and/or intermediate product. 
In most cases an absence of foreign DNA has to be shown by the developers, but a 
clear guidance how this has to be proven is lacking and has to be shown on a 
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case-by-case basis. If a DNA-free approach is used, in the first place this analysis 
can be dismissed and may, depending on the regulation, spare developers’ time and 
money and also come with additional benefits for international markets. However, 
for cases that are defined as a GMO, a clear identification and detection protocol 
that is needed for import and export is impossible to implement; due to this trade 
markets will face problems if regulation of GE products stays unharmonized 
(Grohmann et al. 2019).
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Genome Editing by Ribonucleoprotein 
Based Delivery of the Cas9 System 
in Plants

Karina Y. Morales and Michael J. Thomson

Abstract  Clustered regularly interspaced palindromic repeat (CRISPR)-based 
gene editing technology has opened the doors for targeted mutagenesis in a variety 
of crop species. The sole requirements for CRISPR/Cas-based gene editing are a 
guide RNA and a Cas protein. As a result, DNA-free methods employing Cas9/
gRNA ribonucleoprotein (RNP) delivery have been developed to genome edit a 
variety of crop species and tissue types. In plants, common RNP-mediated transfor-
mation techniques include protoplast transformation and biolistics (particle bom-
bardment) into immature embryos and shoot apical meristems. These approaches 
show promise for enabling in planta transformation techniques that may ultimately 
bypass lengthy in vitro tissue culture and regeneration steps. This chapter gives an 
overview of the current status of editing with ribonucleoprotein complexes in plants 
while giving vision for future prospects in this field.

Keywords  CRISPR · Genome editing · Plant transformation · Ribonucleoprotein 
delivery

1 � Introduction

Over the coming decades, global agriculture will need to significantly increase the 
amount of food produced each year while facing a myriad of challenges, including 
climate change, decreased land availability, and new disease and pest pressures. 
Conventional breeding methods have created significant advances combatting these 
hurdles in recent years; however, the timeline these goals can be achieved with con-
ventional methods is far too long. Recently clustered regularly interspaced palin-
dromic repeat (CRISPR) systems have been proposed as a solution for improving 
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plant genetics at a faster rate. CRISPR was originally discovered as a bacterial immu-
nity system which targeted viruses and is composed of palindromic repeats that are 
transcribed into guide RNAs (gRNAs). These gRNAs then guide Cas proteins to rec-
ognize a viral sequence, and the Cas protein will then create a double-stranded break 
in the viral DNA (Doudna and Charpentier 2014). Subsequently, this system has been 
found to be perfectly suited to gene editing applications by inducing targeted double 
strand breaks in the genome, which are then repaired by the cells through non-homol-
ogous end joining (NHEJ) or homology-directed repair (HDR). By taking advantage 
of these controlled double-strand breaks to introduce deletions, insertions, and substi-
tutions, CRISPR has since been demonstrated as a powerful tool for creating targeted 
edits within a variety of plant species, including rice (Oryza sativa), wheat (Triticum 
aestivum), Arabidopsis (Arabidopsis thaliana), sorghum (Sorghum bicolor), and 
tomato (Solanum lycopersicum) (Belhaj et al. 2015).

The sole requirement for the successful creation of CRISPR mutants is a 
CRISPR-associated protein (Cas) and its associated gRNAs specified for each gene 
target. Although the majority of gene editing studies in plant species to date have 
introduced the Cas protein (such as Cas9 or Cas12a) and gRNA into plant cells in 
the form of plasmids through Agrobacterium-mediated delivery or particle bom-
bardment, gene editing can also occur by directly transferring the Cas9/gRNA ribo-
nucleoprotein (RNP) complex into plant cells. As has been demonstrated in lettuce 
protoplasts, these Cas9/gRNA ribonucleoprotein complexes do not integrate foreign 
DNA into the plant genome and can also minimize potential off-target effects (Woo 
et al. 2015). While other countries are still setting a framework for how they will 
regulate genome edited crops, the USDA has decided that plants developed using 
genome editing techniques that could have otherwise been produced through con-
ventional breeding and do not incorporate foreign genetic material do not fall under 
their regulatory jurisdiction (USDA 2018). Although the recent implementation of 
the SECURE rule by USDA APHIS allows for Agrobacterium-mediated delivery 
due to a focus on the plant pest risk presented by the product, rather than the process 
(USDA 2020), there are a number of advantages to using gene editing techniques 
that avoid DNA integration altogether. For example, as no genetic material needs to 
be incorporated through a bacterial or viral vector, RNP methods may circumvent 
previous transformation limitations through which only specific species and geno-
types are viable for genetic modification or editing. As a result, interest in the devel-
opment of RNP methods has increased over the past few years. This chapter explores 
current methods and applications of RNP delivery methods in plants, along with the 
possibility for improved delivery methods in the future.

2 � Delivery Methods

2.1 � Protoplast Transformation Methods

Protoplasts, which are isolated plant cells that have had the cell wall digested away, 
are often used as the initial tissue type to test genome editing methods due to its ease 
of delivery of reagents into hundreds of cells for testing the editing efficiency of a 
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gRNA. Common methods for transforming protoplasts include polyethylene glycol 
(PEG)-mediated transformation and electroporation. While the mechanisms behind 
PEG-mediated transformation are not completely understood, it is believed that 
both methods influence membrane dynamics to allow DNA and other materials to 
passively cross the membrane of a cell (Shillito 1999). While each of these methods 
is relatively easy to perform, they are not commonly used to create commercial 
varieties or breeding material as this requires the ability to perform protoplast cul-
ture and whole plant regeneration, a species- and genotype-dependent procedure 
that is technically challenging and time intensive for most plant species. Despite 
this, protoplast transformation using RNPs has been demonstrated in a variety of 
plant species including Arabidopsis, tobacco, rice, lettuce (Woo et al. 2015), potato 
(Andersson et al. 2018), wheat (Brandt et al. 2020; Liang et al. 2017), soybean (Kim 
et al. 2017), grapevine, apple (Malnoy et al. 2016), and various Brassica species 
(Murovec et al. 2018). Due to the limitations of protoplast culture, protoplasts are 
often best for in vivo validation of a gRNA across a full genome as many cells can 
be screened at the same time to test for efficiency. For plant species where proto-
plast culture can be easily performed, such as lettuce, protoplasts are also advanta-
geous in that the plants created from protoplast culture are derived from a single 
cell. As a result, there is less of a worry of chimeras being formed after regenerating 
a whole plant from the initial protoplast.

Novel methods for protoplast transformation are still being developed. Currently 
the newest method shown to deliver RNPs is lipofection. In lipofection, RNP com-
plexes are associated with a lipid to change the charge of the complex and allow for 
interaction with and passage across the cell membrane. First optimized in mamma-
lian cell cultures, this method is still in its infancy as applied to plants; however, it 
has been shown effective in tobacco using both Lipofectamine 3000 and RNAiMAX 
as lipid sources. Furthermore, even without extensive optimization, this method is 
showing improved efficiency over PEG-mediated transformation and is a fairly low 
cost transformation option (Liu et al. 2019).

2.2 � Biolistics

In biolistics, otherwise known as particle bombardment, gold particles are coated 
with DNA, RNA, and/or proteins. These particles are then shot at the material being 
transformed at a high velocity using a gene gun, such as the biolistic PDS-1000/He 
Particle Delivery System produced by Bio-Rad, in order to allow for penetration of 
the cell wall. Particle bombardment is not species- or genotype-dependent and has 
been shown to create efficient edits when delivering RNPs in wheat (Hamada et al. 
2018; Liang et al. 2019), rice (Banakar et al. 2019, 2020), and maize (Svitashev 
et  al. 2016). While delivery via biolistics can occur with or without a selectable 
marker, it is important to note that there is a higher frequency of the incorporation 
of plasmid DNA when using biolistics with RNPs than would be observed in deliv-
ering plasmid DNA or performing Agrobacterium transformation (Banakar et al. 
2019). Furthermore, the velocity at which the gold particles are delivered can do 

Genome Editing by Ribonucleoprotein Based Delivery of the Cas9 System in Plants



190

significant damage to the tissue the reagents are aimed at. Chimeras can also be a 
common occurrence with biolistics as the material used for transformation is gener-
ally multicellular with only a small percentage of the cells receiving the reagents 
needed for transformation.

3 � Validation of gRNAs and Target Edits

Before investing time and resources into plant transformation and regeneration, it can 
be beneficial to validate the gRNA design using an in vitro RNP assay. For this proce-
dure, purified Cas protein (either purchased commercially or expressed and purified in 
the lab) is combined with the custom gRNA (either purchased commercially as a 
synthetic gRNA or expressed through in vitro transcription) to create RNPs that can 
be used to cut PCR amplicons containing the wild-type target sequence. After incubat-
ing the PCR products and RNPs, the results can be seen through gel electrophoresis: 
cut bands indicate successful gRNA activity, while uncut bands show a lack of gRNA 
efficacy. Once the gRNAs are validated in vitro, they can be further tested in vivo with 
a protoplast system or used directly for gene editing.

Upon transforming a plant, one of the most important steps is validating the pres-
ence of a mutation. A myriad of strategies exist to perform this essential step. The 
first approach follows a similar approach to the in vitro RNP validation described 
above. However, instead of using the native target gene to amplify by PCR and test 
the gRNA activity, DNA from the gene edited plants is used as the PCR template. In 
this case, since a mutation generally forms within 3–5 bp of the PAM site, if the 
gene has been edited, it is unlikely the specific 20 bp Cas recognition site will still 
be present, thereby leading to cut bands indicating non-mutated targets while the 
uncut bands indicating a mutated target (Liang et al. 2018). Similar to performing 
an in vitro cut by RNP, mutations can also be validated using the T7E1 assay. The 
T7E1 enzyme will identify bulges, as will occur when one strand has a mismatch or 
an insertion/deletion (INDEL) while its complementary strand does not, and there-
fore will cleave this region, which is then validated using gel electrophoresis 
(Vouillot et al. 2015). Cleavage assays can also be performed using restriction endo-
nucleases. In this case the gRNA is designed to have a restriction enzyme recogni-
tion site near the PAM site. An edited plant would then likely have a mutation to the 
cut site and, as a result, would not be cleaved by the enzyme, in contrast to the wild-
type sequence that would be cleaved.

Mutations caused by Cas proteins often result in INDELs, meaning size separa-
tion can also be used as a method to detect edits. One method which relies on this is 
high-resolution fragment analysis (HRFA). In this method an amplicon of the target 
region is generated using a fluorescently labeled primer. Products are then run 
through capillary electrophoresis where differences in size can be detected to a 1 bp 
resolution (Andersson et al. 2017). Likewise, high-resolution melting (HRM) curve 
analysis can be used, which uses slight changes in the melting temperature of 
double-strand DNA products to identify insertion/deletions down to a single base 
pair in length (Denbow et al. 2018).
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Finally, edits can be validated through sequencing. This can be performed 
through Sanger sequencing or next-generation sequencing. However, sequencing 
can be cost prohibitive, depending on how many samples need to be screened. As a 
result, other validation methods are often used as a preliminary screen to ensure an 
edit is present prior to sequencing. After narrowing down the number of samples, 
sequencing is the best method for identifying the precise mutations, especially for 
substitutions, as many of these methods focus instead on whether bases have been 
inserted or deleted.

4 � Tissue Types to Edit

4.1 � Protoplasts

Protoplasts are the most optimized option for delivering RNPs into plants due to 
their widespread use as a rapid tool for in  vivo validation of successful gRNA 
design. Approximately one dozen plant species have successfully been transformed 
with RNP at the protoplast stage including Arabidopsis, tobacco, rice, lettuce (Woo 
et al. 2015), potato (Andersson et al. 2018), wheat (Brandt et al. 2020; Liang et al. 
2017), soybean (Kim et al. 2017), grapevine, apple (Malnoy et al. 2016), and vari-
ous Brassica species (Murovec et al. 2018). Protoplasts have had their cell walls 
digested and, as a result, are easier to deliver genome editing reagents. Furthermore, 
protoplasts are single cells which means that any plant generated from protoplast 
culture will hold the desired mutation in all tissues, avoiding the problem of chime-
ric plants. However, protoplast culture is often difficult to perform and is severely 
limited to a small range of species and genotypes within these species. This often 
makes protoplasts better to use for validation of RNP efficacy across a genome as 
they are relatively easy to generate, many cells can be tested at the same time, and 
next-generation sequencing can be performed to identify the most common edits 
occurring with specific RNP combinations.

4.2 � Immature Embryos

As an alternative to regenerating plants from protoplasts, tissue culture can be per-
formed on transformed immature embryos, significantly limiting the hurdles needed 
to overcome to create genome edited plants. At this time, editing in immature 
embryos has been demonstrated in rice (Banakar et al. 2019), wheat (Liang et al. 
2017), and maize (Svitashev et al. 2016). All methods developed for RNP transfor-
mation in immature embryos currently use biolistics. Although the process for 
regenerating plants from immature embryos is easier than from protoplasts, this is 
still a large time investment with the need for strong technical skills. Tissue culture 
is also incredibly dependent on the species and variety being used, which limits the 
genetic material an experiment can be started with.
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4.3 � Shoot Apical Meristem

Shoot apical meristems (SAM) are the actively growing part of a germinated seed-
ling which will form the aboveground portion of a plant. SAMs do not require tissue 
culture and can easily form roots after growth on rooting media. At this time trans-
formation of SAMs has only been demonstrated using biolistics in wheat (Hamada 
et al. 2018). RNP transformation of SAMs allows for in planta transformation and 
significantly cuts down the time to generate plants to phenotype as the lengthy tis-
sue culture process is skipped. Although transformation of SAMs offers many 
advantages, ensuring inheritance of the targeted mutation can be difficult to accom-
plish. SAMs are multicellular and must have the reagents penetrate down to the L2 
layer as pollen and eggs are developed from this layer. Furthermore, due to the rela-
tively large surface area of tissue being transformed, chimeras can be fairly com-
mon in SAM transformations with only some cells being transformed instead of the 
full plant receiving the same mutation.

5 � Benefits of RNP Delivery

At this time there are not many crops edited with RNP delivery systems which are 
in the process of being commercialized. Despite this, RNP delivery systems offer a 
vast number of advantages over comparable delivery systems. Plants transformed 
via RNP delivery systems generally display fewer off-target effects than those trans-
formed via integration of DNA as the RNP complex is easily degraded within the 
cell. This transient nature of the delivery method means the Cas enzyme used is not 
actively produced throughout the lifetime of the plant, limiting the number of cuts 
that can be made (Woo et al. 2015). Furthermore, as the RNP complexes are already 
active upon delivery, there is no need to optimize codons or to identify the best pro-
moters for transcribing desired products. Even more importantly, DNA is not ran-
domly integrated into the genome as occurs with Agrobacterium-mediated 
transformation and biolistics with plasmids (Banakar et al. 2019). This allows for 
better assurance that only the targeted gene is modified while all other genes are left 
intact as plasmid DNA is not randomly incorporated at multiple points throughout 
the genome. Likewise, it bypasses the cumbersome process of identifying how 
many copies are in the genome and removing the DNA integration sites through 
segregation before commercialization.

Beyond the precision of edits made, RNP edited crops will likely face less scru-
tiny in the regulatory phase of releasing new varieties to the market. At this time, 
USDA has decided that as long as no foreign DNA is integrated and the mutation 
made could occur naturally, CRISPR edited crops do not fall under their jurisdiction 
to regulate (USDA 2018). This allows RNP edited plants to reach market faster than 
those edited by Agrobacterium or biolistics as there is no need to breed multiple 
generations to segregate out plasmid DNA, and without any DNA integration there 
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is less burden to show that all foreign DNA sequences have been completely 
removed from the genome. Australia, New Zealand, and the EU are all regulating 
genome edited crops on the basis of how the edit was created. As a result, due to the 
integration of foreign DNA, plants transformed to incorporate plasmid DNA are 
automatically flagged as GMOs (Friedrichs et al. 2019). Clarity surrounding the use 
of RNPs in these countries has not been released yet; however, RNP-edited lines 
have a greater chance that they may not fall under the same regulations as tradition-
ally transformed crops, as no foreign genetic material is incorporated into the 
genome during the gene editing process.

6 � Future Prospects

Although considerable advances have been made in the field of DNA-free editing in 
recent years, there is still a strong need to improve the efficacy of delivering genome 
editing reagents in materials that do not need to pass through tissue culture. A sum-
mary of current methods readily available for use in plants can be found in Fig. 1.

Fig. 1  An outline of methods and their corresponding reagents that are currently available for use 
in genome editing for specific plant tissue types. Combinations which are blocked out in grey have 
no proven methods at this time
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Recently, nanoparticles have been discovered to allow for passive passage of 
DNA into plant cells; although this has yet to be tested with RNPs, this method 
could allow for genome editing without the need for subsequent tissue culture 
(Demirer et al. 2019). Alternatively, cell-penetrating peptides have been shown to 
deliver RNPs into wheat microspores (Bilichak et al. 2020). With better character-
ization of cell-penetrating peptides, this method has the potential to become com-
monplace for editing plants. At this time, the available tissues for performing 
genome editing with RNPs are fairly limited. It is possible that in the future this can 
be expanded to include pollen and egg cells allowing for tissue culture and in vitro 
regeneration to be completely bypassed and for edits to be naturally introgressed 
into already existing populations. RNP-based editing is very much still in its infancy; 
however, this technology has the potential to radically change the methods by which 
genome edited crops are created, which can accelerate progress in crop improve-
ment and, ultimately, may prove to have greater acceptance by consumers.
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Virus-Mediated Delivery of CRISPR/CAS9 
System in Plants

Monika Bansal and Shabir Hussain Wani

Abstract  Plant virus research had resulted in precise understanding of viral repli-
cation, motility, and interactions with host after more than a century of study. A 
huge number of viral genes have been found and their functions have been deter-
mined. With a better knowledge of plant virus interactions with host, a variety of 
viruses have been produced as vectors for gene expression for functional investiga-
tions and biotechnology applications. These methods are useful for molecular 
breeding and functional studies of genomes for important agronomic features but 
also for the manufacture of health-promoting proteins. This overview outlines the 
most recent development in these areas, also as the viral vectors that are accessible 
for commercially significant crops and much further.

Keywords  Guide RNAs (gRNA) · Viral genomes · Coat protein · Mobility protein 
· Virus-induced gene silencing

1 � Introduction

Plant genome editing is an effective tool for researching and developing biological 
systems; as a result new key agricultural traits could be discovered. Genome editing 
is a technique in that uses designer endonucleases to edit the target genome and 
achieve the knockout and addition of specified DNA sequences within a cell or 
organism. Early gene editing relied on homologous recombination targeting tech-
nology, which was prone to off-target consequences. This situation was changed by 
the subsequent invention of designer endonucleases like clustered regularly 
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interspaced short palindromic repeats-associated (CRISPR/Cas) as endonucleases 
utilized for genome editing. The Cas9 endonuclease had acquired broad usage as a 
tool for genome editing for a variety of model plants. This Cas9 protein and guide 
RNAs(gRNA) is delivered into target cells for effective genome editing. The Cas9 
endonuclease is used in conjunction with gRNA, for directing the Cas9 protein to 
the target DNA sequence before the protospacer-associated motif (PAM). In this 
chapter we will discuss recent breakthroughs in plant genome editing technique 
utilizing viral vectors, their present constraints, and future directions.

2 � Plant Viruses as Vectors

Plant viruses had been employed as vectors for a variety of applications, which 
includes the formation of commercially valuable proteins (Rybicki 2009). Viral 
genomes are an ideal choice as vectors because of efficient machinery and extensive 
structure of genome. Virus-based vectors provide successful means for delivering 
GE components into plant cells. These include the RNA viruses in case of monocots 
which are wheat streak mosaic virus and barley stripe mosaic virus (Lee et al. 2012) 
and Tobacco rattle virus for dicots. The importance of using RNA virus-based vec-
tors over DNA virus-based vectors is that RNA virus does not give rise to undesired 
integration into plant genome. Therefore, plants modified by use of RNA viruses are 
well thought out to be transgene-free edited plants. Although these viruses have a 
limited cargo capacity, they can be transformed into non-infectious replicons by 
substitution of genes involved with infection into host cells and cell-to-cell migra-
tion like SSN expression cassettes. The coding sequences of mobility protein (MP) 
and coat protein (CP) were deleted for achieving this purpose, because of which 
cell-to-cell and insect-mediated transmission from one plant to another plant are no 
longer possible. The absence of CP enhances the quantity of replicon intermediates, 
mostly because CP isn’t available for sequestering and packaging of ssDNA into 
virions and the loss of CP/Rep interactions inhibits viral replication. Tobacco rattle 
virus (TRV) is an example of such type of viruses which are popularly exploited for 
effective virus-induced gene silencing in different plants species. The small size of 
its genome is suitable for its cloning, agroinfection, and multiplexing which shows 
its great ability to be used as a vector for delivery of genome editing components 
(Ellison et al. 2020). When the recombinant TRV vector is transformed into plants, 
the expression system of virus results into formation of the recombinant viral RNA 
in the infected host cells (Senthil-Kumar and Mysore 2014). These cells then prove 
to be a source for replication of viral RNAs and their systemic spreading to a num-
ber of different tissues. Geminiviruses belong to the family Geminiviridae, found all 
over the world and infects a wide range of plants which includes wheat, cotton, 
cucurbits, maize, fruits, and legumes (Briddon 2015; Rey et al. 2012). Geminiviruses 
in most of the cases serve as efficient vector for genome editing because of their 
capability to infect a wide host range from different families; only one protein, Rep 
(replication-associated protein) is needed for initiation of replication within the host 
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cell. These viruses can efficiently replicate within host cell and makes large num-
bers of replicons, producing of SSNs for target sequence significantly improving the 
efficacy for transformation (Hanley-Bowdoin et al. 2013).

3 � Virus as Vectors for Their Use in Genome Editing

TRV1 and TRV2 are the two genomic components of TRV. TRV1 contains genes for 
replicase proteins, as well as a 29-kDa MP, which are necessary for viral movement. 
Resistance against tomato yellow leaf curl virus genome can be delivered with the 
help of Tobacco rattle virus (TRV) into Nicotiana benthamiana plants and expresses 
Cas9, in plants that result in less buildup of viral DNA and reduced symptoms of 
infection (Tashakandi et al. 2018). The Cas9 system targets a conserved region in 
various begomoviruses which demonstrated that targeting viral intergenic, non-
coding sequences was found to be effective than targeting coding sequences of 
virus, and reverting the generated mutations through NHEJ limits the production of 
recovered viral types that circumvent CRISPR-mediated immunity (Ali et al. 2016). 
Ma and Li (2020) worked on delivery of CRISPR/Cas9 cassette in Nicotiana ben-
thamiana and obtained genetically edited plants with greater efficacy. This experi-
ment was performed by use of negative-strand sonchus yellow net rhabdovirus as a 
vector. This development opened possibilities for genome editing of plants because 
of its larger cargo capacity that negative-strand RNA viruses have for foreign 
sequences.

CRISPR/Cas9 technology had been used for engineering geminivirus resistance 
(Ali et al. 2015, 2016; Baltes et al. 2015; Ji et al. 2015) and potyvirus resistance 
(Chandrasekaran et al. 2016 ) by targeting and cleaving virus genome (Ali et al. 
2015, 2016; Ji et al. 2015) or by editing plant genome for triggering immunity for 
invading virus (Chandrasekaran et al. 2016; Zaidi et al. 2016; Mahas et al. 2019; 
Pyott et al. 2016).

In maize, Nicotiana benthamiana, and Setaria viridis, a collection of foxtail 
mosaic virus (FoMV) vectors was created for transient expression and delivery of 
gRNA for CRISPR-based genome editing. This was achieved by duplication of the 
FoMV capsid protein subgenomic promoter, deleting the redundant open reading 
frame 5A, and insertion of a cloning site just after the duplicated promoter. In the 
leaves of infected maize seedlings, the modified FoMV vectors transiently produce 
GFP and BAR protein. Ali et al. (2015) studied single gRNA expressed under regu-
lation of duplicated promoter edits for the Phytoene desaturase gene in case of 
N. benthamiana, Carbonic anhydrase 2 gene in S. viridis, and the HKT1 gene in 
maize which codes for a potassium transporter. FoMV’s value in monocots for 
virus-induced gene silencing, virus-mediated overexpression, and virus-enabled 
gene editing has been expanded in this study. Both DNA viruses and RNA viruses 
have shown effective gene editing frequency in several model plants.

In plant cells editing of tobacco rattle virus and pea early browning virus (PEBV) 
was done for delivery of multiple sgRNAs into tobacco and Arabidopsis plants. 
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TRV and PEBV deliver sgRNAs into systemic leaves and result in mutation of the 
target genomic loci. TRV and PEBV can enable genome editing and will be used for 
producing mutations at target site for functional analysis across various plant spe-
cies (Ali et al. 2018).

The apple latent spherical virus (ALSV) is a strongly infectious virus that 
can be used to transmit genome editing elements. In the case of ALSV-based 
gRNA delivery, the Cas9-based Csy4-processed ALSV Carry (CCAC) system 
was designed (Luo et  al. 2021). In this case soybean-infecting ALSV was 
engineered for delivering gRNA. The endoribonuclease Csy4 efficiently 
releases gRNAs which functions competently in Cas9-mediated editing. 
Confirmation of editing for phytoene desaturase loci and exogenous 5-enol-
pyruvylshikimate-3-phosphate synthase in Nicotiana benthamiana was per-
formed by sequencing.

The first reports of use of viruses for gene editing involved studies on gemi-
niviruses, which are widely distributed, spread by insects, and infect a diverse 
range of plant hosts. These viruses have SS circular DNA with monopartite or 
bipartite genomes and four ORFs. When it enters plants, its single-stranded 
genome turns into intermediate that is double stranded and finds its use as tem-
plate for transcription and replication. Single-stranded genomes are transformed 
into double-stranded intermediates for starting a new replication cycle, or else 
they are coated by the coat protein to make virions that can spread to neighbor-
ing cells with the help of plasmodesmata. Their small size makes them easier to 
manage, but it also restricts their cargo capacity; as a result, they can’t carry 
large DNA pieces like the genes that code for Cas nucleases (~4.2 kb). 
Geminiviruses are not able to carry long DNA fragments like in the case of 
genes which code for Cas nucleases and produce large amounts of 
sgRNA. Geminiviruses had been deployed into non-infectious replicons (GVRs) 
by eliminating sequence for movement protein and coat protein and stop move-
ment of virus from cell to cell and its transmission. Viral vectors are not infec-
tious themselves and need to be transformed into plant cells by use of 
Agrobacterium-mediated transformation.

Bean yellow dwarf virus replicons were used for delivering a Cas9 nuclease 
and a repair template into tobacco for editing. Baltes et al. (2014) show signifi-
cant cargo capacity and targeting efficiency with twofold high compared with 
Agrobacterium transformation. BeYDV replicons were also used to facilitate 
genome editing in potatoes (Butler et  al. 2016) creating mutations that sup-
ported a reduced herbicide resistance phenotype (Cermark et al. (2015). BeYDV 
replicons were utilized for inserting a strong promotor upstream of a gene which 
regulates anthocyanin synthesis in tomato, resulting in a 12-fold greater deliv-
ery as compared to Agrobacterium T-DNA delivery. Yin et al. (2015) used cab-
bage leaf curl virus for genome editing by replacement of viral CP by sgRNA, 
for editing genes (namely, NbPDS3 and NblspH) in Nicotiana benthamiana. 
Wheat dwarf virus replicons were also transferred for genome editing in wheat 
and rice and show high gene targeting efficiency for targeting multiple genes 
(Wang et al. 2017; Gil-Humanes et al. 2017). TRV1 is required for replication 
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and movement of virus and TRV2 genome codes for the CP and nonstructural 
proteins involved with nematode transmission. TRV was originally used as a 
vector for genetic engineering in plants for delivery of zinc-finger nucleases 
(ZFN) by replacement of RNA2 with the Zif268: FokI ZFN. Targeted genome 
alterations were observed with help of reporter gene into the cells of tobacco 
and petunia in this approach, and inheritance of mutations to the following gen-
eration validated the ZFN’s stability. Through agroinfection, a TRV vector 
encoding sgRNA for phytoene desaturase gene was injected into the leaves of 
tobacco that overexpress Cas9, causing PDS gene changes. TRV was initially 
used as a CRISPR vector as a vehicle for delivering sgRNAs into N. benthami-
ana and A. thaliana. TMV was used for delivery of sgRNA by substitution of 
the CP gene with a sgRNA. TMV also shows its capability for promoting gene 
editing by delivering a large number of sgRNA and efficiently editing the gene 
in N. benthamiana plants. Ali et al. showed that PEBV had the ability for deliv-
ering sgRNAs and cause mutagenesis at the target loci into plants of Nicotiana 
benthamiana. PEBV can infect meristematic tissues that allow the recovery of 
seeds with the given mutations (Constantin et al. 2004). Barley stripe mosaic 
virus (BSMV) had been edited for delivery of Cas9-mediated mutation at target 
site in maize and wheat (Hu et al. 2019). Beet necrotic yellow vein virus-based 
vectors were designed for synchronized expression of foreign proteins and used 
for effective sgRNA delivery into the genome in Nicotiana benthamiana plants. 
FoMV had been shown to express sgRNAs in Nicotiana benthamiana, Setaria 
viridis, and maize that express Cas9 and proves that FoMV can be used for suc-
cessful genome editing (Mei et al. 2019).

Barley yellow striate mosaic virus (BYSMV) and sonchus yellow net rhabdo-
virus (SYNV), both negative-strand viruses, were used for transporting CRISPR/
Cas components into plant. SYNV has been found to be capable of knocking out 
multiple genes in plants, resulting in increased efficiency for DNA-free genome 
editing (Ma and Li 2020). This work proves that genome-edited plants carry the 
genome change to the following generations by creating sgRNAs for dis-
tinct genes

4 � Conclusions and Future Prospects

Plant virus vectors are being developed in terms of ease of use and range of use in 
the field of genetic engineering studies in plants. Several viral vectors must be mod-
ified to accommodate more nucleic acid while also being aggressive in the infection 
process. Plant virus vectors and components produced provide critical benefits for 
the quick and cost-effective studies, due to advancements in strategies to allow their 
introduction and transient expression in plants.
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Characterization of Gene Edited Crops via 
Metabolomics

Muhammad Qudrat Ullah Farooqi, Sanathanee Sachchithananthan, 
Muhammad Afzal, and Zahra Zahra

Abstract  Metabolomics is a new branch of “omics” that entails identifying and 
quantifying both the metabolites and chemical impression of the processes that are 
regulated by the cells in different types of species. The metabolome is a type of 
metabolite reservoir of an organism that can be analyzed to define the variations on 
the basis of genetically and environmental traits. This approach is very important 
while studying the interaction that happens between the environment and the gene 
of the crops, characterization of the mutant, assessment of the expressed traits, rec-
ognition of clinical assessment, and discovery of the drugs. Metabolomics is an 
approach which is very promising when it comes to deciphering the metabolic net-
works of the crops that are linked with the tolerance capacity of the biotic and abi-
otic stress. The breeding that is metabolomic-assisted helps the breeders in providing 
a screening that is very efficient when it comes to crop yielding and tolerating the 
stress at the metabolic level. The process of metabolic profiling has been supported 
by the metabolomic analytical tools which are very advanced. These tools are non-
destructive nuclear magnetic resonance spectroscopy (NMR) and mass spectrome-
try. Linking metabolomics to genomic tools makes it possible to have an efficient 
dissection of the genetic association with the phenotypes of crop plants. This book 
chapter provides an overview of cutting-edge plant metabolomic tools for crop 
improvement.
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1  Introduction

The past decade has been a witness of the development in the omics sector. These 
omics are genomics, transcriptomics, epigenomics, proteomics, metabolomics, and 
phenomics. The approaches or platforms of omics create information about the 
improvement and enhancement in the speed and precision of the breeding programs 
that are currently in progress. These breeding programs aim at developing germ-
plasm which is climate smart and rich in nutrition to ensure food safety 
(Muthamilarasan et  al. 2019). The omics approach has provided great scope in 
improving the present understanding of the important traits so that new strategies to 
improve the plants can be developed. Among all the approaches of omics, metabo-
lomics is the one branch which is the most difficult and complex. It has never 
received proper attention in the crop science especially in the context of trait map-
ping and selecting the plants (Van Emon 2016). This essay will discuss how the 
gene-edited crops have been characterized by the metabolomics.

2 � Metabolomics

In the past 10 years, the approach of metabolomics has been proved as one of the 
major developments in the field of science, which has paved a way for correct profil-
ing of the metabolites in the microorganisms, plants, and animals. This approach is 
capable of recognizing a large number of metabolites from just one extraction and has 
the potential to recognize a wide variety of metabolites from just a single sample. This 
enhances the fast and proper evaluation of the metabolites. It can also be said that the 
metabolomics gives a detailed view of the cellular metabolites and describes it as 
natural compounds that are small and actively participate in the various events that 
occur at the cellular level, thus representing the cell’s full physiological state. In the 
context of advancement of metabolomics, the study of metabolite recognition of the 
mutants and the transgenic lines has the capacity to comprehend metabolic networks 
and genetic markers (Sousa Silva et al. 2019). Metabolomics helps in expressing the 
function of gene and the impact of a particular gene on the pathway of the metabolites 
and shows different stages of regulation and interception between the connected path-
ways which gets difficult to analyze with the other methods such as microarray. The 
metabolomics allow the researchers to catalogue and prioritize the genes that can 
improve the important characteristics in the crops (Kumar et al. 2017).

The abovementioned studies of omics approaches have been expanded to exam-
ine regulatory steps that are associated with them, such as control of the epigenetic 
and changes at the post-transcriptional and post-translational level. Regardless of 
whether or not a transgenic system is present, the use of metabolomics in crop sci-
ence has increased. Metabolomics has the ability to help in the development of 
improved traits, allowing for superior breeding materials (Razzaq et al. 2019). The 
presence of whole sequence of the genome, huge genetic variants of the genome, 
and genotyping assays which are of very low cost, combined with developments in 
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Fig. 1  Scheme for crop improvement using metabolomics. (Source: Kumar et al. 2017)

metabolomics, provides an exciting opportunity to link the metabolomics with the 
crop breeding programs very efficiently. In metabolomics, the methods and tools 
that are used include the mass spectrometry (MS) and nuclear magnetic resonance 
(NMR) spectroscopy. These approaches and tools have resulted in significant prog-
ress. Metabolomic approaches have the potential to conduct metabolite surveys on 
a wide scale (Alseekh et al. 2018). Figure 1 depicts the improvement of crop through 
metabolomics.

3 � Analytical Tools for Metabolomic Studies

The generation of metabolomics data on modern metabolomic platforms involves 
the use of two crucial techniques, namely, NMR and MS. Metabolites present in the 
crop can be detected using NMR which is dependent on the magnetization of the 
atom nuclei present in the magnetic field. The system of nuclear magnetic reso-
nance (NMR) is non-destructive which has been widely used to recognize the 
metabolites that have lower molecular weight and is used for a variety of applica-
tions such as fingerprinting of the metabolites, profiling, metabolic flux, and extract-
ing the information from the atomic structure of the biological samples. The 
technique’s poor sensitivity, which is due to the lack of coverage provided by low-
abundance biomarkers, is a major drawback that prevents it from being widely used. 
In contrast to NMR, MS has greater sensitivity and it allows researchers to obtain a 
wider coverage of metabolomics data. This has prompted the researchers to find out 
new metabolic biomarkers as well as molecules that can be of assistance in the rede-
velopment of metabolic systems and processes. With the development in the meth-
ods of ionization such as the atmospheric pressure chemical ionization (APCI), 
electrospray ionization (ESI), and MALDI-TOF, MS has been successful in 
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achieving the accuracy. To improve throughput, MS is commonly used in conjunc-
tion with chromatography techniques including gas chromatography (GC), liquid 
chromatography (LC), capillary electrophoresis (CE), Fourier transform ion-cyclo-
tron resonance (FT-ICR), and field asymmetric waveform ion mobility spectrome-
try (FAIMS). NMR is favored over MS for identifying physical properties of ligands, 
binding sites present on the proteins, uncovering structures of protein ligand com-
plexes, and direct binding of target protein despite its low sensitivity and broad 
sample requirement (Rubert et al. 2015).

4 � The Advent and Adoption of Genome Editing in Plants

Meganucleases were used to carry out the procedure of genome editing. The target 
site was as long as 18 bp. It is undeniable that the specificities of these enzymes that 
exist naturally were the ones that determined the double-stranded breaks that they 
make. These specificities made it difficult to work with these enzymes. As a conse-
quence, the designer nucleases that consist of the features such as zinc finger nucle-
ases and transcription activators like effector nucleases have been established to 
address this problem. The most recent technology that has been developed is based 
on the adaptive immunity of the bacteria. In this technique the invasive DNA that 
has been previously encountered is imprinted in the molecular memory and is the 
subject of the target to the future challenges by expressing the CRISPRs. The result-
ing CRISPR RNAs are the guides for the CRISPR-associated (CAS) nucleases, 
which target pathogens after they’ve been infected. The advantages and applications 
of genome editing include increased precision and the absence of foreign DNA in 
the edited genome (Fraser et al. 2020).

The advanced metabolomics plays an important role in the deciding the changes 
of the global metabolome. It also decides how these changes are manifested to the 
chemical structure of currently available validated crops. The classic mutagenesis 
that takes place is the only mutagenesis that has continued to be the only exception 
to the procedures that regulate GM technologies. This determination is based on a 
safety track record. As a result, actively participating in genetic manipulation explo-
ration and viability studies is crucial in order to produce a wealth of reliable scien-
tific proof to substantiate these technological innovations (Nadakuduti and 
Enciso-Rodríguez 2020).

5  Metabolomics for Improvement of Fruits

Metabolomic research has revealed new information about fruit genetics, particu-
larly in relation to ripening and quality of food. Tomato is a very rich source of 
carotenoids, antioxidants, and flavonoids (Tohge and Fernie 2015). The patterns of 
metabolite segregation of 50 cultivars were found to be very similar to the segrega-
tion of the fruit size. By plotting a correlation with the fruit transcriptome, the 
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metabolome can be used to dissect the event of ripening. This metabolome can be a 
very good explanation of the diverse and distinct biochemical pathways found in 
tomato ILs and ecotypes’ fruits (Upadhyaya et al. 2017). Apple peel and flesh con-
tain beneficial nutrients such as antioxidants, which helps in reducing the risk of 
chronic diseases such as asthma, cancer, cardiovascular disease, and diabetes. The 
metabolite content of the apple is used to differentiate the cultivars that are crucial 
for commercial use. If examples of this are considered, then the cultivar “Golden 
Delicious” shows a high concentration of myo-inositol, sugars, and succinic acid, 
whereas the cultivars “Red Delicious” and “Fuji” have a higher concentration of 
sterols, flavonoids, phenolic acids, stearic acid, anthocyanin, and carbohydrates 
(Eisenmann et  al. 2016). Fuji’s peel extract contains very high concentration of 
carbohydrates such as the glucose and sorbitol, which can be differentiated from the 
Red Delicious that contains very high level of unsaturated fatty acids such as oleic 
and linoleic acid. The spatial variability of sugars and organic acids between the 
layers of the apple was revealed in a recent report on metabolic characterization of 
the fruit (Cuthbertson et al. 2012). Citrus Huanglongbing causes infection in the 
Candidatus Liberibacter asiaticus and deteriorates the quality of its juice. This 
infection causes a significant decrease in the amount of glucose, fructose, sucrose, 
and amino acids such as alanine, arginine, isoleucine, leucine, proline, threonine, 
and valine while increasing the level of citrate and phenylalanine (Wang et al. 2016).

In the study of metabolomics, fruit heat treatment is widely used to avoid any 
kind of fruit infection during the process of post-harvest storage. Heat treatment 
very efficiently reduces the organic and amino acid content and also promotes the 
accumulation of certain metabolites such as 2-keto-D-gluconic acid, tetradecanoic 
acid, oleic acid, ornithine, succinic acid, myo-inositol, glucose, fructose, sucrose, 
and turanose. These metabolites reduce the possibility of infection in the crops post-
harvest (Yun et al. 2013).

6 � Metabolomics for Improvement of Legume Crops

Despite the extensive research on model legumes, metabolomic studies in other 
legumes are still restricted. In terms of model legumes, research into the impact of 
rhizobia node factor (Nod) in Medicago showed a decrease in oxylipins. Through 
metabolic characterization of salt-resistant lotus plants, another finding revealed a 
variety of reforms involving metabolic modifications of shoot constituents for sus-
tainability (Ramalingam et al. 2015).

7 � Metabolomics for Improvement of Cereal Crops

The amount of metabolites in cereals has been thoroughly investigated, as has their 
association with gene sequences. Different rice research projects have harnessed the 
power of metabolomics to uncover the variety of metabolites found in different 
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varieties and natural variants (Hamany Djande et al. 2020). In the same way, the 
study of metabolomics in maize has made it easier for the researchers to differenti-
ate and then select the genotypes that are superior and consist of the improved nutri-
tional composition. Presently, a metabolomic technique is being used to investigate 
the chemical concentration of different maize and rice crops, as well as their natural 
varieties (Gálvez Ranilla 2020).

8 � Effect of Biotic and Abiotic Stress on Plant

Crop productivity is negatively impacted by biotic and abiotic stresses, which result 
in a huge reduction of the annual yield of crops globally. To address abiotic and 
biotic stresses in plants, metabolomic tools can be combined with other omics tools 
such as genomics, transcriptomics, and proteomics. It aids in the analysis of various 
plant metabolites, both exogenous and endogenous, under the extreme stress related 
to the climate change and is very important to understand the biology of the plant 
system. Figure 2 illustrates the use of omics-based approaches to explain the stress 
regulation system from the genome to the phenome (Atkinson et al. 2015). There 
are two types of metabolites throughout the plant metabolome: primary metabolites 
and secondary metabolites. Primary and secondary metabolite metabolic profiling 
provides accurate and comprehensive knowledge about the biochemical processes 
that occur during plant metabolism. The primary and secondary metabolites of the 
pants are also associated with the metabolic pathways which are very complex. 
Advanced metabolomics tools, such as gas chromatography-mass spectrometry 
(GC-MS), liquid chromatography, mass spectroscopy (LC-MS), and non-destructive 
nuclear magnetic resonance spectroscopy (ND-NMR), can successfully detect, 
identify, assess, and evaluate these metabolites (Dresselhaus and Hückelhoven 2018).

9 � Metabolomics: An Integral Part of Knowledge-Based 
Plant Breeding

In the last 10  years, tremendous technological advancements have been made, 
which have been used to fully understand various fields of biology in order to obtain 
a better insight into the underlying dynamics of required gene coding characteris-
tics. Knowledge-based plant breeding (KPB) incorporates all relevant data derived 
from large-scale data analysis pertaining to the genome, epigenome, transcriptome, 
metabolome, and proteome, all of which contribute to a particular phenotype. The 
data that has been recorded by the “omics” platforms has allowed the researchers to 
have a better understanding of the system of traits, which until now has been mainly 
contributed by the systems genetics and genomics and to a lesser extent by the tran-
scriptomics (Dawid and Hille 2018). Other “omics” approaches, such as 

M. Q. U. Farooqi et al.



211

Fig. 2  Plant stress mechanism. (Source: Razzaq et al. 2019)

metabolomics and proteomics, have also started their contribution to initiate impor-
tant information so that it can become an integral part of KPB, thus strengthening 
the approach even more so that they can achieve much better genetic advantage (Liu 
and Locasale 2017).

Technological progress has helped to improve the efficiency of the techniques of 
the plant breeding by allowing for the proper selection of desired plants. Access to 
various “omics” approaches will result in a paradigm shift in the overall process of 
breeding by promoting the selection of the plants on the basis of the information on 
the genome-scale which are generated at various biological levels. The breeders of 
the plants will slowly accept these developments and changes which will help them 
in making proper decisions (Hong et al. 2016).

10 � Concluding Remarks and Future Perspectives

Recent advances in plant metabolomics have made it possible to select the desirable 
traits along with the possibility of developing metabolically engineered plants. The 
transition from single metabolite analysis to high throughput assays that initiates the 
footprints of multiple metabolites has immediately made ways for constructing bet-
ter models for the networks of the metabolites as well as in recognition of biomark-
ers. In the last 10  years, the use of metabolomics along with the other omics 
approaches has revealed many metabolites which were novel and known to the 
researchers. It has also allowed the recognition of the particular contribution of 
these metabolites to improve the attributes of the plants such as quality of the crops, 
yields, shelf life, and so on. To that end, high throughput genotyping and 
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sequencing platforms have been a huge help to provide a technique which is a cost-
efficient, high-throughput method of elucidating the design of metabolic traits (Pinu 
et al. 2019).

In conclusion, it can be assumed that the use of the metabolomics approach has 
very efficiently improved the ability of plant breeders so that they can create and 
develop highly superior plants and therefore can improve the crop genotypes and 
make it highly productive so that they can meet the challenges of the twenty-first-
century agriculture.
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Genome Editing in Plants for Resistance 
Against Bacterial Pathogens

Kalpesh Yajnik, Rajesh Mehrotra, and Purva Bhalothia

Abstract  Agricultural sector serves the ground for global food security, which 
prioritizes the need to enhance the yield of crops and protect them from phyto-
pathogens. These pathogens pose a threat by damaging the plantations and reduc-
ing their produce. CRISPR/Cas9, a foremost genome editing tool, corresponding 
to other techniques, is capable of inducing insertions or deletions (indels) and 
alters the genomic sequence by specific nucleases. Also, it has proven to be suc-
cessful in providing resistance from phytopathogens by editing site-specific 
genes  – susceptible or resistant. The technique employs nucleases at targeted 
sites, inducing cuts in DNA which are then repaired by non-homologous end-
joining (NHEJ) or homology-directed repair (HDR) repair pathway, leading to 
the production of genetically modified plants. In spite of being highly efficient, 
CRISPR/Cas9 system needs to overcome certain uncertainties such as off-target 
effects, approval, and regulation of genetically altered plants. The chapter pro-
vides a detailed rundown toward the application of CRISPR/Cas9 in increasing 
the resistance in plants against bacterial pathogens and dealing with restrictions 
associated with the technique.
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1 � Introduction

The field of agriculture is the major source of food required to support the 
increasing population. The global population is estimated to reach around 
9.5 billion by 2050 (Clarke and Zhang 2013). An increment in the production 
of food became an evident step to cope with the rising population. The evalua-
tion done by Godfray et al. (2010) showed the need of the food production to 
be increased by a minimum of 70%, to cope with the needs of increasing popu-
lation and ensure global food security. Crops have to adapt to varying climatic 
changes and gain tolerance against biotic and abiotic stress for a good yield 
(Haque et al. 2018). Pathogenic diseases have proven to be the major reasons 
for the loss in the yield of crops by reducing the plant growth, resulting in dete-
riorating quality of the products (Yin and Qiu 2019). The use of pesticides has 
shown detrimental effects to the habitat, thus disturbing the natural ecosystem. 
Also, an increase in the phytopathogen resistance of pesticide demands an 
alternative need to reduce the agricultural and economic loses (Damalas and 
Eleftherohorinos 2011).

In response to pathogenic attack, plants carry out numerous defense net-
works, consisting of two-layer immune response (Jones et al. 2016). The cellu-
lar receptors recognize pathogens and counteract their activity by resistance (R) 
gene-arbitrated immunity. Previous studies (Lapin and Van den Ackerveken 
2013; Pavan et al. 2010) reported the role of susceptibility (S) genes in combat-
ing the resistance mediated by R genes, by either negatively regulating the 
immunity or encoding proteins in host; when monitored by pathogen, it can 
restrain the immune response (Langner et al. 2018). In due course, pathogens 
have evolved in their effector secretions which enabled them to adapt in the host 
environment (Dodds and Rathjen 2010; Vleeshouwers et  al. 2011; Win et  al. 
2012). The scientific community aims to address this issue by engineering vari-
ants of nucleotide-binding oligomerization domain (NOD)-like receptors 
(NLR), encoded by R genes. The NLRs designed will have the ability to per-
ceive broader spectrum of pathogen effectors (Harris et al. 2013; Giannakopoulou 
et al. 2015; Kim et al. 2016). A comprehensive study of NLRs and its role in 
plant defense responses can provide an opportunity to exploit the functioning of 
NLRs, opening new possibilities in development of synthetic immune receptors 
(Langner et al. 2018).

Developing mutant cell lines are essential for strain improvement and higher 
yield in crops. Conventional practices involving screening of libraries were 
extensive but tedious. Advancement in the field of recombinant DNA technol-
ogy brought a transient change in the crop varieties (Langner et  al. 2018). 
Genome modification done by zinc-finger nucleases (ZFN) (Maeder et  al. 
2008), transcription activator-like effector nucleases (TALENs) (Boch et  al. 
2009; Bogdanove and Voytas 2011), and clustered regularly interspaced short 
palindromic repeat (CRISPR)/CRISPR-associated protein 9 (Cas9) (Jinek et al. 
2012) has proven to be successful in developing targeted mutations. CRIPSR/
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Cas9, being the most efficient gene modification tool, has its current applica-
tion in plant pathology, that is, to develop disease resistance in plants by either 
targeting the desired gene directly or by regulating the immune response 
indirectly.

The current chapter comprises an application of CRISPR/Cas9 genome editing 
in the field of phytopathology, for enhancing the resistance in plants against bacte-
rial pathogen. It also focuses on interaction of genes in plants during pathogen 
infection and provides approaches to improve resistance in plants.

2 � CRISPR/Cas9 Genome Editing

CRISPR/Cas9 genomic editing tool has proven to be the most successful innova-
tion for editing the genomic sequence and recognizing the role of each gene. This 
technique is adapted from the immune system of bacteria and certain archaebac-
teria (Jinek et al. 2012). It performs breakage of foreign DNA/RNA by acquiring 
DNA fragments of invading plasmids and bacteriophages and transcribes them 
into CRISPR RNA (crRNA), which base pairs with foreign DNA/RNA (Garneau 
et  al. 2010; Makarova et  al. 2015). The genome editing machine requires two 
major components for definite editing: DNA-binding domain and an effector 
domain which allows breaks in DNA (Wang et  al. 2016b). Double-stranded 
breaks (DSBs) are generated by sequence-specific nucleases (SSN), which fur-
ther activate DNA repair system and increase the chance of gene alteration in the 
target sequence. Cas9 is one such nuclease, which interacts and hybridizes with 
guide RNA (gRNA)-DNA sequence along with protospacer adjacent motif 
(PAM) in the DNA, making Cas9 an ideal tool for site-specific genome editing 
(Gasiunas et al. 2012; Jinek et al. 2012).

CRISPR/Cas is classified into three major classes, I, II, and III, based on 
their components and working mechanism. CRISPR editing system follows 
three steps to initiate an immune response against foreign DNA. The first step, 
termed as acquisition, involves the fragments of foreign DNA (called proto-
spacers) introduced in the locus of CRISPR as spacers, between CRISPR-
RNAs (crRNAs) of the host. Except in type III, type I and II Crispr/Cas systems 
depend on protospacer adjacent motif (PAM) for introduction of protospacers 
(Marraffini and Sontheimer 2010). The second step involves expression of Cas 
proteins. The CRISPR sequence accommodating protospacers is then tran-
scribed to pre-crRNA and then processed to form crRNA. Mature crRNA now 
contains spacer sequence, which targets foreign genome, and crRNA sequence, 
which interacts with Cas proteins and other components of RNA (Deltcheva 
et al. 2011).

In type I class, CRISPR-associated complex for antiviral defense (Cascade) 
forms a complex with pre-crRNA and is then processed into crRNA via Cas6. The 
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matured crRNA guides the Cascade complex toward the target site and cleaves the 
foreign DNA by recruiting Cas3 (Makarova et al. 2011). The type III Crispr/Cas 
system also gets processed by Cas6, and matured crRNA then forms a complex with 
Csm and Cmr in type III A and III B systems, respectively. The subtypes type III A 
cleave the target DNA via Cas6 nuclease, and type III B cleaves the foreign RNA by 
Cas-crRNA ribonucleoprotein complex (Marraffini and Sontheimer 2008; Hale 
et al. 2009).

The chapter discusses the use of type II CRISPR system. It involves hybrid-
ization of trans-activating CRISPR RNA (tracrRNA) with crRNA sequence, to 
initiate the processing of crRNA, Cas9 binding, and cleavage of desired sequence 
via Cas9. Finally, third step involves targeting of Cas9 proteins via crRNA, 
causing destruction of foreign genome. The specificity of CRSIPR/Cas9 system 
is due to the presence of protospacer adjacent motif (PAM), found next to the 
target sequence in the foreign genome, to which crRNA binds (Mojica et  al. 
2009; Shah et al. 2013). The technique described is now manipulated for gene 
editing in numerous plant species too (Liang et  al. 2014; Brooks et  al. 2014; 
Zhang et al. 2016; Chilcoat et al. 2017). Initially, sgRNA targets Cas9 at a spe-
cific sequence forming a DSB and initiates DNA repair process via two different 
pathways: nonhomologous end joining (NHEJ) pathway, which causes gene 
knockout by inducing insertions or deletions (indels) at DSB, and homology-
directed repair (HDR) pathway, which provides an opportunity of gene replace-
ment at DSB through homologous recombination using donor template, thus 
creating gene specific mutation, deletion, or insertion (Rudin et  al. 1989; 
Choulika et al. 1995).

3 � Plant-Pathogen Interaction

A series of multiple events initiates during plant-pathogen interaction (Silva 
et al. 2018). Here, the type of interacting pathogen determines the recruitment of 
biomolecules. Bacteria involve II, III, and IV types of secretion system and pro-
mote the infection (Kamber et al. 2017). Generally, the defense system of plants 
recruits certain receptors which recognize target pathogens in extracellular 
regions and in cell cytoplasm (Dodds and Rathjen 2010). Trans-membrane pat-
tern recognition receptors (PRRs) present at the surface of the cell recognize 
specific microbes named as pathogen-associated molecular patterns (PAMPs) 
and pathogenic proteins delivered via apoplast, thus initiating PRR-triggered 
immunity (PTI) (Win et al. 2012). For the infection to spread, microbes have to 
make a suitable interaction to feed on nutrients of the hosts. The susceptibility 
(S) gene then supports infection by suppressing PTI, and the process is referred 
as effector triggered susceptibility (ETS) (Andersen et al. 2018).
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Fig. 1  A model presenting the defense mechanism in plants during infection. The defense signaling 
and PAMP/PTI responses are initiated by PAMP association via PRRs. Also, activation of ETI begins 
through R proteins. Expression of R and defense genes in response to PTI and ETI are regulated by 
upregulation or downregulation of certain transcription factors, hormones, reactive oxidation species 
(ROS), and hypersensitive reactions (HR). (The figure has been adapted and modified from Nejat 
et al. (2017) with the permission from Taylor & Francis with license number- 4980790305745)

To combat with effectors, plants commence second round of defense mechanism 
by resistance (R) genes. These genes in cytoplasm encode intracellular leucine-rich 
repeat-containing/NOD-like receptors (NLRs) along with nucleotide-binding 
domain and perceive pathogen effectors. This, in turn, triggers NLR/effector-
triggered immunity (NTI/ETI) and activates plant immune system (Dodds and 
Rathjen 2010; Thomma et  al. 2011). Figure  1 depicts a model of plant defense 
mechanism during infection. Therefore, by modifying the functional regions of S 
genes via genome editing approaches, desired mutants conferring pathogenic resis-
tance can be obtained (Yin and Qiu 2019). Similarly, R genes can be engineered to 
other susceptible plant varieties.
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4 � CRISPR/Cas9-Mediated Editing of S Genes

Jiang et al. (2013) reported a favorable expression of CRISPR/Cas9 in plants. The 
report presented three versions of Cas9/sgRNA system, delivered by polyethylene 
glycol (PEG) or Agrobacterium in Arabidopsis, tobacco, rice, and sorghum. On 
targeting the S genes, OsSWEET14 and OsSWEET11, at the promoter sites of bacte-
rial blight in rice via CRISPR/Cas9, showed mutagenesis. Thus, the experiment 
demonstrated the use of CRISPR/Cas9 genome editing tool in plants and other crop 
varieties.

Similar experiments employing CRISPR/Cas9 technology in wheat to induce 
mutations in S gene, TaMLO-A1, encoding Mildew Locus O (MLO) proteins, pre-
sented a surge in resistance to counter powdery mildew (Wang et al. 2014). Malnoy 
et al. (2016) also targeted S gene, MLO-7, via CRISPR/Cas9 ribonucleoproteins in 
protoplast cells of apple to increase resistance against fire blight.

Biotic factors possess a great impact in the production of citrus. Diseases caused 
by Xanthomonas citri ssp. citri (Xcc) and Candidatus Liberibacter asiaticus are the 
main causes of citrus canker and Huanglongbing (HLB), respectively (Jia et  al. 
2017). An S gene, CsLOB1, is responsible for citrus disease and is a part of lateral 
organ boundaries domain (LBD) family of transcription factors in plants. Xcc 
encodes transcription activator-like (TAL) effectors which interacts effector binding 
element (EBE) in the promoter region of CsLOB1 and induces the expression of 
susceptibility genes (Hu et al. 2014). Thus, EBE may act as a target gene for genetic 
engineering in inducing resistance against citrus canker. Jia et al. (2017) conducted 
the study incorporating CRISPR/Cas9 to alter CsLOB1 gene in Duncan grapefruit. 
Out of six transgenic lines, DLOB9 and DLOB10 resulted in the highest mutation rate 
of 89.36% and 88.79%, respectively. The results were then verified when pustules 
produced by Xcc did not show symptoms of canker in DLOB9 and DLOB10 transgenic 
lines. The study opened a new gateway to develop disease-resistant varieties of cit-
rus via CRISPR/Cas9 technology. Similar data presented in Table 1 comprises the 
list of CRISPR-mediated editing of genes associated with disease resistance against 
bacterial pathogen.

5 � Adoption of Wider Approaches to Improve Resistance 
in Plants

The development of new techniques made identification of desired genes and their 
modification easier, without harming the yield of the crops. Currently, advancement 
in the next-generation sequencing (NGS) has simplified the procedures of differen-
tial expressions of gene during plant-pathogen interaction (Buermans and Den 
Dunnen 2014). In silico studies involving transcriptome analysis of pathogen and 
plants provide a detailed interpretation of their pathogenic and immune responses 
(Mushtaq et al. 2019). The section elaborates role of phytohormones, RNAi, and 
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Table 1  Genome editing of target genes involved in disease resistance against bacterial pathogen 
via CRISPR/Cas9

Crop Gene targeted
Pathogen 
involved

Mutation 
induced Remarks References

Apple 
cultivar

DIPM-1, 
DIPM-2, 
DIPM-4

Erwinia 
amylovora

Indels Direct transfer of CRISPR/
Cas9 ribonucleoproteins 
(RNPs) in apple protoplast 
was achieved and targeted 
mutations obtained might 
provide resistance against fire 
blight

Malnoy 
et al. 
(2016)

Citrus 
sinensis

CsLOB1 Xanthomonas 
citri 
subspecies 
citri

Indels Mutation in the promoter 
region of CsLOB1 is 
necessary to develop 
resistance in plants

Jia et al. 
(2016)

Citrus 
sinensis

CsLOB1 Xanthomonas 
citri 
subspecies 
citri

Indels When inoculated with 
pustules, DLOB9 and DLOB10 
transgenic lines did not show 
symptoms of citrus canker

Jia et al. 
(2017)

Citrus 
sinensis

CsLOB1 Xanthomonas 
citri 
subspecies 
citri

Indels By editing promoter region 
of CsLOB1, four mutant 
lines obtained revealed an 
increase in resistance to 
canker disease

Peng et al. 
(2017)

Citrus 
sinensis

CsWRKY22 Xanthomonas 
citri 
subspecies 
citri

Indels Three mutant lines, W1, W2, 
and W3, showed mutation 
efficiency of 85.7%, 79.2%, 
and 68.2%, respectively. On 
evaluation of resistance, the 
susceptibility against 
bacterial canker declined in 
these plants

Wang et al. 
(2019a, b)

Oryza 
sativa

OsSWEET11, 
OsSWEET14

Xanthomonas 
oryzae

Indels Disruption of promoter of S 
gene was achieved

Jiang et al. 
(2013)

Oryza 
sativa

OsMPK5 Burkholderia 
glumae

Indels Mutation efficiency was 
estimated to be low. Also, 
off-target effects were 
imperfectly matched. These 
results did not bring light 
about resistance in rice

Xie and 
Yang 
(2013)

Oryza 
sativa

OsSWEET13 Xanthomonas 
oryzae pv. 
oryzae

Indels Gene profiling of strains 
revealed the induction of 
OsSWEET13 by X. oryzae 
and therefore support the 
basis that PthX02 targets 
OsSWEET13

Zhou et al. 
(2015)

Oryza 
sativa

Os8N3 Xanthomonas 
oryzae

Indels The homozygous mutants 
developed displayed 
enhanced resistance against 
Xoo

Kim et al. 
(2019)

(continued)
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other transgenic approaches of genome editing to enhance disease resistance 
in plants.

CRISPR/Cas9 system can be employed in increasing resistance by HDR-
mediated transfer of R genes to stress-responsive host plants. This approach results 
in gain-of-function mutation via CRISPR/Cas9 (Schenke and Cai 2020). The reports 
of Bonardi et al. (2011) and Wu et al. (2017) discussed that NLR genes work in 
pairs as helper NLR and sensor NLR in perceiving pathogen effectors. To improve 
resistance, transferring and expressing R genes in response to pathogen attack could 
give positive results. But due to limited knowledge of R genes, identification of 
helper NLR using Illumina sequencing was carried out, which provided detailed 
information of its function (Wang et  al. 2019a, b). Another alternative involves 
transfer of PRRs, as seen in Arabidopsis and tomato (Lacombe et  al. 2010), 
Arabidopsis and wheat (Schoonbeek et  al. 2015), and rice and banana (Tripathi 
et al. 2014). It is because of the conserved pathways of immune signaling between 
dicots and monocots (Holton et al. 2015).

6 � RNA Silencing

RNA silencing or RNA interference (RNAi) is mediated by a set of noncoding 
RNAs which protect plants from pathogenic infection by controlling the expres-
sion of genes. The mechanism of RNAi initiates with the production of small 
RNAs (sRNAs), with the help of proteins – Dicer-like (DCL), Argonaute (AGO), 
and RNA-dependent RNA polymerase (RDRs) enzyme (Baulcombe 2004; 
Vaucheret 2006). Here, DCL proteins produce sRNAs and integrate it into RISCs 
(Vaucheret 2008). AGO protein, than from a complex with RISCs, interacts with 
similar RNAs, regulates DNA methylation, and inhibits translational activities of 
mRNAs (Voinnet 2009). With the mentioned properties of RNAi, researchers 
proposed diverse roles of its genes, DCLs, AGOs, and RDRs in plant defenses 

Table 1  (continued)

Crop Gene targeted
Pathogen 
involved

Mutation 
induced Remarks References

Oryza 
sativa

OsSWEET11, 
OsSWEET13, 
OsSWEET14

Xanthomonas 
oryzae pv. 
oryzae

Indels Editing was confirmed by 
analyzing sequence of TALe 
genes in 63 different strains 
of Xoo, revealing multiple 
variants for SWEET13. Five 
mutations at promoter region 
were also introduced in rice 
lines. Paddy trails confirmed 
the broad-spectrum 
resistance in edited promoter 
region of SWEET

Oliva et al. 
(2019)
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(Xie et al. 2004; Cao et al. 2016; Wang et al. 2011; Katiyar-Agarwal et al. 2007; 
Jauvion et al. 2012).

The primary targets of RNAi system are viruses. Studies have shown a correlation 
in transcription of RNAi genes and virus inoculation in plants. The examples include 
upregulation of DCLs, RDRs, and AGOs by tomato yellow leaf curl virus (TYLCV) 
(Bai et al. 2012) and increased expression of RDR1, RDR2, and RDR3 by cucumber 
mosaic virus (CMV) in Salvia miltiorrhiza (Shao and Lu 2014). Findings revealed 
the role of RNAi in response to bacterial infections too. Reports submitted by 
Pumplin and Voinnet (2013) and Staiger et al. (2013) presented that during pathogen 
infection, multiple siRNAs and miRNAs were in tune with PTI and ETI. miR393 is 
one such transcription factor which confers antibacterial immunity with the help of 
AGO1 and AGO2, and both the proteins show some correlation with PTI and ETI 
(Zhang et al. 2011).

Wagh et al. (2016) tested an RNA silencing factor, RDR6, to understand its 
role in providing defense against bacterial pathogens. They conducted a study to 
test the expression of OsRDR6 during pathogen attack, and whether OsRDR6 
affects the susceptibility of disease when inoculated with bacterial pathogens 
using shl2-rol mutant. The result showed that the expression levels of OsRDR6, 
when induced by shl2-rol mutant, had more susceptibility than wild ones, thus 
suggesting its roles in defense responses. But some findings also revealed that 
certain plant viruses and bacterial effector proteins have evolved many counter-
defense systems to suppress RNAi machinery (Voinnet 2005; Navarro et  al. 
2008). Therefore, a constitutive expression of CRISPR/Cas9 system, targeting 
desired genes, can build an advanced immune system (Ji et al. 2015; Mushtaq 
et al. 2020).

7 � Phytohormones

We classify plant hormones as auxins, gibberellins (GA), abscisic acid (ABA), 
cytokinin (CK), ethylene (ET), jasmonates (JA), salicylic acid (SA), strigolac-
tones, and brassinosteroids. Among them, ABA is responsible in monitoring abi-
otic stress responses in plants (Lata and Prasad 2011), while SA, JA, and ET 
show response against pathogen infection (Bari and Jones 2009). Studies con-
ducted by Bari and Jones (2009), Navarro et  al. (2008), and Nishiyama et  al. 
(2013) provided the evidence for molecular crosstalk of these hormones with 
GAs, auxins, and CKs.

SA is believed to be associated during initial defense responses against biotro-
phic and hemi-biotrophic microbes (Loake and Grant 2007), while JA and ethylene 
show defense response against necrotrophic pathogens and insects eating herbivores 
(Wasternack and Hause 2013; Gamalero and Glick 2012). In response to pathogen 
attack, SA induces broad-spectrum resistance defined as systemic acquired resis-
tance (SAR) at the site of infection. The increasing levels of SA in infected tissues 
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induce pathogenesis-related (PR) genes. These genes encode numerous proteins 
having antimicrobial properties, thus increasing resistance against several patho-
gens (van Loon et al. 2006).

Similar changes in the level of JA were also observed during pathogen invasion 
(Wasternack and Hause 2013). Data from the reports by Lee et al. (2010) and Mizoi 
et  al. (2012) revealed that the members of the family APETALA2/ETHYLENE-
RESPONSIVE-FACTOR (AP2/ERF) are known to participate in JA-mediated stress 
responses. Further, a protein, JASMONATE-JIM-DOMAIN (JAZ), is known to play 
an important role in biotic and abiotic stresses. In its inactive form, it forms a com-
plex with JIN1/MYC2 and blocks regulation of JA-responsive genes, while, in the 
presence of JA, JA-Ile interacts with an F-box protein and degrades JAZ, permitting 
upregulation of JA-associated genes by myelocytomatosis (MYC36).

ET also plays distinct roles in activating defense responses (Bari and Jones 2009; 
Gamalero and Glick 2012). It can interact with the pathways of SA and JA and can 
upregulate or downregulate their expression to attain customized defense responses. 
ETHYLENE-RESPONSIVE-FACTOR1 (ERF1) is one such modulator of ethylene 
responses during infection (Berrocal-Lobo et  al. 2002). Solano et  al., in 1998, 
reported the regulation of ERF1 by EIN3, which consecutively monitors the expres-
sion of pathogen-related genes. Therefore, the experiment was conducted in which 
the ethylene-responsive genes were overexpressed in Arabidopsis. An enhanced 
expression of ERF1 was observed in Arabidopsis, when infected by B. cinerea, thus 
conferring resistance against necrotrophic pathogens. These findings suggest that 
manipulation of the mentioned genes by CRISPR/Cas9 editing tool can increase 
resistance against pathogens.

Rice suffers severe damage by fungus Magnaporthe oryzae (Dean et al. 2012; Liu 
et al. 2014). As mentioned that ERF performs a very imperative role in stress responses, 
CRISPR/Cas9-mediated knockout of ERF gene, OsERF922, was performed by Wang 
and colleagues in 2016a, b. Out of 50 T0 transgenic plants, 21 mutations were identi-
fied. The results showed a considerable decrease in the lesions, when homozygous 
mutant culture lines were compared with the wild ones. Consecutively, multiple sites 
in OsERF922 were also targeted by Cas9/multi-target sgRNAs to achieve desired 
mutations. The above results served as a base for further investigation. Solanum lyco-
persicum belongs to the family of Solanaceae and has one of the biggest turnovers in 
the market. Regardless of such economic value, pathogens such as Pseudomonas 
syringae and Xanthomonas spp. possess a major threat in their production (Schwartz 
et al. 2015). Zeilmaker et al. (2015) published in their paper that a single gene muta-
tion in DMR6 (Downy Mildew Resistance 6) linked with SA homeostasis resulted in 
production of resistant Arabidopsis plants. Therefore, the study employing CRISPR/
Cas9 system was conducted to modify SlDMR6-1 orthologue Solanum lycopersicum 
03g080190. Frameshift deletions and premature truncation introduced in SlDMR6-1 
showed resistance against pathogens as P. syringae, P. capsica, and some species of 
Xanthomonas (de Toledo Thomazella et al. 2016).
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Genomic studies showed upregulation of many transcription factors (TFs) 
during leaf senescence (Woo et al. 2016). WRKY is one such TF which plays an 
important role in senescence in leaves (Li et al. 2012). Guo et al. (2017) took 
WRKY75 for investigation to identify its role in regulating SA production and 
resistance against diseases. The CRISPR/Cas9-mediated genome editing was 
performed to generate mutant Arabidopsis wrky75 alleles, wrky75-c1, and 
wrky75-c2. This mutation created a premature stop codon. The results displayed 
a decrease in the level of SA, downregulation of expression in SA induction-
deficient 2 (SID2), and increased disease severity in the mutant cell lines, with 
respect to the wild ones, when infected with P. syringae pv tomato. Moreover, 
overexpression of Arabidopsis WRKY75 (WRKY75ox) using 35S promoter 
showed an increase in the levels of SA, upregulation in the expression of SID2, 
and enhanced resistance against P. syringae. The analysis also revealed a posi-
tive correlation of WRKY75 in disease resistance in Arabidopsis by altering SA 
levels (Guo, et al. 2017).

Among the Pseudomonas species, P. syringae pv tomato DC3000 (Pto 
DC3000) is considered as the main biological pathogen of bacterial speck in 
tomato (Blancard 2012). The early process of infection depends on either natural 
opening as stomata or any accidental wounds (Melotto et al. 2017). The opening/
closure of stomata is regulated by SA and ABA. Hence, they inhibit the entry of 
pathogens (Zeng and He 2010; Zhang et al. 2008; Melotto et al. 2006). As men-
tioned by Robert-Seilaniantz et al. (2011), SA positively regulates the resistance 
against biotrophic and hemi-biotrophic pathogens, whereas JA in association 
with ET provides resistance contrary to necrotrophic pathogens. Pto DC3000 
produces a mimic of JA-Ile (Fonseca et al. 2009), coronatine (COR), which stim-
ulates the opening of stomatal aperture and promotes bacterial colonization 
(Brooks et al. 2005; Laurie-Berry et al. 2006; Zheng et al. 2012; Melotto et al. 
2006). The study was conducted, reporting a solution by uncoupling the hostility 
between SA-JA pathways and producing tomatoes resistant to Pto DC3000. The 
functional analog of AtJAZ2 in tomato, SlJAZ2, was truncated via CRISPR/Cas9 
editing tool. Therefore, this gain-of-function mutation completely inhibited the 
reopening of stomata by COR, thus enhancing resistance against infection. Also, 
stomatal apertures were found to be normal at the time of transpiration in these 
edited plants (Ortigosa et al. 2019).

An experimental analysis done by Zhou et al. (2017) showed that the changes 
in level of expression of CsWRKY22 brought about by Xanthomonas citri subsp. 
citri (Xcc) in sensitive Newhall nucellar navel orange were higher when com-
pared to resistive calamondin, indicating a negative correlation of CsWRKY22 
with respect to citrus resistance from canker. Based on this research, CRISPR/
Cas9-mediated genome editing was performed, which targeted CsWRKY22 in 
Wanjincheng orange to enhance resistance against citrus canker. Four sgRNAs, 
targeting the first exon of CsWRKY22, were selected, and out of them, two 
sgRNAs revealed cleavage activities. Three out of seven transgenic lines, W-1, 
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Fig. 2  Development of non-transgenic plants by mutating target sites via CRISPR/Cas9 to engi-
neer resistance against pathogens. (a–d) During pathogen infection, plant induces defense 
responses, for example, cascade of MAP kinases, which causes activation of transcription factors 
and certain defense-responsive genes. (a) Frame shift mutation of S genes via NHEJ, during patho-
gen infection; (b) elimination of cis-element in the promoter region using NHEJ to inhibit the 
triggering of S genes in cis-element/TALE introduction via HDR, thus triggering the activation of 
defense genes; (c) blocking of cross-kingdom RNAi via HDR-mediated editing of pathogenic 
siRNA target sequence; (d) HDR-mediated editing of sequences to change amino acid residues 
needed by effectors for interaction, thus hindering further modifications. (The figure has been 
adapted and modified from Schenke and Cai (2020) with the permission from Elsevier with license 
number- 4980790799252)

W-2, and W-3, have mutation efficiencies of 85.7%, 79.2%, and 68.2% respec-
tively. Complete evaluation of mutated plants displayed a lower susceptibility 
toward citrus canker, thus indicating that genome modification via CRISPR/Cas9 
is proven to be the more effective tool for increasing resistance against bacterial 
pathogen (Wang et al. 2019a, b).

8 � Conclusions and Future Perspectives

With the advancement in the high-throughput sequencing mechanisms, the 
molecular pathways and their interaction can be easily elucidated. Therefore, 
the genome editing methods for increasing the resistance in plants against 
bacterial pathogens can be precisely applied. CRISPR/Cas9 editing tool has 
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proven to be the current and most successful genome-modifying tool, by 
inducing targeted mutations. The summarized work includes targeting the 
desired genes directly by involving S genes, indirectly by the phytohormones, 
and other methods of genome editing to increase resistance against biotic 
stress in plants.

Production of genetically modified (GM) crops has increased in Asia-Pacific 
countries. Data presented by Gupta et al. (2014) summarized an increase in the 
use GM events in Asia-Pacific regions, especially for animal feed and food pur-
poses. However, funding and showing the level of interest in research and devel-
opment by public sectors is comparatively low than certain private institutions, 
which automatically reduces the competitive skills of public institutions to pro-
duce and commercialize GM crops. Also, the safety issues concerning the regu-
lation of genome edited crops are still a subject of discussion and under 
evaluation in many European countries (Callaway 2018). The similar concern of 
regulation of GM products is also under evaluation by USDA regulatory part-
ners (Jaganathan et al. 2018). A shift toward non-transgenic mutations induced 
by CRISPR/Cas9 system can be a better approach for increasing resistance. The 
deletion or introduction of cis-elements in promoter regions of S or R genes, 
respectively, can lead to the increase in resistance, as presented in Fig. 2.

Works done by Oliva et al. (2019) and Jia et al. (2016) presented non-transgenic 
approach by targeting promoter regions of OsSWEET genes. The method also 
ensures that regular spacing of cis-elements in the promoter region will not get 
interrupted by indels. However, introducing new cis-elements in the promoter 
region of defense-responsive genes could be effective in initiating a response against 
new pathogens, as mentioned by Rivas and Genin (2011). With these advancements, 
the gap in the research for increasing resistance against bacterial pathogens in plants 
can be covered and non-transgenic methods might also fix the issues concerned with 
fitness costs in addition to GMOs.
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Improvement of Resistance in Plants 
Against Insect-Pests Using Genome Editing 
Tools

Sunaullah Bhat and Sandeep Kumar

Abstract  During growth period plants are subjected to both biotic and abiotic 
stresses. Like other biotic stresses, insect-pests are the most serious challenge for 
the plants particularly in yield losses. Genome editing techniques are becoming an 
emerging technology bringing real revolution in genetic engineering and biotech-
nology. Editing of targeted gene provides ways to elucidate extensive ranges of aims 
for the improvement, protection, and increased yield of various crops.

Researchers all over the world have unraveled the usage of numerous gene edit-
ing methods from endonuclease to CRISPR/Cas in various aspects of plants like 
plant growth and development, insect-pest control, and other biotic stresses. The 
key goal of this chapter is to highlight various techniques of genome editing 
approaches which can be used to develop resistance in plants against insect-pests. 
New crop-based methods that reiterate the effective utilization of these techniques 
in insect-pest management as well as plant in resistance against pests are high-
lighted. This chapter also highlights the implication of genome editing as well as 
framework for its specific regulation.

Keywords  Genome editing · CRISPR technology · Gene drive · Insect-pest 
management

1 � Introduction

In the present state where population is accelerating at high level and climate is 
fluctuating, the improvement in crop productivity is very much essential. In the 
twenty-first century, the agriculture faces several challenges from abiotic as well as 
biotic challenges. Among the biotic factors, insects are the prime cause of crop loss. 
Insects are accountable for the reduced yield resulting in low productivity. Insects 
cause widespread yield losses in economically important crops all over the world, 
despite control measures (Dhaliwal et  al. 2010; Tyagi et  al. 2020). Insect-pests, 
along with other biotic stressors such as weeds, are estimated to reduce crop yield 
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by 28 percent per year on a global scale (Ferry and Gatehouse 2010); therefore, 
development of insect-resistant varieties is the prime goal for breeders.

With the arrival of genetic engineering (Singer 1979) and plant biotechnology, 
pest management techniques have reached new horizons attaining numerous 
achievements. Various molecular techniques involving genetic mechanisms have 
been reported, and such studies have been reproduced to conduct in vitro experi-
ments. Long investigation in the molecular genetics and biochemistry of organ-
isms like bacteria and viruses allowed scientist to formulate new techniques of 
manipulating DNA with the help of various tools like vector for delivering DNA 
into the cell. Due to these techniques, not only transgenic microorganisms but 
genetic modifications of higher organisms like plants become possible (Nemudryi 
et  al. 2014). Crops with modified gene having insect resistance like (Bacillus 
thuringiensis, Bt-ICPs) and its implementation (Bt gene) through introgressive 
hybridization have shown a reliable impact on productivity of crops and the sus-
tainability of these techniques (Singh et  al. 2018). However, development of 
resistance in insect against the Cry-toxins has been a major challenge (Wang 
et al. 2016).

Mutations in the genes encoding the receptor molecules that distract with the 
interaction between the insect and the toxin molecule result in insect-pest resis-
tance. For prolonged efficacy against the insect-pests and to prevent resistance, chi-
meric toxins developed with the help of domain substitution and use of combinatorial 
ICPs (insecticidal crystal proteins) are also being exploited (Wang et al. 2016). An 
alternative to techniques is strategies aimed in silencing the selected gene like RNA 
interference (RNAi) involved in insect-pest feeding development which have also 
been formulated and evaluated for incorporation in crop improvement programs 
(Mamta & Rajam 2018).

Another approach is the cross-breeding of resistant (Arora and Sandhu 2017) 
and susceptible germplasm for the prevention of insect-pest. However, the lack of 
resistant gene pool and the incompatibility to breed in many crops minimize the 
possibility of breeding approaches for insect resistance. With the arrival of genom-
ics, the plant genome has been sequenced which opens new horizons for the crop 
improvement (Jackson et al. 2011). With the advancement of genomic knowledge 
and various cellular functions, the essentiality variations in sequences for particular 
traits were revealed (Rathinam et al. 2019). This leads to the development of next-
level biotechnological inventions called “genome editing” or “genome engineer-
ing.” This technique emerged as an interesting contribution that allows the alteration 
in the genome by editing (adding or deleting or modifying) a particular part of the 
DNA, providing chances for its utility in plants (Fig.  1) and animals (including 
humans). In the present scenario, where population is growing at an alarming rate 
and agriculture land is constricted day by day, increased load of insect-pest on crop 
genome editing would serve as the key technique to combat insect-pests (Razzaq 
et al. 2019; Vats et al. 2019). For this reason genome editing is called “new breeding 
technology.”

Presently several techniques are used for genome editing. Kim et  al. (1996) 
revealed for the first time that the protein domains like “zinc fingers” coupled with 
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Fig. 1  The workflow diagram for gene editing in plants

the FokI endonuclease domains act as the site-specific nucleases, zinc finger nucle-
ases (ZFNs), which divide the DNA in vitro study in firmly definite areas. These 
chimeric proteins have a linked structure, because the “zinc finger” domains recog-
nize one triplet codon. To edit genome of cell culture, this method becomes the base 
including model as well as non-model plants (Weeks et al. 2016).

Regular efforts of researchers in this field lead to the advancement of novel 
genome editing tools like TALENs (transcription activator-like effector nucleases) 
and CRISPR/Cas (clustered regularly interspaced short palindromic repeats). To 
design TALENs new protein for every target needs to be reengineered. However, the 
design technique has been simplified by creating the modules of repeat combina-
tions available that reduces importance of the cloning.

In contrast to TALENs, designing and usage of CRISPR are very simple. 
Such editing methodology when used properly for the manipulation of the 
genomes could resolve complex problems including the creation of mutant and 
transgenic plants (Hsu et  al. 2013; Zhang and Guo 2014). Further, chimeric 
protein containing zinc finger and activation domains of additional protein or 
having TALE DNA-binding domain and Cas9 nuclease were used to study the 
regulation of transcription, epigenomes, and behavior of chromosome during 
the cell cycle (Cong et al. 2013; Petolino and Davies 2013; Lowder et al. 2016). 
This chapter was written to highlight the important gene editing tools to be used 
in insect-pest control.

Improvement of Resistance in Plants Against Insect-Pests Using Genome Editing Tools



240

2 � Genome Editing for the Management of Insect-Pests

There are enormous scopes of biotechnology for the management of insect-pests to 
protect crops (Sun et al. 2017). These technologies vary from insect-pest resistant to 
transgenic hybridization (introgression) of new genes. The usage of genome editing 
in the development of insect-resistant crops has also been scarce. The most interest-
ing aspect of genome editing for the management of insect-pest has the benefit of 
modifying plants as well as insects. Some of the genome editing tools used in the 
field of pest management are as follows.

2.1 � Genome Editing to Diminish The Insect-Pests

In insect-pest management, the genome editing can be successfully done involv-
ing the strategy of modification of target insects and subsequently their release 
in the natural environment (McFarlane et al. 2018). Though Bt-technology has 
been used globally, the insect resistance developed against Bt insecticidal pro-
teins (ICPs) has been the chief anxiety. To escape such problems, researches are 
being done to engineer the receptor protein in such a way that resistance man-
agement can be effective. Successful evidence of genome editing in Helicoverpa 
armigera shows that cadherin receptors were knock down which were geneti-
cally associated with Cry1Ac toxin resistance (Wang et  al. 2016). This tech-
nique can be employed to modify the target sites in the midgut receptors which 
were responsible for the development of resistance against Bt ICPs. As insects 
possess specialized enzymes responsible for the detoxification (overcome 
chemical defense of plant), this technique can be employed for polyphagous 
insect-pest targeting their detoxification genes. Suppression of insecticidal 
detoxification genes such as gossypol-inducing cytochrome P450 can be uti-
lized in producing the susceptibility in harmful insects (Hafeez et  al. 2019); 
likewise, the knockdown of CYP6AE gene cluster (having a role to detoxify 
various phytochemicals) with the help of CRISPR/Cas9 (Fig. 2) in H. armigera 
revealed its reduced survival when exposed to botanical and insecticides (Wang 
et al. 2018) (Table 1).

Another technique to control the insect-pests utilizing genome editing tech-
niques is to disrupt the genes that facilitate the insects in chemoreception and 
identification of mating partners. Olfactory receptors (ORs) in insects are 
essential for the recognition of host plants as well as their mating partners. For 
example, in Drosophila having mutation in Or83b gene interrupts the capacity 
of site selection for egg laying and reduced its olfactory detection (Larsson 
et al. 2004). In a similar way, the Orco (olfactory receptor co-receptor) gene 
knockdown in Spodoptera litura utilizing CRISPR/Cas9 demonstrated inter-
ruption in identifying host plants and also disrupts its mating selection 
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Fig. 2  The Cas9 nuclease 
of DNA and sgRNA 
complex. (https://
commons.wikimedia.
org/w/index.
php?curid=62766587)

(Koutroumpa et  al. 2016). In insects, female releases chemicals (sex phero-
mones) to attract the male counterpart (Sun et al. 2017). Using CRISPR/Cas9-
based knockdown of the OR16 genes (odorant receptor 16) in H. armigera, 
males are unable to receive the pheromone signal form mature females, result-
ing in mating with immature females subsequently producing sterile eggs (Sun 
et al. 2017). Knockdown of OR16 receptor genes in lepidopteron pests may 
therefore be a new and effective approach to control mating time for pest man-
agement in the agricultural crops. Injecting Cas9 messenger RNA and Slabd-
A-specific single-guide RNA (sgRNA) into S. litura embryos efficiently 
caused the abd-A defective phenotype, which includes abnormal segmentation 
and ectopic coloration throughout the larval stage. The Cas9/sgRNA complex 
efficiently caused targeted mutagenesis in S. litura (Bi et  al. 2016). Some 
other examples of genome editing in insect are given in Table  2. Bemisia 
tabaci, an invasive agricultural pest, was investigated that using efficient 
ReMOT-based CRISPR-Cas9 transduces Cas9 RNP into the ovaries of females, 
leading to the development of innovative controlling switch economically 
devastating pest insect (Heu et al. 2020). Aedes aegypti, one of the devastating 
vectors for spreading viruses like dengue, can be controlled through the 
release of sterile males. Chen et al. (2021) utilized CRISPR/Cas9 to produce 
a null mutation in β2-tubulin (B2t) gene of A. aegypti, which abolishes male 
fertility. Zhu et  al. (2020) utilized CRISPR/Cas9 in Spodoptera frugiperda 
(fall armyworm), a serious polyphagous insect-pest. During this research they 
performed site-specific mutagenesis of three genes, two marker genes, and 
one developmental gene (biogenesis of lysosome-related organelles complex 
1 subunit 2, tryptophan 2, 3-dioxygenase) and E93 (key ecdysone-induced 
transcription factor that promotes adult development). Knockout mutation of 
α-6-nicotinic acetylcholine receptor (nAchR) with the help of CRISPR/Cas9 
in H. armigera and S. exigua that revealed α-6-nicotinic acetylcholine recep-
tor is the target site of insecticide like spinosyn (Zuo et al. 2020; Wang et al. 
2020). Some other such examples of genome editing in insect-pest manage-
ment are given in Table 2.
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Table 1  Comparison of various genome editing strategies

S.no Description
Genome editing strategy used

ReferencesZFN TALEN CRISPR/Cas9

1 Components Zn finger 
domains, 
nonspecific, FokI 
nuclease domain

TALE DNA-
binding domains, 
nonspecific, FokI 
nuclease domain

crRNA, Cas9 
proteins

Kumar and Jain 
(2015) and Sauer 
et al. (2016)

2 Catalytic 
Domain 
(enzyme)

Restriction 
endonuclease 
FokI, there is no 
catalytic domain

Restriction 
endonuclease 
FokI

RUVC and 
HNH

Chen et al. 
(2016)

3 Structural 
protein

Dimeric protein Dimeric protein 
in nature

Monomeric in 
nature

Sauer et al. 
(2016)

4 Length of 
target 
sequence (bp)

24–36 bp 24–59 bp 20–22 bp Chen et al. 
(2016)

5 Protein 
engineering 
steps

Required Required Should not be 
complex to test 
gRNA having 
20 nucleotides

Sauer et al. 
(2016)

6 Gene cloning Necessary Necessary Not necessary Weeks et al. 
(2016) and Sauer 
et al. (2016)

7 gRNA
production

Not applicable Not applicable Easy to 
produce

Cho et al. 
(2013), Noman 
et al. (2016) and 
Sauer et al. 
(2016)

8 Mode of 
action

Double-strand 
breaks in target

DNA double-
strand breaks in 
target DNA

Double-strand 
breaks or 
single-strand 
nicks in target 
DNA

Sauer et al. 
(2016)

9 Target 
recognition 
efficiency

High High High Gaj et al. (2013), 
Kumar and Jain 
(2015) and Sauer 
et al. (2016)

10 Mutation rate High Middle Low Li et al. (2016), 
Gaj et al. (2013) 
and Sauer et al. 
(2016)

11 Creation of 
large scale 
libraries

Impossible Technically 
difficult

Possible Hsu (2013), Cho 
et al. (2013) and 
Sauer et al. 
(2016)

(continued)
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Table 1  (continued)

S.no Description
Genome editing strategy used

ReferencesZFN TALEN CRISPR/Cas9

12 Multiplexing Difficult Difficult Possible Li et al. (2016), 
Mao et al. 
(2013), Noman 
et al. (2016) and 
Sauer et al. 
2016)

2.2 � Gene Drive Based on CRISPR in Insect 
for Crop Protection

CRISPR gene editing furnishes a “gene drive” that is powerful enough to spread 
the edited genes to transgenerational. In sexual reproducing organism, when one 
set of chromosomes has a gene drive, it dominates the partner genotype which 
drives the gene flow to be inherited with greater frequencies than expected by 
Mendelian inheritance (McFarlane et al. 2018). Such “super Mendelian inheri-
tance” enables these genes to be passed from one generation to another even 
though these diminish the fitness of the particular organism. This technique may 
completely eradicate a particular species after 15–20 generations if only few 
individuals with CRISPR-based gene drive are released into the environment for 
mating (McFarlane et al. 2018). This may lead to catastrophic change in the envi-
ronment due to the absence of a particular species by human intervention. An 
environmentally sustainable approach in this direction has to be followed to 
make genome editing techniques an effective way to target non-Mendelian genes 
and genes that do not undergo gene drive. Therefore, managing the resistance in 
insect-pest population by gene knockdown would be a more positive approach 
than those techniques aimed to target characters (traits) related to reproduction 
and developmental process in insect-pest, which might lead to ecological havoc 
(Tyagi et al. 2020).

2.3 � Genome Editing in Plant for Insect-Pest Management

Genome editing in plant for the pest control has been less explored. In this chap-
ter, we discuss the possibilities of targets that can be edited for sustainable insect-
pest management (Vats et al. 2019). Most insect-pests (especially polyphagous 
insects) identify host plants using plants’ visual appearance, volatile blends of 
plant, gustatory signs, and sites for the oviposition as these interactions are co-
evolved (Larsson et al. 2004). Insect-pest selects host plant for egg laying for the 
availability of preferred food to the young ones. Insect-pests recognize few vola-
tile blends of the host plant which direct it for egg laying. Researchers have 
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Table 2  Genome editing to diminish insect-pests

S. No
Target 
insect-pest Target gene

Editing 
technique Trait References

1 H. armigera OR16 (odorant 
receptor 16)

Gene 
knockout

Mating time and 
partner recognition

Sun et al. 
(2017)

2 H. armigera α-6-nicotinic 
acetylcholine 
receptor (nAchR)

Gene 
knockout

Resistance to an 
insecticide, spinosyn

Wang et al. 
(2020)

3 H. armigera CYP6AE gene 
cluster (P450 
genes)

Gene 
knockdown

Regulation of 
detoxification 
enzymes

Wang et al. 
(2018)

4 Bemisia tabaci Ovary-targeting 
peptide ligand 
“BtKV”

CRISPR-
Cas9

Transduced the 
ribonucleoprotein 
complex to the 
germline

Heu et al. 
(2020)

5 Spodoptera 
frugiperda

Biogenesis of 
lysosome-related 
organelles 
complex 1 
subunit 2

Knockout Mosaic translucent 
integument 
phenotype

Zhu et al. 
(2020)

Tryptophan 
2,3-dioxygenase

Olive eye color 
phenotype

E93 (multiple 
sgRNA method 
used to knock out 
the E93 gene in 
one generation)

Larval-pupal 
intermediate 
phenotype

6 S. litura Abdominal-A 
(Slabd-A) gene

Knockout Body segmentation 
and pigmentation

Bi et al. 
(2016)

7 S. littoralis Olfactory receptor 
co-receptor 
(Orco)

Gene 
knockout

Mating time and 
partner recognition

Koutroumpa 
et al. (2016)

8 S. exigua Ryanodine 
receptor

Substitution Regulation of 
cellular processes 
like muscle 
contraction, hormone 
secretion, gene 
transcription, cell 
proliferation, and 
neurotransmitter 
release

Zuo et al. 
(2017) and 
Zuo et al. 
(2020)

9 S. exigua α-6-Nicotinic 
acetylcholine 
receptor (nAchR)

Gene 
knockout

Resistance to an 
insecticide, spinosyn

Zuo et al. 
(2020)

10 Plutella 
xylostella

Abdominal-A Deletions & 
insertions

Identify and 
functionality of 
abdomen segments

Huang et al. 
(2016)

11 Drosophila 
melanogaster

Chitin synthase-1 Substitution Chitin biosynthesis Douris et al. 
(2016)

(continued)
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Table 2  (continued)

S. No
Target 
insect-pest Target gene

Editing 
technique Trait References

12 Drosophila 
melanogaster

Nicotinic 
acetylcholine 
receptor α 6

Substitution Nervous system Zimmer 
et al. (2016)

13 Drosophila 
suzukii

White (w) and sex 
lethal (Sxl) genes

Knockout Eye color and female 
development as well 
as X chromosome 
dosage compensation 
respectively

Scott et al. 
(2018)

14 Aedes aegypti Male-determining 
factor (M factor, 
Nix)

Knockout Sex determination Hall et al. 
(2015)

15 Aedes aegypti β2-tubulin (B2t) 
gene

CRISPR/
Cas9

Male fertility Chen et al. 
(2021)

16 Culex 
quinquefasciatus

CYP9M10 gene Knockout Cytochrome P450 
enzyme

Itokawa 
et al. (2016)

17 Anopheles 
gambiae

rDNA Knockout Sex-ratio distortion 
trait

Galizi et al. 
(2016)

18 Anopheles 
gambiae

AGAP005958, 
AGAP011377, 
AGAP007280

Knockout, 
Knock-in

Recessive female 
sterility phenotype 
upon disruption

Hammond 
et al. (2016)

19 Anopheles 
stephensi

Kynurenine 
hydroxylase

Knock-in Eye color phenotype Gantz et al. 
(2015)

20 Locusta 
migratoria

Odorant receptor 
co-receptor 
(Orco)gene

Knockout Roles of the odorant 
receptor pathway

Zhang et al. 
(2014)

21 Tribolium 
castaneum

E-cadherin gene, 
EGFP

Knock-out, 
Knock-in

CRISPR-mediated 
gene knockout of the 
Tribolium 
E-cadherin gene 
causes defects in 
dorsal closure

Gilles et al. 
(2015)

demonstrated that change in these volatile blends retracts the pest from host 
plant. Aphid infestation in plant leads to the release of Eβf (sesquiterpene hydro-
carbon (E)-β-farnesene) which attracts a parasitic wasp Diaeretiella rapae to 
control the population of aphids (Beale et  al. 2006). Therefore, changing the 
volatile blends of host plant through genome editing is an alternative technique 
to control insect-pest population. However, care should be taken as these modifi-
cations would not lead to catastrophic effect toward the beneficial insects such as 
pollinators.

Plants’ visual appearance plays an essential role to be recognized by the 
insect-pest. Changing the pigmentation of plant has been found to modify the 
insects’ preferences for the host plant. This phenomenon was studied in red leaf 
tobacco, a transgenic plant in which anthocyanin pathway was modified (Malone 
et  al. 2009). This report illustrated that overproduction of anthocyanin 
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pigmentation (red coloration) of leaves acts as a deterrent to S. litura and 
H. armigera. These investigations demonstrate that engineering pathway of 
anthocyanin is a possible method for CRISPR-based editing for insect-pest 
management.

Plants have devised numerous strategies to respond to the attack of biotic stress 
like insect-pest. The resistance gene (R gene) decodes the ability of plants to resist 
pest/disease (Rathinam et al. 2019); the susceptible gene (S gene) invites the stress. 
Editing genome of susceptible genes for developing plant resistance against insect-
pest is an emerging strategy. Insects rely on essential chemical communication from 
plants for their development, immunity, and behavior. This has been efficiently 
illustrated in rice. CRISPR/Cas9-based knockout of CYP71A1 gene encoding trypt-
amine 5-hydroxylase which is involved in the conversion of tryptamine to serotonin 
resulted in reduced growth of plant hopper. The research was hypothesized that 
serotonin, a neurotransmitter from plants, is vital for larval immunity and behavior 
(Lu et al. 2018).

3 � Future Studies

•	 Despite the effectiveness of genome editing in combating pathogens in economi-
cally valuable crops, their use in insect control has not been fully utilized. 
Researchers must exercise techniques for effective pest resistance in plants.

•	 Globally scientists need to give emphasis for the identification of resistance 
source (genes) which will serve as platform for insect-pest management.

•	 Widespread phenotyping and enhancement of the resistance gene pool are essen-
tial intimations that need to be addressed in the path-breaking manner.

4 � Conclusion

Genome editing techniques are becoming popular molecular methods for genomics, 
crop improvement, and crop protection. This tool is emerging as a method of choice 
in laboratories to illustrate the gene function and its translational usage. These are 
being used in diverse crop improvement and protection programs to mitigate abiotic 
and biotic stresses. Due to several attractive features like efficiency, simplicity, high 
specificity, and amenability to multiplexing CRISPR technologies, genome editing 
technologies described here are transforming the way crop breeding is done and 
provide protection of crop against pests which had developed resistance against 
chemical control.
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Applications of Gene Drive for Weeds 
and Pest Management Using CRISPR/
Cas9 System in Plants

Srividhya Venkataraman and Kathleen Hefferon

Abstract  Solutions to world hunger include addressing the challenge of agricul-
tural losses due to weeds and pests. New crop varieties which possess herbicide 
tolerance and pest resistance are required. Genome editing has proven to be an 
emerging technology which could successfully address these challenges in dozens 
of crop varieties. Gene drives, which enable new crop traits to be passed on to entire 
populations in the field, are also being explored for their ability to increase yield and 
combat food insecurity. In principle, gene drives offer great potential for controlling 
agricultural pests, insect vectors of disease, and weed management. This chapter 
thus describes the control of weeds and insect pests using gene drive technologies.

Keywords  CRISPR-Cas9 · Gene drive · Weed containment · Agricultural pests · 
Vector-borne disease

1 � Introduction

Losses in agricultural productivity due to damage by pests and weed management 
augment the goal of eradicating world poverty and hunger. New crop varieties 
which are pest resistant and tolerant to weeds could be a sustainably and environ-
mentally friendly approach. Often crops lack the gene pool necessary to support 
these properties, and as a result, farmers must rely on costly chemical inputs such as 
insecticides or herbicides to maintain high crop yields. New breeding technologies, 
such as genome editing using CRISPR-Cas9, could play a role in improving the 
gene pool of crops to address biotic stresses. In this system, a guide RNA (gRNA) 
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that is independently expressed guides the Cas9 endonuclease to its target site. The 
sequence specified by the gRNA can be changed to determine a particular crop trait.

Genome editing has been used as a tool in dozens of plants, including essential 
crops like wheat, rice, and maize. The potential of genome editing has enhanced the 
potential for generating crops with new agronomic traits that can assist in their 
resistance to pests and tolerance to herbicides.

Gene drive entails the basic concepts of genome editing so that new traits can be 
passed on to an entire population during reproduction. In principle, individual 
organisms with the requisite genotype could be engineered at the laboratory level 
and subsequently released into the field to disseminate this genotype among wild 
populations. The approach functions through distortion of segregation due to which 
the resulting heterozygotes spread a desired allele at greater than 50% frequency 
compared to that provided by Mendelian inheritance (Li et al. 2020). As an alterna-
tive, the genomes of insects have been modified to create gene drives or to counter-
act resistance to various insecticides (Bisht et  al. 2019). This chapter details the 
management of weeds and insect pests through the use of gene drive technologies.

2 � Weed Management Through the Use of Gene Drives

Weed containment is a complex and emerging problem concerned with the interac-
tion of natural-human systems in which it is challenging to apply simple fixes to 
contain the growth of invasive agricultural weeds. One rapidly advancing and highly 
critical issue is the widespread appearance of herbicide resistance (Gould et  al. 
2018). Another constraining issue is associated with the increasing growth of alien-
invasive weeds that are difficult to contain as they often emerge in unstable, obscure, 
and rugged areas where traditional management practices are not easy to implement 
(Epanchin-Niell et al. 2010).

The basic tenet of gene drives functions through suppression or sensitization of 
populations (Neve 2018). Suppression drives are practiced through targeting key 
traits such as fecundity, formulation, and persistence of the weeds. This results in 
minimal-input suppression of intrusive, extraneous weed species in agricultural 
lands and natural habitats (Webber et al. 2015).

As opposed to the suppression drives, sensitizing gene drives can be used to 
make a given weed population target to become susceptible to particular interven-
tion measures in order to achieve successful weed management. Weeds have widely 
acquired resistance to herbicides (Kreiner et al. 2018). A gene drive derived through 
endonucleases can mutate alleles coding for herbicide resistance and replace them 
with their wild-type equivalents that are herbicide susceptible, thus containing the 
weed population (Neve 2018).

Gene drive mechanisms applied to manage weed populations can preclude or 
eliminate many invasive weed species that challenge biodiversity or cause changes 
in pathogens responsible for destroying crops and spreading diseases. These gene 
drive systems can introduce new traits into existing populations and could protect 
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species of endangered plants or could even revive those that are extinct. 
Conventionally, small and declining species are genetically rescued by transplant-
ing a few of the genetically distinct immigrant plants into limited populations. The 
main function of such a strategy is to introduce favorable genetic traits into endan-
gered populations from a limited number of immigrant plants that are adapted more 
efficiently to the prevailing conditions. This leads to the augmentation of adaptive 
potential, while at the local level, this adaptive genetic variation is not overloaded 
(Whiteley et al. 2015; Tallmon et al. 2004).

In the USA, gene drives inhibiting the spread of the spotted knapweed Centaurea 
maculosa that is non-indigenous have been devised in order to enable the protection 
of the biodiversity of native plant species. The knapweed damages naturally occur-
ring ecosystems and leads to soil erosion. The unbridled dissemination of knapweed 
can be contained by means of gene drives formulated to suppress genes that deter-
mine the sex of this weed species in a methodology similar to the gene drives 
devised to control mosquito populations directed toward protecting humans from 
diseases transmitted by mosquitoes. Such a strategy could skew the sex ratio of the 
weed plants which can result in a population crash (Languin 2014). Notwithstanding, 
when compared with mosquitoes, the growth of the knapweed is slow and it is not 
yet apparent how factors such as the distance and frequency of pollen spread in the 
wild would affect the gene drive procedures (National Academies Press 2016). Yet 
another function afforded by gene drives in plant populations is the eradication of 
pigweed from arable fields. Pigweed has a rapid reproduction cycle and has estab-
lished resistance against the extensively used herbicide, glyphosate. This resistant 
state can be reversed back to sensitivity using the gene drive technology. 
Alternatively, a suppression gene drive can be used so as to bias pigweed sex ratio 
leading to the collapse of this weed population (National Academies Press 2016).

Recently, genome editing technology has become popular which when used in 
conjunction with gene drives can potentially eliminate weed species. Nevertheless, 
the major caveat in practicing gene drives toward containing or eliminating invasive 
weed species is that they necessarily require that the target plants reproduce sexu-
ally and have a rapid rate of reproduction. Moreover, gene drive measures would 
have to be employed repeatedly over a given course of time as the target plant popu-
lations undergo natural selection, thereby consequently losing the trait that was 
genetically introduced (Callaway 2017). Also, there could emerge a few plants in 
the target plant population that generate resistance to the gene drive resulting in the 
re-emergence of plants refractory to its future use.

Table 1 enlists some instances of resistance mechanisms detected in weeds 
against a few of the widely used herbicide classes. While the extensive use of herbi-
cides has diminished crop losses by and large, the problem of widespread herbicide 
resistance has increasingly emerged (Lucas et al. 2015; Ranson et al. 2011; Powles 
and Yu 2010). This is compounded by concerns regarding the impacts of herbicide 
applications on human health as well as off-target effects on the environment. 
Hence, this situation necessitates the adoption of alternative technologies for pest 
control. This calls for control of pest species using genome manipulation strategies 
to reduce their genetic fitness.
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3 � Natural Gene Drives

3.1 � Gene Drives That Occur at the Pre-gametic Phase

Gene drives taking place at the meiotic or pre-gametic phase operate by disrupting 
transmission ratios at the time of meiosis wherein gametes that harbor the drive 
allele possess enhanced likelihood of being generated (Lindholm et al. 2016). In 
plant systems, the meiotic drives defined thus far have developed molecular machin-
ery biasing chromosome segregation to the plant cell which eventually becomes the 
female gamete. This is called “female-based meiotic drive.” In almost all of the 
flowering plants, only a single product resulting from meiosis develops into a valid 
megaspore that will form the female gametocyte consisting of a fertile egg cell.

Contrarily, the remaining three meiosis products go through programmed cell 
death (Yang et al. 2010). Such genetic asymmetry at the time of meiosis enables the 
development of selfish genes as it indemnifies conflict between homologous chro-
mosomes for survival in the remaining single egg cell. In maize (Zea mays), there 
exists the Ab10 chromosome which is the selfish equivalent of the normal chromo-
some (N10). The Ab10 chromosome is responsible for the abnormal (Ab10) meiotic 
gene drive mechanism in maize and this has been well-studied. The Ab10 chromo-
some contains large sections of repetitive DNA called knobs, and these are present 
on the long arm of this chromosome. While mechanisms enabling the transmission 
bias are multifaceted (Dawe et al. 2018), these Ab10 knob structures distort trans-
mission by helping in the active movement of Ab10 to the fertile egg cell via meiotic 
spindles much before the N10 chromosomes. This leads to biased segregation of 
chromosome in which the Ab10 is conveyed to a majority (60–80%) of the progeny 
(Higgins et al. 2018).

In another example of natural gene drives, the centromere-associated distorter 
(D) locus present in Mimulus guttatus (monkey flower) has been well-studied 
(Fishman and Saunders 2008; Fishman and Willis 2005). This was initially detected 
by means of studies on non-Mendelian inheritance in hybrid plants generated from 
crosses between M. guttatus and its close relative M. nasutus. This gene locus D is 
equivalent to the Ab10 chromosome wherein it leads to the preferred transmittance 
of chromosomes containing the drive genetic element into the ovum in the course of 
female meiosis. Such skewed transmission generates progeny from heterospecific 
crosses, 98% of which contain the D locus. On the other hand, conspecific crosses 
result in 58% of the progeny carrying the D locus, a variation that could be attrib-
uted to the existence of suppressor genetic elements in M. guttatus (Fishman and 
Kelly 2015).

Among the selfish genetic material occurring in plant systems, the B chromo-
somes happen to be the most well-characterized. The B chromosomes are extra 
genetic elements that accrue in a non-Mendelian mode. They invoke detrimental 
outcomes on their host plants and have been shown to occur in more than a thousand 
flowering plant species (Burt and Trivers 2009; Jones 1995). The gene drive caused 
by the B chromosomes is enabled by several irregular meiotic and mitotic events 
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which distort transmission ratios, and the B chromosomes aggregate selfishly in the 
germline (Jones 1995, 2018). Also, the B chromosomes often achieve the drive by 
creating genetic asymmetries in the course of gametogenesis (significantly pollen 
mitosis) in a manner similar to the meiotic drives described above. The dynamics of 
B chromosome populations could be explained by the opposing factors of bias in 
segregation and deleterious consequences on the host plants. This is proven by the 
fact that when occurring at low copy numbers, the B chromosomes have only a few 
harmful effects but when accrued in plants, they reduce plant growth and fertility 
(Jones 1995). These cumulative deleterious effects could reduce the accretion of B 
chromosomes and maintain their frequencies in plant populations (Werren 2011). 
While the precise mechanisms accounting for losses of fitness are not yet deter-
mined, from a physiological angle, these harmful outcomes could simply reflect 
losses caused by replication and subsistence of nonessential DNA concerned with 
the aggregation of B chromosomes (Lynch and Marinov 2015).

In general, premeiotic gene drives are maintained at medium frequencies in most 
plant systems. Nevertheless, despite the advantage in transmission, there exists loss 
of fitness related with the transport of the drive element that could explain the sus-
tenance of polymorphisms and the deduction as to why these drives do not progress 
to fixation. In theory, the maize Ab10 system could attain a rate of transmission of 
83% in heterozygotes, while the observed empirical transmission rates exist at 
between 60% and 80% (Higgins et al. 2018). Notwithstanding, in populations of 
wild teosintes, the Ab10 is present only at low to medium frequencies (Kanizay 
et al. 2013) the reason for which is likely to be diminished viabilities of the pollen 
and the seeds in addition to the seed sizes in Ab10 homozygotes (Higgins et  al. 
2018). In a similar manner, the D locus of Mimulus canattain exhibits nearly 100% 
transmission rate arising from interspecific crosses, whereas in natural populations 
it segregates at 30–40% frequencies (Fishman and Kelly 2015), demonstrating sig-
nificant loss (20%) in fertility of pollen (Fishman and Saunders 2008) as well as 
reduced seed size (Fishman and Kelly 2015).

3.2 � Gene Drives Occurring at the Post-gametic Phase

When distortion in chromosome segregation causing gamete inviability occurs after 
meiosis completion, this is called post-gametic gene drive. To accomplish the post-
gametic drive, the drive allele must be able to distinguish between competing (self- 
versus non-self) meiotic products. Also, the drive allele must lead to inviability of 
the competing meiotic product (Bravo Núñez et al. 2018).

A majority of post-gametic drives in plants have been recognized by identifica-
tion of hybrid sterility subsequent to crosses among crops and their equivalent wild 
counterparts. Successive investigations of traits determining sterility have identified 
gene loci that skew allelic transmittance by operating as “gamete killers” (Endo 
2015). Several post-gametic gene drives described hitherto operate through a wide 
array of molecular processes. Several of them segregate in the form of a singular 
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locus possessing many genes that are tightly linked that in turn cause direct obstruc-
tion of gametes transporting non-self-alleles or execute the generation of a toxic 
gene element and its antidote (Sweigart et al. 2019). The Oryza sativa qHMS7 locus 
establishes gene drive by means of a poison-antidote mechanism that functions on 
male gametes (Yu et al. 2018). In the backcrossed hybrids of sativa/meridionalis, the 
pollen inheriting the meridionalis qHMS7 haplotype becomes infertile. Herein, the 
qHMS7 locus of sativa has the closely linked ORF2 gene coding for a pollen-
destroying toxin and the ORF3 gene that codes for an antidote molecule to the toxin 
encoded by ORF2. However, the qHMS7 locus of meridionalis codes for an ORF2-
encoded molecule that is nontoxic, and additionally this locus does not pos-
sess ORF3.

The kinetics of gamete destroyers among populations of plant species as yet 
remains largely obscure. In all of the systems elucidated thus far, post-gametic gene 
drive loci have been identified among species where the plant phenotype is revealed 
only through interspecific matings. Such an observation could simply reflect the 
capability of these loci to drive through plant species at high efficacy. This robust 
advantage in transmission caused by the destroying competing gametes could mean 
that theoretically they could happen to be stabilized in plant populations at a 
rapid rate.

However, this transmission advantage could be offset by losses, the most signifi-
cant of which is decreased fecundity which has potent ability to alter the post-
gametic drive population dynamics that destroy pollen (Knight et al. 2005). How 
these drawbacks can be surmounted using synthetic or constructed gene drives war-
rants further investigations concerning the function of selfish element progression in 
driving their development (Sweigart et al. 2019).

4 � Weed Control Using Indirect Genetic 
Engineering Programs

Agricultural practices such as selection of cultivars, breeding of plant, or crop germ-
plasm genetic engineering have been variously applied to bring about agricultural 
pest control. In this context, many crops and their wild populations code for genetic 
variations toward resistance to plant pathogens (Rudd et al. 2001) as well as insect 
pests (Panda and Khush 1995). Varieties of crops could show differences in their 
weed resistance (Lemerle et  al. 1996) and allelopathic potential (Belz 2007). 
Genetic traits that confer augmented resilience or even resistance against pathogens 
and pest species have been identified in modern crops, and these genetic traits can 
be re-instated via marker-enabled breeding as long as they do not result in negative 
agricultural and nutritional impacts. Moreover, modern agricultural practices have 
been directed by the emergence of transgenic crop technology that expresses inimi-
table herbicide as well as pest resistance gene traits in commercial crops (James 
2010). Thus, transgenic crops encoding herbicide resistance have revolutionized the 
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management of weed species by facilitating the use of non-selective, wide spectrum 
multitudes of herbicides toward control of weed populations (Duke 2015). 
Notwithstanding, despite some successful developments in this area, these crops do 
face significant hindrances in proliferating the respective engineered genes through 
widespread natural populations.

5 � Controlling Agricultural Pests Using Direct Genetic 
Engineering Programs

Gene drives contain selfish genetic elements that are effectually spread between 
plant species that reproduce sexually despite their capability to lower their fitness 
levels (Hammond et al. 2016; Esvelt et al. 2014). Hence, gene drives can convey 
genetic traits with greater efficacy than that predicted through inheritance in the 
conventional Mendelian fashion (Dance 2015; Esvelt et al. 2014). Gene drives to 
achieve pest control have been under active investigation for over 10 years thus far 
(Bax and Thresher 2009; Burt 2003; Curtis 1994; Burt and Koufopanou 2004; 
Spielman 1994; Davis et  al. 2000, 2001; Schliekelman et  al. 2005; Sinkins and 
Gould 2006). Nevertheless, in practice there exist several challenges in their imple-
mentation. The recent advent of the CRISPR/Cas9 genetic engineering technology 
has revolutionized that scenario.

6 � Weed Control Achieved Through the CRISPR/Cas9 
Gene Drives

Containing the growth of agricultural weed species through the CRISPR/Cas9 tech-
nology is greatly promising even though overcoming the huge seed production 
capacity and self-fertilizing life cycle of many weed species makes it highly chal-
lenging. As such, gene drive technologies are still in their inception but would most 
likely develop into productive species-specific, reliable tools to control pests subject 
to containment in the geographical perspective (Marshall and Akbari 2018). A sche-
matic representation of the CRISPR/Cas9 mechanism as applied toward weed man-
agement is detailed in Fig. 1.

The precept of weed population suppression employing the CRISPR/Cas9 tech-
nology rests with the presumption that these gene drives can be utilized to release 
and disperse a fitness load capable of circumscribing the installation, plenitude, 
dissemination, resilience, and effect of the weed populations. This could be achieved 
using genetic engineering technologies capable of targeting distinct genetic traits of 
the weed plants that determine their persistence, competence, seed dormancy, phe-
nology, and morphology (Neve 2018).
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Fig. 1  Control of agricultural weeds using the CRISPR/Cas9 gene drive system. After a success-
ful mating between wild-type weeds and the introduced genetically engineered weed species, 
plants containing the gene drive adaptation would be produced in their heterozygous state (a). 
Thereupon, the Cas9 nuclease led by the guide RNA would cleave the DNA present in the wild-
type chromosome at the precise recognition site (b). Consequently, this drive chromosome would 
act as template to repair the cleavage through homologous recombination. This would result in 
plants homozygous for the trait encoded by the gene drive (c). At the level of the plant population, 
weeds containing the engineered genetic drive (blue plants) would be released into the wild popu-
lation of the weed community (green plants) (d) and this drive would be propagated across several 
generations (e, f) till the phase at which weeds containing the gene drive allele would be predomi-
nant in this weed population. (Adapted from Neve 2018)

Nevertheless, this is constrained by our inadequate comprehension of the molec-
ular biology of the genetic traits in weeds. In spite of this, for instance, the Rht-1 
dwarfing homologues practiced in wheat breeding (Thomas 2017) could be recog-
nized in the analogous grass weed plants. If these genes can be disseminated across 
weed populations, they could diminish the competency of the weeds. In a similar 
manner, research conducted in weedy rice show the molecular causes of the devel-
oped genetic traits including seed shattering and seed dormancy that are involved 
with the endurance and dispersal of wild rice, thereby conveying one more molecu-
lar target for measures to diminish weed fitness in agroecosystems (Nadir et  al. 
2017). Additionally, meiotic gene drive strategies which distort the sex ratio of the 
weeds that are dioecious like the Amaranthus species could be utilized. Other 
molecular targets to diminish the reproduction and fecundity of plants could con-
centrate on genetic engineering techniques obstructing gametogenesis to inhibit the 
production of ovule or pollen, thereby resulting in the prevention and/or biases in 
gamete formation.

Weed genomics, an evolving genetic engineering field, has elucidated the impor-
tance of research into the molecular genetics of the “weediness” traits to compre-
hend the emergence of those traits, and this could function as a likely unique source 
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of genetic variability directed toward enhancement of crops (Ravet et  al. 2018). 
With the promise of curtailment of the weed populations through direct genetic 
intervention, these efforts convey more incentives if these gene drive schemes could 
be used to change or knock out weedy genetic traits among wild populations.

Considering gene drives that are sensitizing, suppression of the weed population 
does not depend on the drive element as such but instead is dependent on the ensu-
ing administration, the enforcement of which could be coordinated in space and 
time (Neve 2018). Due to the abovementioned advantage, sensitizing gene drives 
can be formulated to transmit engineered gene elements that do not have any intrin-
sic negative impacts on the fitness of the plants, thus allowing their dispersal but 
more significantly ensuring suppression of the population is under the control of 
distinct management measures. The most apparent purpose of these sensitizing 
gene drives toward weed management would be to restore populations that are 
herbicide-resistant back to susceptibility against the respective herbicide. 
Significantly, a majority of the herbicide targets are well-characterized wherein 
many mutations expressing resistance have been clearly defined (Powles and Yu 
2010), because of which this trait reversal is technically achievable.

Steering these susceptibility traits across populations of weeds to the level where 
efficacious suppression of formerly resistant populations can be attainable would 
nevertheless require many generations in the course of which the target herbicide 
cannot be utilized as it will destroy the plant species containing the very drive ele-
ments executing this reversal. Importantly, the major caveat is that any resistant 
weed plants despite occurring at lower frequencies in the weed populations conse-
quent to an efficacious drive event could cause rapid re-emergence of the resistance 
upon recommencing the use of the herbicide.

Carefully formulated resistance management techniques have to be adopted in 
order to manage the newly sensitive weed populations. Notwithstanding, this 
approach is problematic due to the fact that mechanisms driving the herbicide resis-
tance are determined by complicated, possibly polygenic systems wherein their 
genetic architecture is not yet completely elucidated (Delye et al. 2013).

By means of a combination of synthetic and structural biology along with syn-
thetic chemistry, sensitizing drives could be employed to modify essential, greatly 
conserved plant genes, thus sensitizing the plants to distinct herbicide categories 
(Esvelt et al. 2014). These edited plant genes would necessarily have to retain their 
regular enzymatic function to disseminate across populations. The above measures 
would enable design of particularly targeted chemical modifications while circum-
scribing any undesired non-target as well as environmental impacts.

Lately, technologies executing weed control by targeting and destroying mature 
weed seeds thus circumscribing seed bank replenishments are being used (Neve 
2018). Such approaches are dependent on the seed retention in plants at stage of 
maturity during crop harvest times in order to enable their segregation and destruc-
tion. In the case of the major annual grass weed Alopecurus myosuroides, prevalent 
in Northwest Europe, early shattering of the seeds limits the prospects of the above-
mentioned strategies. Gene drives designed to target the seed-shattering gene loci 
could be employed to facilitate seed retention on the parent weeds until the time of 
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crop harvest. Integration of this approach along with the harvest weed control mea-
sures could be performed as a new control methodology for this as well as other 
fractious weed species. Such a strategy is conceptually feasible since single-
nucleotide polymorphisms occurring within targeted genes have caused the disap-
pearance of the seed shattering trait during the course of domestication of rice 
(Konishi et al. 2006).

7 � Weed Gene Drives

There are several routes for agricultural weed management, the most significant of 
which are the sensitizing gene drives. Nevertheless, there are many constraints in 
the production of transformation systems toward weed control, in particular, those 
compatible with genome editing CRISPR/Cas9 technology as well as the recogni-
tion of ideal molecular targets. In this light, gene drives for weed control must be 
able to surmount barriers in the weed molecular genetics in addition to those exhib-
ited by ecological parameters and biology of populations. Therefore, the fruitful 
formulation and performance of gene drives is compellingly dependent on collabo-
rations between weed ecologists, molecular geneticists, and evolutionary biologists.

To achieve success in gene drives designed for weed management, the edited 
genes must spread through the weed populations at rates high enough to facilitate 
adequate population control within the constraints of a reasonable time frame. As 
predicted by modeling studies, nearly 10–20 generation times are necessary to dis-
seminate the edited genes so as to promote the fixation of a given trait in the natural 
weed populations, subject to repercussions in the fitness of the edited genes (i.e., 
selection coefficient) and conversion effectiveness of the CRISPR/Cas9-based tar-
geting and gene editing reactions (Unckless et al. 2017). In the light of the above, 
there is a compelling requirement to perform additional modeling investigations to 
recognize the full capability of gene drives as applied to agricultural weed 
containment.

Even as genome engineering has been by and large used as a molecular device 
for genetic enhancement of culturally and economically significant crop species, 
synthetic molecular tools for gene regulation of wild populations of plants have 
received relatively less attention (Barrett et al. 2019; Hay et al. 2010; Gould 2008; 
Neve 2018).

Gene drives contain selfish genes that can skew the segregation ratios during 
gamete development or meiosis (Burt and Trivers 2009). Hence, they can spread 
across populations while imposing high costs of fitness on their plant hosts 
(Lindholm et al. 2016). In theory, gene drives could be constructed to cause favor-
able genetic modifications in wild plant populations. The great promise of the use of 
gene drives was foreseen previously; however, the genetic engineering technologies 
needed to implement such drives did not exist before recent times.

Currently, novel insights into the CRISPR/Cas9 genome editing technologies 
have paved the way for genetically modifying plants (Webber et  al. 2015; Neve 

S. Venkataraman and K. Hefferon



263

2018). For the successful execution of a given gene drive, there has to exist synergy 
between intervention schemes developing at the genetic, molecular, cellular, organ-
ismic, and population levels. This is especially important while applying these gene 
drives to manage wild populations of plants, bearing in mind that plants exhibit a 
wide variety of DNA repair mechanisms, cytogenetic arrangements, and life 
histories.

Quickly driven novel, adaptive genetic variations in plants could improve fitness 
of plant populations by augmenting resistance to invasive pathogens and fluctua-
tions in the environment (Novak et al. 2018). Such adaptive strategies would aug-
ment the frequency of dispersal of the beneficial genes and will ensure the future 
viability of these populations by activating the adaptive genetic traits even before 
the appearance of the concerned threat. Yet, the main caveat of this approach is the 
obstacle in identifying genes coding for these adaptive genetic traits.

8 � Genetic Modification of Polyploids

Synthetic or artificial gene drives can moreover be formulated to work at reduced 
genomic levels. There are great challenges in the engineering of polyploid plant 
species because of the incidence of genome duplication as well as the occurrence of 
several homologous alleles. Hence, even while genome editing driven by the 
CRISPR/Cas9 mechanism has been engineered in various polyploid crop plants 
such as potato, strawberries, oilseed rape, and wheat, the outcome of such genetic 
manipulations is greatly variable ranging from the editing of only a single allele 
(Zhang et al. 2016; Andersson et al. 2017) through different assortments of homolo-
gous edited alleles (Wilson et al. 2019) to editing of all of the entire alleles in a 
genome (Braatz et al. 2017; Andersson et al. 2017; Zhang et al. 2016; Wilson et al. 
2019). This poses a great challenge as gene editing across all of the gene alleles 
could be necessary to engineer a desirable altered genetic trait in plant species that 
are polyploid. In this context, gene drives derived through endonuclease technolo-
gies could be very much useful to engineer polyploid species as long as they are 
constructed to drive the respective gene edits through all of the copies of the genes 
and homologous alleles in their genomes.

Modern synthetic gene drive measures employ the CRISPR/Cas9 technology or 
the synthetic toxin-antidote approaches (e.g., Webber et al. 2015; Neve 2018; Novak 
et al. 2018). Still, there exist many selfish gene elements appearing naturally with 
capability to distort the segregation ratios described in plants (Lindholm et al. 2016; 
Bravo Núñez et al. 2018). Understanding the mechanisms enabling the drive of such 
elements and determinants affecting the drive frequencies within populations can 
possibly bring to light ideal routes to design and execute these synthetic drive tech-
nologies. A comprehensive approach to mechanistically regulate various varieties 
of the drive elements (Bravo Núñez et al. 2018) is to recognize whether they disrupt 
the ratios of transmission prior to or following gametogenesis.
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In order to be effectual, gene drives should be conducted only in those popula-
tions undergoing sexual reproduction and having shortened generation times. 
Moreover, gene drive efficacy is determined by the target weed breeding structure, 
frequency of gene flow, and geographical distribution of the weeds (NASEM 2016). 
This implies that not all the weed species are suitable for population control by 
means of the gene drive technology. Additionally, there are several risks involved in 
the implementation of the gene drives.

9 � Risks of Weed Gene Drives

Gene drives have the potential to permanently change plant communities within a 
short period of time, and this could have beneficial or detrimental effects. On the 
negative side, this could lead to deterioration of current ecosystems which in turn 
can result in irreversibly harmful outcomes. Therefore, gene drives have to be prac-
ticed bearing in mind that all the concerned stakeholders worldwide are committed 
to mandatory social contracts.

Before contemplating the application of pest control gene drives, many impor-
tant issues have to be addressed (Medina 2018) such as the following: What are the 
ecological outcomes of the extinction of the respective pest species? How many of 
the pest species can we eliminate until we encounter severe negative outcomes? 
Who can determine which pest species deserve to become extinct? What moral 
issues are involved in doing away with the survival of a given pest species? Thus, 
risks encountered in practicing these gene drives globally would be very high and 
from this perspective could preclude their deployment.

10 � The Potential of Gene Drives to Reduce Vector-Borne 
Diseases (VBD)

Almost one fifth of all infectious diseases are primarily spread by vectors such as 
mosquitoes and ticks (de la Fuente et al. 2017). Dengue fever, Lyme disease, and 
Zika have routinely been found in warm, tropical climates; however, more recently 
they have been isolated in temperate regions such as Europe and North America 
(Tjaden et al. 2018). The reason for this shift in geography is in part due to interna-
tional trade, climate change, and globalization; together these are responsible for 
the emerging new threats (United Nations 2018).

Today, transmission of infectious diseases carried by mosquitoes can be aug-
mented by the use of protective clothing, improved sanitation, bed nets, improved 
water management, and insecticide sprays. However, insecticides can be costly and 
can create insect resistance, while protective clothing and bed nets are difficult to 
widely distribute (Rakotoson et  al. 2017). Global initiatives such as the World 
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Mosquito Program make use of Wolbachia, an endosymbiont bacterium that can 
disrupt disease transmission in biting insects (Curtis and Sinkins 1998). These natu-
ral gene drives could potentially control mosquito and tick populations in the future.

Modern gene drive technology makes it possible to limit the spread of diseases 
such as dengue, Zika, and malaria by controlling mosquito populations. Oxitec, a 
biotech company, has a mobile laboratory in Brazil and develops genetically engi-
neered mosquitoes with a gene added that prevents their offspring from reaching 
maturity. GM mosquitoes released into regions that include nearby urban areas can 
thus reduce diseases that are prevalent, such as chikungunya and dengue. The male 
mosquitoes contain a self-limiting gene that prevents their survival before they are 
mature enough to reproduce. The construct includes a reporter gene with a promoter 
under the control of tetracycline. When this antibiotic is included in the mosquitoes’ 
water, the self-limiting gene is inactivated. Within the lab, the mosquitoes can reach 
maturity and be released into the environment. Lab-grown males can mate with wild 
females, and since the offspring lack access to tetracycline, the self-limiting gene is 
activated, resulting in an early death. In 2016, Oxitec used this technology to reduce 
mosquito populations in the Cayman Islands by 60%.

As another example, Target Malaria uses a CRISPR-Cas9 gene drive strategy for 
specific species of mosquitoes that carry malaria. When gene drive males are 
released and mate with wild females, they will reduce the number of viable off-
spring. After multiple generations, most of the modified mosquitoes will be elimi-
nated from the population. The gene drive is so highly specific that it will not impact 
other mosquito species found within that ecosystem (McFarling 2017). Much work 
in this field continues to be explored (Carballar-Lejarazú et al. 2020; Simoni et al. 
2020; Williams et al. 2020).

11 � Using Gene Drive to Combat Lyme Disease

Tick-transmitted Lyme disease is created by Borrelia bacteria and can cause neuro-
logical problems to arthritis. Mice are the main reservoir of Borrelia. This microbe 
has a complex genome including multiple plasmids that create unique manifesta-
tions of the disease (Casjens et al. 2018). Gene drive mice that harbor immunity to 
Borrelia through production of an antibody is one way to block Lyme disease 
(Hammond et  al. 2016). Another, broader approach would be to immunize mice 
against a protein found in tick saliva. Unlike conventional vaccination, the immu-
nity could be passed on from one generation of mice to the next via gene drive 
(Enzmann 2018). By releasing gene drive mice into the wild in island communities 
such as Nantucket and Martha’s Island, where Lyme disease is highly prevalent, the 
short reproductive cycle of mice could spread immunity to this disease within a 
short time period (Bouchard 2017). Such a study is currently ongoing (Buchthal 
et al. 2019).
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12 � Other Examples of Gene Drives for Pest Management

To date, many other examples of gene drive for pest management have been studied. 
These have been implemented by insertion of gene drive technology into the insect 
pests themselves rather than the plants. Some of these include alterations in repro-
duction, pupae development, and flightlessness traits in Plutella xylostella, 
Cochliomyia hominivorax, Lucilia cuprina, Spodoptera litura, Bactrocera dorsalis, 
and Drosophila suzukii (Chen et al. 2019; Paulo et al. 2019; Bi et al. 2019; Zhao 
et al. 2019; Peng et al. 2015; Huang et al. 2017; Ahmed et al. 2019; Zheng et al. 2019).

Gene drives that focus on plant resistance to insect pests are also under develop-
ment. For example, Block et al. (2019) have shown that by altering maize terpenoid 
biosynthesis, it would be possible to increase insect resistance. This research is cur-
rently underway.

13 � Conclusions and Future Prospects

Gene drives undoubtedly present promise for use in controlling insect vectors of 
diseases and agricultural pests and for ecosystem conservation yet also come with 
potential risks such as unknown downstream effects or accidental or nefarious 
spread. A code of ethics may be one step toward the development and regulation of 
gene drives. This could be used to ensure that a balanced analysis of risks and ben-
efits is taken into consideration for each gene drive application. This has been 
accomplished with the work of Target Malaria, and this case could serve as an 
example of an effective introduction of gene drive technology to society. It is impor-
tant to remember that events such as the current COVID-19 pandemic can nega-
tively impact public trust. For example, a high number of vaccine-hesitant people 
have been fed misinformation and conspiracy theories. The role of science commu-
nication for the use of gene drive technology to combat some of our most pressing 
challenges in agriculture today will be paramount.
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Recent Trends in Targeting Genome 
Editing of Tomato for Abiotic and Biotic 
Stress Tolerance

S. Anil Kumar, Suman Kumar Kottam, M. Laxmi Narasu, 
and P. Hima Kumari

Abstract  Crop genetic modification is in high demand to address the environmen-
tal difficulties for agricultural sustainability, particularly in light of the current con-
dition of global climate change and a drop in the world food production/population 
rate ratio, which are both on the rise. Most of the times, breeding tomatoes for salt, 
drought, and fungal stresses is hampered due to polygenic inheritance, linkage drag, 
availability of limited information on resistance screening, and markers linked to 
quantitative trait loci (QTL). A revolutionary approach to crop improvement has 
recently been made possible by the development of clustered regularly interspaced 
short palindromic repeats (CRISPR) and clustered regularly interspaced short pal-
indromic repeats-associated (Cas) protein. The CRISPR-Cas9 technology is just 
precise, but also very efficient.

Keywords  CRISPR/Cas9 · Tomato · Abiotic stress · Biotic stress · Genome 
editing · Plant breeding

1 � Introduction

Tomatoes originally originated from South America and were considered as food in 
Mexico for the first time. In the sixteenth century, tomatoes were introduced in 
Europe and spread throughout the world after Spanish colonization. It belongs to 
the family Solanaceae, which includes more than 3000 species (Weese and Bohs 
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2007). An overview of the tomato history from cultivation to biopharming has been 
explained by Bergougnoux (2013). The term “tomato” originates from the Spanish 
word tomate. Tomatoes are also called “love apples” or “poor man’s orange.” 
Tomato has become a model organism for research purposes due to its ability to 
grow in a wide range of climatic conditions, short life span, photoperiod insensitiv-
ity, relatively smaller genome size of 950 Mb, absence of gene redundancy, ease of 
development of haploids, high self-fertilization and homozygosity, availability of 
wide array of mutants, and capacity for vegetative propagation by grafting 
(McCormick et al. 1986; Menda et al. 2004). Tomatoes were the first genetically 
modified crop to be used for commercialization in the USA (Bruening and 
Lyons 2000).

2 � Productivity and Total Acreage

After potatoes, tomato is the second most abundant and consumed vegetable. After 
maize, rice, wheat, potato, soybean, and cassava, it is the seventh most economic 
crop in the world. The cultivated land and its production are increasing day by day. 
Tomatoes are produced on a global scale in a quantity of around 186 million tons, 
and its cultivation is reported in 144 countries (FAOSTAT 2020). China is the pri-
mary producer, accounting for around one fourth of global supply, followed by 
India and the USA. While China ranks first with 50 million tons, India ranks second 
with 17.5  million tons, followed by the USA with 13.2  million tons, and then 
Turkey, Egypt, Iran, Italy, Brazil, and Spain. The estimated area used for tomato 
cultivation in India is about 8.7 lakh hectares.

3 � Diversification of Tomato

Tomatoes display extraordinary diversity in terms of physical characteristics and 
spatial location. It normally grows to a height of 1–3 m and has a delicate stem that 
frequently tumbles over the ground and creeps over adjacent plants. Branches are 
often sub-opposite to the inflorescence of the main cyme. In its natural environment, 
it grows as a perennial but as an annual in temperate regions (Müller 1940). 
Tomatoes are largely self-pollinating species; however, controlled hybridization is 
allowed. Tomatoes range in size from 5 mm for tom berries to 1–2 cm for cherry 
tomatoes to 10 cm or over for wild beefsteak tomatoes. Commercial tomatoes with 
a diameter of 5–6 cm are the most frequently cultivated. Tomatoes are applied in 
several ways, including beefsteak sandwiches, sauces and pastes, and salads. The 
most common tomatoes used in food industry and processing are “slicing” or 
“globe” tomatoes. While most varieties produce red fruits, a variety of cultivars also 
produce green, yellow, pink, orange, purple, black, and white fruits. The striped and 
variegated fruits are particularly remarkable. Tomato fruits appear in a range of 
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forms, including spherical, oblong-shaped, cylindrical, torpedo, and bell-shaped. 
The size and morphology of tomatoes cultivated in the field are associated with 
more than ten quantitative trait loci (QTLs) (Tanksley 2004). Tomatoes cultivated 
for processing sauces are typically elongated, measuring 7–9  cm in length and 
4–5 cm in diameter and are referred as plum tomatoes having less moisture. Tomato 
domestication began in Mexico in the nineteenth century and expanded globally. 
Domestication and breeding resulted in morphological and physiological changes 
with less genetic diversity due to artificial selection.

4 � Tomato Nutritional Value and Applications

Tomato has high impact on nutrition with low-calorific value and bears no choles-
terol. Nonetheless, they are an incredible source of various vital nutrients, β-carotene, 
γ-carotene, lycopene, ascorbic acid, and supplements rich in antioxidants such as 
folic acid and selenium. Tomato fruit contains 23 types of major and minor elements 
like carbon, oxygen, hydrogen, phosphorous, potassium, nitrogen, magnesium, cal-
cium, sulfur, copper, boron, iron, chlorine, molybdenum, manganese, and zinc 
(Table 1). Consumption of tomatoes and their related products reduces the risk of 
gastrointestinal and prostate cancer (Franceschi et  al. 1994; Giovannucci et  al. 
1995; Ali et al. 2021). Intake of lycopene suppresses cell proliferation and growth 
of cancer cells (Levy et al. 1995; Clinton 1998). Tomato consumptions reduce LDL 
cholesterol, homocysteine, platelet aggregation and protect against cardiovascular 
diseases (Willcox et al. 2003). Additionally, tomato inhibits breast, colorectal, cer-
vical, ovarian, pancreatic, and lung cancer. It is also used to keep glaucoma, arthri-
tis, sugar levels, and bronchitis at bay. Tomato has a total ORAC (oxygen radical 
absorbance capacity) of 367 μM TE/100gm. Tomatoes were often alluded to as 
“poor man’s oranges” owing to their high concentration of essential nutrients and 
their ability to treat a wide range of ailments.

5 � Factors Limiting Tomato Production

Plants need optimal environmental conditions for their growth and development. 
Due to their sedentary nature, plants are always confronted with various biotic and 
abiotic stresses during different developmental phases. The stress factors are inter-
related and cause a cascade of metabolic changes resulting in plant mortality 
(Rodriguez et al. 2005). These stresses cause osmotic changes in the cell, leading to 
the metabolic derailment of lower cellular activity, growth, and yield (Zhou et al. 
2011). Annually, biotic and abiotic stress factors reduce agricultural output up to 
50% (Wang et al. 2003; Oerke 2006). Plants sense and respond to biotic and abiotic 
stress factors in an intricate and coherent way (Atkinson and Urwin 2012). As a 
result, plants develop a variety of cascading interactions (Jones and Dangl 2006). 
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Table 1  Nutritional value of tomato (per 100 grams)

Type of 
nutrient Range References

Carbohydrates 4.5–6.0 g Ali et al. (2021), Elbadrawy and Sello (2016), Abdullahi et al. 
(2016), Navarro-Gonzalez et al. (2011), Quinet et al. (2019), 
Canene-Adams et al. (2005) and Salunkhe et al. (1974)

Protein 11–25 g
Lipid 3.6–5.0
Vitamin B9 15 μg
Niacin 9.7 mg
Vitamin B6 1.3–1.7 mg
Thiamin 0.04–0-9 mg
Vitamin A 833 IU
Vitamin C 11–85 IU
Vitamin E 15 mg
Vitamin K 98 μg
Sodium 57 mg
Potassium 18–1000 mg
Calcium 49–162 mg
Iron 1.5–6 mg
Zinc 0.17 mg
Phosphorus 174–380 mg
Carotene-β 449 μg
Carotene-α 101 μg
Lutein-
zeaxanthin

123 μg

Lycopene 2573 μg

Upon exposure to abiotic stress, several genes and gene products are induced, which 
help in ion homeostasis, stimulation of detoxifying enzymes, and formation of late 
embryogenesis abundant proteins. Numerous intracellular defense mechanisms are 
initiated in response to biotic stressors, culminating in the production of bactericidal 
and pathogenesis-related (PR) proteins (Yun et al. 1997; Veronese et al. 2003).

6 � Impact of Abiotic and Biotic Stress Factors

Abiotic stress is defined as the damage done to plants by nonliving factors in a spe-
cific environment. In many agricultural plants, abiotic stresses are the principal 
restrictions determining crop productivity and nutrient content (Salava et al. 2021). 
Abiotic stress includes salinity, drought, heat and cold, high light intensities includ-
ing UV, flooding, oxidative, metal, and nutrients (Kaplan et al. 2004; Havlin et al. 
2005; Chinnusamy et al. 2007; Parent et  al. 2008; Sanchez et al. 2008; Gill and 
Tuteja 2010). When plants are subjected to excessive high salinity and dehydration, 
osmotic stress takes place (Hasegawa et  al. 2000; Yamaguchi-Shinozaki and 
Shinozaki 2006). Salinity and drought are the two most significant abiotic stressors, 
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impacting 6% and 64% of the world’s cultivated area respectively (Cramer et al. 
2011). Salt and drought have a detrimental effect on plant growth, reproduction, 
phenotypic expression, water-nutrient ratios, photosynthesis, absorption, and respi-
ration. During salt and drought stresses, chemical or hormonal signals are sent from 
roots to leaves, leading to reduced leaf growth (Westgate et al. 1996).

The term “biotic stress” refers to the damage inflicted to plants by other living 
beings. Biotic stresses include bacterial, fungal, viral, insect, wounding, and her-
bivory (Selitrennikoff 2001; Kessler and Baldwin 2002; Poupard et  al. 2003; 
Anssour and Baldwin 2010). Biotic stress in tomato leads to significant loss of pro-
duction (Bai and Lindhout 2007). Tomatoes are the focus of almost 200 different 
diseases, including bacterial, fungal, viral, nematodes, and mycoplasma-like organ-
isms. In addition to these diseases, insect pests cause damage to crop by voracious 
feeding or by transmitting diseases. Insect pests include aphids, flea beetles, leaf 
miners, spider mites, fruit worm, budworm, stink bugs, and green house whiteflies. 
In most instances, tomato plants are invaded by a multitude of fungal pathogens, 
viz., Fusarium oxysporum and Alternaria solani, resulting in reduced yield and fruit 
quality.

7 � Plant Genome Editing

The ability to create genetic variation in crops is crucial for sustainable agriculture. 
Reverse genetics is enabled via genome editing using site-specific nucleases. 
Genome editing and experiments involving targeted gene insertion must be per-
formed efficiently and accurately. Targeted DNA double-strand breaks (DSBs) are 
introduced into the DNA strand using a synthetic nuclease, enabling the cellular 
DNA repair pathways to become activated (Bortesi and Fischer 2015). Non-
homologous end joining (NHEJ) and homologous recombination (HR) methods can 
be used to edit the genome. Random insertions and deletions (indels) can cause a 
gene to be knocked out by NHEJ in many cases. Strategies like upregulation of 
HR-related proteins or the introduction of negative selection markers from outside 
homologous regions of the inserted cassette to avoid random integration events 
from enduring can result in modest increases in gene targeting efficacy (Puchta and 
Fauser 2013). Genome editing accelerates plant breeding by allowing precise and 
predictable mutations to be introduced directly into an elite background, and the 
CRISPR/Cas9 method is particularly useful since many characteristics can be 
tweaked concurrently (Gao 2019). The volume of information about the CRISPR/
Cas9 system’s properties is currently acquired from research in mammalian species, 
and while it appears that most of the observations can be extrapolated, recent studies 
in plants are still essential to maintain that system properties are generalizable to 
various organisms.

Until 2013, zinc finger nucleases (ZFNs) and transcription activator-like effector 
nucleases (TALENS) were the predominant genome editing technologies. Both are 
fusion proteins composed of a customized DNA-binding domain linked to the 
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restriction enzyme FokI nonspecific nuclease domain, and they have been effec-
tively employed in a variety of species, including plants (Palpant and Dudzinski 
2013; Jankele and Svoboda 2014). The most cutting-edge technique for genome 
editing is centered on RNA-guided designed nucleases, which have already demon-
strated significant promise due to their accessibility, efficacy, and adaptability. The 
most extensively utilized system is Streptococcus pyogenes type II clustered regu-
larly interspaced short palindromic repeat (CRISPR)/Cas9 system (Jinek et  al. 
2012). CRISPR/Cas systems are components of bacteria’s and archaea’s adaptive 
immune systems, defending them from intruding nucleic acids such as viruses by 
cutting the foreign DNA in a sequence-dependent mechanism. Immunity is acquired 
by the incorporation of short segments of intruding DNA known as spacers between 
two adjoining repeats at the CRISPR locus’ distal end. The presence of a conserved 
protospacer-adjacent motif (PAM) downstream of the target sequence is a prerequi-
site for fragmentation, which is typically 5′-NGG-3′ but can also be NAG (Hsu et al. 
2003; Gasiunas et al. 2012; Jinek et al. 2012). Specificity is enabled from the “seed 
sequence” which must match between the RNA and target DNA around 12 nucleo-
tides upstream of the PAM. Using data from mammalian systems, an advanced in 
silico approach of the nuclear genome-wide analysis of eight noteworthy plant 
species (Arabidopsis, Oryza, Zea mays, Medicago truncatula, tomato, soybean, and 
Brachypodium distachyon) was performed to anticipate specific Grna spacers 
with the minimal possible of off-target cleavage (Xie et al. 2014).

8 � Genome Editing Tools for Biotic and Abiotic Stress 
in Tomato

ZFN, CRISPR/Cas, and cytidine base editor (CBE), a kind of DNA base editor, 
have all been applied to tomato (Fig.  1) for core genome editing technologies 
(Brooks et al. 2014; Hilioti et al. 2016; Shimatani et al. 2017; Xia et al. 2021). lZF3 
is a C2H2 zinc-finger protein transcription factor. Plant stress response/tolerance is 
mediated by zinc finger TFs.

Salt stress induces SlZF3 expression. SlZF3 RNAi silenced lines are sensitive to 
salt stress, but SlZF3 overexpression lines are not (Li et al. 2018). Multiplexed edit-
ing of SlHyPRP1 with CRISPR/Cas9 led to targeted deletions of its regulatory 
motif (s) and resulted in salt stress-tolerant events in grown tomato (Bao et  al. 
2015;  Tran et  al. 2021). Silenced GABA pathway genes such as SlGAD and 
SlGABA-T in tomato using a virus-induced gene silencing (VIGS) method resulted 
in enhanced salinity sensitivity, whereas SlSSADH demonstrated decreased salin-
ity sensitivity. Osmotic stress causes oxidative damage and forms excessive reac-
tive oxygen species (ROS), causing cell damage and tissue death. Osmotic stress 
activates the SNF1-related protein kinase2 (SnRK2) family of proteins, which are 
required for stress signaling. Plants with SnRK2.1 and SnRK2.2 overexpression 
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Fig. 1  Core genome editing methods used to study tomato plant

had lower tolerance to salt stress, whereas RNAi silenced lines had higher resis-
tance to salt stress (Yang et  al. 2015). The negative GA signaling regulator 
PROCERA (PRO) was effectively mutated in tomato using TALENs controlled by 
an estrogen-inducible promoter (Lor et  al. 2014). Veillet et  al. (2019) utilized 
Agrobacterium-mediated CRISPR/Cas9 gene transfer to efficiently change the cyti-
dine bases in the acetolactate synthase (ALS) gene and generated chlorsulfuron-
resistant tomato plants with 71% efficacy. Various phenotypic changes occurred in 
tomato plants due to the latest genome editing methods available currently are 
mentioned in Table 2.
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Table 2  List of genome editing methods for stress and phenotypic variations in tomato

Targeted gene
Genome editing 
tool used

Type of stress/mutation 
developed in tomato References

MYB12 CRISPR/Cas9 Fruit color change Deng et al. (2018), Yang 
et al. (2017) and Zhu 
et al. (2018)

SlNL33 RNAi Oxidative stress and 
bacterial resistance

Ye et al. (2019)

Hog1 RNAi Fungal resistance Pareek and Rajam (2017)
SlLBD40 CRISPR/Cas9 Dehydration Liu et al. (2020)
SlHZ24 RNAi Oxidative stress Hu et al. (2016)
JAZ2 CRISPR/Cas9 Viral resistance Ortigosa et al. (2019)
PROCERA CRISPR/Cas9 Heritable mutation Lor et al. (2014)
LeERF2 RNAi Chilling stress Zhang and Huang (2010)
LeCOLD1 RNAi Chilling stress Zhang et al. (2020)
SELF-PRUNING 
5G (SP5G)

CRISPR/Cas9 Early flowering and rapid 
yield with stunted growth of 
plants

Soyk et al. (2017)

SlARS1 Transposon DNA 
tagging

Salt and drought stress Campos et al. (2016)

SlAGL6 EMS mutagenesis Parthenocarpy due to early 
flowering

Klap et al. (2017)

SLPMR4 CRISPR/Cas9 Fungal resistance Santillan Martinez et al. 
(2020)

eIF4E1 CRISPR/Cas9 Viral resistance Yoon et al. (2020)
ALS CRISPR/Cas9 Herbicide resistance Danilo et al. (2019)
Ripening 
inhibitor (RIN)

CRISPR/Cas9 Induction of fruit ripening Ito et al. (2020)

ALC CRISPR/Cas9 Long shelf life Yu et al. (2017)
CLV3 CRISPR/Cas9 Increased fruit size and 

yield
Rodriguez-Leal et al. 
(2017)

SlDDB1, 
SlDET1, and 
SlCYC-B

Cytosine base 
editor

Enhanced pigments content Hunziker et al. (2020)

SlSR1 Viral-induced gene 
silencing (VIGS)

Bacterial resistance and 
drought stress

Liu et al. (2014)

SIAMI RNAi Salt and oxidative stress AbuQamar et al. (2009)

9 � Conclusion

Stress-resistant agricultural crops are needed to feed a growing global population 
and diminishing natural resources. In traditional breeding, crosses are frequently 
made between superior cultivar lines or between superior cultivar lines and wild 
species or near relatives. Based on the compatibility and complexity of the parents, 
it takes 5–7  years to generate a new cultivar from an established cultivar and 
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therefore more than a decade from a wild species. Introducing new genes with 
genome editing techniques can generate transgenic crops that are resistant to diverse 
environmental challenges.
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Biosafety Issue Related to Genome Editing 
in Plants Using CRISPR-Cas9

Ramesh Katam, Fatemeh Hasanvand, Vinson Teniyah, Jessi Noel, 
and Virginia Gottschalk

Abstract  Genetic modification of plants was in practice long before establishing 
the genetic paradigm. In their quest to attain superior plants, humans continually 
modified plants through selection and mutation in plant breeding. Genome editing 
based on clustered, regularly interspaced short palindromic repeats and associated 
protein 9 (CRISPR-Cas9) has played a lead role in crop development. With the 
adaptation of technologies, CRISPR is now known as the most versatile genome 
editing tool, revolutionizing plant breeding with broad applications in genetic 
manipulations of crops with unparalleled simplicity, precision, and superior profi-
ciency. While the system has potential for food products to accommodate an expo-
nentially growing world population, there have been increased concerns of 
methodologies and biosafety of the engineered products for consumption for 
humans and other living organisms. Here, we provide a fully comprehensive analy-
sis of the patent, ethics, and biosafety regulation concerning the application of 
CRISPR technology in plant systems. We focused on the precautions taken by the 
scientific communities to address the several biosafety and ethical issues raised by 
various governments across the globe. We also highlight this technology’s patent, 
ethical issues, and regulatory frameworks founded by multiple nations to regulate 
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CRISPR-Cas-modified organisms/products. This review presents the current regu-
latory framework and ethical barriers that may impact technology implementation 
and recognition and additionally discussed in the viewpoint for an alternative regu-
latory system that matches the scientific progress.

Keywords  CRISPR-Cas9 · Bioethics · Biosafety · Agriculture · Genome editing

1 � Introduction

Decades of practicing traditional plant breeding attenuated food scarcity efforts. 
However, they created limited genetic diversity among agriculture crops. Due to an 
expanding population, the current agriculture productivity and yield potential model 
cannot meet the increased demand for food (Ray et  al. 2013). Thus, improving 
desirable traits such as yield and tolerance to abiotic and biotic stresses in crops and 
horticultural plants must be implemented in modern biotechnological tools. In the 
past years, with the looming of a genomic sequence, plant breeding witnessed sev-
eral advances in technologies contributing to exponential growth in agriculture 
research. Despite advances toward food security and sustainability, crops continue 
to  face several yield losses provoked by the varying climatic conditions that 
have caused several abiotic stresses. Researchers have been using speed breeding, 
genome editing tools, and high-throughput phenotyping to increase crop quality and 
productivity (Raza et al. 2019). Recent developments in genome editing technology, 
using programmable nucleases, clustered regularly interspaced short palindromic 
patterns (CRISPR), and CRISPR-associated (Cas) proteins have opened an oppor-
tunity to a new era of breeding technology. Various genome editing techniques have 
been adopted to address the heightened demand for food in the future. However, 
these technologies have come with some challenges, such as their specificity and 
sensitivity, off-target effects, and technique expertise, thus raising the concern for 
biosafety to humans and other host systems.

2 � Genome Editing and CRISPR-Cas9

The systematic genome editing methods use four endonucleases: (i) zinc finger 
nucleases, (ii) transcription activator-like effector nucleases (TALENs), (iii) the 
combination, CRISPR-Cas9, and (iv) orthologs for plant genome editing (Bao et al. 
2019; El-Mounadi et al. 2020). TALENs and ZFNs are used less due to their design 
complexity, limitation on multiplexed mutations, and transfection inefficiency 
(Doudna and Charpentier 2014). The CRISPR-Cas system is currently the most 
prospective genome editing technology used worldwide, known for its efficiency 
and precision (Fig. 1).

R. Katam et al.



291

Fig. 1  CRISPR-Cas9 mode of action and the components involved in the genome editing

The CRISPR-Cas system, first discovered in prokaryotes, is widely used in 
archaea and in several prokaryotes to provide resistance to plasmids and bacterio-
phages (Ayanoğlu et al. 2020). The CRISPR sequences are short DNA repetitions of 
viral or plasmid origin, defined as clustered regularly interspaced short palindromic 
repeats. Their purpose is to attain catalytic inactivation of the Cas9-associated 
“effector domain” by substituting the Cas9 protein. These effector complexes differ 
widely, and based on their complexity, six types of CRISPR-Cas systems have been 
discovered and grouped as Type II classes (Makarova et al. 2018).

Currently, the Type II CRISPR-Cas9 serves as a means for genetic engineering, in 
which specific Cas protein targets binding and cleavage. Their effector machinery is 
comparatively simple to adopt; hence, it has become an impactful tool for genome 
manipulation for application in prokaryotic and eukaryotic cells. A particular tech-
nique is used to precisely edit a single base pair in the genome without introducing 
double-strand breaks (DSB) using engineered Cas9-based editors. This system func-
tions as an RNA-guided endonuclease enzyme that cleaves DNA and generates DSB 
(Fig. 2). The system is composed of Cas9, a single-guide RNA (sgRNA), and trans-
activating CRISPR RNA (tracrRNA), which are RNA structures crucial for the assem-
bly of the effector complex and DNA recognition (Globus and Qimron 2018).

CRISPR-Cas system aids in the shield and the attainment of invading nucleo-
tides. The CRISPR array comprises conserved domains known as direct repeats and 
embedded variable sequences with the same length as “spacers.” The CRISPR array 
helps to recall the invader specified line by detecting and severing foreign nucleo-
tides (Wang et al. 2019). Cas9 needs a specific protospacer adjoining motif (PAM) 
localized on the non-target DNA strand downstream of the target DNA sequence. 
Further adaptation of the Cas9 enables manipulation of the methyl groups at spe-
cific positions on the DNA, thus allowing researchers to assess how these alterations 
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Fig. 2  General method of plant genome editing and their applications of crop improvement

affect gene expression (Cribbs and Perera 2017). More recently, CRISPR-Cas9 has 
been used to turn cells into programmable computers, where researchers have engi-
neered molecular switches to control cell fate to enable conditional behaviors (Fu 
et  al. 2014). The goal of deletion is frequently to eliminate or change the gene 
expression, providing the crop with added resistance to the contagious agent 
(Agapito-Tenfen et al. 2018). This example proves the adaptability of the CRISPR-
Cas9 system in producing essential research tools in vitro.

3 � CRISPR Technology for Crop Improvement

Successful genetic transformations have been achieved using CRISPR-Cas9 for 
enhanced nutritional value, biotic and abiotic tolerance, immunity metabolic path-
ways, resistance to biotic or abiotic stresses, and herbicide resistance in major crops 
(Fig. 3). Several crops are altered employing gene-editing techniques to eliminate 
the objective genes for either knocking out or modifying the gene functions. These 
crops thus have altered genetic composition without integrating transgene DNA into 
the genome of these plants (Ricroch et al. 2017). Various plant species and over a 
hundred genes have been subjected to successful editing with CRISPR/Cas9 creat-
ing many desirable traits insignificant crops, as summarized in the Table  1. For 
several crop plants, practices have been created to separate the protoplast to be 
transfected with cassettes carrying the CRISPR-Cas9 that serves genome editing 
(El-Mounadi et al. 2020).
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Fig. 3  CRISPR genome editing advancements in plant advances in agriculture and horticulture 
crop productivity using CRISPR genome editing technology

4 � Biosafety Concerns to Humans

Although the CRISPR-Cas system allows manipulating genomic DNA effectively, 
this raises many ethical, political, and scientific concerns (Lyon 2017). It has 
become imperative to elucidate concepts and foster discussion among all involved 
stakeholders to articulate an optimal, ethical, and legal framework. An international 
panel of genetics groups has weighed in on some of the ethical and scientific impli-
cations facing the clinical practice of gene editing. Despite the technological 
advancement in gene editing, there are several challenges of CRISPR-Cas9 associ-
ated with germline gene therapy, particularly the validation of the technology and 
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ethical concerns (Liang et  al. 2021; Ayanoglu et  al., 2020). Although CRISPR 
genome editing has been commonly applied in several crops, the technology suffers 
largely from low stability. Concerns about the CRISPR-Cas9 technology are related 
to Cas9 protein, which induced immunogenic side effects when delivered by the 
adeno-associated virus in mice.

A fundamental feature is a distinction between genetically modified, transgenic, 
and genome-edited plants (Eckerstorfer et al. 2019a, b). Genome-edited plants are 
essentially not transgenic. If the transgene carrying the CRISPR-Cas9 cassette is 
removed by gene segregation, it will be classified as non-transgenic. Prior to the 
development of genome editing, humans were already exposed to Cas9 proteins in 
their food and environment (El-Mounadi et al. 2020). CRISPR-induced selection of 
mutant cells may also occur in other species, as the CRISPR edits often occur in 
genes related to cell cycle arrest and DNA repair (Agapito-Tenfen et  al. 2018). 
Thus, to correct and deter the spread of misconceptions, teaching the public the 
principles of genome editing is vital to prevent the spread of falsehoods.

4.1 � Delivery of CRISPR-Cas Technology 
and Biosafety Concerns

We project that the focal point of apprehensiveness of CRISPR-Cas is off-target 
editing. Genome editing is considered a complex methodology that occurs through 
the subsequent process of trait segregation by way of breeding selection, to obtain a 
desired plant genome edit that allows for detecting and evaluating off-target edits, 
which can inhibit unnecessary downstream phenotypic effects. Gene editing with 
ZFNs has demonstrated high frequencies of off-target edits and high toxicity due to 
their low affinity and low specificity (Zhao and Wolt 2017).

4.1.1 � Off-Targets and Their Effects

Any alteration of the genetic architecture that is not specific could lead to unin-
tended effects (Ladics et al. 2015). Different genome editing methods exhibit differ-
ent levels of precision, hence exhibiting levels of unintended genetic modifications, 
generally referred to as off-target effects (Li et al. 2019). CRISPR/Cas9 technology 
claims high precision and none too low off-target activity (Feng et al. 2018). 
However, off-target action does occur in organisms and plants (Braatz et al. 2017; 
Anderson et al. 2018).

Off-target activity depends on the frequency of homologous sequences in the 
genome, type, and expression level of nuclease (Yee 2016). Off-target editing can 
cause chromosomal relocations and other mutations, such as integrating DNA mis-
matches into the PAM-distal position of the sgRNA sequence (Ghosh et al. 2019). 
There are some risks associated with downstream attributes of the phenotype 
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derived from genome editing that may be ascribed to unintended changes in the 
genome: cas9 protein bind and cleave DNA at off-target sites. Unfortunately, 
CRISPR-Cas9 tolerates a certain degree of mismatches between the sgRNA and the 
target, leading to off-target editing. Some collateral effects of CRISPR-Cas 9 use 
can also be attributed to the delivery vectors (Globus and Qimron 2018).

4.1.2 � Players to Reduce the Off-Target Activity

Off-target editing produces fewer genetic differences than radiation mutagenesis 
through Agrobacterium-mediated transformation (Anderson et  al. 2016). Plant 
genome editing demonstrates that the prevalence of relatively low off-target 
mutation is due to CRISPR editing. Studies imply that off-target outcomes of the 
CRISPR-Cas system in plants are infrequent, with undetectable or few low-
frequency off-target mutations (Feng et  al. 2018). Some unexpected off-target 
editing by CRISPR-Cas9 was reported in Arabidopsis thaliana (Zhang et  al. 
2018) and a rare off-target change in cotton plants (Li et al. 2019); hence, an in-
depth research is focused on reducing off-target editing, specifically in human 
genome editing (Manghwar et al. 2020). In the efforts to reduce off-target activ-
ity, gRNA design, including RNA to DNA nucleotide replacements (Yin et  al. 
2018), length and composition of gRNA binding domain (Cho et  al. 2014), as 
well as mismatches between gRNA and target DNA (Fu et al. 2014), there are 
molecular diagnostic tools to trace an off-target cutting (Duensing et al. 2018); 
this plays a crucial role in mitigating the adverse effects of off-target activity 
(Agapito-Tenfen et al. 2018).

The PAM (protospacer adjacent motif) sequence and its immediate upstream and 
downstream nucleotides, GC content of the gRNA, and epigenetics and chromatin 
structure of the target all engage in prospective roles in off-target activity. One or 
two mismatches within the seed sequence of the sgRNA in the PAM proximal 
region will also produce higher numbers of off-target edits. Many sgRNA design 
tools assist with the identification of specific sgRNA sequences to improve targeting 
and reduce off-target effects. A modified Cas9 nuclease with less stringent require-
ments for matching a typical protospacer adjacent motif (PAM) unexpectedly dis-
plays a higher overall specificity (Hu et al. 2018). The use of truncated sgRNA of 17 
or 18 nt with a shortened 5′-end was shown to decrease undesired mutagenic effects 
at off-target sites in mammalian cell systems without sacrificing on-target genome 
editing efficiencies. In plants, condensed sgRNA in a CRISPR/Cas9 system as a 
constitutive promoter demonstrated high on-target mutation rates with no off-target 
effects identified (Hajiahmadi et al. 2019). In addition, merging truncated sgRNAs 
with pairs of Cas9 nickase led to further reductions in off-target mutations (Zhao 
and Wolt 2017).
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5 � Role of Specificity of Genome Editing on Limiting 
the Off-Target Activity

Specificity is an integral part of efficient genome editing, mainly when used as a 
tool for GMO production, which merit strict regulation. There are concerns about 
the specificity of Cas9 and the targeted sites due to PAM requirements (El-Mounadi 
et al. 2020).

Restrict the off-target activity of SDN-mediated genome editing by:

	1.	 Selecting suitable developers and applying high-level specificity
	2.	 Choosing the exact genomic target sequence, e.g., determining target sequences 

that display a low homology to other genomic sequences

5.1 � Preventing Off-Target Mutations

Targeted phenotypical assessment is used to determine the significance of the unin-
tentional effects and modify the current principles for risk assessment founded 
for GMOs.

6 � Identification of Potential Off-Target Activity

In vitro techniques are there to help detect positions of potential off-target activity 
in the genome:

Genome-wide, unbiased identification of DSBs enabled by sequencing (GUIDE-
seq), high-throughput genomic translocation sequencing (HTGTS), breaks label-
ing, enrichments on streptavidin and next-generation sequencing (BLESS), and 
digested genome sequencing (Digenome-seq) provide unbiased whole-genome 
screens for such sites.

7 � Less Risky Vector Applications

In higher plants, the traditional Agrobacterium-mediated plasmid delivery system 
successfully distributes genome editing reagents. It can control transgene copy 
numbers to moderate concentration of sgRNA-Cas9 complexes and, thus, reduce 
off-target activity. Dose-dependent effects of the reagent may alter ratios of on-
target and off-target edits before breeding selection to eliminate the gene-editing 
reagent. The delivery of pre-assembled Cas9 protein-gRNA ribonucleoproteins 
(RNPs) in place of plasmids can control Cas9 protein concentration to inhibit 
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genotoxicity and ease overexpression of sgRNA while reducing off-target effects. 
This expression, in turn, avoids transferring genome editing reagents to the next 
generation. The possibility of RNP delivery to plant cells has been shown with 
biolistic particle bombardment, where recombinase delivery will lead to site-
specific, heritable edits (Zhao and Wolt 2017). Replacing extracellular DNA with 
pre-assembled ribonucleoproteins (Cas9 + sgRNA) aids in decreasing the CRISPR-
Cas activity in cells since its components are not continuously being created while 
simultaneously helping to alleviate the collateral effects ascribed to the delivery 
vector crops. An alternative method is performing whole-genome sequencing, 
Digenome-seq, or other susceptible methods to exclude GMOs with off-target 
mutations. These sequencing techniques guarantee that only the desired changes are 
introduced into the GMO crops. A third method is selecting precise target sequences 
using BLAST or a database specific to crop to reduce off-targets. Higher fidelity 
Cas9 or other Cas9 orthologues with higher fidelity or shortening the gRNA crops 
can all be used to decrease the off-target activity significantly (Globus and Qimron 
2018). In addition, vetting pre-selected possible off-target sequences can often risk 
overlooking mutations at further loci in the plant genome. Whole-genome sequenc-
ing in plants will allow the identification of off-target effects in a less restricted way. 
Using both viral and nonviral methods, CRISPR-Cas9 is immediately transmitted to 
cells in the body (Roh et al. 2018).

PGD is a reproductive option that is an effective and ethically acceptable mode 
of treatment for most diseases. Perhaps one may be able to justify the use of gene 
editing research for these genetic conditions as a way of developing research tools 
and conditions for more complex applications in the future (Cribbs and Perera 2017).

8 � Develop a Reversal Mechanism to Revert in Cases 
of Unintended Effects

Transgene integration and the risk of off-target mutations by delivering in vitro pre-
assembled CRISPR-Cas9 ribonucleoproteins can prevent transgene integration. 
Base editing is being modified to improve the specificity of base editors by limiting 
deaminase activity outside of Cas9 binding by using different deaminase effectors 
or rationally engineering the deaminase to decrease its DNA binding ability.

9 � Develop Detection Mechanism to Ensure Safety Before 
Field Application

Protein engineering efforts have resulted in detecting mutations in Cas9 that modify 
its PAM recognition, heighten its reliability, and identify other motifs (El-Mounadi 
et al. 2020).
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10 � Monitoring Mechanism for Post-release Stability

Identification of DNA signatures by developers would help identify a clear signa-
ture in the DNA, for example, the same stretch of nucleotides being eliminated. 
Suppose the developer reveals that the signature, the same PCR technology used for 
detecting GMOs, can be applied to detect and monitor genome-edited products 
(Duensing et al. 2018). The combined abilities for stress resistance and accurate 
DNA repair mechanisms in plants contribute to the genetic stability of the resulting 
edit in crops.

There must be accurate DNA repair mechanisms in coding regions to maintain 
genome stability, fertility, and genetic diversity.

11 � Safe Alternatives from This Technology

The development of CRISPR/Cas9 techniques with the additive benefits from 
greater specificity in sgRNA design, minimal off-target binding activity, and the 
absence of off-target mutations have been achieved in zebrafish, mice, chicken, 
stem cells, Arabidopsis, and rice. Advancement in targeting minimized CRISPR/
Cas9 off-target effects while safeguarding the wild genetic pool (Zhao and 
Wolt 2017).

The new traits made by non-GM may impact the species-specific traits of altered 
plants and are, thus, needed to assess their overall risks associated. Introducing 
traits present in native populations or related species is one way in which genome 
editing can be used. Many traits developed with genome editing should be consid-
ered advanced in crop plants. Comparable traits are absent in stable, planted popula-
tions of the plant species at substantial levels (Ecckerstprfer et al. 2019). Safety 
considerations associated with genome editing applications must be based on the 
characteristics of the application. Due to their different approaches, the issues for 
risk assessment can be dissimilar.

It improved RNA guide-design strategies, ribonucleoprotein delivery, protein 
engineering, spatiotemporally controlled Cas9, and gRNAs through many chemicals, 
environmental inducers, or synthetic genetic circuits that modulate CRISPR function 
according to predefined logic (El-Mounadi et al. 2020). To overcome the regenera-
tion of immature cells in planta, particle bombardment (PB) that targets mature plant 
tissue was introduced in wheat (Hamada et  al. 2017). Cell-penetrating peptides 
(CPPs) are short, positively charged peptides, which will translocate across cellular 
membranes, capable of binding site-specific nucleases (Rádis-Baptista et al. 2017).

Because of widespread applications, manipulating CRISPR-Cas without inte-
grating a transgene is a relatively minor risk compared to former GM techniques, 
causing it to be more acceptable (Bartkowski et al. 2018). GMOs have been pro-
duced employing a transgenic method by inserting an exogenous gene into the host 
genome. In CRISPR-Cas genome editing systems (NHEJ repair mechanism), 
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genetic alteration is primarily constructed on small indels of nucleotides within the 
endogenous target gene, similar to the natural variations. Genome editing can be 
accomplished with high specificity and efficacy through chemical and physical 
mutagenesis (Globus and Qimron 2018). The altered expression cascades intro-
duced via genome editing are removed from the progeny through genetic segrega-
tion. Thus, the genetic properties of genome-edited crops are different from 
traditional GMOs but are considerably similar to the crops produced naturally or by 
mutagenesis. Therefore, genome-edited crops are considered a low risk to human 
safety (Li et al. 2019).

11.1 � Regulation Country-Wise

11.1.1 � EU Regulatory Framework

The regulatory requirements for registering plant varieties in EU or national cata-
logs fail to provide for breadth and standard of risk assessment compared with the 
requirements according to the corresponding biosafety frameworks. All countries of 
the EU are drafting their national regulatory recommendations; therefore, there’s a 
need to redefine the assessment type for GMOs and related risks assessment and 
protocols.

Australia  The implementation of genome editing technologies, regulated as the 
first- and second-generation ones, requires biosafety clearance from the Office of 
the Gene Technology Regulator (OGTR). The Australian government’s new regula-
tory developments inspired the utility of genome editing technologies producing 
transgene-free plants, having no risk to human health and the environment.

Brazil  The regulatory framework was established by the Brazilian National 
Biosafety Technical Commission (CTNBio) in 2014. The Normative Resolution 
No. 16 (RN16) of CTNBio was approved during 2018 and stated that every product 
derived out of NBTs or through genome editing technologies, that is, CRISPR/Cas 
system, will be dealt the same as traditional or transgenic plant, animal, or microor-
ganism on a case-by-case basis. The regulation also highlighted that the next gen-
erations having transgene-free either developed through classical, induced 
mutagenesis by chemical/physical mutagens or produced naturally will be evalu-
ated on a case-by-case basis and will be dealt with as a customary product 
(Eriksson 2018).

Canada  In Canada, this aspect is crucial for the denomination of products that are 
subject to oversight for biosafety, e.g., according to the “plants with novel traits 
(PNT)” regulations. Canada regulates PNTs generated by conventional plant 
breeding approaches for biosafety in regulatory frameworks based on novelty as a 
product-oriented regulatory trigger (Eckerstorfer et al. 2019a, b).
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China  In 2001, China’s state council issued the “Regulation on Administration of 
Agricultural Genetically Modified Organisms Safety.” This regulation determines 
that GMOs are plants, animals, microorganisms, and derived products with genetic 
architecture modified through genome manipulation technologies utilized during 
agricultural production and development.

Moreover, during 2016, a working group was established within the National 
Biosafety Committee (NBC) for delivering technical expertise on risk assessment of 
novel technologies, including genome manipulation tools (Gao et  al. 2018). The 
enforced regulation on genome-edited crops is under profound observation. In con-
trast, the plant breeders urged the regulatory bodies to deal with transgene-free 
plants as traditionally bred plants. These regulations will aid in reducing the efforts 
made during the evaluation process while also nurturing scientific research 
(Xiaoyu 2019).

Japan  The Japanese authorities are still debating the regulatory framework dealing 
with genome-edited plants, animals, microorganisms, and derived products. In 
August 2018, the advisory session on GMOs from Japan’s Ministry of Environment 
reconsidered the observations forward by the experts’ committee on regulations of 
genome editing techniques. The committee recommended that any living entity 
with any foreign DNA/gene, detectable/non-detectable, be dealt with through 
GMOs regulations resulting in SDN-1 editing escape from the strict rules of GMOs 
(Zannoni 2019).

New Zealand  The 1996 Act for Hazardous Substances and New Organisms 
(HSNO) deals with the process-based GMOs. According to HSNO, GMO is the 
outcome of any manipulated gene/genome through in vitro technologies. Therefore, 
many genome editing techniques are regulated through the HSNO regulatory frame-
work (Fritsche et al. 2018). Section 26 of the HSNO Act explains that organism/
product modified through genome editing techniques with no foreign DNA/gene, 
similar to chemically induced mutagenesis, will be excluded from GMO regula-
tions. However, the sustainability council challenged the outcome, and the court 
passed the ruling that the HSNO regulation 1998 contains a closed list of techniques 
employed for genome manipulation. However, the addition of any technology to an 
already existing inventory will be a political judgment rather than an administrative 
decision (Kershen 2015). Therefore, the derived products from any genome editing 
technology can be regulated through the GMOs framework (Fritsche et al. 2018).

The US regulatory framework is presently challenged in its ability to appropri-
ately weigh and analyze novel breeding approaches while over-regulating trans-
genic technologies with a clear record of safety (Camacho et  al. 2014). This 
limitation affects the product developer’s need for greater certainty in the regulatory 
process and the public’s desire for appropriate governance of new technologies 
(Wolt et al., 2016).
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11.2 � Community Awareness

https://crispr-gene-editing-regs-tracker.geneticliteracyproject.org

12 � Conclusions

Adopting new technologies has always presented challenges, including the vari-
ous perceptions and public awareness. The public must be engaged in a series of 
dialogues on genome-edited crops, as this is the sole solution for meeting the 
needs of the growing world population. Government regulations are a signifi-
cant bottleneck for the large-scale adoption of genome-edited crops all over the 
world. CRISPR-mediated technologies cannot be discounted, as this method 
provides sustainable agriculture. To make these crops acceptable for consumer 
usage, it is essential to demark between gene-edited plants with foreign DNA 
and gene-edited plants without any foreign DNA. Risk assessment tools must be 
designed case-by-case for non-genetically modified plants that exhibit a level of 
uncertainty. A thorough molecular classification to identify unintended sequence 
modifications introduced, changed, and validated the absence of unwarranted 
transgenic sequences, off-target improvements, and other genetic changes that 
might result in negative phenotype traits. These efforts will be meaningful from 
a safety standpoint and a superior option to entirely exempting nGM applica-
tions from biosafety assessments. Despite the ability of biotechnology to solve 
future problems of the human population, there is often reluctance among the 
public to accept and support biotechnological products in medicine, industry, or 
agriculture. Although agriculture is economically viable, ethical considerations 
are crucial. The public has rejected genetic modifications in plants and animals 
and GM food products, the central issue. (FAO 2003). GM foods have become 
the target of public concern due to unknown and unseen fears of their effects on 
the ecosystem and risks to human health. GM foods are also not labeled, leading 
to distrust and anxiety in consumers, regarding food safety. The central idea in 
agricultural ethics is that social responsibility overlaps with scientific responsi-
bility (Smith 1990). Due to the rising importance of agriculture, a minimum of 
14 universities in the USA have offered a course in agricultural ethics (Ruehr 
2015). Hopefully, these efforts can contribute to public’s ease of advancing and 
integrating genetic modification in society.
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Regulatory Constraints and Differences 
of Genome-Edited Crops Around 
the Globe

Penny Hundleby and Wendy Harwood

Abstract  Plant breeding for centuries has relied on the availability of genetic 
variation to introduce new desirable traits into crops. Biotechnology has already 
accelerated the ability to induce and utilize new genetic variation, through 
approaches such as mutation breeding and using technologies such as marker 
assisted breeding to rapidly identify the required variation. These technologies fall 
within the definition of “conventional and traditional” breeding and are lightly regu-
lated. However, plant breeders are facing an urgent need for access to wider genetic 
variation to meet the needs of today’s farmers and consumers worldwide. New 
breeding technologies (NBTs), such as genome editing, are speeding up the breed-
ing process and providing plant breeders with access to a far greater range of genetic 
variation. Coupled with a rapidly accelerating genomics era, genome editing is 
moving plant breeding into an exciting era of intelligent and precision-based plant 
breeding. The speed at which these new technologies are emerging has challenged 
the regulatory climate. Some countries consider genome edited crops to require the 
same regulatory oversight as genetically modified organisms (GMOs), while others 
have chosen to regulate with the same safety evaluations currently associated with 
bringing conventionally bred crops to market. Harmonization of the regulatory cli-
mate is urgently needed if there is to be equal access to this technology and to sup-
port international trade of these crops. The current chapter provides a global 
overview of the current regulatory status of genome-edited crops.
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1 � Introduction

Plant breeders over the centuries have continued to exploit the availability of genetic 
variation, to meet human needs for increased yields, flavor, and nutritional and 
visual qualities, together with improved agronomic performance. While breeders 
initially sought genetic variation from landraces and heirloom varieties, the emer-
gence of mutation breeding in the 1940s allowed for the artificial induction of new 
genetic variation (or mutations) into plant genomes. The approach is crude, intro-
duces thousands of random mutations, but allows for desirable new traits to be iden-
tified and introduced into breeding programs. Although several rounds of 
backcrossing were also required to remove the unwanted mutations, the technology 
greatly increased the amount of genetic variation available to breeders. The first 
commercial varieties developed through mutation breeding were registered in the 
1950s, and now over 3348 varieties are listed on the FAO/IAEA Mutant Variety 
Database (FAO/IAEA 2021).

Inevitably some of the new desirable traits introduced, such as higher yields, bet-
ter flavor etc., have come at the expense or loss of others (e.g., loss of disease or 
insect resistance) with modern agriculture now heavily reliant on human inputs. 
Today, farmers across the globe are facing huge challenges. There are currently less 
farmers per capita than ever before, faced with producing more food for a growing 
population, on less land, in a changing climate. Pressures on governments to also 
recognize the need to protect the environment have resulted in the sudden removal 
of some agrochemicals and resources. This has resulted in the urgent need for 
increased availability to genetic variation, to find genetic solutions to address some 
of these challenges. With conventional plant breeding, taking some 10–15 years to 
get new crops to the market, genome editing not only offers access to precision 
breeding but also greatly reduces the time frames needed to generate new varieties.

Take, for example, the introduction of powdery mildew resistance in wheat. This 
story starts in barley, where natural and induced loss-of-function mutations of the 
Mildew resistance locus o (Mlo) gene were identified that confer broad-spectrum 
resistance against most B. graminis f. sp. hordei (Bgh) isolates. These mlo mutants 
have been providing mildew resistance in barley in the field for more than 40 years. 
BLASTING the Mlo genetic sequence against the wheat genome identified three 
orthologues of the barley Mlo, TaMlo-A1, -B1, and -D1 (Konishi et al. 2010), on 
chromosomes 5AL, 4BL, and 4DL of wheat (Elliott et al. 2002). Genome editing 
techniques, such as TALENS and CRISPR, have successfully been applied to target 
and knock out all three copies of this gene to successfully introduce mildew resis-
tance into wheat (Wang et al. 2014). Interestingly, the same end point could also be 
achieved in wheat using mutation breeding. Using a TILLING approach (Acevedo-
Garcia et al. 2017), mutant lines have been identified and crossed together to com-
bine all the required mutant knockouts needed to confer resistance to mildew. 
However, from a breeder perspective, the TILLING approach also brings in thou-
sands of undesirable mutations that then need to be removed, taking much longer to 
achieve the same end point. So, while scientifically the gene editing approach offers 
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a faster and more precise approach for the introduction of mildew resistance into 
wheat, the TILLING approach currently faces less regulatory burden than gene 
editing.

While genome editing technologies have been around for some time, in the form 
of zinc finger nucleases (ZFNs), meganucleases, and transcription activator-like 
effector nucleases (TALENs) (Songstad et  al. 2017), it was the publication of 
CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats and 
CRISPR-associated protein 9) as a genome editing approach in plants, in 2013 
(Feng et al. 2013; Zhang et al. 2017), that really made genome editing highly acces-
sible to the scientific community. Since then, CRISPR/Cas9 as a simple genome 
editing tool for both research and commercial purposes has seen a continuous expo-
nential rise, evidenced by the volume of publications, making it the most favored 
genome editing tool.

The sudden flood of activity and attention on genome editing also highlighted the 
need for clarity on how genome edited crops would be regulated. While some coun-
tries were quick to adapt their current legislations or release guidelines supporting 
the use of genome editing, others have not moved past seeing all organisms derived 
by genome editing as GMOs. This has led to confusion by plant breeders and the 
seed industry, with these unharmonized regulatory approaches likely to hinder tech-
nology applications and future trade between countries.

2 � Paving the Way

Since 2015, several countries have outlined their regulatory path and clarified which 
types of genome-edited crops will not be regulated as GMOs. These include coun-
tries from North and South America together with Israel/Japan and Australia. These 
countries, perhaps unsurprisingly, are also strong supporters of GM technology, 
with all but Israel and Japan commercially growing GM crops. Argentina was the 
first country to proactively support the technology by providing clarity on the regu-
latory status in 2015; followed by Australia in 2016; Chile and Israel in 2017; Brazil, 
Columbia, and Paraguay in 2018/2019; and Japan in 2019. To best explain the regu-
latory approach, it is important to understand that not all genome editing is the 
same. Regardless of the different genome editing technologies used to create the 
edits, they all use site-directed nucleases (SDN), and three classes of genome edit-
ing exist:

	1.	 Where a directed DNA double-strand break is repaired by the plants’ own mech-
anism of non-homologous end joining without using an added repair template, 
often resulting in small mutations (SDN-1).

	2.	 Where a template-guided repair is made, by an external DNA-template sequence 
that introduces one or several small mutations (SDN-2).

	3.	 The insertion of a longer DNA sequence, including entire genes, through 
template-guided repair of the targeted double strand break (SDN 3) (Podevin 
et al. 2013).
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In this chapter, we focus mainly on SDN1 and SDN2 as these technologies result 
in end products that are indistinguishable from those achieved via conventional bio-
technology. As such, these are the products that have led some countries to view 
them in the same way as conventionally bred crops. For SDN-3 most, if not all 
jurisdictions, are in agreement and consider these products to not be exempt from 
their GMO regulations, and as such these crops will be assessed on a case-by-case 
basis. It is important to recognize that genome editing technologies cannot currently 
be used to achieve all the required changes needed to develop future improved crops 
and that a GM approach will still be needed in some cases.

With the regulatory climate currently differing across the globe, this will have 
serious implications on which countries will realistically have access to these tech-
nologies (i.e., will not be hampered by expensive and time-consuming additional 
regulatory burden) and the impact on trade that will inevitably be encountered. As 
previously seen with older GM technology, non-harmonious and asynchronous 
approvals delay commercialization and increase costs (Bullock et al. 2021).

3 � The Need for Clarity

In October 2018, eight countries (Argentina, Australia, Brazil, Canada, Guatemala, 
Honduras, Paraguay, and the USA) came together to issue a joint statement to the 
World Trade Organization (USDA 2018) “supporting relaxed regulations for gene 
editing, stating that governments should ‘avoid arbitrary and unjustifiable distinc-
tions’ between crops developed through gene editing and crops developed through 
conventional breeding. The ministries agreed to avoid obstacles, without a scientific 
basis, for the commercialization of products improved by genome editing, exchange 
information about products, developments and applicable regulations, and explore 
opportunities for regional harmonization.” By November 2018, the number of coun-
tries adding support to the statement had risen to include Colombia, the Dominican 
Republic, Jordan, Uruguay, Vietnam, and the Secretariat of the Economic 
Community of West African States (USDA 2018). Over time more countries have 
come to a similar viewpoint, in considering simple genome editing, i.e., where no 
foreign genetic sequence is introduced, to be indistinguishable and equivalent to 
conventionally bred crops and therefore should be regulated in a similar way.

The impact of viewing gene editing as GM could have disastrous effects for crop 
improvement. Gene editing could allow companies to focus on output traits that 
may have a higher value to the consumer, as opposed to the input traits associated 
with GM technology that favor the producer. The costs associated with regulatory 
compliance of GM have restricted its use, mainly, to four high value commodity 
crops (soybean, maize, cotton, and oilseed rape) and input traits (herbicide tolerance 
and insect resistance), gene editing therefore shows great potential to move into a 
wider range of crops (Jorasch 2019). Yet the regulatory uncertainty is clearly having 
an impact, with companies already choosing not to develop products for countries 
where regulatory clarity is still sought. In the following section, we look at the 
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Fig. 1  Regulatory status of gene-edited crops (when no foreign DNA is inserted). Dark 
green = regulated as conventional crops. Pale green = draft regulations suggest they will be regu-
lated as conventional crops. Red = viewed as GMOs. Yellow = under review but likely to be viewed 
favorably. The UK (shown in yellow) recently gave the go ahead for research field trials to proceed 
without the need for GMO regulatory oversight (when no foreign DNA is inserted); however, 
restrictions currently remain for commercial applications. Further amendments are still under 
review but look favorable

current regulatory climate for genome/gene editing across South, North, and Central 
America, across Europe, Africa, Russia, Asia, and the Southern Hemisphere. We 
also provide an “at a glance” global map summary of the regulatory status in Fig. 1.

4 � The Regulatory Climate

4.1 � South America

For countries in South America who have issued statements, no new legislation has 
been introduced, and gene-edited crops that do not contain DNA from another spe-
cies are regulated as conventional plants. However, a dossier is required to be sub-
mitted to grant the exemption.

4.1.1 � Argentina

Gene-edited crops are regulated as conventional plants unless they contain foreign 
DNA (Alfredo Lema 2019).
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Argentina has always been a strong supporter of biotechnology (ranking third 
largest land area of cultivated biotech crops in 2019 (ISAAA 2019)) and has grown 
GM crops since cultivation first began in 1996. Having benefitted economically 
from the cultivation of these crops, it is perhaps unsurprising that Argentinian regu-
lators where among the first to proactively issue clarity on the regulatory status of 
these still emerging technologies in 2015.

The Argentine regulatory system regulates gene-edited crops as conventional 
plants unless they contain foreign DNA.  However, the regulatory system still 
requires developers to submit a dossier to the Argentine Biosafety Commission 
(CONABIA), who oversee GMOs, to determine this exemption. Gene-edited crops 
are assessed on a case-by-case basis by CONABIA, who are required to respond to 
submissions within 60 days as to whether the crop will be subject to GMO regula-
tions. CONABIA considers (a) the techniques used in the process, (b) the genetic 
change in the final product, and (c) the absence of foreign DNA (transgenes) in the 
final product. Even if a crop is considered exempt from GMO regulations, if it has 
characteristics that present the probability of significant risk, the crop would undergo 
further monitoring by authorities and would be regulated as a GMO.

The Argentine authorities have engaged well with the public, organizing work-
shops and debates. The public’s response suggests confidence in the regulatory 
oversight and welcomed that developers were local and focused on products suited 
to local markets and consumer and environmental benefits (Entine et al. 2021).

4.1.2 � Uruguay

No unique regulations relating to GE have been issued.
In 2018, Uruguay joined the countries mentioned in Sect. 3 in signing the joint 

statement to the World Trade Organization supporting relaxed regulations for gene 
editing (USDA 2018), thus suggestive of supporting regulating gene-edited crops as 
conventional plants unless they contain foreign DNA.  Plants containing foreign 
DNA would be regulated in line with GM regulations, as overseen by the National 
Biosafety Cabinet (GNBio), which oversees the Ministers of Agriculture, Economy, 
Environment, Health, Industry, and Foreign affairs. However, to date no specific 
regulations for gene-edited crops have been issued (Uruguay, Global Gene Editing 
Regulation Tracker 2020).

4.1.3 � Paraguay

Gene-edited crops are regulated as conventional plants unless they contain foreign 
DNA (Benitez Candia et al. 2020).

Paraguay was the sixth largest producer of transgenic crops in 2019 (ISAAA 
2019), and gene-edited crops can be expected to play a part in the countries’ future 
agricultural landscape, although gene-edited crops have yet to be submitted for 
approved for commercial production in Paraguay. In 2018, Paraguay signed the 
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joint statement issued to the World Trade Organization supporting relaxed regula-
tions for gene editing (Sect. 3), and in 2019, Paraguay published a resolution outlin-
ing the information required for crops developed using gene editing and other new 
breeding techniques (NBTs) to be approved. Gene-edited crops and food will be 
regulated as conventional plants unless they contain foreign DNA but will require 
the submission of a dossier to determine exemption. Gene-edited crops are assessed 
on a case-by-case basis by the National Commission on Agricultural and Forestry 
Biosafety, whereas genetically modified plants are regulated by the Ministry of 
Agriculture and the Biosecurity Commission (COMBIO).

4.1.4 � Chile

Gene-edited crops are regulated as conventional plants unless they contain for-
eign DNA.

Chile has taken a similar view to other South American countries and considers 
gene-edited crops to be regulated as conventional plants unless they contain foreign 
DNA. However, they also require the submission of documents to the Ministry of 
Agriculture’s Agricultural and Livestock Services (SAG) who will assess on a case-
by-case basis gene-edited crops. In 2017, SAG published a statement on new breed-
ing techniques (NBTs), stating that gene-edited crops that do not contain “a new 
combination of genetic material” are not subjected to GMO regulations 
(Sanchez 2020).

4.1.5 � Brazil

Gene-edited crops are regulated as conventional plants unless they contain for-
eign DNA.

Brazil, with the second largest land area of cultivated GM crops in 2019 (ISAAA 
2019), has also taken the position that gene-edited crops and food should be regu-
lated as conventional plants unless they contain foreign DNA. In Brazil, GMOs are 
governed by the National Technical Commission for Biosafety (CTNBio). In 2018, 
CTNBio released Normative Resolution No. 16, focusing on NBTs. It clarified that 
many products derived from NBTs do not meet the definition of a GMO, as defined 
by the 2005 regulation, and concluded that NBTs should be regulated on a case-by 
case basis. This resolution establishes the requirements for whether a product can be 
exempt from the GMO regulatory framework.

Regulations focus on the characteristics of the final product rather than the pro-
cess used to create it. CTNBio will assess the risk level of each newly developed 
plant or food, whether new (foreign) genetic material has been introduced and 
whether the product has already been approved for commercialization in other 
countries. CTNBio will then respond to the applicant within 20–90 business days. 
Applications have already been submitted to CTNBio for gene-edited tomatoes, 
soybeans, and a “waxy” maize with extra starch, while four gene-edited varieties of 
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yeast for production of bioethanol and other purposes were approved by CTNBio in 
2018 (Brazil: Global Gene Editing Tracker 2020). As of September 2020, there had 
been 23 consultations with CTNBio, for products not considered to fall within the 
scope of the GMO law 11.105/2005. This clarity has resulted in several new startup 
companies and strengthening of medium to large national companies working on 
NBTs (Entine et al. 2021).

4.1.6 � Ecuador

Gene-edited crops are regulated as conventional plants unless they contain for-
eign DNA.

In Ecuador, the Ministry of Agriculture and Livestock regulates GM crops 
through the National Agrarian Authority (Norero 2017), and while the country has 
not embraced GM technology, and currently prohibits the commercial cultivation of 
genetically modified crops, the situation looks more favorable for gene-edited crops. 
For gene-edited crops that do not contain DNA from another species, these will be 
regulated in the same way as conventionally bred plants, while GE crops that con-
tain foreign DNA will be viewed as GM. The regulation is based on the Organic 
Code of the Environment, issued in 2019, that established exemptions from the very 
restrictive GMO regulations (Entine et al. 2021).

4.1.7 � Colombia

Gene-edited crops are regulated as conventional plants unless they contain foreign 
DNA but require notification to the authorities to approve the exemption.

Columbia also signed the 2018 joint statement to the WTO, in support of relaxed 
regulations for gene editing, and in the same year the Colombian Agricultural 
Institute (ICA) issued a resolution that established a case-by-case consultation pro-
cess to determine if a gene-edited product would be considered a GMO (Gatica-
Arias 2020). Once notified, the ICA must respond to applicants within 60 days as to 
whether the organism will be subject to GMO regulations. For a gene-edited crop 
not to be considered GMO, it must not contain genes from another species that have 
been introduced through modern biotechnology techniques.

4.2 � Central America

4.2.1 � Honduras, Guatemala, and El Salvador

Gene-edited crops that do not contain foreign DNA are not regulated as GMOs.
In 2018, Honduras and Guatemala signed the joint statement to the WTO sup-

porting a more relaxed regulatory oversight for plant gene editing, while in 2019, 
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Honduras, Guatemala, and El Salvador also signed an inter-ministerial agreement to 
harmonize the research and commercialization of crops developed through biotech-
nology. This agreement required each country to create a national advisory commit-
tee for the risk assessment and evaluation of GMOs for agricultural use. The 
agreement also defines the term “novel combination of new genetic material,” set-
ting the legal basis to define gene-edited products (which do not fulfil the definition 
of GMOs) as conventional. In 2019, Honduras published a resolution to establish a 
streamlined authorization procedure for crops developed using new breeding tech-
niques (NBTs) and in doing so became the first country in Central America to regu-
late products of NBTs. Overseen by the National Service of Food Safety Plant and 
Animal Health (SENASA), Honduras follows in line with the Cartagena Policy on 
Biosafety and considers that technologies, which result in an organism equivalent 
and indistinguishable from products of conventional (traditional) plant breeding, 
should be regulated in the same way to allow producers and consumers to gain from 
these technologies (Macall 2020). El Salvador is expected to follow Honduras’ lead. 
Of the three countries, only Honduras is currently growing GM crops (GM maize 
on less than 0.1 Mha) (ISAAA 2019).

While Guatemala does not currently grow GM crops, they have looked at the 
implications the regulations may have on imports and have clarified that imports of 
GE seed/plants will not be regulated as GM if they do not contain foreign DNA.

4.3 � North America

4.3.1 � Mexico

Gene-edited crops are currently regulated under laws established for trans-
genic GMOs.

Mexico is yet to determine the regulatory status of gene editing crops, and prod-
ucts are currently regulated under laws established for transgenic GMOs (Mexico: 
Global Gene Editing Regulator Tracker 2020). The Secretariat of Health (SALUD) 
is responsible for regulating GM crops, and currently Mexico only grows a modest 
amount of GM cotton. This regulatory oversight puts Mexico at a very different 
standpoint to other countries in the American continent.

4.3.2 � USA

Gene-edited crops that do not contain foreign DNA are not regulated as GMOs.
The USA is the largest grower of biotech crops in the world (ISAAA 2019) and 

was the first country to approve a genome-edited product for commercial sale. This 
was a soybean product with no trans-fats and lower saturated fat produced by the 
Minnesota-based company Calyxt (2019) using a technique called TALENs.
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The enthusiastic uptake of gene editing technology in the USA is perhaps sup-
ported by the fact that even the introduction of GM technology back in the 1990s 
did not trigger the need for new regulations as such but instead relied on existing 
regulatory frameworks to oversee these new crops. Up to three different agencies 
are involved in the process, depending on the final product and how the plant was 
produced (USDA 2021a):

	1.	 The US Department of Agriculture’s Animal and Plant Health Inspection Service 
(USDA – APHIS) is responsible for protecting agriculture from pest and dis-
eases. Crops considered to pose an agricultural “risk” are deemed “regulated 
articles” and are reviewed to ensure that, under the proposed conditions of use, 
they do not present a plant pest risk by ensuring appropriate biosafety systems 
are in place to minimize such risks, such as handling, confinement, and disposal 
of crops. There is also a petition process where applicants can make a case for a 
GM product to be considered for “non-regulated status” if an applicant can pro-
vide enough evidence that the product does not pose a risk to agriculture. This is 
then added to a federal register where the public can submit comments for con-
sideration on the environmental assessment before the petition is granted, i.e., 
given with a “non-regulated” status.

	2.	 The Environmental Protection Agency (EPA) regulates pesticides and therefore 
regulates biotech crops that have pesticide properties (e.g., insect-resistant crops).

	3.	 The Food and Drug Administration (FDA) oversees food safety.

In 2015, President Obama issued an Executive Order “Memorandum on 
Modernizing the Regulatory System for Biotechnology Products” directing the 
USDA, EPA, and FDA to update regulatory roles and responsibilities under the 
Coordinated Framework for the Regulation of Biotechnology, to develop a long-
term strategy to ensure that the regulatory system was future proof for new biotech 
products. The “National Strategy for Modernising the Regulatory System for 
Biotechnology Products” and “Update to the Coordinated Framework for regulation 
of Biotechnology” were released by the White House Office for Science and 
Technology Policy (OSTP 2016, 2017).

In 2019, President Trump signed an executive order directing federal agencies to 
streamline the regulatory process for biotech crops by exempting low-risk products 
from the existing rules and creating a unified platform that outlines the regulatory 
requirements from all three agencies, for the review and authorization of products 
developed using biotechnology. In 2020, USDA-APHIS finalized what it called the 
SECURE (sustainable, ecological, consistent, uniform, responsible, efficient) rule, 
which would exempt (i.e., not regulate) gene-edited plants that otherwise could 
have been developed through conventional breeding. This reaffirms a focus on regu-
lating characteristics of gene-edited plants, instead of the process used to create 
them, as is the case in the EU, for example. APHIS states that these exemptions are 
intended to bring the regulation of potential GE plants more in line with the guide-
lines for conventionally bred crops. Therefore, gene-edited crops that do not contain 
foreign DNA are not regulated as GMOs, if they pose no risk to other plants, and 
show no food safety attributes different to those of traditionally bred crops. In these 
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cases, the crops will not be subject to pre-market regulatory evaluation; however, it 
will be the responsibility of the developer to assure that products placed on the mar-
ket are safe for use and consumption (as in the case for conventional crops).

The FDA (which oversees food safety) and EPA (which regulates pesticides) 
have not announced if their existing policies and regulations related to GMOs would 
be used to regulate gene-edited crops and food.

4.3.3 � Canada

Only gene-edited crops with novel traits will be regulated as PNTs (Friedrichs 
et al. 2019).

Canada has a well-established product-orientated approach to policy and regula-
tory oversight and regulates all plants with novel traits (PNTs), regardless of the 
technology used to create them.

Although Canada appears to be headed toward regulating gene-edited crops 
lightly (having also signed the joint statement to the WHO), there remains uncer-
tainty as to what types of gene editing will trigger oversight, i.e., what is considered 
“novel” and what that level of oversight might be. Currently, GMOs on the market 
in Canada pass through Health Canada and the Canadian Food Inspection Agency 
(CFIA) where new organisms are categorized as either “novel” or “non-novel.” The 
context of gene editing is as follows.

“Novel” organisms have traits that are not naturally occurring and have not pre-
viously been approved for sale by Health Canada and the CFIA. Organisms that 
pose an obvious risk, such as those containing potential allergens or those that con-
tain foreign DNA in the final product, are considered novel. Such crops will require 
pre-market safety assessments, and the associated costs incurred could potentially 
be prohibitive, limiting certain lower value crops from being developed.

“Non-novel” organisms are organisms that have a history of safe use, show no 
characteristics that are new to the species, and do not contain genetic material from 
another organism after its genome has been edited. For these crops no pre-market 
safety assessments are required.

Most crop varieties produced via chemical or radiation-based mutagenesis are 
not considered to have novel traits and therefore are not subject to pre-market 
assessment and are regulated as conventional crops. While most of the early gene-
edited crops are viewed as products of a more precise version of mutagenesis, there 
remains some uncertainty as to whether the regulators will view them as such, as no 
formal framework or decisions have yet been issued. However, a herbicide-tolerant 
oilseed rape developed using the NBT technique known as ODM (oligonucleotide-
directed mutagenesis) was approved in 2013 (Halford 2019).

A consultation exercise “Proposed new guidelines for Novel Food Regulations” 
focused on plant breeding was recently carried out in Canada (Health Canada, 2021) 
which should hopefully lead to more clarity. Better defining what is considered 
novelty is critical. Currently PNT regulations could apply to any new crop with a 
trait that expresses 25–30% higher or lower than the conventional variety (Entine 
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et al. 2021). Thus, it will be the novelty of the crop, and not how it was made, that 
will trigger regulatory oversight. This will have implications for trade, if the same 
products are viewed by other countries as not requiring regulatory oversight.

4.4 � Europe

4.4.1 � The European Union (EU)

Gene-edited crops are regulated as GMOs.
The European Union represents 27 member state (MS) countries and currently 

regulates all genome-edited crops as GMOs under the 2001/18 EU GMO Directive. 
The Directive defines a GMO as “an organism, with the exception of human beings, 
in which the genetic material has been altered in a way that does not occur naturally 
by mating and/or natural recombination” but excludes several traditional breeding 
technologies that fit this description, listing them in Annex 1B of the directive. 
Among the techniques listed for exclusion from the directive is mutagenesis. Prior 
to 2018, several MS had interpreted the exemption to also include genome-edited 
crops that had been edited in ways that would result in a product indistinguishable 
to one obtained through traditional mutagenesis techniques (i.e., chemical or 
radiation-induced mutagenesis). In 2016, nine NGOs filed a case to the French 
Courts, which was later referred to the Court of Justice of the European Union 
(CJEU), to challenge the status quo as they viewed the exclusion on genome editing 
to be allowing “GM through the backdoor.” In July 2018, the CJEU confirmed that 
organisms obtained by newer methods of direct mutagenesis such as genome edit-
ing were not excluded from the scope of the EU GMO directive (CJEU 2018). 
Overnight CRISPR field trials went from being “unregulated” to regulated.

The CJEU ruling of 2018 was met with frustration by researchers and plant 
breeding companies, with over 117 research facilities signing a position paper urg-
ing the European Policy Makers to act to safeguard Europe’s competitiveness on 
these new technologies (MPG 2019). For many the ruling fell short of delivering 
clarity on the regulatory status of gene editing and how such crops would be moni-
tored (Van der Meer et al. 2021).

The European Commission Chief Scientific Advisors criticized the EU court rul-
ing, and the EU Council later requested that the EU Commission conduct a study 
regarding the CJEU judgment. The results of this consultation study were published 
in April 2021 and concluded that the current GMO legislation was not fit for pur-
pose for some NGTs and their products and that it needed to be adapted to scientific 
and technological progress (European Commission 2021). The lack of clarity sur-
rounding the future regulatory climate for gene-edited crops has resulted in several 
EU-based companies focusing on the development of GE crops for non-EU markets 
(Jorasch 2019).

During this period, in 2020, France’s top administrative court also ruled that the 
French High Council for Biotechnology (HCB) needed to set up a specific list of 
mutagenesis techniques, or methods, that will be exempted from GMO restrictions 
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(technologies that fulfil the requirement of “having been conventionally used in a 
number of applications and have a long safe history of use”). Depending on the list, 
France could even regulate plants that have been developed by earlier mutagenesis 
techniques, e.g., herbicide-tolerant crops, if the HCB concludes that the abovemen-
tioned requirement is not met. This would have huge implications for France, as one 
of the EU’s largest agricultural producers, as it would effectively deny French farm-
ers access to much of the common seed catalogue.

4.4.2 � The UK

Gene-edited crops are currently regulated as GMOs in line with the EU, but this 
position is currently under review following UK’s departure from the EU.

The UK formally left the European Union on January 23, 2020. This gave the 
UK scope, should they wish, to deviate from the restrictive GMO EU Directive and 
set their own regulatory path. Within the UK, England, Scotland, Northern Ireland, 
and Wales have national laws that control the deliberate release of GMOs into the 
environment. In England, the Department of Environment, Food and Rural Affairs 
(Defra) is the competent national authority responsible for the environmental release 
of GM plants. All applications submitted to Defra are passed on to the statutory 
Advisory Committee on Releases to the Environment (ACRE) that was appointed 
under section 124 of the UK Environmental Protection Act 1990 (EPA) to provide 
advice to government regarding the release and marketing of GMOs. The commit-
tee works within the legislative framework set out by “Part VI of the EPA” and, 
within England, the GMO Deliberate Release Regulations 2002 Act, which together 
implement EU Directive 2001/18/EC. The principal role of ACRE is to consider 
each application on a case-by-case basis and evaluate the risks to human health and 
the environment.

In early 2021, Defra launched a consultation exercise to gain feedback from vari-
ous stakeholders on their views regarding gene editing; this consultation closed on 
March 17, 2021. The results of the consultation exercise, and an announcement by 
the UK Government on Genetic Technologies, were published on the September 29, 
2021. In this they set out their plans for a two-step reform. The first step removes the 
regulatory burden for research groups by enabling the field trials of gene-edited 
crops (free from transgenes) to go ahead without being subject to existing GMO 
rules. Researchers will still be required to notify Defra. The second step will be to 
“bring forward primary legislation at a suitable opportunity to amend the regulatory 
definitions of a GMO to exclude organisms that have genetic changes that could 
have been achieved through traditional breeding or which could occur naturally” 
(Defra 2021). These crops would then be regulated in line with conventional crops 
and “novel food” oversight (FSA 2020) where appropriate. This could allow for 
much easier trade relationships with counties who have adopted a similar regulatory 
view. The ‘New Genetic Technologies (Precision Breeding) Bill’ was brought to 
Parliament in 2022, and is likely to conclude early 2023. However, the impact on 
trade with the EU is perhaps one of the biggest hurdles to overcome, if the UK regu-
lates differently to the EU.
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While the UK government has generally been supportive of the potential of GM 
technology, commercial cultivation of GM crops has never taken place in the 
UK. The only approved GM crop for cultivation in the EU currently is the insect-
resistant maize (MON810), for which there is no demand by British farmers. Field 
testing of GMOs and gene-edited crops are currently permitted in the UK, and field 
trials of CRISPR gene-edited plants  were conducted in line with Part B of the 2001/
EU GMO directive (Faure and Napier 2018; Neequaye et al. 2021), until April 2022 
when the rules changed to permit field trials of gene edited crops (where no foreign 
DNA is present) to proceed under a simple on-line notification system to Defra, and 
no longer requiring a GMO licence.

4.4.3 � Norway

It has been proposed that gene-edited crops that do not contain DNA from another 
species be regulated as conventional plants but would still require notification.

Biotechnology in Norway is regulated by the Ministry of Agriculture, the 
Ministry of Environment, and the Ministry of Health. The Directorate for Nature 
Management is responsible for feed and seed, and Norwegian Food Safety Authority 
is responsible for biotech food. Genetically modified food is regulated by the 
Matloven Food Act and the Gene Technology Act, one of the world’s strictest, 
which requires that genetically modified products contribute to sustainable develop-
ment in order to be approved (Norway: Global Gene Editing Regulation Tracker 
2020). In fact, Norway has a long history of opposition to transgenic crop biotech-
nology, generally opposing the cultivation of GMOs and being more restrictive than 
the EU regarding imports. Although Norway is part of the European Economic 
Area, it is not a full European Union Member, as such it is not bound by EU 
Directives but generally implements EU Directives.

In 2018, the Norwegian Biotechnology Advisory Board proposed a tiered regula-
tory system in which genetic changes that can arise naturally or can be achieved 
using conventional breeding methods would be regulated as conventional plants. 
However, they would still require that a notification is submitted to the government, 
while crops developed using cisgenics (introduction of genes from within species) 
would require expedited but limited assessment and approval. Genetic changes that 
cross species barriers (transgenics) or involve synthetic DNA sequences would still 
require assessment and approval under strict GMO regulations. Although these reg-
ulations appear to pave the way for the introduction of gene-edited crops, Norway’s 
historical, public, and political opposition to crop biotechnology remains among the 
most intense in Europe; it will be interesting to see if these relaxed guidelines sup-
port innovation in this sector or merely act to support the import of such crops.

4.5 � Israel

Gene-edited crops that do not contain DNA from another species are regulated as 
conventional plants.
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As is the case in several of the countries reviewed in this chapter, Israel has also 
chosen to regulate gene-edited crops and food in line with conventional plants, 
unless they contain foreign DNA. Gene-edited crops will be assessed on a case-by-
case basis based on the characteristics of the final product and will require a dossier 
to be submitted to determine if they are exempt. There are no commercially avail-
able genetically modified or gene-edited plants cultivated in Israel, although GM 
crops are currently imported.

Genetically modified organisms are regulated by the Ministry of Agriculture and 
Rural Development and the Ministry of Health. The Ministry of Agriculture and 
Rural Development oversees the Plant Protection and Inspection Service (PPIS) and 
the Israeli National Committee for Transgenic Plants (NCTP). In 2016, the NCTP 
concluded that gene-edited crops that do not contain DNA from other species would 
not be subject to GMO regulations, as regulated by the Seed Regulation Act of 2005.

The Ministry of Health stated that all new food products, including conventional 
crops and gene-edited ones, must undergo risk assessment before approval. Israel’s 
Ministry of Agriculture announced in 2019 plans to invest in establishing a National 
Genome Editing Centre (Menz et al. 2020).

4.6 � Africa

The regulatory status of gene-edited crops has not yet been determined, but draft 
guidelines have been approved in Nigeria.

Africa is a region where gene editing holds great promise in addressing a wide 
range of issues, including malnutrition and crop failure linked to climate change. 
Yet, in general, Africa has lagged behind other nations in setting out and developing 
their biosafety laws, although in recent years there has been much progress. The 
number of countries growing GM crops commercially rose to six in 2019 and 
included Nigeria (who also became the first country to approve Bt cowpea), Ethiopia 
and Malawi, together with countries with a longer history of growing GM such as 
South Africa, Sudan, and Eswatini. There has also been progress in biotech research, 
regulation, and acceptance in Mozambique, Niger, Ghana, Rwanda, Zambia, and 
Kenya. Burkina Faso and Egypt have grown GM crops in the past. As African coun-
tries are still, in many cases, defining their biosafety laws, this may be an advantage 
when it comes to assessing how to regulate gene editing. Nigeria, South Africa, 
Kenya, and Eswatini are currently taking the lead in amending their regulations to 
accommodate gene editing (Komen et al. 2020). Nigeria became the first African 
country to publish their draft guidelines “National biosafety guidelines for the regu-
lation of gene editing” (USDA 2021b). This followed an amendment to the National 
Biosafety Management Agency (NBMA) Act of 2019, section 25(A) that states “No 
person, institute or body shall carry out gene drive, gene editing and synthetic biol-
ogy except with the approval of the Agency.” While Kenya has yet to publish its 
guidelines, the country has approved six GE projects for contained use research 
(Obi 2021).
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South Africa, which has led on the commercial cultivation of transgenic crops in 
Africa, is yet to clarify its position and publish guidelines for the cultivation of 
GE crops.

4.7 � Russia

Decree suggests that gene editing techniques will not be prohibited in the same way 
as GMOs.

Russia is a vast land area spanning both Europe and Asia and has historically 
been rather opposed to genetic modification, with no commercial cultivation of GM 
crops, although allowing imports. Plants developed through biotechnology are cur-
rently regulated by three separate organizations: the Federal Service for Surveillance 
of Consumer Rights Protection and Human Welfare (Rospotrebnadzor) being 
responsible for developing legislation on genetically modified food products and 
monitoring the effect on human and the environment health; the Ministry of 
Agriculture which develops policy for the use of genetically modified crops and 
organisms in agriculture; and the Federal Service for Veterinary and Phytosanitary 
Surveillance (VPSS) which is responsible for overseeing genetically modified crops 
for feed.

The countries’ view on gene editing appears to be more supportive, with a large 
investment in R&D of the technology. A 111-billion-rouble (US$1.7Bn) federal 
research program sets out to develop 10 new varieties of gene-edited crops and ani-
mals by 2020 and another set of 20 gene-edited varieties by 2027 (Dobrovidova 
2019). The decree establishing the program describes gene editing as equivalent to 
conventional breeding methods, the view adopted by most of the world. The decree 
lists four crops – barley, sugar beet, wheat, and potatoes – as priorities for develop-
ment. The program, which was announced in April 2019, also attracted interest 
because it suggests that some gene-edited products will now be exempt from a law 
passed in 2016 that prohibits the cultivation of genetically modified (GM) organ-
isms in Russia, except for research purposes. Previously, it was unclear whether 
gene-edited organisms were included in the ban.

4.8 � Asia

4.8.1 � China

Gene editing regulations for plants have not yet been announced, but they are 
expected to be regulated as conventionally bred plants.

With a population of 1.4 billion people, China has the largest population in the 
world. It was ranked seventh in the world for global area of transgenic crops in 2019 
(ISAAA 2019) mainly growing GM cotton and papaya, and its recent approval of 
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GM corn and soybean is set to increase its biotech area further, thus reducing its 
reliance on imports from other GM nations.

While China currently limits the import and cultivation of genetically modified 
crops, it is thought that China will follow other countries in regulating most gene 
editing techniques as conventional plants. The Ministry of Agriculture regulates 
genetically modified crops in China, subjecting them to the 2001 Regulations on 
Administration of Agricultural Genetically Modified Organisms Safety.

China is yet to announce the regulatory status of gene-edited crops, but the gov-
ernment has invested heavily in agricultural research projects over the past decade, 
and China has published more research papers on CRISPR than any other country.

In 2017, state-owned ChemChina bought Switzerland-based Syngenta, one of 
the world’s four largest agribusinesses and a company deeply involved in gene-
editing research, for $43 billion. This sizable investment could suggest a positive 
future for biotech crops in China.

4.8.2 � Japan

Gene-edited crops must be registered but do not require safety or environmental 
testing unless foreign DNA is present.

Japan became the first country to approve a gene-edited tomato for the home 
growers’ market in 2021, making this the world’s first approved direct consumption 
product. Produced by the Japanese-based company Sanatech Seed, the tomato con-
tains higher levels of GABA, a compound reported to lower blood pressure and 
relieve stress (Sanatech Seed 2020). This shows Japan’s support for this new tech-
nology, which contrasts with its view on GM technology, for which there has never 
been approval for commercial cultivation, although GM imports are allowed. Gene-
edited crops are assessed on a case-by-case basis and do require submission of 
notification to the government, which includes providing information on the editing 
technique and genes targeted for editing. Safety and environmental assessments are 
required only when the plant contains foreign DNA. However, each time a gene-
edited crop is crossed with another conventional or gene-edited crop, a separate 
notification process must occur. Local governments may also set additional regula-
tory requirements for gene-edited crops (USDA 2020).

Four ministries currently regulate genetically modified plants: the Ministry of 
Agriculture, Forestry and Fisheries (MAFF), the Ministry of Health, Labour and 
Welfare (MHLW), the Ministry of Environment (MOE), and the Ministry of 
Education, Culture, Sports, Science and Technology (MEXT). The Food Safety 
Commission (FSC), an independent risk assessment body under the Cabinet Office, 
performs food and feed safety risk assessment for MHLW and MAFF.
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4.8.3 � India

Draft guidelines suggest that SDN-1 gene editing will be lightly regulated, while the 
rest will require additional tests and approvals.

In 2020, the Department of Biotechnology published a draft document for the 
regulatory framework and guidelines for risk assessment of genome-edited organ-
isms (Ministry of Science and Technology, Government of India 2020). In the pro-
posal a tiered regulatory approval process is suggested. Group I would cover 
products of SDN-1 and would require confirmation and notification of the gene edit. 
Group II would cover SDN-2 techniques and would require more intensive field 
trials and data to ensure the edits were successful, and Group III – plants with large 
DNA changes, including insertion of foreign DNA (SDN-3 techniques) – would 
require the same extensive testing and regulatory oversight as GMOs, including 
field trials to test safety to human health, animals, and the environment.

4.9 � Southern Hemisphere

4.9.1 � New Zealand

All gene-edited crops are currently regulated as GMOs.
In 2014, the New Zealand Environmental Protection Authority (EPA)  – who 

oversees GMOs under the Hazardous Substances and New Organisms (HSNO) Act 
of 1996 – initially ruled that plants produced via gene editing methods, where no 
foreign DNA remained in the edited plant, would not be regulated as GMOs. 
However, following a challenge in the High Court, this decision was overturned 
such that New Zealand currently regulates all products of gene editing as GMOs, 
even if they do not incorporate any foreign genes. New Zealand has yet to update its 
policy and, so far, appears to be waiting to see how its major trading partners 
(Europe, Asia, and Australia) conclude on their approach to regulating these crops.

In 2018, the Environment Minister, together with support from researchers, 
called for an update to the HSNO Act, stating that the current position did not sup-
port innovation and made it practically impossible to obtain approval for gene-
edited crops, with no clear pathway to market. Currently no gene-edited plants are 
commercially grown in New Zealand, and no applications for a full environmental 
release have been received by the EPA (Fritsche et al. 2018).

4.9.2 � Australia

SDN-1 gene editing organisms are regulated as conventional plants, while the rest 
are regulated as GMOs, requiring pre-market approval.

Australia was also a signatory to the 2018 joint statement to the World Trade 
Organization supporting relaxed regulations for gene editing, and on the April 10, 
2019, the Australian government announced it would not regulate gene editing 
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techniques in plants, animals, and human cell lines that do not introduce new genetic 
material (Mallapaty 2019). In an amendment to the Gene Technology Regulations 
(GTR) of 2001, clarifications on NBTs that are not considered GMOs were defined 
(OGTR 2019). The amendments mean SDN-1 gene-edited organisms are not con-
sidered to be GMOs provided that (a) no nucleic acid template was added to the 
cells to guide genome repair following site-directed nuclease application and (b) the 
organism has no other traits from gene technology (e.g., a cas9 transgene, or an 
expressed SDN protein) in the final product.

It becomes the responsibility of the developer to ensure products comply with 
the law and that these requirements have been met. Some methods used to generate 
SDN-1 organisms produce GMOs as an intermediate step, and in these cases while 
transgenes are still present the plants will continue to require authorization under 
the Gene Technology Act of 2000. This approach is in agreement with many other 
countries considered above.

When a crop no longer falls within the regulatory oversight of the GTR, it is 
overseen by the Department of Agriculture, Water and the Environment, and should 
it produce food products, such products are regulated under the Australia New 
Zealand Food Standards Code. No gene-edited crops have yet been put forward for 
approval yet in Australia.

In addition to the EPA in New Zealand and the GTR in Australia, the joint Food 
Standards Australia New Zealand (FSANZ) authority sets food standards, including 
regulations regarding gene edited food, which are compiled in the Australian and 
New Zealand Food Standard Code. The Food Standards Code requires pre-market 
approval and adherence to labeling standards for food produced using any gene 
technology, including any imported food that was produced through gene technology.

FSANZ recently reviewed how food developed using NBTs will be regulated (as 
GMOs or not), and in December 2019, FSANZ released a report that made three 
recommendations: (1) “to revise and modernise the definitions in the Code to make 
them better able to accommodate existing and emerging genetic technologies; (2) to 
consider process and non-process-based definitions and the need to ensure that NBT 
foods are regulated in a manner that is commensurate with the risk they pose; (3) to 
ensure there is open communication and active engagement with all interested par-
ties and to explore ways to raise awareness about GM and NBT foods” (FSANZ 2019).

A proposal to amend the definitions in the Code commenced in February 2020; 
however, due to the COVID-19 pandemic, FSANZ postponed the release of the first 
call for submissions for public consultation and has yet to make any changes to the 
Food Standard Code as a result. As such the current pre-market approval and label-
ing requirements will continue to apply.

5 � Conclusion

As a society, we are increasingly becoming aware of the challenges facing farmers, 
producers, and policy makers, on how to feed a growing population, in a way that 
both protects and nurtures the environment. Climate change is happening now, and 
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we need to find ways to produce new crops that can mitigate climate change, reduce 
the need for chemical inputs, and meet the needs of society. There are many ways 
that we will achieve these goals, and indeed it will take a holistic approach to meet 
the ambitious targets that have been set, such as EU’s Farm to Fork Policy targets 
for 2030 and European Green Deal for 2050 (EC 2021). Similar targets are being set 
in other jurisdictions. In breeding timescales, if we consider the generation times 
needed to breed new varieties, those dates are not that far away.

Genome editing is one technology that is uniquely placed to help speed up the 
breeding process, taking advantage of the innovations in precision breeding and the 
availability of vastly increased genomic knowledge.

In some cases, gene editing reaches the same end point as conventional breeding 
but gets there with a greater degree of precision and speed, enabling breeders to 
address urgent goals with greater confidence. When multiple gene targets are 
involved, it moves plant breeding into a new realm of possibilities. It could also 
enable more nutritious and diverse foodstuffs (regulations permitting) and the 
domestication of new crops, further expanding agricultures biodiversity and a move 
away from large monocultures.

The science is advancing rapidly, with the future of gene editing allowing for 
targeted and stacked gene insertions, chromosome engineering, epigenetic edits, 
and more. However, the regulatory climate is often slower to catch up. Already for 
simple SDN-1 gene editing, our review shows that the consensus on how to regulate 
such crops is not yet harmonized at the global level. Countries that are slow to 
clarify their position on gene editing risk being left behind and farmers losing out 
on competitive technologies. Furthermore, such disharmony will create barriers to 
trade, with gene-edited crops requiring different regulatory requirements in differ-
ent countries. This could make countries who consider all gene-edited crops as 
GMOs less desirable trading partners. Regardless of the regulatory challenges 
ahead, continually advancing genome editing technologies are such a valuable addi-
tion to the tools currently available to breeders that we can look forward to their 
increased adoption, delivering vital new genetic variation for crop improvement.
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